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Abstract. During plasma spray process, metallurgical bonding between the impinging particles
and the substrate surface can provide substantial contribution for the improvement in the adhesion
strength of the coatings. In this work, a one-dimension heat transfer model was used to investigate
the integrated effect of cast iron droplet solidification, cooling, and melting and resolidification of
aluminum substrate during spraying. The results indicated that the substrate surface temperature
could be higher than its melting point during the splat deposition. This indicates that the substrate
melting will take place under present condition. On the other hand, it is also found that initial
substrate temperature has a profound effect on the development of melt undercooling in a splat,
the splat bottom temperature, and the substrate surface temperature. A high initial temperature of
the substrate promotes a deeper melting of substrate surface, which may lead to the metallurgical
bonding formation between the cast iron splat and the aluminum substrate.

1. INTRODUCTION

In recent years, great interests were focused on the
research of the protective coatings for the cylinder
bores of aluminum alloy engines [1-4]. Plasma spray
is an effective and relatively simple method to
prepare these coatings. However, separating of the
coatings from the substrate during operating,
resulting from poor coating-substrate adhesion
strength, limits the application of plasma sprayed
castiron coatings in engine fabrication [5,6]. During
plasma spray process, metallurgical bonding
between the impinging particles and the substrate
surface due to substrate melting during droplet-
substrate interaction can provide substantial
contribution for the coating adhesion strength [7,8].
Understanding of melting and resolidification of the
substrate is thus essential for the integrality of
coating-substrate system.

In this work, a one-dimension heat transfer model
was used to investigate the solidification, cooling of

the castiron droplet, and the surface melting of the
aluminum substrate during spraying.

2. MODEL OF THE SPLAT COOLING
PROCESS

The formation of a plasma-sprayed cast iron splat
can be simplified as a layer of liquid cast iron at
initial temperature T, and thickness of 8, is suddenly
brought into contact at time zero with a much thicker
aluminum substrate at initial temperature T . The
diameter of the splat is usually much larger than its
thickness, thus permitting edge effects to be
neglected. For simplification, the convection of melt
is neglected. The physical property of the splat and
the substrate, such as density, thermal conductivity
and specific heats are all assumed to be
temperature- and phase-independent, considering
the scarcity of the available data. The splat top
boundary is considered as an adiabatic boundary
as well as that of the substrate bottom surface. With

Corresponding author: Yazhe Xing, e-mail: xingyazhe@gmail.com

© 2013 Advanced Study Center Co. Ltd.



Numerical analysis on substrate melting during plasma-spraying cast iron on aluminum surface 277

Table 1. Material properties used in calculation.

Parameters Unit Value
Splat density (p,) kg/m?® 7570
Splat specific heat (cpl) J/kg K 480
Splat thermal conductivity (2., W/m K 39.2
Substrate density (p,) kg/m? 2700
Substrate specific heat (cpz) J/kg K 880
Substrate thermal conductivity (A,) W/m K 238
Heat transfer coefficient (h) W/m2 K 108, 107, 108
Initial splat temperature (T,) K 1623
Initial substrate temperature (T) K 300~773
Splat thickness (3,) um 08,1,2
Substrate thickness (3,) um 1000
Substrate melting point (T, ) K 933

these assumptions, the splat cooling and solidifi-
cation can be considered as a one-dimensional heat
transfer problem. The non-perfect contact heat trans-
fer at the splat-substrate interface is represented
by an interfacial heat transfer coefficient, h, which
is assumed to be a constant.

One-dimension heat conduction equation for the
splat and the substrate can be expressed as follows:

oT o°T
pC,— =
ot OX

, (1)

where p is the density, ¢ the specific heat, ’ the
thermal conductivity, T the temperature, t the time,
and x the distance normal to the substrate surface.

Afinite-difference method was employed to evalu-
ate temperature matrix in the splat and the sub-
strate on the base of Eq. (1), together with the ini-
tial and boundary conditions. Table 1 presents the
material data adopted in this numerical study.

