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Abstract

A splat formation model has been developed based on the classic nucleation theory accounting for heterogeneous
nucleation kinetic and crystal growth to predict the nucleation temperature and grain size distribution. The predicted
grain size distribution has been compared with experimental data for molybdenum (Mo) splats on different substrates.
The influence of the substrate material, interfacial thermal contact resistance, and wettability on the nucleation, grain
size distribution, and rapid solidification process has been investigated. Based on scaling analysis, the nucleation delay

and solidification times have been derived and compared with simulation results.

© 2004 Elsevier Ltd. All rights reserved.

1. Introduction

Thermal spray processing is a well-established
method combining the steps of melting, rapid quench-
ing, and consolidation into a single step, and producing
a variety of materials such as free-standing plasma-
sprayed ceramic bodies, functionally graded materials,
and fully and partially amorphous materials. The splat/
coating formation is a highly non-equilibrium process
leading to fine microstructure with features often of
nanometer scale that is rather different from those in
conventional materials. To establish the correlation be-
tween the coating quality and process parameters, it is
important to develop a good understanding of the fun-
damental physical principles governing undercooling,
nucleation, non-equilibrium solidification and micro-
structure formation.

In recent years, a number of research results have
been published in nucleation and microstructure for-
mation in thermal spraying. Jiang et al. [1-3] studied the
microstructure formation of Mo splats on various sub-
strate conditions to obtain the nucleation temperature
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[4]. Experiments were performed to obtain the grain size
distribution of the final splats and correlate it to nucle-
ation and solidification processes. Xu and Lavernia [5]
developed a numerical model to predict the nucleation
during thermal spraying. Their results confirmed that
during the initial deposition stage, a second nucleation
event may occur in the remaining liquid of impinging
droplets. Two nucleation events generated intermixed
small and large grains at the end of solidification.
Chraska and King [6] reported on transmission electron
microscopy (TEM) studies of microstructural features,
e.g., grain size and cracks, and phase composition of the
first layer (splat) on a smooth hot substrate. A rapid
solidification model was also proposed to explain the
observed narrow columnar grain microstructure of the
yttria stabilized zirconia (YSZ) splat on a substrate.
Based on the model, an estimate of liquid undercooling
was calculated from the grain size. Friis et al. [7] studied
the influence of particle in-flight characteristics on the
coating microstructure. Experimental results showed
that particle velocity and temperature, spraying angle
and substrate temperature to be the most important
parameters influencing the coating microstructure.

In this paper, a splat formation model including
undercooling, nucleation, non-equilibrium solidifica-
tion, and microstructure formation has been developed
to predict the nucleation temperature and grain size
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Nomenclature

a constant

a atom diameter

Ao wetted area

b splat thickness

Bi Biot number, Bi = h.b/k
Gy specific heat

G, activation energy

G, nucleation barrier

h Planck’s constant

he heat transfer coefficient

J rate of nucleation

k thermal conductivity

kg Boltzmann constant

L latent heat of fusion

Na number of atoms

N, Avogadro’s number

q" heat flux

r radial coordinate

R thermal resistance

s thickness of the deposited layer
SR rapid solidification fraction
St Stefan number, St = Cy, (T, — T) /by
t time

T temperature

vV velocity

y vertical coordinate

Greek symbols

o thermal diffusivity

m linear kinetic coefficient

o density

0 contact angle

o surface tension

Og interface energy

Q molecular volume

Iy Zeldovih factor
Subscripts

B bottom of the splat

c contact area between splat and substrate
cr critical

i solidification interface
J phase

J rate of nucleation

k kinetic

1 liquid

m melting temperature

N nucleation

ND nucleation delay

p splat

Re recalesence

] solidified layer

ss top surface of the substrate
sub substrate

T thermal penetration
total total solidification time
Superscripts

- average

het heterogeneous

distribution. The effects of contact angle, substrate tem-
perature and splat radius on nucleation temperature and
grain density are investigated. The grain size distribution
has been predicted and compared with experimental
data for molybdenum (Mo) splats on different sub-
strates. Based on scaling analysis, the nucleation delay
and total solidification time scales have been derived and
compared with simulation results.

2. Mathematical models
2.1. Rapid solidification

Since the thickness of the splat is usually about two
orders of magnitude smaller than the diameter of the
splat [8,9], a one-dimensional heat conduction analysis is
usually appropriate. Based on one-dimensional heat
conduction, the problem can be described as follows

o7, 0 oT;
pjcpfait/:5<kfaiyj) (1)

where the subscript j represents either solid or liquid
phase in the splat, 7 is the temperature, ¢ is the time, and
y is the vertical coordinate normal to the substrate sur-
face.

