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The plasma spraying of suspensions of sub-micro- or nano-sized particles and of solutions of chemicals
precursors produces finely structured coatings that have generally enhanced properties compared to
conventional plasma-sprayed coatings. However, most techniques used in conventional plasma spraying
are no more adapted to experimentally observe the behavior of the liquid feedstock in the plasma jet and
investigate the effect of the operating conditions on liquid fragmentation in droplets, solid particles
released by solvent evaporation or formed from the chemical precursors. Also, specific techniques have
to be used to study the coating formation and characterize its microstructure. This paper aims to present
the main techniques developed or adapted, up to now, to study the plasma-liquid feedstock interactions
and characterize the coatings achieved by suspension and solution plasma spraying.
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1. Introduction

Under suspension and solution plasma spray condi-
tions, the formation of plasma-sprayed coatings from
particles finer (a few hundred nanometers to a few
micrometer in diameter) than particles used in conven-
tional plasma spraying (10 to 100 lm in diameter) compels
to adapt or even develop specific techniques to charac-
terize the behavior of droplets and particles within the
plasma jet and microstructure of the resulting coatings.
These techniques are necessary to understand better the
suspension plasma spray (SPS) and solution precursor
plasma spray (SPPS) processes and tailor the spray con-
ditions to achieve coatings meeting the specifications of
given applications.

The aim of this paper is to take stock of the main
techniques used up to now that for some were specifically
adapted to SPS and SPPS: It will begin with the charac-
terization of void architecture and mechanical properties
of plasma-sprayed sub-micro- or nano-structured coatings
and, then, present the main techniques used to investigate
in-flight the droplet size and velocity distribution as well as

the sub-micrometer-particle temperatures, velocities, and
trajectories.

2. SPS and SPPS Coating
Characterizations

The behavior of coatings under mechanical and ther-
mal loading depends on their thermal, thermo-elastic,
plastic, and fracture properties. The latter are affected by
the void architecture (void network) of the coatings which
is controlled by the operating conditions of the spray
process and substrate parameters that govern coating
formation.

2.1 Void Architecture

The features of the void network involve the void
global content or porosity, void size distribution, shape of
voids (globular, more or less elongated, cracks…), and
void network connectivity (Ref 1, 2). The stereological
protocols that make it possible to statistically extrapolate
the three-dimensional material from representative plane
sections of coating are not adapted when the characteristic
dimension of voids is below 0.1 lm. Also the methods
used to measure the coating porosimetry as Archimedean
porosimetry, mercury intrusion porosimetry, and electro-
chemical methods are not suited. However, three methods
could be used with nanometer-sized suspension plasma-
sprayed coatings; they are (i) gas (generally helium) pyc-
nometry to quantify the open void content of coatings; this
technique does not present any relevant drawback and has
been successfully implemented on nanometer-sized sus-
pension plasma-sprayed coatings, (ii) small angle neutron
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scattering (SANS); it enables the characterization of the
void network features including surface area distribution
and orientation distribution (Ref 1, 2); however, it has not
been implemented yet for SPS and SPPS coatings to the
best of our knowledge and (iii) ultra-small angle x-ray
scattering (USAXS), similar to SANS, recording elastic
scattering of x-rays induced by compositional and struc-
tural inhomogeneity; this nondestructive technique has
been successfully implemented; e.g., the void size distri-
bution was investigated in yttria-stabilized zirconia (YSZ)
suspension plasma-sprayed coatings with a suspension
mean size (d50) of 50 nm (Ref 3) and it was found that
about 80% of voids, in number, exhibited characteristic
dimensions smaller than 30 nm, the largest voids being few
hundred nanometers.

