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Deposition of Nanoparticle Suspensions
by Aerosol Flame Spraying: Model of the
Spray and Impact Processes
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Aerosol flame spraying (AFS) combines the atomization of a colloidal suspension with the lateral injection of
the aerosol in a flame. The aerosol droplets are partially dried when crossing the flame and then deposited as
a coating onto a substrate. Afterwards, the coating is consolidated by heat treatment without extensive grain
growth. In this paper a model of the trajectories, acceleration and vaporization of the droplets is used to
predict the impact conditions of the in-flight dried droplets, as well as their size and water content when they
impinge onto the substrate. From these calculations and the hydrodynamic properties (viscosity, surface
tension, contact angle) of the suspensions, the morphology and size of the lamellae deposited on the substrate
are determined by using classic impact models. In spite of the complexity of the mixing of the suspension
spray with the flame and the diversity of the thermal histories of the droplets, the observation of the latter
after impact shows that the results of the model are quite consistent with measurements. The relationship
between droplet impact parameters and coating formation is discussed.

Keywords colloids, flame spraying, impact, modeling, suspen-
sion, zirconia

1. Introduction

The Aerosol flame spraying (AFS),['*! is a sol-based depo-
sition process. This technique has features in common with a
spray drying method as it combines the pulverization of the sol
solution with injection and heating in an oxyacetylene flame
(Fig. 1). The aim of such a technique is to partially dry the aero-
sol droplets when they cross the flame and project them onto a
substrate where they form a coating. The AFS technique can be
used to produce nanostructured and polycrystalline coatings
from a nanoscale powder as the material is exposed to high tem-
peratures only during a short time. The coating is further con-
solidated by a thermal treatment without extensive grain
growth.'! For zirconia colloidal suspensions with 60-nm origi-
nal grain size, the densification begins below 1000 °C and is
complete at 1100 °C.[*! Recent works have shown that for zir-
conia suspensions with 30-nm grain size, the densification is
complete below 800 °C.[>]

In AFS, the deposition mechanisms of the droplets onto the
substrate depend on (1) the hydrodynamic properties (viscosity,
surface tension contact angle) of the sol as a function of its solid
content, (2) the original droplet diameter, (3) the thermo-
kinematic history of the droplets before they impinge on the sub-
strate, and (4) the roughness, chemistry and temperature of the
substrate surface. The optimization of the process to produce
nanostructured coatings with desired properties requires a broad
understanding of the phenomena, which occur during the resi-
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dence of the droplets in the flame and after their impact onto the
substrate. The present work addresses the use (1) of a 2D nu-
merical model for the prediction of the diameter, velocity, and
drying level of the droplets at impact and (2) of an analytical
model(® 3! for the estimation of the effect of the droplet zirconia
content on the size and morphology of the lamellae formed after
impact on the substrate.

2. Experimental

In the present work, the suspensions were prepared by two-
step hydrolysis of a zirconium oxyacetate precursor in an auto-

Nomenclature
Leidenfrost point  breakup temperature of evaporable liquid
droplets on a hot substrate
MMD mass mean diameter
D diameter
A surface
M mass flow
m a dimensional constant in Kim-Marshall
equation
p density
o surface tension
n viscosity
14 velocity
3 flattening rate
0 contact angle
k thermal conductivity
Re Reynolds number
We Weber number
Oh Ohnesorge number
K Sommerfeld number
Bi Biot number

Volume 12(3) September 2003—393

Py
o
1)
]
)
S.
S
)
Q




g
2
g
3
o
L.
3
Q

Fig. 1 Injection of the zirconia colloidal suspension into the flame:
theoretical crossing of the suspension spray and flame.

clave at 270 °C.[>* The diameter of the colloidal particles was
about 60 nm and the solid content of the sol particles was 18.5
wt.%. The sol droplets will be partially dried in the flame during
the deposition process. Therefore, the heating will cause a con-
centration of the solid content of the droplets. The knowledge of
the hydrodynamic properties of the sol droplets as a function of
their solid content is a requirement for the modeling of their be-
havior in the flame. Thus, suspensions with solid concentrations
ranging between 18.5 and 40 wt.% were prepared by slowly dry-
ing the suspensions on a sand bath maintained at 100 °C. The
density, viscosity, surface tension and angle of contact of these
various suspensions were characterized. The viscosity was de-
termined with a Brookfield viscosimetric cell (PVS Rheometer,
Brookfield, Middleboro, MA) at a temperature of 30 °C and a
hermetic plastic cap to avoid water evaporation. The surface ten-
sion (inferred from the geometry of the droplet) is measured by
the pendant drop technique using a CCD camera.l'¥ A similar
method was used to measure the contact angle on an AIST 3161
polished (Ra = 0.3 um) substrate washed with ethanol.