To consider the kinetic effects in rapid solidification
of the splat, the interface temperature is assumed to be
correlated to the interface velocity through the linear
kinetics relationship [4],

V;:Nk(Tm_T[) (2)

where y, is the linear kinetic coefficient, and 7;, and
T; are the equilibrium freezing temperature and the ac-
tual interface temperature, respectively. The term, 7, —
T;, represents the undercooling. The energy balance
condition at the solidification interface is expressed as
follows:

ds 0T o7y
AL A 3
Ps dr ay lay ()

i

where L is the latent heat of fusion and s is the thickness
of the solidified layer.
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An interfacial heat transfer coefficient, 4., is intro-
duced at the interface between the splat and substrate to
quantify the thermal resistance due to a non-perfect
contact between two surfaces. The interfacial boundary
condition can be written as

or
ka—hc(TB *Tss) (4)

where T and T are temperatures of the bottom surface
of the splat and the top surface of the substrate, respec-
tively. Note that the interfacial heat transfer coefficient is
a complex function of the processing conditions and
surface characteristics, and only limited quantitative
data are available. In this paper, 4, = 10°~10% W/m? K is
used [8-10], and its value is assumed to remain un-
changed during solidification. The substrate temperature
far away from the splat, Ty, is assumed to be constant.
Adiabatic condition is applied to the top surface of the
splat. The initial conditions are T = T}, for the splat and
T = T, for the substrate.

2.2. Undercooling and nucleation

When a thin splat is located on a cold substrate, it will
be greatly undercooled if the cooling rate is very high.
Nucleation is mostly heterogeneous and starts on the
substrate surface. The nucleated grains grow laterally to
cover the substrate surface first, and then a stable set of
narrow columnar grains continue to solidify with a pla-
nar solid/liquid interface and grow through the thickness
of the splat in the direction of the heat flow [6]. The
nucleation frequency at every time step can be calculated
from the classical Becker-Doring/Turnbull-Fisher the-
ory [11], assuming that the distribution of embryos can
be relaxed to corresponding quasi-steady state within the
time scale of the process. Following the conventional
treatment of classical nucleation theory, the rate of nuclei
formation in a molten splat can be expressed as [4]

J:NAkBTTFZ exp(—iAG‘i +k§TGCf(0)) (5)
where J is the rate of nucleation, N, is the number of
atoms located at the interface to the substrate, I'y; =
[AGc/(3mrpT)]"? is known as the Zeldovich factor, AG,
is the activation energy for interatomic diffusion in the
liquid, AG¢ is the nucleation barrier for homogeneous
nucleation, xg is the Boltzmann constant, and % is the
Planck’s constant. The heterogeneous nucleation bar-
rier, AGi = AGcf(6), is a strong function of the melt
undercooling and the solid/liquid interfacial energy o,
as well as the contact angle, 0, which represents the effect
of the surface on nucleation.
het 167-[ GETrfl g
AGC AGCf(e) 3 [plL(Tm - T)]zf(g) (6)

where the function, f(6), represents the effect of surface
on the lowering of activation energy required for nucle-
ation and can be calculated using the following equation
established from an energy balance at the interface:

£(0) = (2 + cos0)(1 — cos )’ /4 (7)

where 0 is the contact angle between the nucleus and the
catalytic surface. § = 0 corresponds to complete wetting
with no nucleation barrier, while 6 = 180° corresponds
to no wetting between the splat and substrate, e.g.,
homogeneous nucleation.

The total number of atoms that are involved in the
nucleation can be predicted as:

Na = apdoN,/Q (8)

where N, is the Avogadro’s number, 2 is the molecular
volume, and 4, is the available surface area for the splat
melt in contact with the substrate. It can be calculated as
Ay = A — A,, where 4 is the splat surface and 4, is the
contact area of the nuclei, which can be calculated based
on the radius of the nuclei in Eq. (11) and contact angle.
In this model, we have assumed that all atoms, which are
in contact with the substrate, will participate in nucle-
ation. Such a classical nucleation model includes two
important kinetic parameters, i.e., the solid/liquid inter-
facial energy and contact angle. The solid/liquid inter-
facial energy is a property of the sprayed materials, and
only limited data are available in the open literature. The
contact angle is a strong function of the physical and
chemical properties of the substrate surface. In this
study, it is treated as an adjustable parameter.

