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Numerical study of the solidification of successive thick metal layers
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Abstract

Impact and solidification of droplets onto a dry solid substrate generates thin or thick substrates depending on size, velocity and physical
properties of the fluid particles (during spray or deposition, for example). Numerous and complex phenomena occur in such processes. Difficulties
are due to a lack of control of the resulting film, since fluid dynamics (due to droplets impact, for example) heat transfer and solidification interact
and influence the final shape and properties of the film.

This paper proposes the numerical study of the influence of some material properties upon the manufacturing of a thick coating. For this
purpose, a simplified 1D model is used to simulate “deposition” and solidification of successive metal layers upon an initially cold substrate,
assuming that there is no fluid flow. Then, the influence of several parameters is studied: layers thickness, initial substrate and layers temperatures,
thermal contact resistance between two elements (substrate or layer) and impact frequency.
© 2008 Elsevier Masson SAS. All rights reserved.
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1. Introduction

Coating manufacturing is a process often used to cover a
substrate with a thin or thick metallic film by thermal spray or
deposition. Fluid droplets reach the cold substrate, spread onto
it and freeze. Interactions between droplets alter cooling and so-
lidification rates and subsequent properties of the coating. The
structure of the final coating remains difficult to predict because
of the random character of droplets impacts in terms of particle
size, temperature and impact location. Many studies have been
carried out to analyse the dynamics and thermal behaviours of
droplets impacting onto a cold substrate. Some authors have
investigated the impact and solidification of droplets compos-
ing the resulting film and have shown that numerous param-
eters play a role on the droplet deposition and the structure.
Leger et al. [1] have shown that in thermal spraying, substrate
initial temperature and roughness play a role on the droplet
impact morphology. For a low substrate temperature, the result-
ing splats exhibit fingering pattern whereas for a high substrate
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temperature, a disc shape is obtained. The consequences of the
splat shapes are particular properties in the manufactured coat-
ing like structure or porosity. Scrivani et al. [2] have studied
porosity and microstructure of a thick thermal barrier coating
(defined by a 1 mm thickness). Their results show that coating
porosity and roughness are influenced by the level of enthalpy
of plasma jet. The coating porosity is linked to the efficiency
of the barrier. Such a coating is used in combustion chambers
to enhance the temperature and corrosion and oxidation resis-
tances. Some numerical studies have also been carried out to
model and simulate impact and solidification of a single mil-
limetre size droplet [3]. Solidification and nonperfect thermal
contact between the droplet and the substrate have been intro-
duced, in order to improve droplet deposition processes like
microcasting. Two numerical simulations and experiments have
been led, with the substrate temperature below and above the
droplet melting temperature. Results show that solidification af-
fects the droplet spreading. Some authors propose the study of
a limited number of droplets in various configurations, like two
tin millimetre size droplets impacting one onto the other with
an offset [4] or by considering a solder microdroplet pile-up
[5] for which the time scale is about 100 µs. Results exhibit
good agreements with experimental data and analytical expres-
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Nomenclature

b effusivity . . . . . . . . . . . . . . . . . . . . . W s1/2 K−1 m−2

C phase function
cp specific heat . . . . . . . . . . . . . . . . . . . . . . . J kg−1 K−1

e thickness . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m
f frequency . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . s−1

fs solid fraction
ρ density . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . kg m−3

λ thermal conductivity . . . . . . . . . . . . . . . W m−1 K−1

L length . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m
Lf latent heat of fusion . . . . . . . . . . . . . . . . . . . . . J kg−1