A SATA Minijet pneumatic gun (Sata Gmbh, Kornwest-
heim, Germany) was used to pulverize the zirconia suspension
and form an aerosol. The main operating parameters of this gun
were the following: air pressure =2 or 4 bars, airflow rate =33 or
66 slm, and liquid flow rate = 0.006 slm. The air velocity at the
tip of the spray gun exit, measured using a Pitot tube, was 280
m/s at 2 bars and 310 m/s at 4 bars. According to Masters,!'>! the
mass mean diameter ( MMD) of the droplets atomized by an
aerographic gun follows the Kim-Marshall equation:

249041 032 :|
(Vi . pa)057 - 4036016

W 0.17 1 Ma m
+1260[<5;;> . (v”54>' (XZ) ] (Eq 1)

where MMD is expressed in pm; p, is the density of air (Ib/ft*);
A is the surface of the air ring around the liquid tip of the nozzle

MMD = |:
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Fig.2 (a) Optical microscopy of the droplets after impact on the sub-
strate (solid concentration: 5 wt.%, substrate temperature: 25 °C), (b)
SEM picture of a splat (same conditions)

(in?); M, is the liquid mass flow (Ib/min); M, is the air mass flow
(Ib/min) and m, a constant equal to —1 if (M,/M,) < 3, other-
wise m is equal to —0.5; and p,, o,  are the density (Ib/ft?),
surface tension (dynes/cm), and viscosity of the liquid (cP),
respectively.

Under the conditions of the current study, the mass mean di-
ameter was of the order of 12-18 pum, and the droplet diameter
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distribution ranged between 0 and 60 um depending on the air
pressure used for the spray gun:

A Castolin-Eutectic Castodyn DS8000 flame torch (Castolin
Eutectic Group, Kriftel, Germany) was used to heat the sprayed
droplets. The centerline of the oxyacetylene flame (C,H,: 16.3
slm, O,: 14 slm) made an angle of 55° with the centerline of the
aerographic gun as shown in Fig. 1. This angle value is selected
from previous experimentst'®! where better heating of droplets
was observed. The flame axis crossed the aerosol jet axis at a
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Fig.3 Velocity contours of the flame-aerosol spray jet in the horizon-
tal plane. Aerographic gun air pressure: 2 bars

| 32
i 22
12 p= 4 bars
[ X=80mm
| Z{mm) .
| 8 @ 80-110 |
HE 7090
: _18 W 50-70
= 30-50
I ! .28 2 10-30
- r-10410 |
—+-38

40 30 20 10 0 -10 -20 -30 -40

¥ [mm)
(a)

distance of 28 mm from the torch exit and 46 mm from the aero-
graphic gun. This intersection point was considered as the zero
point of the coordinate system used in the calculations of the
in-flight droplet behavior.

The temperature field of the flame-aerosol spray system was
determined using an S thermocouple. The temperature of the lat-
ter was corrected to take into account the radiation exchange
between the thermocouple and surroundings and the conduction
through the leads.!'” The velocity field was measured by seed-
ing the flame with submicronic alumina particles and measuring
their velocity using a laser Doppler velocimeter. Temperature
and velocity measurements were made along a two-dimensional
grid with 5 mm increments in both directions. The grid was per-
pendicular to the aerographic gun at 45, 80, and 120 mm from
the aerographic gun exit. The distribution of the aerosol droplets
was observed by focusing a laser beam through the droplet/gas
jet and using a photoelectric detector to measure the bursts of
light scattered when the droplets crossed the laser beam. A uni-
form laser sheet was generated at a right angle to the jet flow by
employing a mirror oscillating at 2400 Hz.

The sprayed droplets were collected, over short times, at a
distance of 100 mm from the aerographic gun (54 mm from the
zero point) onto polished AISI 316L substrates maintained at
room temperature or heated up to 350 °C. The surface of the
substrates was observed with an Olympus PME optical micro-
scope and a Hitachi SC2500 (Hitachi High-Technologies Corp.,
Tokyo, Japan) scanning electron microscope (SEM). The former
technique allows the observation of large areas (a few square
millimeters), but its lack of resolution limits the study to the
determination of the diameters of the larger splats (Fig. 2a),
while SEM enables the observation of the morphology of the
splats and solidified material resulting from the impact of the
droplets onto the substrate (Fig. 2b). Microscopy also permitted
observation of the shape and morphology of the “objects” col-
lected on the substrate at a given sol concentration.