We assume that the number of nuclei formed during
cooling and solidification may be approximated by a
numerical integration of the nucleation frequency over
time,

zz/ﬁwjmz 9)

N
1k+1 = 1k+l + J(T7f)At (10)

where J(T,f) is the rate at which nuclei form on the
surface of the substrate at temperature 7. The initial
condition for the numerical integration is 7 = 0 at the
moment when the splat reaches the melting temperature
(T = Ty,). Since the value of I is assumed to be a con-
tinuous function, a nucleation event occurs every time
when Eq. (9) produces a new integer value. The onset of
solidification is marked at the time when the value of 7
reaches one, and this temperature is the nucleation
temperature 7Ty.

2.3. Integrated model for grain density distribution
Once the nuclei form, they are assumed to grow as

spheres whose radius, r;, increases according to the fol-
lowing expression:
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Tijsl = Fig + Vg1 At (11)

where V; denotes the interface velocity of the ith growing
grain, which is approximated by Eq. (2), and At is the
time step size. The computational procedures of calcu-
lating grain size distribution are listed as follows:

1. At a given time step k + 1, Egs. (1)—(4) are solved for
the splat and substrate to obtain the temperature dis-
tributions in the splat and substrate.

2. Calculate the nucleation rate at time k + 1, J, from
Eq. (5) using the bottom temperature of the splat, 73.

3. The number of nuclei at time k + 1, [y, is predicted
by Egs. (9) and (10). The nucleation begins if I, is
greater than or equal to 1. Nucleation temperature,
TN, is determined by the temperature when nucleation
starts.

4. The radius of the nuclei, 7, increases according to
Eq. (11).

5. Check whether the splat surface in contact with the
substrate is covered by grains or not.

6. If true, nucleation stops. Also the splat solidification
takes place with a planar liquid/solid interface. Other-
wise, go to the next time step and repeat steps (1) to

(3).

3. Experimental observation

Thermal spray experiments were conducted to study
single splat of molybdenum (Mo) on stainless steel and
glass [2,3]. As shown in Fig. 1, the microstructure of
typical coatings has a lamellar morphology and the
columnar grain structure can be discerned within each
layer. It suggests that nucleation and solidification from
the bottom to the top of the splat in a columnar fashion.
The average size of the columnar grains is about 0.4 pm
for the first and also for the rest layers in Fig. 1(a). Fig.
1(b) shows the microstructure of a Mo splat on a glass
substrate at a temperature of 480 °C. Experimental data
show that the average size of the grains ranges from 4 to
6 pum. It should be noted that Fig. 1(b) shows only a
small portion of the entire splat. It is evident that the
grain size for Mo on stainless steel is smaller than that
for Mo on glass. There are two possible mechanisms
affecting grain distribution. One is the wettability de-
scribed by the contact angle, which is a strong function
of the substrate temperature and roughness, and the
other one is the rate of solidification.

4. Numerical results and discussion
Numerical simulations were performed for molten

Mo splats solidified on stainless steel or glass substrate
with splat thickness of 2 and 1 pm, and diameter of 100

Fig. 1. (a) A SEM image showing lamellar structure of
molybdenum coating on stainless steel substrate. (b) Optical
image of molybdenum splats on glass substrate at temperature
of 480 °C.

and 120 pm, respectively. The value roughly corre-
sponds to the average splat size measured by a Zygo
non-contact surface profiler—a scanning white-light
interferometer. It is noted that the number of atoms
involved in the surface heterogeneous nucleation is se-
lected as that in contact with a smooth substrate surface
with an area of 3x10~® m? for Mo on stainless steel,
which corresponds to the splat mentioned above. In the
beginning of the calculation, a splat is assumed to have a
uniform initial temperature, 7,. In addition, the initial
substrate temperature is higher than the so-called
“transition temperature” [12] and a continuous disk-like
shape splat is considered for all cases investigated here.
The physical properties used in calculations were listed
in Table 1.

4.1. Analysis of solidification time

Based on the thermal network analysis, heat extrac-
tion from the substrate can be approximated as
q// _ T m Tsub

Rk + Rs + Rc + Rsub

(12)
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Table 1

Thermophysical properties used in calculations [8,9]
Parameter Mo Steel Glass
Tms K 2883 1788
L, J/kg 3.71x10° 2.72x10°
ki, WimK 46 26
ks, WimK 84 28 1.17
Cp, JikgK 570 866.67
Cps. JIkgK 339 690.82 900
oy, kg/m? 9350 7700
s, kg/m?3 10,200 7850 2000
oy, m?/s 0.86x1073 3.9x10°°
o, M?/s 2.43x107° 52x10°¢  6.5x1077
e, m/s K 0.26 0.01
v, m%/s 6.78x1077
ap, m 2.7x 10710
og, J/m? 0.33
Q, m*/mol 1.04x 107