2.2 Mechanical Properties

For conventional plasma-sprayed coatings, a popular
test is micro-indentation that gives the hardness (H) and
elastic modulus (E) of coatings. The former is a measure
of the quasi-static resistance to deformation and the latter
is a measure of coating stiffness. SPS and SPPS coatings
are made of splats with a diameter below 3-2 lm and
thickness of a few tenths of lm; they contain small pores
between splats and exhibit areas with different hardnesses,
unmolten or partially melted particles with sizes below 1-
2 lm and pores corresponding to softer areas. Nano-in-
dentation is mandatory to characterize such coatings (Ref
4). The indentations, which location is followed by optical
microscopy, are performed on polished cross sections as
the coating surface is relatively too rough for nano-in-
dentation measurements. H and E are deduced from the
load-depth penetration. Gross and Saber-Samandari (Ref
4) concluded that this tool, they tested on SPS hydroxya-
patite coatings, was a valuable tool for the assessment of
the mechanical properties in solid areas of porous mate-
rials, and was useful for the further development of SPS
coatings. Bannier et al. (Ref 5) used this technique to
demonstrate that the addition of titania to alumina SPS
coatings caused different crystalline phases and improved
the powder melting rate which led to higher hardness and
elastic modulus. Also Carpio et al. (Ref 6) used nano-
indentation to study the effect of operation spray param-
eters onto YSZ SPS coating microstructure and mechan-
ical properties.

3. Plasma-Liquid Feedstock Interactions

The liquid may be fed to the plasma flow under the
form of a liquid stream, blobs or droplets, depending on
the injection system. When the system used for liquid
injection supplies a liquid stream, the latter undergoes first
a primary break-up caused by the plasma cross flow. The
resulting drops or droplets may then undergo a secondary
breakup depending on the ratio between the deforming
inertial forces and stabilizing cohesive forces exerted on
the droplets, represented by the Weber number.

3.1 Liquid-Plasma Interaction

When injecting the liquid within the plasma jet core,
where temperatures are over about 8000 K, pictures taken
with short shutter times (10�4 s for example) along dif-
ferent angles, such as orthogonal or parallel to the injector
axis, showed the fast cooling of the jet. The plasma jet was
cut into two parts where the liquid jet was mechanically
injected (Ref 7), before it became again symmetrical
downstream. To characterize the effect on the plasma
temperature the plasma computer tomography (PCT)
developed by Landes (Ref 8) can be used. Examples of the
measurements achieved with this technique are given in
the papers of Mauer et al. (Ref 9) and Schein et al.
(Ref 10) for a plasma jet issuing from a three-cathode
segmented anode TriplexPro� plasma torch.

Another problem to account for is the plasma voltage
fluctuations, resulting in variations of the plasma jet core
length and velocity, especially with plasma forming gases
containing di-atomic gas. Investigating the correlation
between the time of liquid injection and further treatment
requires time-resolved imaging (Ref 11) with a camera
triggered by the instantaneous plasma torch voltage. To
follow the cold liquid penetration in the hot highly radi-
ating plasma flow, the latter must be illuminated with laser
or arc lamp. For example Etchart-Salas et al. (Ref 11)
used a fast shutter camera coupled with a laser sheet flash
of 2 ls at 808 nm, the image acquisition being triggered
when the arc voltage reached a given threshold. Fig-
ure 1(a) illustrates the penetration of the suspension jet
(ethanol solvent) within the plasma jet, which voltage
fluctuated between 40 and 100 V with a period of about
200 ls. The picture was taken for an instantaneous arc
voltage of 65 V, corresponding to the mean voltage. The
distance between the mechanical injector and plasma jet
was such that the liquid jet started to form droplets
300 lm in diameter before penetrating the plasma with a
velocity of 26.6 ± 2 m/s. Several individual clouds of liq-
uid and/or solid within the plasma jet could be clearly
identified in Fig. 1(a). Each ‘‘cloud’’ was composed of a
compact head of suspension and behind it, some sort of
tail with tiny droplets and/or solid particles (Ref 11). The
different ‘‘clouds’’ of liquids observed, with heads equally
spaced and penetrated in the flow at different times, about
30 ls apart for a laser flash of 2 ls. Figure 1(b) shows the
interaction with plasma jet for a low triggering level of
40 V. The liquid jet, insufficiently illuminated by the laser,
is represented by a white straight line: no drops can be
observed at the plasma jet axis position as they have
penetrated into the plasma 100 ls before this picture was
taken, i.e., during the preceding half period characterized
by higher mass enthalpy, temperature, and velocity. Thus
these clouds were swept downstream by the preceding
puff of plasma.