Coatings were made using a rotating sample-holder with a
controlled substrate-preheating rate. The coatings were studied
by SEM and their thickness measured by optical microscopy.[*’
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Fig.4 (a) Velocity contours in a plane orthogonal to the gun axis at 80 mm from the exit of the aerographic gun. (b) Temperature contours at the same

distance. Aerographic gun air pressure: 4 bars
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3. Results

3.1 Hydrodynamic Properties of the Sol

A significant change in the behavior of the dried suspension
was observed at about 32 wt.% solid concentration; an appre-
ciable increase in viscosity was associated with a change in wet-
tability resulting from the formation of small crusts at the surface
of the drying liquid. However, these crusts did not affect the
drying velocity as long as the solid concentration was lower than
75 wt.%. The observed constant rate in drying velocity backed
up the assumption that the suspension droplets acted as pure
water droplets although crusts might appear during the drying
process.

3.2 Crossing of the Aerosol Spray With the
Oxyacetylene Flame

Figure 3 shows the velocity contours of the flame-aerosol
spray system in the horizontal plane and Fig. 4(a) and 4(b), the
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Fig.5 Predicted radial deflection of droplets (from the zero point ver-
sus original diameter). Gun air pressure: 4 bars
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velocity and temperature contours, respectively, in a plane per-
pendicular to the gun centerline at a distance of 80 mm from the
aerographic gun exit.

The analysis of the velocity and temperature fields of the
flame-aerosol spray system showed that

»  The aerosol spray jet was deflected slightly by the flame as
the latter had a momentum less than that of the aerosol jet.
The deflection angle was equal to 15° and 10° when the
aerographic gun air pressure was 2 and 4 bars, respectively.

»  The very center of the flame-aerosol spray jet system was
colder than the periphery since the oxyacetylene flame had
a corona shape.

*  The distribution of the aerosol droplets in the spray exhib-
ited roughly a Gaussian shape. Therefore, only a minor part
of the droplets traveled in zones where the temperatures
were higher than 1000 °C.

*  The gas temperature and velocity contours exhibited a cer-
tain degree of symmetry round the centerline of the aerosol
spray jet when taking into account the deflection of the jet
by the flame. This last observation allowed the use of two-
dimensional software to calculate the in-flight behavior of
the droplets with certain credibility.

3.3 Modeling of Droplet Behavior in Flight

The numerical simulations were made using a 2D computa-
tional code developed at SPCTS Laboratory (internal use), Uni-
versity of Limoges, for the modeling of the heating and accel-
eration of particles or droplets injected in a hot gas.['™ The
experimental fields of gas velocity, temperature, and composi-
tion were used as input data.

The governing equations modeled the motion of the droplets
and their heating and evaporation. The droplets were assumed to
be spherical during the whole treatment. The equation of droplet
motion was established from a force balance and accounted for
the viscous drag force, pressure gradient term, and gravitational
force. The temperature and evaporation rate of the droplets were
inferred from an energy balance taking into account convective
transfer and radiation emitted by the droplet as well as the mass
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Fig. 6 (a) Zirconia content in droplets vs distance from the zero point for various droplet diameters for 5 wt.% zirconia concentration in original
droplet. (b) Zirconia content in droplets vs distance from the zero point for various droplet diameters for 18.5 wt.% zirconia concentration in original

droplet
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Fig.7 (a)Predicted droplet diameter distribution vs radical position from the centerline of the flame-spray jet system before drying. Gun air pressure:
2 bars. (b) Droplet diameter distribution vs radial position from the centerline of the flame-spray jet system at 10 cm from the pneumatic gun exit. Gun

air pressure: 2 bars

lost by vaporization. The droplets were assumed to have a uni-
form temperature. The equations were solved in a Lagrangian
frame of reference moving with particles. The thermodynamic
and transport properties of the air and flame mixture were deter-
mined using mixing laws from the properties of pure gases and
composition of the gas system.”’! The model projected the tra-
jectories of the droplets, their vaporization rate, and size evolu-
tion. The zirconia content of the droplets at impact was estab-
lished from the droplet vaporization rate and initial solid
content.