AG,, J/molecule  6.4x1072

where Ry, R, R., and Ry, are thermal resistances of ki-
netic, solidified layer, thermal contact, and substrate,
respectively, as shown in Fig. 2 and their values have
been estimated in Table 2. Thermal resistance in the
molten melt can be neglected since its thermal conduc-
tivity is usually large and thickness of the splat is usually
very thin. In Table 2, V;/q” is estimated as 1/(p,L),
which is only true when thermal resistance in the melt is

A 0T
k=== h(T,-Ts)
dy

\4

T Tgs Tg T T,

negligible. For Mo on stainless steel and glass, kinetics
resistance can also be neglected. Furthermore, at the
beginning of the solidification, the thermal resistance
of the solidified layer is either zero or very small. The
heat extraction from the substrate can then be simplified
as

:Tm_Tsub:Tm_Tss
Rc +Rsub Rc

"

(13)

where Ty is the temperature on the top surface of the
substrate, and can be estimated as

Rsub
T = Ty + —2 (T, — T, 14
ss Sb+Rc+Rsub(m sb) ( )
Noted that the above equation is only applicable at the
beginning of the solidification process. At the later stage,
the temperature on the top surface of the substrate can
be approximated as

R
Ty = T + 22

Rt Ry (12 T )

where Tg is the average temperature on the bottom
surface of the splat from the beginning of the contact
to the time considered. By introducing a “critical time”
as

ksub ’ 1
ter ( e ) X o (16)
we can claim that the contact resistance will be the
dominant when the solidification time is shorter than the
critical time; otherwise the substrate thermal resistance
is dominant. If the substrate thermal resistance is dom-
inant, the Stefan solution should be employed to cal-
culate the interface movement, e.g., s = 24y/asZ. The
interface elevation will, therefore, be proportional to v/,
and the interface velocity will be reciprocal to the
solidified fraction.

For Mo on stainless steel with 4. = 10° W/m?K or
lower, the contact resistance will be the dominant for the
entire solidification process. The interface elevation can
then be estimated as

b
sul S:hc(Tmess)t (17)
Fig. 2. Schematic of splat solidification. psL

Table 2
Thermal resistances of molten melt, kinetics, solidified layer, thermal contact, and substrate

Resistance AT Definition Values

R, Ty — T Assume small ~0

Ry Tn—T, Vi/img" ~ 1/ (p L) 1.0x107"

Ry T,— Ty 3s/ks < bk 2.4x107%

R. Tg — Ty 1/h. 1076-10-8

R Ty — Tap Ssub/fesub = VAot [ hesun Mo on steel: 1.63 x 107*/¢

Mo on glass: 1.38 x 1073/7
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As a first order approximation, Ty can be replaced by
Two- Based on Eq. (17), the total solidification time can
be simplified as

psL

total = mb (18)

where #,1,; should be smaller than #,.

In the case that the substrate thermal resistance is
very small, e.g., Ty ~ Ty, and both kinetic and con-
tact resistances are important, the interface evolu-
tion will be governed by the following equation (see
Appendix A)

1 psL psL 2
(;T ; )”ms — (T — Ton)t (19)

For rapid solidification, the interface velocity will begin
with a large value of V; = u, (T;, — Tn) and reduces to a

smaller value of V; = wa

4.2. Analysis of nucleation delay time

The Mo coating usually exhibits a columnar grain
structure within each splat, indicating that solidification
starts with surface nucleation, and followed by a planar
interface growth. If the Biot number is large (Bi > 1), it
is expected that the temperature profile in the melt is
important. The splat will be cooled down at the bottom
portion and the top portion of the splat may remain at
the initial temperature. If at time ¢ = 0, a splat with an
initial temperature of 7, is suddenly exposed to a cold
environment, with the heat flux of ¢" = h.(Ty — T}), the
temperature at the bottom of the splat, 73, can be cal-
culated from [13]

Ty — Tss 0)? hC
ﬁ — e(hc/kl) alterfc(?l (OC]Z)I/2> (20)

It is reasonable to assume that nucleation begins as soon
as the bottom temperature of the splat, T, reaches the
nucleation temperature, Tn. If (Ix — Tis)/(Tp, — Ts) =
0.8 is assumed, Z—T(alt)l/z = 0.18 can be obtained. The
nucleation delay time for Bi > 1 can then be expressed as