To observe the mean trajectories of the materials
(liquid and particles) within the plasma flow several ima-
ges (about 10), taken in the same conditions, can
be superposed after eliminating the plasma luminosity
(Ref 11). Figure 2 illustrates the results for two plasma
jets: relatively low fluctuating Ar-He plasma jet and highly
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fluctuating Ar-H2 one (see Fig. 1 caption for spray con-
ditions). Figure 2(a) shows that with the low fluctuating
plasma the droplet dispersion was not very broad: the
dispersion angle h was 15� and the deviation angle of the
suspension jet, caused by the momentum of the plasma jet
was a= 63.5�. With the highly fluctuating Ar-H2 plasma,
Fig. 2(b), the deviation angle h= 64� was much higher,
while the dispersion angle was not so different a= 58�.

Pictures superposition with laser illumination have also
been used to characterize the effect of the mean Weber
number of the plasma flow on the suspension dispersion
within the plasma jet (Ref 12).

Other measurements were developed to characterize
the effect of solvent on the plasma jet. Soysal and Ansar
(Ref 13) used infrared (IR) images of the vapors emitted
by the solvent to characterize the effect of liquid injection.
The camera (exposure time of 35 ls) detected radiation
from 1.5 to 5 lm and averaged pictures made of 100 single
snapshots were observed. Figure 3 presents the signal

obtained along the plasma jet axis emitted by the plasma
alone (pure Argon) and when water, ethanol and pentanol
are injected in the plasma jet. Compared to the original Ar
plasma jet, water and ethanol injections cooled it rather
fast, while with ethanol or pentanol the maxima observed
in the plasma plume probably came from the post-at-
omization combustion. This combustion can take place
only outside the hot plasma plume when temperatures are
below 3000 K. The broad combustion peak of pentanol,
higher than that of ethanol, is due to the higher combus-
tion energy of the former. It should be recalled that with
SPS or SPPS, the substrate stand-off distances generally
range between 35 and 60 mm downstream of the plasma
torch when using conventional plasma torches.

Vassen et al. (Ref 14) and Mauer et al. (Ref 15) ob-
tained similar results by using an enthalpy probe to
characterizing the plume of plasma jets. They used a
Triplex II plasma torch working with an arc current of
500 A, electric power of 56.2 kW, and gas mixture of

Fig. 1 Observation of the interaction plasma and suspension according to triggering level. Injection velocity of 26.6 m/s, distance
between the injector tip and torch axis of 20 mm, Ar-H2 (45-15 slm) gas mixture, anode-nozzle i.d. of 6 mm and arc current of 503 A. (a)
triggering level of 65 V, (b) triggering level of 40 V (Ref 11)

Fig. 2 Interaction between plasma and suspension with an injection velocity of 26.6 m/s, distance between the injector tip and the torch
axis of 20 mm: (a) low voltage level of Ar/He (30-30 slm) plasma, anode-nozzle i.d. of 6 mm, arc current of 701 A, (b) high voltage level
of Ar/H2 plasma (Ref 11)
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50 slm Ar and 4 slm He. A typical result is presented in
Fig. 4 with no gas or liquid injection, air injection, and
air + ethanol injection. It shows that air injection cooled
down the plasma plume while the injection of ethanol
enhanced noticeably the temperatures in the plasma
plume. However, the enthalpy probe could not be used in
the too-hot plasma jet core.