3.3.1 Droplet Trajectories. Figure 5 shows the predicted
trajectories of the droplets with respect to a coordinate system
aligned with the axis of the droplet spray jet after the intersection
point with the flame. As expected, the deflection of the droplets
from the flame-spray jet axis diminished as their diameter de-
creased. Therefore, the majority of the sprayed droplets, which
diameter ranged between 18 and 35 um, were moderately de-
flected from the main axis.

3.3.2 In-flight Droplet Evaporation and Solid Concen-
tration in the Droplets at Impact. Most of the sprayed drop-
lets followed a trajectory close to the centerline of the flame-
spray system where the temperature was lower than in the
fringes. According to the numerical simulations, the vaporiza-
tion of droplets varied according to their trajectory as shown in
Fig. 6. The droplets that traveled in the center of the spray jet
maintained a high water content at impact (Fig. 7) if their origi-
nal diameter was higher than 20 pm and initial solid concentra-
tion lower than 30%. On the other hand, the droplets that trav-
eled in the fringes could be completely dried at impact and,
therefore, behaved like solid particles when impinging on the
substrate.
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Fig. 8 Weber Number as a function of Ohnesorge number. The two
regions characterize the impact of droplets onto smooth substrate de-
pending on droplet conditions at impact after Schiaffino and Sonin.['*]
The various circles correspond to the impact of droplets with different
zirconia content. 0% corresponds to pure water droplets.

3.4 Droplet Impact on the Substrate

The prediction of droplet size, temperature, and velocity,
combined with the hydrodynamic measurements realized in the
present work allow estimation of the Reynolds (Re) and Weber
(We) numbers of the droplets at impact. These dimensionless
groups are characteristic of the impact and spreading process of
the liquid on the substrate because (1) the Reynolds number
quantifies the viscous dissipation of the inertia forces and (2) the
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Table 1 Hydrodynamic Properties (Density p, Viscosity
1, Surface Tension o, and Contact Angle 0) of Zirconia
Sols With Various Solid Content

Solid Concentration,

wt.% p, kg/m* 1, mPas o, mN/m 0,°
0 (pure water) 1000 1.0 72 0

18.5 1181 2.3 60.5 25.2
25.5 1268 20 55.2 34.5
30 1330 36 52.7 41.3
40 1496 2180 26.5 62.8

Table 2 Spreading Mechanisms of Droplets on a
Substrate in Zones I and IV of the Schiaffino-Sonin Graph
Shown in Fig. 8

Zone Spreading Velocity Spreading Time
I |4 DV
v p-V?-Dlu wp - V>

Table 3 (a) Predicted and (b) Experimental Values of
Splat Maximum Diameter for Different Zirconia
Concentration in Sol Droplets and Air Pressure of the
Aerographic Gun

(a) Sol/Gun Pressure 2 bars 4 bars
5 wt.% 27 pm 42 pm
18.5 wt.% 30 um 57 pm
(b) Sol/Gun Pressure 2 bars 4 bars
S wt.% 35 um 35 um
18.5 wt.% 35 um 25 pm

Weber number, the conversion of the kinetic energy into surface
energy.
They are defined as:

p-V-D

Re:T (Eq2)
p-V:-D

We="—— (Eq 3)

where D is the droplet diameter; V is the droplet velocity (m/s);
p and p is the density (kg/m®) and the viscosity (Pa.s) of the
liquid, and o the surface tension (N/m).

Another dimensionless group, the Ohnesorge number that
represents the resistance to spreading, characterizes the impact
of a liquid droplet when no solidification constraint interferes
with the flattening process. This dimensionless number is ex-
pressed as

" \/ We
Oh= == "Re (Eq4)
p-o-

The plot of Weber number against Ohnesorge number,
known as the Schiaffino-Sonin graph, may be divided in 4 zones
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Fig. 9 Predicted effect of temperature on Biot number for water drop-
lets in the flame-spray jet!*!
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Fig.10 Maximum splat diameter vs temperature for 5 and 15 wt.% sol
concentrations. Aerographic gun air pressure: 4 bars

Table 4 Influence of Solid Concentration on the
Morphology of the “Objects” Collected on the Substrate
After Droplet Impact (X, Presence; XX, Majority)

Type of Objects/Solid

Concentration <15% 15-25% 25-40%
Splats XX X X
Semi-Dry Cenospheres X XX X
Dry Spheres and Cenospheres X X XX

(see Ref. 19). The conditions of droplet impact, in this study,
correspond to zones I and IV according to the zirconia solid con-
centration in droplets as represented in Fig. 8. These two zones
are characteristic of “fluid flattening” and “viscous flattening.”
In that graph, the curve defined by We = Oh? corresponds to Re
= 1. Reynolds numbers close to 1 (see Table 1) are typical of the
impact of solid particles when the droplets are fully dried during

Journal of Thermal Spray Technology
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Fig.11 SEM view of objects collecting on the substrate: (a) semi-dry flattening; substrate temperature: 25 °C, (b) dry full sphere and dry cenosphere;
substrate temperature: 220 °C. (c) wet cenospheres; substrate temperature: 220 °C

their residence in the flame. Higher values of Re are character-
istic of wet or semi-wet state at impact. In that case, the liquid
may spread onto the surface and form a lamella. The spreading
velocity and time are depicted in Table 2.