SC source term . . . . . . . . . . . . . . . . . . . . . . . . . . . W m−3

Ste Stefan number

t time . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . s
T temperature . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ◦C
tc characteristic time . . . . . . . . . . . . . . . . . . . . . . . . . . . s
TCR thermal contact resistance . . . . . . . . . . . m2 K W−1

x coordinate . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m

Subscripts

sub substrate
l layer
a air

Superscripts

i initial
sions resulting from momentum and energy balances. They
give information about the solidification/melting behaviour of
droplets before the coating is totally manufactured. But some
numerical difficulties occur while simulating impact of sev-
eral droplets: fluid flow, heat transfer and interactions between
particles need a large number of computational nodes to give
accurate results. Simulation of droplets impact onto a cold sub-
strate then requires large computational resources. Pawłowski
[6,7] has presented a model to determine the temperature dis-
tribution in a coating created by plasma spray. They show how
some parameters like the spraying distance affect the tempera-
ture distribution. Moreover, Fan et al. [8] have proposed a grid
method combined to the Monte Carlo stochastic model to sim-
ulate the morphology of a composite coating during plasma
spray. Results show good agreement with experiments, but heat
transfers are not well rendered. Ward [9] has proposed a simple
model to determine heat transfer and the coating shape during
Centrifugal Spray Deposition to improve the manufacturing of
ring-shaped components used in aerospace applications. The
results have been compared to experimental data in terms of
substrate and layers temperatures.

The aim of the present study is to propose a simple numer-
ical model of successive depositions of several melted metal
layers onto a cold substrate to simulate the evolution of cool-
ing and solidification and potential remelting of these layers.
It is useful to predict the time of process and the film solidifi-
cation and to help to choose the optimum process parameters.
A first approach about impact of 2D droplets has been carried
out with indium samples [10]. The proposed model avoids prob-
lems due to the random character of droplet impacts and gives
interesting information concerning the evolution of the coating
structure. Moreover, it does not take into account problems of
droplet morphology transitions, like fingering pattern, due to
substrate and droplet initial temperatures [11,12]. In the present
paper, we propose to study the influence of several parame-
ters on cooling and solidification evolutions. The parameters are
successively the layers thickness, initial temperatures, thermal
contact resistance between layers and impact frequency. Some
other experimental works have been performed to determine the
solidification kinetics of indium [13]. Thus, the chosen material
properties correspond to steel substrate and indium layers, as in-
dium has a melting point at low temperature (Tf = 156.6 ◦C).

2. Numerical modelling

The aim of the present modelling is to determine how heat
transfer and solidification can affect the global behaviour of
several layers of melted metal impacting onto a cold substrate.
It can be assumed that heat transfer characteristic time is longer
than fluid flow characteristic time. So it can be considered that
when a new metal melted layer impacts onto the substrate or
the previous layer, flow time is negligible. This assumption al-
lows computing only heat transfer and solidification, without
convective phenomena.

The initial configuration consists in a cold substrate and a
first layer. The substrate is defined by constant thermal proper-
ties λsub, cp,sub and ρsub being respectively the thermal conduc-
tivity, the specific heat and the density, and by a thickness esub.
The first melted layer is characterised by properties λl, cp,l and
ρl and by a thickness el not necessarily equal to esub. Metal
melted layers “appear” (impact without fluid flow) successively
on the first one with a frequency noted f corresponding to a
constant time between two impacts—tc. So the term “impact”
corresponds to the apparition of a new layer. Thermal proper-
ties λl , cp,l and ρl , and thickness el are here the same for all
layers (which is not a restriction for the numerical tool). The
domain above the last layer is constituted of air with properties
λa , cp,a and ρa . Considering that the domain height is equal to
L, air fills initially a height of (L − esub − el). Fig. 1 illustrates
the physical domain at the initial time and during impact of a
new layer (at tc).

To avoid edge effects, layers are considered wide enough so
that thermal transfer occurs only along the axis Ox of Fig. 1.
Boundary conditions at the base of the substrate (x = 0) and the
top of the whole domain (x = L) can be adapted. In the present
study, only the case of an adiabatic boundary condition at the
base of substrate (at the bottom) and adiabatic condition at the
top of the surrounded air are considered.
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Fig. 1. Initial domain and domain at t = tc .
The resolution consists in a 1D transient numerical ap-
proach. The modelling is based on the resolution of one set of
equations in the whole domain:

ρcP

∂T

∂t
− ∂

∂x

(
λ

∂T

∂x

)
= SC (1)

Eq. (1) is solved with a classic finite volume method and a cen-
tered scheme is used for the spatial discretisation [14]. A second
order Gear scheme is proposed for the time discretisation. The
source term SC (Eq. (6)) is solved by an iterative algorithm.