3.2 Droplets or Particles In-Flight

As shown previously, the injection of a suspension in a
plasma jet core results in its shortening due to liquid
vaporization that cools it down. This cooling is about the
same with water or ethanol injection but the series of
events occurring when injecting the suspension in the
plasma jet core will depend on the solvent used. Indeed
the liquid surface tension plays an important role in liquid
fragmentation, as illustrated schematically in Fig. 5 for a
plasma jet obtained with a stick-type cathode torch. With
ethanol as solvent, the primary and secondary break-ups
of drops and vaporization of the resulting droplets are
achieved rather fast, the released particles being acceler-

ated, heated and melted in the green zone shown in Fig. 5.
With water, the Weber number is lower as its surface
tension is higher and the fragmentation of drops and
droplets occurs along distances that can be twice longer or
more than with ethanol. It must be pointed out that in the
blue zone shown in Fig. 5, the droplet velocities increased
and will control to a large extent the final velocities of the
solid particles released by solvent evaporation. When
using water as solvent the length of the area where solid
particles were accelerated, heated, and melted was short-
er. For a better understanding of the phenomena, the drop
and droplet sizes and velocities in the blue zone and
particle velocities and temperatures in the green zone
should be measured.

For particles or droplets, roughly below 5 lm in
diameter, it is, up to now, not possible to proceed to
individual particle measurements as done in conventional
plasma spraying with for example the DPV 2000 system
(Tecnar Automation, Canada) but ensemble particle
velocity and temperature measurement can be used
(Ref 14-18); e.g., in-flight particle parameters were mea-
sured at the substrate stand-off distance by using the Ac-
curaspray-g3 system (Tecnar Automation, Canada). In
these experiments, the measurement volume consisted of
an approximate cylindrical chord, of few tens of mm3,
through the spray pattern and no attempt was made to
distinguish between individual particles. Figure 6 presents
the results obtained by Vassen et al. (Ref 14) for an
ethanol suspension of YSZ particles with sizes below 1 lm
sprayed with a Triplex II plasma torch working with
Ar-He plasma.

Fig. 3 Line profile along the plasma axis of averaged infrared
images (500 A, 50 slm Ar, 20 slm) of pure Ar plasma where
water, ethanol or pentanol jets are injected (Ref 13)

Fig. 4 Axial distribution of measured plasma gas temperatures
for three cases, (a) without any injection (no injection), (b)
injection of air without ethanol (air injection), and (c) two-phase
injection of ethanol and air (air + ethanol injection) (Ref 14)

Fig. 5 Schematic of the liquid fragmentation and vaporization
followed by released solid particles heating and melting

Fig. 6 Velocities and temperatures of droplets in the SPS pro-
cess for different plasma arc currents (500 and 400 A, gas mix-
tures of Ar/He (50-4 and 30-20 slm) and stand-off distances (75
and 105 mm) (Ref 14)
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According to the low inertia of particles, once the liq-
uid was evaporated, their ensemble velocity decreased
with the spray distance, as their temperature. Higher
velocities were achieved with high argon and low helium
flow rates contrarily to what is obtained in conventional
plasma spraying. The increase in particle temperature with
spray distance for the condition characterized by an arc
current of 500 A, gas mixture of 50 slm Ar, and 4 slm He
is difficult to explain. Such measurements are rather tricky
and their validity can be questionable. For example
Marchand et al. (Ref 19) have used the Accuraspray sys-
tem and particle image velocimetry (PIV) method with
the same suspension and spray conditions; they found a
maximum velocity of 440 m/s with Accuraspray and
210 m/s with PIV. Such a gap gives rise to a questioning on
the measurement field and the entities that were investi-
gated.