The flattening rate &, defined as the ratio of the diameter of
the lamella (D,,e1,) to that of the original droplet (Dy,opie), may
be estimated from the equations proposed by Madejski*”! and
Bennett et al. (cited in 13) for the “fluid” zone.

e . 38 1 €\ |
Madejski equation: =2+ | 1550 | = (Eq5)

3[(1 — cosB)E — 4] 1'( £ >5_1

Bennett equation: = We + Re \120a1
(Eq 6)

for Re and We > 100. 6 is the contact angle of the liquid with the
substrate. § = Dyymenta/Daroplet-

However, other phenomena at impact make the estimation of
lamella size and morphology tricky. Though Jones (cited in Ref.
21) assumed that the impinging droplets do not suffer physical
changes during the spreading process, the contrary occurs in
many cases'! and the drying kinetics in suspension droplets
may occur simultaneously with spreading. Nevertheless,
Poirier® calculated that the drying time (assuming perfect ther-
mal transfer between substrate and droplet) was about three
times larger than spreading times in aqueous suspension droplets
30 um in diameter and impacting with a velocity of 50-80 m/s on
a substrate at 100 °C. This calculation showed that the Madejski
and Bennett equations could be used with these impact condi-
tions. Some authors®®*?*! also considered the possibility that
large fluid droplets may break up or explode if impact velocity or
substrate temperature is too high. For example, Mundo et al.**!
considered that such splashing phenomenon occurs when the

Sommerfeld number K = \/ We - \/R_e is higher than a criti-

cal value equal to 57.7 for pure water droplets. The roughness
and surface chemistry of the substrate may also interfere

Journal of Thermal Spray Technology
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Fig. 12 Deposition rate vs sol concentration. Dots correspond to av-
erage value from 5 tests, bars correspond to minimum and maximum
measured values.

with liquid spreading. In addition, Senda et al.”**! have observed
that boiling of the liquid on the substrate can also cause breakup
of the droplet instead of flattening and drying. Fukai et al.l'"
established that the spreading diameter decreases with the sub-
strate temperature up to the Leidenfrost point. This point corre-
sponds to a minimum heat transfer rate between a sessile drop
and a hot substrate and is also defined as the break up tempera-
ture of such drop. It is equal to about 290 °C for water. Above
this point, Bernardin and Mudawar>*! showed that the impact
velocity controls the final splat diameter and mostly results in
boiling break up. Taking into account the mentioned criteria al-
lows prediction of the final shape and diameter of the impinging
droplets depending on their solid concentration. The latter was
determined by modeling the droplet behavior in flight.

The splat diameter was predicted taking into account the
former results and discarding the droplet diameters that would
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result in splashing at impact. The predicted maximum splat di-
ameters are presented in Table 3. The experimental observations
by optical microscopy resulted in similar values for the maxi-
mum splat diameters. It is to note that the totally dried droplets
did not adhere easily on the substrate and were more difficult to
observe.

The SEM observation showed that few droplets splashed at
impact as shown by the calculations.’*! However, not all the
droplets flattened or behaved as dry particles. In some cases,
some hollow crusts were formed due to poor water diffusion in
the dried droplets. This phenomenon can be characterized by the

Biot number (Bi) that represents the gas thermal resistance to the
internal resistance of the droplet (Fig. 9):

k 0 as
Bi= (Eq7)

kliquid

where Ky gas is the thermal conductivity of the gas outside the
boundary layer surrounding the droplet and &;;q;4 is the thermal
conductivity of the liquid droplet.

When Bi > 0.1, the thermal diffusion was too high in com-

Fig.13 Morphology of (a) flattened objects and (b) resulting coating for a 18.5 wt.% sol and an aerographic gun air pressure of 2 bars. No preheating.

