
ORI GIN AL PA PER

Plasma Spraying of Solution Precursor in Pulsed Mode:
In-Flight Phenomena and Coating Deposition

F. Mavier1 • F. Zoubian1 • M. Bienia1 • J. F. Coudert1 • M. Lejeune1 •

V. Rat1 • P. André2
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Abstract In the field of plasma spray technologies, new processes were developed in order

to obtain coatings with nanostructured architectures. Among them, solution precursor

plasma spraying is a promising technique. However, to be industrially viable, efforts must

be made to understand and control the steps of the process. In alternative to instabilities

attenuations, the time-modulation of current–voltage characteristics of a low-powered arc

plasma jet was proposed, resulting in time-modulation of plasma properties. This modu-

lation was synchronized with a drop-on-demand printhead for injection to improve the

control of plasma/material interaction. An aluminum nitrate ink was formulated to be

compatible with a drop-on-demand printhead dispenser. Plasma composition was calcu-

lated by the Gibbs free energy minimization method. Moreover, in-flight diagnostics

coupled with coating characterization were carried out. Results showed that the controlled

injection system leads to the formation of vapors of aluminum oxide that leaded to the

deposition of nanostructured cauliflowers-like structures. Amorphous alumina coatings

with inclusions of c-alumina micro-sized particles were obtained and a description of main

in-flight mechanisms was proposed.
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Introduction

Atmospheric arc plasma spraying is a well-established deposition method and allows

elaborating metallic and ceramic coatings for various industries. The increasing use of

thermal spray coatings in many end-use industries, such as aerospace, automotive,

healthcare, energy and power, electronics, and agriculture, among others, is expected to

fuel the growth of the thermal spray coatings market in the coming years. Versatility,

absence of post-treatment, high efficiency and the possibility of deposition at atmospheric

pressure are the mainly advantages of plasma spraying [1–3]. However, conventional

plasma spraying does not allow nanostructured architectures for these applications so that

new techniques have been developed in the last 10 years. Among the different ways

explored, the most promising is plasma spraying of liquid feedstock such as Suspension

Plasma Spraying (SPS) or Solution Precursor Plasma Spraying (SPPS).

In the latter, a liquid phase composed of solvent containing dissolved salts is injected

within a thermal plasma jet as a liquid jet or a droplets spray. After the solvent evaporation,

the precursors precipitate in-flight and the resulting materials interact with the plasma to

form a nanostructured deposit on the substrate [4–10]. SPPS is simpler than SPS to for-

mulate (no particles agglomeration and sedimentation in liquid phase) and exhibits good

homogeneity of the dissolved materials provided the solubility threshold is not reached.

However, the solution injection makes the SPPS process approach more complex. It

indeed requires considering the fragmentation of the liquid, the control of vaporization, the

nature of the precipitation reactions of the dissolved salts and the chemical transformation

of the precursor which leads to the final coating. A poor thermal treatment of the droplet

can lead to the formation of a characteristic dried residue on the substrate. The concen-

tration of the solution plays a key role in precipitation, leading to the formation of

aggregates, dense particles or shells depending on its value [11].

Solution precursor treatment depends on plasma properties generated by a Direct

Current (DC) arc plasma torch and the injection method. Difficulties in liquid spraying

originate from:

• The dynamics of the electric arc: the electric arc motion leads to a temporal fluctuation

of power and enthalpy [12, 13].

• The turbulence flow of the extinguishing jet which is characterized by short jet length,

non-uniform radial temperature distribution and high axial temperature [14–16].

• The injection of the liquid material: continuous injection results in different

fragmentation regimes that are difficult to control [17].

New torch designs (cascaded arc) are used to limit the amplitude of the arc root motion

[18] and they are associated with mechanical or atomization injection systems which

produce continuous liquid jet. Recently, an alternative approach has been proposed that

relies on the amplification of arc electric instabilities to form a pulsed arc jet [19–24]. The

basic idea is to modulate plasma properties and to synchronize the liquid injection with a

drop-on-demand printhead to control the moment of liquid injection in order to improve

the material treatment.

The objective of this paper is to describe the decomposition of a solution precursor

containing aluminum nitrate to deposit finely structured alumina coatings by means of

atmospheric plasma spraying of liquid feedstock in pulsed mode. In the following, we first

describe the experimental setup. Secondly, the plasma chemical composition with an

aluminum nitrate precursor solution is calculated by using the minimization of the Gibbs

free energy at thermal and non-thermal equilibrium conditions and also considering liquid
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and solid phases. Third, in-flight diagnostic results are presented as well as some coating

properties. Lastly, a scenario for the mechanisms of precursor decomposition leading to

these coatings is discussed.