PIV is a well-established technique for the measure-
ment of the spatial distribution of velocity of various

entities (droplets, particles…) in fluid flows (Ref 20) and is
used to perform measurements in multi-phase flows: gas-
liquid and solid-fluid. Figure 7 shows a PIV system used
for the observation of suspension and solution jets in
plasma flows; the lighting of the measuring volume was
done from the top with a thin and narrow laser sheet to
enhance the laser diffusion on the drops or particles and
decrease the size of the measurement volume. This PIV-
system involved a double-pulsed Nd:YAG laser and two
CCD cameras typically 12 bits per pixel with a matrix
resolution of 1376 9 1040 pixels. They were equipped
with Nikon AF micro Nikkor 200 mm f/1.4D lens coupled
with optical converters (up to 2) and an optical low-pass
filter (band pass edge at 578 nm, band width 30 nm). The
size of the measurement area ranged between
2 mm 9 3 mm and 30 mm 9 35 mm. The velocity of a
given droplet was measured by following its movement
over a specific time. Dedicated software sought, in a given
area, droplets with the same diameter in the two images
taken by the two cameras (Ref 21).

The PIV technique made it possible to measure, at the
end of the blue zone of Fig. 5, the mother droplet veloc-
ities and then in the green zone of the plasma jet core the
velocity distributions of the released and accelerated
particles (dp < 1 lm) (Ref 22). Figure 8 presents the
velocity vector field inferred from the PIV image of the
whole spray jet with an ethanol suspension. It can be seen
that the velocity increased along the torch axis from
150 m s�1 at 10 mm of the nozzle exit up to 450 m s�1 at
30 mm. A more precise evaluation of particle velocity
required increasing the lens magnification by a factor of
about 10 to achieve 2 mm 9 3 mm measuring area. The
optimum standoff distance could be, thus, determined
from the axial variation of the mean velocity, as shown in
Fig. 9 for two spray conditions.

The shadowgraph technique was also used; it is based
on high-resolution imaging with pulsed backlight illumi-
nation (Ref 23) to visualize liquid jet and droplets within
the plasma jet and determine droplet number and size
and, also particle velocity in a given measuring volume.
The measuring volume is defined by the optical parame-
ters of the imaging system (focal length and depth of
field). The main advantage of this technique is the possi-
bility to work on single entities and independently mea-
sure the size and velocity of droplets and particles with
different optical characteristics (transparent or opaque).
The minimal size that can be measured depends on the
imaging system and light source; it is generally a few
micrometers. An example is presented in Fig. 10 where
the light source was a double-pulsed Nd:YAG laser
(wavelength 532 nm, repetition rate 15 Hz, pulse duration
4 ns, pulse energy 800 mJ) equipped with an optical dif-
fuser. The double-pulse laser combined with two cameras
(12 bits per pixel, matrix resolution 1376 9 1040 pixels)
equipped with Nikon AF micro Nikkor 200 mm f/1.4D
lens coupled with optical converters (up to 2) and an
optical low-pass filter (band pass edge at 578 nm, band
width 30 nm) allowed the investigation of droplet velocity.
The wavelength of the optical filter was slightly different
from that of the laser because of the characteristics of the

Fig. 7 Experimental test bench of PIV technique for liquid
feedstock investigation in plasma jet (Ref 21)

Fig. 8 PIV calculated velocity vector field for the following
plasma conditions: Ar 30 slm-H2 10 slm, I= 600 A, anode-nozzle
i.d. of 6 mm (Ref 21)
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optical diffuser. The velocity of a given droplet was
measured by following its movement over a specific time.
The measured data are treated with dedicated software

(Davis 8, developed by LaVision GmbH, Germany). For
more details see (Ref 21).

The shadowgraph technique enables the observation of
the onset of the liquid jet primary and secondary frag-
mentations and their locations within the plasma jet, as
illustrated in Fig. 11.

Figure 12 shows what happens to in-flight drops and
droplets according to the solvent used in the suspension,
as it was schematized in the blue zones of Fig. 5.