1 /0.18% \>
_1 21
IND O(1< hc) (21)

The time scale of recalesence for Bi > 1 can also be
evaluated as the time needed to heat up the undercooled
portion of the melt to the equilibrium melting temper-
ature. Through energy balance, the following formula-
tion can be obtained

_ 21Coi(Tin — Tn)VA4outnp
pLV;
_2pCoi(To — Tn) VAouinp

psL.uk(Tm - Tsub)

Re

where the length scale, v/4otnp, is used to estimate the
penetration depth during nucleation delay. The rest of
the melt is assumed to remain at the initial temperature.
In Eq. (22), V; is the average velocity during recalesence.
The interface velocity drops from a high value of V; =
w (T — Tn) to a lower value of ¥, = W Half of

the maximum value is used in our approximation.

If the Biot number is small (Bi < 1), it is expected
that the splat will be cooled down uniformly. The
nucleation delay time can then be estimated from

_ PICpl(Tp - In)b

hc(TN - Tsub) (23)

IND

The time scale of recalesence for Bi < 1 can be estimated
as the time needed to heat up the entire melt from
nucleation temperature to the equilibrium melting tem-
perature as

_ 20,Co(To — Tn)b
psLin (T — Tauv)

Assuming that the splat is at a constant temperature
in the case of Bi < 1, heat required for splat changing
from nucleation temperature to the equilibrium melting
temperature should be balanced with the latent heat
release since only a small amount heat has been released
from the substrate. The percentage of the solidified
fraction that feels rapid solidification can be estimated
as

(24)

Re

SR = Gon(Tw — Tn)b (25)
L
The percentage of the rapid solidified fraction is an
important parameter related to the grain density distri-
bution. It determines the thickness of the splat under-
going rapid solidification. It is expected that the grain
density in rapid solidified portion will be finer and it will
be coarser in the equilibrium solidification portion.
According to Trapaga et al. [14], the spreading time
for a droplet on a flat surface can be approximated as

tipread = DRV, (26)

For a 30 um Mo droplet with a velocity of 150 m/s, the
spreading time is about 1.16 ps from Eq. (26) after
impinging on a flat substrate.

4.3. Nucleation delay and recalesence time

Fig. 3(a) shows the simulation results of the interface
elevation for a Mo splat solidified on stainless steel
substrate at b =2 um, 7, = 3083 K, Ty, = 500 K and
Tn = 2733 K with different interfacial heat transfer
coefficients. It is evident that thermal contact resistance
is important if 4, = 10° W/m? K. Under this condition,
the nucleation delay time from numerical simulation is
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Fig. 3. Interface elevation as a function of time for molybdenum on stainless steel and glass.

about 1.54 ps, and the total solidification time is 4.4 ps.
For a 30 pm Mo droplet impacting a stainless steel
substrate, the analysis predicts #o = 3.2 us from Eq.
(18) and ¢, = 37.7 ps from Eq. (16). The total solidifi-
cation time of 3.2 us is smaller than 4.4 ps obtained from
numerical simulation. The error is primarily due to the
nucleation delay and recalecense process. If the total
solidification time is shorter than the critical time, the
thermal contact resistance is important. The interface
position can be expressed as s = 0.63¢ from Eq. (17) for
he = 10° W/m? K with Ty = Ty, = 500 K. It is seen in
Fig. 3(a) that a linear relationship between s and ¢ exists
for t > 2 ps or after recalesence is completed, and the
slope of the linear line is about 0.6. Extending the linear
line and crossing with the time axis, 0.8 ps is obtained.
This is the difference between the theoretical and
numerical predictions for the total solidification time.
For a low Biot number, Bi = h.b/k ~ 0.043 (h, = 10°
W/m?K and b =2 pm), the time scales for nucleation

delay and recalesence can be predicted as tnp = 1.57 ps
from Eq. (23), which is almost the same as the simula-
tion result of 1.54 us, and fr. = 0.0014 ps from Eq. (24),
which is slightly smaller than the simulation result,
respectively. For a high interfacial heat transfer coeffi-
cient, the analytical solution of the nucleation delay time
is also in good agreement with simulation results.

The spreading time, t = 1.16 ps, is smaller than the
nucleation delay time for A, = 10° W/m? K, ¢ = 1.57 ps,
and is larger than the nucleation delay time for ., = 10’
W/m?K, ¢ = 0.157 ps. Noted that most numerical sim-
ulations in the open literature have neglected the time
for undercooling and nucleation delay. The effects of
solidification on the spreading process may be over-
predicted. For Mo on glass substrate, as shown in Fig.
3(b), numerical results show that the behavior is very
similar to that for Mo on stainless steel for s, = 10°
W/m? K. For Mo on glass, the thermal resistance of the
substrate becomes a dominant resistance even in a short
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time period; the thermal resistance is about 1.38x 1076
att = 1 ps, the results for 4, > 107 W/m? K are therefore
similar to each other since the process time is longer
than 1 ps.