Depostion time: 40s

NON-PREHEATED
SUBSTRATE

PREHEATED
SUBSTRATE

PORE

(1) Substrate (2) Compact layer (3) Porous layer

Fig. 14 Growing mechanism of coating for low-concentration sols
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parison with water diffusion, and the crust which developed at
the surface of the suspension droplet exploded in flight. Thus,
“cenospheres” (hollow spheres) were formed and exhibited a
dry or semi-dry aspect (Fig. 9). This behavior occurred espe-
cially when the fluid temperature was above 800 °C. This was
the case at the periphery of the flame-spray jet. However, the
droplets, which traveled in the peripheral region of the jet, were
a minority. This cenosphere effect explains the difference be-
tween predictions and experimental results (Table 3), particu-
larly in the case of the 18.5 wt.% zirconia sol sprayed with an air
pressure of 4 bars.

The original solid concentration in the sol droplets also con-
trolled the aspects of the flattened droplets, as depicted in Table
4. Additionally, a decrease in splat diameter was observed when
the substrate temperature increased (Fig. 10) above the Leiden-
frost point as shown by Fukai'”! and Bernardin.! As a conse-
quence of boiling at the interface between substrate and droplets,
an open porosity was observed by SEM (Fig. 2b) and atomic
force microscopy.®! The particular shape of the borders of the

semi-dry cenospheres (Fig. 11c) suggested a plastic deforma-
tion. The observation of the area in contact with the hot substrate
gave evidence of a boiling effect from the droplet-substrate in-
terface. This confirmed the presence of residual water at impact.
The hollow aspect also suggested that the center of the imping-
ing droplet was richer in liquid than the pasty crust. This obser-
vation is quite consistent with the Biot number predictions, even
in the centerline of the jet (400 °C). When Bi is higher than 0.07-
0.1, a slow water diffusion took place in the in-flight droplet
through the crust and yielded a predominance of cenospheres
above splats, especially for the large droplets.

3.5 Coating Formation

The knowledge of the final shape of the impinging droplets is
essential to understand the formation of the coating. The depo-
sition rate (Fig. 12) of the coating increased up to 6 pm/min as
the sol concentration increased up to about 20%. Above this
value, the droplets had poor residual moisture and were less ad-

Solid WITHOUT
Wt% PREHEATING
. - ;\u .y g#
5%
18.5%k
0%

WITH
PREHEATING

*'" e
'r“ ' '

Aerographic gun air pressure: 2 bars
Bar: 20um

Fig. 15 Evolution of coating morphology vs droplet solid concentration when the substrate is preheated at 250 °C or kept at ambient temperature

(aerographic gun air pressure: 2 bars). Bar 20 um
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herent to the substrate. Good agreement was observed between
the morphology of the coating and single droplets collected on
the substrate surface as shown in Fig. 13(a) and (b). Substrate
preheating was found to affect partly the coating aspect as the
substrate temperature determines the boiling effect and effi-
ciency of the thermal transfer between the wet droplets and the
substrate. When the substrate was preheated to an optimum tem-
perature of about 250-300 °C, the coating made with a low-
concentrated sol was highly porous. With no preheating, the first
layers of coating were dense and subjected to slight flawing,
until the substrate temperature reached 250-300 °C. Then, the
layers became porous and flawless resulting in a two-layered
coating (Fig. 14). Such a phenomenon was due to the elimination
of residual water of in-flight partially dried droplets: a “less
warm” substrate (<250 °C) did not allow the complete elimina-
tion of the residual water of droplets since splats were formed
and stuck one to another. When the temperature increased, this
water was expelled and caused cracks in the dense coating.
When the droplets impinged on a hotter surface (>250 °C), the
elimination of residual water occurred immediately at impact
and brought about porosity. The less concentrated the sol
was, the larger were the pores. When sol concentration is higher
than 20%, the preheating did not affect the coating morphology
(Fig. 15).

4. Conclusion

In spite of the complexity of the geometry of the suspension
spray-flame mixture and the diversity of the thermal histories of
the droplets, the observation of the droplets after impact on me-
tallic substrates showed that the predictions of a 2D model pro-
jecting the heating, vaporization and acceleration of the droplets
are quite consistent with the experimental observations. Thus,
the proposed method has proved to be a useful tool to simulate
the complex mechanisms of the injection and drying of droplets
in a flame and predict their behavior at impact. Such predictions
can contribute to a better understanding of the mechanisms gov-
erning the formation of AFS coatings that are closely related to
splat morphology. It can also help to take advantage of the ver-
satility of the process for controlling the coating microstructure.
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