4. Coating Formation

The first entity to consider in coating formation is the
splat resulting from the conversion of impacting particle
kinetic energy into work of viscous deformation and sur-
face energy and the substrate thermo-mechanical prop-
erties, temperature, roughness, cleanliness (presence or
not of adsorbates and condensates), etc. As for conven-
tional coatings, substrate preheating over the transition
temperature is mandatory for the coating quality (Ref 1).
Contrarily to what is performed in conventional spraying
it is, up to now, impossible to measure the diameter and
temperature of the impacting particle as well as following

Fig. 9 Variation of particle velocity along the plasma torch axis
for two plasma gas mixtures: Ar 40 slm and Ar 50 slm-H2

2.5 slm, I= 600 A, anode-nozzle i.d. of 6 mm. PIV measurement
area: 2 9 3 mm2 (Ref 21)

Fig. 10 Experimental test bench for shadowgraph technique
(Ref 21)

Fig. 11 Observation of the liquid jet break-up by the crossflow plasma jet by using the shadowgraph technique. Resulting velocity vector
field at 8 mm from the nozzle exit in a measuring area of 2.25 mm 9 1.18 mm. Plasma spray conditions: Ar 33 slm + H2 10 slm, I= 600 A,
suspension injection velocity: 33 m/s (Ref 21)

Fig. 12 PIV measurements: variation along the torch axis of
droplet number: Plasma spray conditions: Ar 33 slm H2 10 slm
and arc current: 600 A, same injector for the water-base and
ethanol-based suspensions and same injection velocity (Ref 21)
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them during its flattening (Ref 1). The only parameters
that can be measured are the diameter of splats collected
on different surfaces fixed or mobile and their thickness
when using focused ion beam microscopy (destructive
method). The in-flight parameter that can be associated to
such measurements is the mean velocity of impacting
molten particles measured by PIV. According to the lower
kinetic energy of the sub-micrometer molten droplets the
flattening factor is smaller (<2) than that of the
micrometer-sized droplets. It is also worth to note that the
quenching of the cooling splats results in much less cracks
or no cracks in the corresponding splats.

Another important information can be obtained with
the beads formed in SPS or SPPS when moving the torch
or the substrate in one direction, also called line-scan
experiment (Ref 2). With this technique, the degree of
melting of particles, which have traveled in the plasma jet
fringes or have been ejected from the high temperature
gradient zones of the plasma core can be evaluated. Two
regions can be generally identified in spray beads: (i)
adherent deposit and, (ii) powdery deposit for SPS
(Ref 23, 24) or muddy deposit for SPPS (Ref 25). The
observation of the cross sections of beads overlapped or
not by using scanning electron microscopy (SEM) allows
studying the effect of the spray parameters and efficiency
of cooling systems (generally air jets) to eliminate part of
the poorly treated particles.

At last, SEM pictures of coatings make it possible to
optimize the spray pattern to avoid powdery layers be-
tween successive passes (Ref 25).

5. Conclusions

It took almost 50 years to conventional plasma spray-
ing to transform it from an art to a science. Important
progress was made when laboratories developed measur-
ing techniques to follow sprayed particles in-flight and at
impact. Part of these techniques was later transformed
into sensors able to work in the harsh environment of
spray booths, which have helped to increase the coating
quality. For SPS and SPPS, which are more complex
processes, academic research made numerous advances
over the last 15 years, especially in the observation of the
interactions between the liquid feedstock and plasma jet
and of the in-flight parameters of fine (<1 lm) particles.
They have contributed to a better understanding of the
following phenomena:

(i) The mechanisms that control the interactions be-
tween the high-enthalpy plasma flow and liquid drops or
jet through the experimental observation of droplets or
released particles in-flight.

However, up to now, the sizes of particles or droplets
below about 5 lm have not been measured under plasma
spray conditions, and ensemble temperature measure-
ments seem to be not very precise. Velocity measurements
of very small particles are, however, possible with PIV
technique.

(ii) The mechanisms of formation of coating architec-
tures thanks to specific measurements for coating void
network and mechanical properties and the study of splats,
beads and spray pattern.

However, the optimization of the spray operating
parameters has shown that the deposition efficiency is still
below about one-third of that of conventional plasma
spraying. This could/should require the development of
dedicated plasma torches, with higher powers to com-
pensate for energy lost in liquid vaporization, and specif-
ically adapted to the processing of liquids (Ref 2).
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