The initial conditions consist in a cold substrate and a first
hot layer:

T (x,0) = Tsub,i for 0 < x < es

T (x,0) = Tl,i for es < x < 2es (2)

T (x,0) = Ta,i for 2es < x < L

The boundary conditions are adiabatic (Dirichlet condition is
also available).

−λsub
∂T

∂x
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x=0

= 0 for x = 0

−λa

∂T

∂x
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x=L

= 0 for x = L

(3)

To distinguish metal zones and air zones, a phase function C is
introduced:

C = 0 for 0 < x < esub (substrate)

C = 1 for esub < x < nel (metal layer) (4)

C = 0 for nel < x < L (air)

For the substrate zone (0 < x < es) the physical properties are
fixed. For layers and air zones, thermal conductivity and spe-
cific heat exhibit a linear law:

λ(x) = C(x)λl + (
1 − C(x)

)
λair (5)

For 0 < x < esub, thermal properties correspond to the sub-
strate ones and correlatively Sc = 0 in this domain as phase
change never occurs there. In the layers, properties are equal
to λl, cp,l and ρl , and Sc can be different of 0 when solidifi-
cation or remelting occurs. In air, Sc = 0 as air is never con-
cerned with phase change. At time ntc (where n is an integer),
a (n + 1)th layer “appears” above the previous one (at coordi-
nates esub + (n − 1)el < x < esub + nel). In order to update the
presence of metal, and then the corresponding characteristics,
the phase function, which was equal to 0 (air) in this region, is
then set to 1 to indicate that the medium is now a metal layer.
Thermal properties are consequently altered following Eq. (5).
In the same time, Sc can become different than 0. Thanks to this
method, layers can be added without changing the domain size
and boundary conditions.

The source term Sc represents the energy absorbed or re-
leased during phase change. It is also expressed as a function of
solid fraction fs :

SC = ρLf

∂fs

∂t
(6)

The solid fraction fs is equal to 1 if metal is solid and 0 if liquid.
Solidification occurs in a cell where 0 < fs < 1. The variable
Lf corresponds to the latent heat. The source term Sc is acti-
vated only if C = 1, at mesh nodes containing metal. It ensures
that the substrate and air cannot freeze or melt. This source
term is computed by using a fixed point algorithm proposed by
Voller [15]. This method has been adapted for the present study
and has been already validated [16]. The employed method is
useful in this case as both solidification and remelting can be
computed.

It has been observed that the contact is not perfect, due to
the roughness of the surface and air entrapped during deposi-
tion of melted metal [16]. The quality of the contact between
two successive layers or between substrate and the first layer
can influence the time evolution of solidification. In the present
numerical approach, it is modelled by a thermal contact resis-
tance. It is supposed to be constant and has the same value
between two layers and between substrate and the first layer.
In the numerical code, thermal conductivity is defined between
two neighbouring temperature nodes. The interface between
two layers or the first layer and the substrate is also defined
between two temperature nodes to correspond to a conductiv-
ity node (Fig. 2). To model a nonperfect thermal contact, the
thermal conductivity at the interface between two components
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Fig. 2. Scheme of the meshgrid.

is locally modified by taking into account the thermal contact
resistance TCR:

λ = x1 + x2
x1
λ1

+ TCR + x2
λ2

(7)

Subscripts 1 and 2 correspond to two different media, x1 and x2

are the distances from the interface to the closest nodes in each
medium (Fig. 3(a)). The advantage of this modelling is to take
into account the thermal contact resistance easily and to have
two different temperatures at media interfaces.

The mesh grid size is refined at interfaces of neighbouring
layers where nodes are close enough to ensure that the thermal
contact resistance is well rendered (Fig. 3(b)).