In the case of this work, a non-equilibrium
condition may exist since cast iron crystalline growth
needs to start from the substrate surface, which is
always at a temperature that is much lower than
the equilibrium temperature. In other words,
significant melt undercooling must be developed
before growth could take place. On the other hand,
a large melt undercooling may also accelerate the
cast iron nucleation process. Therefore, there exists
a competition between the cast iron nucleation on
the substrate surface and the growth directly from
the substrate surface, both are strong functions of
the melt undercooling and the substrate surface
temperature. At this moment, a detailed treatment
of nucleation and growth kinetics of cast iron
crystalline phase is very difficult. Here, only the initial

melt undercooling before nucleation or crystalline
growth takes place will be considered. This can be
drawn by removing the equilibrium solidification from
our model and let the melt cool down continuously
bellow the melting point without interruption.

3. RESULTS AND DISCUSSION
3.1. Splat cooling

Fig. 1 shows the calculated temperature
distributions at various time instants in a splat. Itis
found that a positive temperature gradient exists in
the liquid in front of solid-liquid interface during the
entire time of splat solidification or cooling, which is
consistent with the results of previous study [9]. If
the melt is undercooled without solidification, a large
temperature gradient develops within a thin layer of
the melt close to the substrate (see Fig. 1 att =
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Fig. 1. Temperature distributions within cast iron
splat at various time instants.
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Fig. 3. Temperature histories of (a) splat top surface
and (b) splat bottom surface at different initial
substrate surface temperatures.

0.001 us). The temperature at the splat bottom sur-
face drops very quickly first but will decrease slowly
for a fairly long time. It is expected that grain growth
from the substrate surface will take place at this
moment if the compact contact of the splat with the
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Fig. 4. Temperature histories of substrate surface
calculated with different interfacial heat transfer
coefficients.

substrate is possible. Of course, under such a high
melt undercooling, cast iron nucleation is also pos-
sible. A high initial temperature of the substrate may
help increase the substrate surface temperature
where the melt is in contact with, and then stimulate
the melting and resolidification of the substrate
surface.

Fig. 2 shows the calculated temperature history
of the splat top surface, splat center, splat bottom
surface, and substrate surface when a splat is
deposited on aluminum substrate at an initial
substrate temperature of 300K. As one can see,
the substrate surface temperature rises quickly to
near 800K in about 0.02 ms, while the splat
temperature at the bottom surface will drop to about
1050K.

Fig. 3 shows the effect of the initial temperature
of the substrate on the temperature change of cast
iron splat top surface (Fig. 3a) and splat bottom
surface (Fig. 3b). The temperature of the splat top
surface remains at the beginning of the cooling, and
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Fig. 5. Maximum melting depths in the substrate
at different initial substrate temperatures.

then drops down fast, whereas the splat bottom
surface drops very fast to a low temperature in a
very short time and then remains at that temperature
for a while before it slowly drops down. Specially,
increasing the substrate initial temperature will
increase the lowest splat surface temperature that
can be reached, indicating a possibility of increasing
the substrate surface temperature for next splat
deposition.

3.2. Substrate melting

Fig. 4 shows the calculated temperature history of
the substrate surface with different splat-substrate
interfacial heat transfer coefficient. It is found that
the substrate surface temperature increases quickly
at first to a maximum value and then slowly drops
down. ltis also clear that the substrate temperature
increases with the increase of the initial substrate
temperature during the whole cooling process. From
the figures, one also can found the time at which
the melting of the substrate starts and resolidification
ends at different initial substrate temperatures.
Apparently, the initial substrate temperature is
important for the substrate melting and
resolidification.

For the results calculated in this work, the
interfacial heat transfer coefficient was assumed to
be constant during the entire process. In reality, the
interfacial thermal contact resistance is generally a
function of time due to temperature variation and
solidification [10]. From Fig. 4, it can also be seen
that the increase of the interfacial heat transfer
coefficient results in a significant change of the
substrate melting from melting at high initial
substrate temperature to melting at low initial
substrate temperature. Moreover, the decrease of
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Fig. 6. Variations of maximum temperature of

substrate surface with the interfacial heat transfer
coefficient.