4.4. Solidified fraction and interface velocity

Fig. 4(a) and (b) shows the corresponding interface
velocity variations as a function of solidified fraction for
Mo on stainless steel and glass at different interfacial heat
transfer coefficients. As expected, the interface velocity
will begin with a large value of V; = (T, — Tn). When
the interface penetrates further into the splat, the melt
undercooling decreases, and the interface velocity chan-
ges to a smaller value of V; = fe(Tn—Tuv) For the case of
h, = 10° W/m? K, numerical result shows that the inter-
face velocity decreases from 39 m/s to steady state value
of 0.60 m/s at the location in which the solidified fraction
is 26%. The steady state value, 0.60 m/s, is smaller than
0.63 m/s from the analytical formulation. The good
agreement between the analytical and simulation results
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demonstrates that the substrate heated up is limited in a
short time period. The percentage of the splat that
undergoes rapid solidification can be predicted as
sg = 0.46 um from Eq. (25), which is 23% of the solidified
fraction. Again the analytical formulation predicts the
rapid solidified fraction accurately. It is expected that the
grain density in this area will be finer and the portion
above this area will be coarser due to the low rate of
solidification.

For other three cases with 4. > 10° W/m?> K in Fig.
4(a) and (b), the Biot numbers are no longer smaller
than one. Temperature distribution in the melt be-
comes important. The bottom temperature of the splat
drops very fast and reaches the nucleation tempera-
ture. The temperature of the upper portion of the splat
may remain at the initial temperature due to the short
penetration depth within a short nucleation delay time.
Therefore, only a small amount of latent heat is nee-
ded to heat up the lower portion of the splat of which
the temperature is lower than the equilibrium melting
temperature. Using . = 107 W/m?K as an example,
the nucleation delay time, and the thermal penetration
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distance can be estimated as typ = 8.0 x 1073 ps from
Eq. (21) and dr = v/4oytnp = 0.52 pum, respectively. If
the temperature profile in the splat is linear from the
nucleation temperature at the bottom to the initial
temperature at 0.52 pm depth into the splat, heat re-
quired to warm up the splat from a lower temperature
to the equilibrium melting temperature should be
balanced with the latent heat release. The percentage
of the rapid solidified fraction can then be estimated
as sg = Cpi(Tm — In)dr/2L = 6% which again agrees
well with numerical results presented in Fig. 4(a). The
same procedure can also be applied for other values of
h.. The steady state interface velocity is about 3 m/s
for h, = 107 W/m>K which is only half of the ana-
lytical result, V; = 6.3 m/s from Eq. (17). This is due to
a much higher temperature on the top surface of the
substrate when the contact resistance is smaller than
the substrate thermal resistance. A good estimation
can be obtained from Eq. (14) for Ty, = 1667 K. Based
on the same formulation, V,-:MT;%T“):S.Z m/s is
predicted, which agrees with the ‘numerical result.
Further increasing the interfacial heat transfer coeffi-
cient, the Stefan solution should be used. The interface
elevation will be proportional to /¢, and the interface
velocity should be reciprocal to the solidified fraction.
The simulation result for 4, = 103 W/m?>K confirms
this behavior.

The interface temperature behaves like a mirror
image of Fig. 4(a) and (b) due to the use of the linear
kinetics relationship between the interface velocity and
temperature. Again, undercooling for steady state case
can be estimated from analytical formulations. Similar
conclusions can be made for Mo on glass, as shown in
Fig. 4(b).

4.5. Interface evolution in the splat

The Mo coating usually exhibits a columnar grain
structure within each splat, indicating that solidification
starts with surface nucleation and is followed by a pla-
nar interface growth. Fig. 4(c) and (d) shows the tem-
perature profiles at three positions of the splat (bottom,
middle, and top) and top surface of the substrate. As
seen in the splat bottom temperature profile, the melt
temperature next to the substrate decreases rapidly.
After nucleation starts, the melt temperature at the
bottom of the splat increases quickly. In Fig. 4(c),
nucleation takes place at + = 0.02 ps. The top tempera-
ture of the substrate can be calculated as T, = 2015 K at
t=03 ps from Eq. (15) using Ty = 2500 K. Both
numerical and analytical results show that the substrate
temperature is higher than the equilibrium melting
temperature of stainless steel, e.g., substrate melting will
happen for Mo on stainless steel. This phenomenon has
also been confirmed in experiments (Zhang et al., 2001).
Non-smooth profiles of the top surface temperature of