The thermal contact resistance model supposes that the in-
terface thickness is equal to 0. To fit as well as possible this
definition, it is practically chosen to be:

�xTCR = x1 + x2 = �x

1000
(8)

For millimetre thick layers, it corresponds to �xTCR = 10−6 m.
3. Validation and results

Prediction of evolution of the solidification front is a rela-
tively hard task because of the source term corresponding to
phase change. No analytical solution is available concerning
the solidification and temperature evolutions of the contact of
several successive layers. To ensure that our code is consistent
with physical behaviours, validations have been carried out with
a simplified configuration similar to our problem. Loulou [17]
proposed an analytical solution about temperature field of two
semi-infinite media suddenly in contact, one undergoing solid-
ification, and without thermal contact resistance. In particular,
the interface temperature Tint is expressed by:

Tint = Tf bl + T i
subbsub erf(ξ)

bl + bsub erf(ξ)
(9)

The parameter called ξ is the solution of the transcendental
equation (provided that liquid and solid phases have the same
conductivity, density and specific heat):

exp(−ξ2)

exp(ξ)
+ Tf − T i

l

Tf − Tint

exp(−ξ2)

erfc(ξ)
= ξLf

√
π

cP (Tf − Tint)
(10)

Parameters bl and bsub are respectively the layer and the sub-
strate effusivities defined by b = √

λρcP , and Lf is the latent
heat.

Thicknesses of the substrate and the layer in the computa-
tional domain are set equal to e = 1 m, which is wide enough
to ensure a consistent solution: during a short time, the two me-
dia can be considered as semi-infinite. Each layer and substrate
is composed of 100 meshes. The thermal contact is perfect
(TCR = 0) and the substrate and layer initial temperatures are
respectively T i

sub = 25 ◦C and T i
l = 190 ◦C. Thermal properties

of the substrate and the layer are reported in Table 1 and are
chosen representative to physical characteristics of steel and in-
dium.

Under these assumptions and considering these data, the an-
alytical interface temperature is computed and compared to
Eqs. (9) and (10). Globally, the theoretical interface tempera-
ture gives a value Tint = 137 ◦C. By numerical simulation, the
interface temperatures in the substrate and in the layer are equal
Fig. 3. Front solidification position versus time for es = el = 1 mm.
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Table 1
Physical properties of materials

Medium Conductivity Density Specific heat Melting Latent heat
(W m−1 K−1) (kg m−3) (J kg−1 K−1) temperature (◦C) (J kg−1)

Substrate 36.5 7000 465 – –
(steel)

Layer 81 7050 233 156.6 28 600
(indium)
to Tint,num = 136.8 ◦C. In the layer medium (indium), the tem-
perature decreases from 190 to 156.6 ◦C, where a plateau oc-
curs due to solidification, then it decreases again until 136 ◦C.
In Eq. (6), Tint is a constant because the analytical configu-
ration assumes that solidification has already begun whereas
the numerical simulation takes account for an initially totally
liquid layer. This explains the small discrepancy about the in-
terface temperature between the constant analytical value and
the numerical result. But rapidly, the numerical temperature
converges to the predicted value. Using different mesh sizes,
a second order convergence is found.

This first test does not take into account thermal contact
resistance whereas the contact plays an important role in the
physical deposition of several layers. Thus, a second config-
uration with an analytical solution is proposed to check the
consistence of the numerical model about the thermal contact
resistance without phase change. Let consider two semi-infinite
media (substrate and layer) without phase change with a con-
stant thermal contact resistance. If initial temperatures of these
media are respectively T i

sub and T i
l , then the interface tempera-

tures of the two media are given by expression (11):

Tsub,int = T i
sub + (

T i
l − T i

sub

) bl

bl + bsub

× (− exp
(
h2t

)
erfc(h

√
t) + 1

)

Tl,int = T i
l − (

T i
l − T i

sub

) bsub

bl + bsub

× (− exp
(
h2t

)
erfc(h

√
t) + 1

)
(11)