the interfacial heat transfer coefficient remarkably
postpones the melting of the substrate surface.
The melting depth achieved in the substrate is
an important parameter for splat-substrate bonding
quality. Different maximum melting depths may also
result in different microstructure and coating quality.
Generally, a large melting depth might be useful to
ensure a good bonding, but this may affect the
microstructure of the substrate. Here, the maximum
melting depth corresponds with the melting depth
when the substrate temperature reaches maximum
value. From Fig. 4b, it can be seen that maximum
substrate surface temperatures appear at around
0.036 pus at different initial substrate temperatures.
According to this, the maximum melting depths in
the substrate at different initial substrate
temperatures can be obtained, as shown in Fig. 5.
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Fig. 7. Temperature history of substrate surface for
three splat thicknesses.
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It can be seen that the maximum melting depth in-
creases from about 0.15 to 0.97 um with the initial
substrate temperature increasing from 573 to 773K.

From above analysis, the maximum substrate
surface temperature determines the maximum
melting depth. Thus, the factors that determine the
maximum substrate surface temperature will
influence the maximum melting depth. Fig. 6 shows
the interfacial heat transfer coefficient dependence
on the maximum substrate surface temperature
(T,.0)- Itis clear that the interfacial heat transfer
coefficient has distinct effectonT__ . Therefore, the
increase in the interfacial heat transfer coefficient
will greatly increase the maximum melting depth.
In addition, the splat thickness also affects the
substrate surface temperature as well as the
maximum substrate surface temperature during the
deposition process, as shown in Fig. 7. It can be
seen that the increase of the splat thickness
contributes to the increase of the maximum
substrate surface temperature. This indicates that
the increase of splat thickness will lead to deep
melting of the substrate surface.

4. CONCLUSIONS

A one-dimension heat transfer model was used to
investigate the integrated effect of cast iron droplet
solidification, cooling, and melting and resolidification
of aluminum substrate during spraying. It is found
that initial substrate surface temperature has a
profound effect on splat cooling and the substrate
surface temperature. The results also show that the
substrate melting will take place at high initial
substrate surface temperature. On the other hand,
high initial substrate temperature, interfacial heat
transfer coefficient, and the increase of the splat
thickness promote a deeper melting of substrate
surface, which may lead to the metallurgical bonding
formation between the splat and the substrate.

Y. Xing, Ch. Jiang, J. Hao and R. Sun

ACKNOWLEDGEMENTS

The present work was partially funded by the Special
Fund for Basic Scientific Research of Central
Colleges, Chang’an University, and the Special Fund
for Basic Research Support Program of Chang’an
University (grant No. CHD2009JC131).

REFERENCES

[1] S. Uozato, K. Nakata and M. Ushio // Surf.
Coat. Technol. 200 (2005) 2580.

[2] M.F. Morks, Y. Tsunekawa, N.F. Fahim and
M. Okumiya // Mater. Chem. Phys. 96 (2006)
170.

[3] C. Tekmen, K. lwata, Y. Tsunekawa and
M. Okumiya, In: Thermal Spray 2009:
Proceedings of the International Thermal
Spray Conference, ed. by B.R. Marple, M.M.
Hyland, Y.-C. Lau, C.-J. Li, R.S. Lima and
G. Montavon (ASM International: Las Vegas,
2009), p. 187.

[4] S.K. Shaha, M.M. Haque and S. Dyuti, In;
Thermal Spray: Global Solutions for Future
Applications, ed. by Ing. Klaus Middeldorf
(DVS-BERICHTE: Raffles City, 2010), p. 756.

[5] B. Uyulgan, H. Cetinel, I. Ozdemir, C. Tekmen,
S.C. Okumus and E. Celik // Surf. Coat.
Technol. 174-175 (2003) 1082.

[6] B.Hwang, J. Ahn and S. Lee // Surf. Coat.
Technol. 194 (2005) 256.

[7] S.-P. Wang, G.-X. Wang and E.F. Matthys //
Int. J. Heat Mass Transfer. 41 (1998) 1177.

[8] L. Li, X.Y. Wang, G. Wei, A. Vaidya, H. Zhang
and S. Sampath // Thin Solid Films 468 (2004)
113.

[9] G.-X. Wang, R. Goswami, S. Sampath and
V. Prasad // Mater. Manuf. Process. 19 (2004)
259.

[10] G.-X. Wang and E.F. Matthys // J. Heat

Transfer 118 (1996) 157.