the substrate and the bottom surface temperature of the
splat are due to different thermophysical properties used
in the solid and molten phases. The nucleation delay
time is about 0.02 ps. In the case of h. = 3.5 x 107
W/m? K, the Biot number is 1.52, which is in the order of
unity. The analytical formulation for either low or high
Biot number is not applicable for this case. However,
tnp = 0.045 and 0.0065 ps can be obtained respectively if
Eqgs. (23) and (21) are employed. It is evident that the
numerical result resides in between. The recalesence time
of fre = 0.0014 ps is obtained from the analytical for-
mulation, which is shorter than that from numerical
simulation.

The temperature variation for Mo on glass is shown
in Fig. 4(d). Temperature of the substrate surface in-
creases quickly to 2000 K within 0.1 ps. The Mo nucleus
appears at 0.04 ps, which is slightly longer than that for
Mo on stainless steel. After nucleation, recalescence
leads to a quick increase in the melt temperature. Con-
sequently, the melt undercooling decreases. Compared
with Mo on stainless steel, the recalescence curve is
much wider than that for Mo on stainless steel. Al-
though the thermal contact resistance for Mo on glass is
assumed to be the same as that for Mo on stainless steel,
the splat temperature in Mo on glass is more uniform
because of a low thermal conductivity of glass. This is
also the main reason that the grain size is coarser for Mo
on glass than that for Mo on stainless steel.

4.6. Nucleation temperature

The nucleation temperature is a strong function of
the contact angle for Mo on stainless steel, as shown in
Fig. 5(a). The nucleation temperature decreases rapidly
as the surface becomes ineffective to nucleation, i.e.
when the contact angle increases. A good wetting con-
dition (small contact angle) between the crystal nucleus
and the substrate results in a decrease in AG.. It will
result in an increase of the rate of nucleus formation,
which leads to a higher nucleation temperature. It is seen
that the undercooling temperature more than 600 °C
may be obtained for Mo and stainless steel. Noted that
700 °C undercooling has been estimated in Chraska and
King [6] for YSZ on stainless steel. Although the contact
angle has been widely used to describe the wettability
between the splat and substrate, it is a lumped parameter
related to not only material properties of molten splat,
substrate and gas, but also roughness and other process
parameters. Instead of establishing a relationship be-
tween the contact angle and those parameters, it may be
beneficial to directly correlate the nucleation tempera-
ture with material and process parameters. The contact
angle is, however, used in this paper due to the lack of
necessary information.

The effect of the substrate temperature on nucleation
temperature is indirect. It is believed that the nucleation
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Fig. 5. (a) Nucleation temperature versus contact angle for molybdenum on stainless steel with different radius. (b) Grain density
versus contact angle for molybdenum on stainless steel and glass. (c) Nucleation rates for molybdenum on stainless steel and glass at
the temperature of 300 K, contact angle of 60° and splat thickness of 1 pm.

temperature will be a strong function of temperature in
thermal spraying. For glass, it is believed that a high
temperature makes the surface more hydrophobic by
removing surface hydroxyl group [15]. For stainless
steel, it is possible that a thin layer of oxide (<30 nm)
appears on the substrate surface if the substrate tem-
perature is higher than the ‘‘transition temperature”
[2,3]. The existence of the oxide layer will change the
wettability between the Mo droplet and stainless steel.
Since only the contact angle appears in the formulation,
all effects, such as substrate temperature, oxidation and
surface chemistry are lumped into an “apparent contact
angle”.

The rate of heterogeneous nucleation assuming that
the embryos forms on a foreign substrate is in quasi-
steady equilibrium with the atoms from the parent phase
in contact with the substrate. The melt area in contact
with the substrate corresponds to the lower surface of
the entire splat. If the latter is considered as a disk, the
number of atoms can be directly linked to the radius of
the splat. Fig. 5(a) shows the effects of the splat radius

on the nucleation temperature. It seems that the nucle-
ation temperature varies slightly with the splat radius,
except for a high contact angle. When the foreign sur-
face involved in the nucleation process is small and the
wetting angle closes to 180°, the molten splat will
experience a large undercooling leading to the formation
of amorphous phase.