In this expression, bsub and bl are respectively the substrate and
the layer effusivities, and h is a constant defined by:

h = bsub + bl

TCRbsubbl

(12)

The thermal contact resistance is constant and is about 10−6

to 10−3 m2 K W−1, which is coherent with values of physical
contact of a substrate and a metal layer [18]. Actually, during
the contact between the first layer and the substrate, some stud-
ies have shown that the thermal contact resistance evolves in
time [19]. But after a short time, the thermal contact resistance
reaches a constant value. The assumption of a constant ther-
mal contact resistance in the present study is then validated,
compared to the time of process. To increase the accuracy, an
evolving value could be proposed.
Fig. 4. Front solidification position and layers temperatures versus time.

4. Deposition of successive layers

4.1. Influence of thickness

Depending on the droplet size, the thickness of the resulting
layers varies, which influences the thermal exchanges. A large
droplet size corresponds to a large amount of melted metal com-
ing in contact with the substrate or the previous droplets. Then,
thick layers are considered.

Globally, results exhibit a typical behaviour (Fig. 4). Layers
and substrate are both 1 mm thick, initial temperatures are re-
spectively 25 and 200 ◦C for the substrate and the layers. The
solidification front position increases inside the layers as they
are deposited. Fig. 4 describes also the temperature evolution
inside the layers and the substrate at particular location: the
nodes corresponding to the top and the bottom of each layer.
These temperatures will be called the “bottom temperature”
and the “top temperature”. In the substrate, the top tempera-
ture increases rapidly in contact with the first layer. Some slope
breaks-up are noticed corresponding to the instants of deposi-
tion of next hot layers.

Concerning the first layer, the bottom temperature decreases
rapidly from the initial value to the phase change temperature.
Then the value remains constant during solidification and de-
creases until it reaches the value obtained during the sudden
contact of two media with thermal contact resistance (TCR =
10−6 K m2 W−1). At t = tc = 0.05 s, another layer is deposited
and the first layer temperature increases. The solidification is
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Fig. 5. Dimensionless solidification front position versus layer thickness.

not stopped but delayed, as it can be seen in Fig. 4 at t = 0.05 s.
Remelting occurs as a new layer brings sufficient heat to the
previous one. At t = 0.05 s, when the second layer is deposited,
the top temperature of the first layer exhibits a sudden and im-
portant increase, whereas the bottom temperature rises slowly.
The increase of heat originates from the change of behaviour
of the solidification evolution. For each new deposited layer
(n + 1), these phenomena are observed in the previous layer n.

During the deposition of several layers, the first layer is less
and less influenced by the incoming of the others. Whereas the
deposition of the second layer alters greatly the solidification
and temperature evolutions of the first layer, the following lay-
ers less and less affect the first layer. Considering a long enough
time, the first layer temperature evolution becomes independent
of addition of new layers.

Several computations are carried out to determine the tem-
perature and the solidification evolutions as a function of the
layers and substrate thickness. Three simulations are carried
out with layers thickness respectively equal to 1, 2 and 3 mm.
Concerning the solidification evolution, for el = 1 mm, results
show that the solidification front exhibits a discontinued shape
due to the deposition of next layers, whereas simulations where
el = 2 mm and el = 3 mm, the solidification front exhibits
a smooth curve: the heat brought out from successive layers
is not large enough to influence the cooling behaviour of the
first layer. The study of the dimensionless front position (x/el)

shows that when layers are thicker, the solidification needs time
to reach the upper surface of each layer. It means that the solid-
ification front exhibits a shape with fewer discontinuities than
the case of thinner layers (Fig. 5). On the contrary, a thin layer
allows solidification of the whole layer before impact of a next
one, which can result in discontinuities in solidification front
evolution and potential remelting.

The same kind of simulations has been carried out with
thin micrometer layers. The characteristic time is fixed to tc =
5 µs and the thermal contact resistance remains at TCR =
Fig. 6. Dimensionless solidification front position versus dimensionless layer
thickness.

10−6m K m2 W−1. Fig. 6 illustrates the dimensionless solidifi-
cation front position (x/el) against dimensionless time based on
the characteristic time (t∗ = t/tc). Results exhibit the same be-
haviour than previously: for thicker layers, solidification needs
a sufficiently long time to reach the upper surface.

4.2. Influence of initial temperatures

During deposition, initial temperatures of substrate and
droplets play a very important role upon the structure of the
final film. Several studies have shown that the substrate temper-
ature influences the shape of the impacting droplets [18], sus-
pected to be related to solidification. It has been found to imply
a porous structure or a compact one, which corresponds in the
present model to different layer properties. In the present mod-
elling, only thermal diffusion and liquid–solid phase change are
considered. Chemical behaviours like desorption due to spray
conditions (and gases) are not taken into account here. These
phenomena influence the cooling rate as mentioned by Leger
et al. [1]. Let consider impact of 2 mm thick indium layers with
an initial temperature T i

l = 200 ◦C. The initial substrate tem-
perature is T i

sub. The thermal contact resistance between two
neighbouring components is TCR = 10−5K m2 W−1 and the
characteristic time is tc = 0.1 s. Only three successive layers
are deposited. The thermal solidification effect can be quanti-
fied by the Stefan number defined as

Ste = cP (Tf − T i
sub)

Lf

(13)

Globally, for all initial substrate temperature, the general ther-
mal behaviour is the same. The initial substrate temperatures
respectively T i

sub = 25 ◦C, T i
sub = 50 ◦C and T i

sub = 100 ◦C cor-
respond to Ste = 1.14, Ste = 0.92 and Ste = 0.49. The dif-
ference between the initial substrate and layers temperatures
influences the cooling rate and the solidification rate: just before
the second layer impact, the substrate surface temperature is re-
spectively T = 127.14 ◦C for Ste = 2.25, T = 135.27 ◦C for
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Fig. 7. Influence of the initial substrate temperature on the bottom first layer
temperature.

Fig. 8. Influence of the initial substrate temperature on the surface substrate
temperature.

Ste = 1.82 and T = 156.3 ◦C for Ste = 0.97 (Fig. 8). It means
that substrate superheating is higher when Ste is lower. In the
same way, the layer cooling is quicker for high Ste as the layer
comes in contact with a colder initial substrate (Fig. 7). It means
that solidification of each layer occurs earlier.

4.3. Influence of thermal contact resistance

During deposition of droplets or thermal spraying for manu-
facturing metal coatings, droplets exhibit various morphologies
due to initial temperatures. It can result in a splat or fragmented
particles on rough substrates, leading to various coating porosi-
ties and qualities of contact [11]. Moreover, spray gases, surface
chemistry of a metal substrate are influent parameters in the
contact quality. Consequently, heat transfers depend on the con-
tact state and are estimated through a thermal contact resistance.
A large thermal contact resistance maintains the droplet to a
Fig. 9. Temperatures for TCR = 10−3 K m2 W−1.

high temperature, even close to the substrate. This behaviour
can alter the sticking of the resulting film to the substrate or
its roughness. With a bad contact, the layer temperature re-
mains high, whereas a good contact allows a better cooling of
the melted metal and subsequently, the solidification front rises
faster. To take into account this phenomenon, a constant ther-
mal contact resistance is introduced in our 1D model between
the substrate and the first layer and between two successive lay-
ers. McDonald et al. [20] have experimentally and analytically
studied the influence of the thermal contact resistance on cool-
ing rate of impacting yttria-stabilised zirconia and molybdenum
microdroplets. They have shown that the thermal contact resis-
tance value has an effect on cooling rate of impacting droplets.
In our study, simulations are carried out for three layers of
2 mm thickness, with an initial temperature T = 200 ◦C. The
substrate is 2 mm thick and initially at 25 ◦C. The character-
istic time is set at tc = 0.1 s. Several thermal contact resis-
tances are proposed between 10−15 and 10−3 K m2 W−1. For
a high thermal contact resistance (Fig. 9), the substrate tem-
perature remains at a low value, and the first layer temperature
decreases slowly. Consequently, the successive layers contact-
ing the hot first layer stay at 200 ◦C. For a lower thermal con-
tact resistance, the substrate heats more and the layers cooling
rate increases (Figs. 10 and 11). It implies various solidifica-
tion front evolutions following the thermal contact resistance
value (Fig. 12). For TCR = 10−3 m2 K W−1, the results are not
plotted as it stays at 0 (no solidification). The influence of the
second layer appears on the solidification front from TCR = 0
to TCR = 10−5 m2 K W−1, as a slight remelting occurs. There-
fore, the thermal contact has an influence on the solidification
evolution. For a bad contact, the layers freeze hardly, and may
remain hot. On the contrary, a very good contact implies a
rapid solidification, and impact of new thin layers may provoke
remelting, which can be useful to evacuate air traps.
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Fig. 10. Temperatures for TCR = 10−5 K m2 W−1.