4.7. Grain density

Fig. 5(b) illustrates the grain density per square mi-
crons as a function of contact angle for Mo on stainless
steel or glass. The grain density decreases as contact
angle increases. The grain density and nucleation tem-
perature exhibit the strong dependence on the contact
angle. The contact angle in thermal spraying was usually
estimated by comparing the predicted and measured
grain density and average size [6]. In this paper, the
contact angle is assumed to be 60° for Mo on both
substrates. As shown in Fig. 5(b), the grain density is
lower on glass substrate than that on steel substrate for
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the same contact angle. This is due to the low thermal
conductivity of glass that results in a poor heat extrac-
tion during nucleation process.

As demonstrated in Fig. 6(a)-(d), the average grain
size is much smaller for Mo on steel due to its high
cooling rate. It should be noted that the size distribution
is much scatter on the glass substrate and the average
grain size is larger. Fig. 6(a) and (b) shows the effects of
substrate materials on grain size distribution, and Fig.
6(c) and (d) shows the effects of splat thickness on grain
size and distribution. It can be concluded that both
material and geometry of the splat are important for the
grain size distribution. It should be noted that the same
contact angle of 60° is used for both Mo on stainless
steel and Mo on glass. The differences between two cases
are therefore mainly caused by splat cooling from the
different substrates. Fig. 5(c) shows the evolution of the
nucleation rate for Mo crystalline on stainless steel and
glass at 300 K. It is revealed that the nucleation rate is
higher and the nucleation occurs earlier on the stainless
steel than that on glass due to different heat conductiv-
ities of two substrates. A higher heat extraction by

stainless steel substrate results in a larger undercooling
and higher nucleation rate.

5. Conclusions

A numerical model has been developed to study
undercooling, heterogeneous nucleation, non-equilib-
rium solidification, and microstructure formation during
thermal spraying. The influence of the substrate mate-
rial, interfacial thermal contact resistance, and wetta-
bility on the nucleation, grain size distribution, and
rapid solidification process has been investigated. The
numerical model is able to predict the nucleation tem-
perature, nucleation density, grain size distribution,
nucleation rate, solidification velocity and thermal
characteristics of rapid solidification. The numerical
results are in good agreement with the experimental data
in spite of the simplified assumptions.

The formulations of interface velocity, interface evo-
lution, nucleation delay time and recalesence time have
been driven from scaling analysis and theoretical results
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are in good agreement with numerical predictions. The
results reveal that the nucleation delay time may be
longer than the spreading time if interfacial heat transfer
coefficient is small. To accurately predict the influence of
solidification on the spreading process, the undercooling
and nucleation delay have to be considered, which have
been neglected in the most open literature. Such
assumptions may lead to an over-prediction on the role
of solidification on the spreading process.

Numerical simulations showed that the splat next to
substrate undergoes a significant degree of undercooling
prior to nucleation, and the contact angle is the domi-
nant factor to determine the nucleation temperature.
Simulation results show that the nucleation temperature
and grain size distribution strongly depends on contact
angle. The nucleation temperature varies slightly with
the splat radius if contact angle is not high. The sub-
strate temperature will indirectly affect the nucleation
temperature. Numerical results also show that the grain
density of Mo is lower on glass substrate than that on
steel substrate for the same contact angle. The nucle-
ation rate is higher and nucleation occurs earlier on the
steel substrate than that on glass substrate.
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Appendix A
If heat transfer contribution in the molten melt can

be neglected, the movement of the solidification front
will be governed by

V= 1 (To = T) A
oT,

LV, = k. — A2
psLV; = kg 3y i ( )
and

oT;

k%_ = hc Ty — Tss A3
| =T T) (A3)

If the substrate thermal resistance is very small and
temperature distribution in the solidified layer is app-
roximated as a linear profile. The following relationship
can be deduced from Eq. (A.3),

T;'*Tsub

TB_TSUb:l_‘_ﬂ,S
ks

(A4)

Combining Egs. (A.2) and (A.4), we obtain

dS_ Ti_Tsub
df L el
de h_c+k_ss

(A.5)

Substituting Eq. (A.5) into Eq. (A.l), the interface
temperature can be deduced as,

psLy psL

e Tk S
1 oply pL
M + he + ks s

T — Ty = (Tm - TSUb) (A6)

and the interface velocity can then be calculated as fol-
lows
ds Tm - Tsub
Vi=—=1—T 0 (A7)
dr L0045
The thickness of the solidified layer can be obtained by
integrating Eq. (A.7) as

1 plL pL 5

— 4= s = (T — Tup )t A8
(o + 55 Yo+ 58 = (T ) (A®)
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