Fig. 11. Influence of thermal contact resistance on substrate surface tempera-
ture.

4.4. Influence of impact frequency

To ensure a homogeneous coating, the sprayed metal must
cover the substrate with a minimal thickness. To reach this
property, droplets are sprayed during a long enough period of
time. Some droplets reach directly the substrate whereas some
of them are deposited on the previous impacted droplets. The
flow rate necessary to obtain a given thickness can be inter-
preted as an impact frequency of metal layers. Like droplets,
layers bring heat and alter the thermal evolution of the coat-
ing and the substrate. Simulations are carried out for six layers
of 2 mm thickness, with an initial temperature T i

l = 200 ◦C.
The substrate is 2 mm thick and initially at 25 ◦C. The thermal
contact resistance is TCR = 10−5 m2 K W−1 and the impact
Fig. 12. Influence of thermal contact resistance on solidification front.

frequency is defined through the characteristic time tc . Differ-
ent values from tc = 5 × 10−2 s to tc = 1 s are proposed. For
tc = 5 × 10−2 s, results show a low solidification rate, as the
system could be considered as a continuous supply of mate-
rial and heat. On the contrary, a long enough characteristic time
(tc = 1 s) allows total layers solidification, but implies a lo-
cal shallow remelting of the previous layer. Fig. 13 illustrates
the first layer interface temperature and the solidification front
position versus a dimensionless time tad = t/tc. tad = 1 corre-
sponds to the moment of impact of the second layer, whatever tc
is. When tc increases, the solidification front reaches faster high
values, since heat is brought out by new layers quite late. But
it implies a potential remelting if layers temperature is not low
enough. In the same way, the first layer temperature is widely
perturbed if tc is high, corresponding to a discontinued heat sup-
ply, whereas a short characteristic time tc leads to a slight layer
cooling. Even with a long time tc, the layer temperature is less
and less perturbed by impact of other layers which means that
the first layer depositions have influence on the substrate–first
layer contact. It can be useful to melt some zones where air
traps have been made, as air bubbles may escape the system.

4.5. Conclusion

The coating manufacturing by droplets spraying is a com-
plex process as thermal and dynamics behaviours interact. The
structure of the resulting film depends on several parameters
linked to initial temperatures and flow rate. This morphology
can be understood by neglecting flow dynamics and consid-
ering deposition of successive melted metal layers on a cold
substrate. We have used a simplified 1D numerical model to
study thermal behaviour and solidification during deposition of
several layers in order to analyse the time evolution of temper-
ature and corresponding solidification front position. Several
parameters influence the thermal behaviour, like components
thickness, initial temperatures, thermal contact resistance or im-
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Fig. 13. Solidification front and substrate/1st layer interface temperature evolutions.
pact frequency. They define the heat supply and the potential
solidification melting cycle of the created metal thin film. This
approach is useful as it requires small CPU time and memory.
Results have shown that spray conditions have an influence on
the temperature field, solidification and remelting behaviours
and consequently on the thin coating structure.
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