Experimental Setup

The Pulsed Arc Plasma Torch

Previous studies have shown that the coupling of the Helmholtz and restrike modes in

DC arc plasma torches can lead to a resonance mode called ‘‘Mosquito mode’’ [19–25]

which generates a self-sustained pulsed arc jet with periodic arc voltage oscillations

around 1.4 kHz at atmospheric pressure. Recent works have proved that the stability of

this mode is improved by the modulation of the arc current [25]. The arc motion is

influenced by the arc current modulation because the controlled variation of the arc

radius affects the arc reattachment through the cold boundary layer upstream and favors

the restrike mode. This allows extending the pulsed mode for durations compatible with

deposition conditions. A power supply (Micronics systems, France) was used to impose a

sinusoidal waveform to the current. This current modulation was optimized for 1.4 kHz

modulation, the mean arc current is 25 A with a peak-to-peak current amplitude of

11.3 A. (see Fig. 1a) [25]. An example of the arc voltage signal is given in Fig. 1b.

Voltage signal displays a typical saw-tooth shape and changes between 30 and 85 V. The

electrical power, illustrated in Fig. 1c, is significantly modulated between 750 and

2200 W and its mean value is about 1500 W.

The operating parameters are summarized in Table 1. The torch operated at atmospheric

pressure. The plasma forming gas was pure nitrogen (99.999% Alphagaz1, Air liquid), the

anode diameter was 4 mm and the average specific enthalpy, estimated by measuring

thermal losses, was about 17 MJ kg-1.

The pulsed mode, also assimilated to a ‘‘controlled restrike’’, strongly impacts the

plasma jet behavior. Time resolved-imaging highlighted the structure of the extinguishing

jet (Fig. 2). After restrike (just after trigger t1 in Fig. 1, i.e. after the arc reattachment

upstream in the nozzle), the nozzle discharges its remaining plasma gas. Then, a ball of

plasma is emitted corresponding to plasma regions containing high enthalpy (Fig. 2, trigger

t2). The upstream arc then progresses and generates a new plasma ball identical to the

previous one (Fig. 2, triggers t3 and t4). The plasma is structured in a pulsed jet at the same

frequency as the electrical power. A long laminar pulsed jet is produced with 60–80 mm in

length as illustrated in Fig. 3, due to the decrease of turbulence.

The Drop-on-Demand Dispenser and Ink Formulation

The injection system was a drop-on-demand printhead (MJ-ATP-01, Microfab, USA)

corresponding to a glass capillary with a 80 lm aperture. The ejection is actuated by a

piezoelectric crystal generating an individual droplet for each pulse trigger.

Aluminum nitrate was first chosen for its very good solubility in water (maximum of

69 g per 100 mL of water) permitting a significant material injection rate. Secondly, it was

reported to thermally decompose to form aluminum oxides [8, 26, 27].

The aluminum nitrate nonahydrate (Al(NO3)3�9H2O, 98%, Alfa Aesar, Germany) salt

was dissolved into deionized water. To fit the viscosity and surface tension requirements
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Fig. 1 Current (a), voltage signal (b) and power (c) of a pulsed arc plasma mode. (Triggers t1, t2, t3 and t4
are related to Fig. 2) (Color figure online)
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given by the printhead manufacturer, glycerol (Extra pure 99 ? %, Alfa Aesar, Germany)

was added to increase the viscosity of the initial solution (from 1.7 to 7 mPa s) and a

surfactant (BRIJ58, Polyethylene glycol hexadecyl ether, HO(CH2CH2O)20C16H33, Sigma-

Aldrich, USA) was added to decrease the surface tension (from 76.5 to 41.4 mN m-1).

Table 1 Torch operating
parameters

Parameter Value

Average current 25 A

Current modulation f = 1400 Hz; DI
I
¼ 0:45

Average enthalpy 17 MJ kg-1

Average power 1.5 kW

Anode nozzle diameter 4 mm

Plasma gas Nitrogen

Gas flow rate 2 slm

Fig. 2 Pulsed plasma jet. Synchronous imaging at different triggers (t1 to t4), see the red arrows on the
power signal of Fig. 1c. Aperture time: 50 ls
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The ejection ratio Z must be adapted to obtain a proper injection with no satellite

droplets. This ratio involves Reynolds (Re) and Weber (We) numbers. It must be between

1 and 10 for correct ink jet ejection [28]. It is defined by Eq. 1 and optimized at Z = 6.3.

Z ¼ Re
ffiffiffiffiffiffiffi

We

p ¼
ffiffiffiffiffiffiffi

qcr
p

g
ð1Þ

where q is the droplet density, c the surface tension, r the radius of the droplet, g the

dynamic viscosity of the ink.

At last, a small quantity of ammonia was added to increase the pH (from 1 to 2) to

satisfy the manufacturer requirements. The mass composition of the optimized solution is

reported in Table 2.

Ejection test (without plasma) were performed to estimate the speed and the quality of

the ejection. The actuation electrical pulse applied to the piezoelectric crystal was adjusted

to avoid satellite droplets or in-flight fragmentation.

By comparison with the continuous injection (atomization or mechanical injection), the

Drop-On-Demand (DOD) printhead allows controlling the quantity and the timing of the

liquid injection with respect to the fluctuations of the plasma properties. The volume flow

rate of the ink was 180 lL min-1 and the droplets velocity at the exit of the dispenser was

3.2 ± 0.1 m s-1.

Ink Thermal Characteristics

Under nitrogen atmosphere, Melnikov et al. reported a mechanism of thermal decompo-

sition of aluminum nitrate octahydrate which involved the formation of amorphous alu-

minum oxide and the emission of nitric acid, nitrogen oxide and oxygen [27]. Pacewska

and Keshr [26] highlighted the successive steps of dehydration of the aluminum nitrate

Fig. 3 Pulsed plasma jet imaging. Aperture time: 500 ls

Table 2 Mass percentages of
the optimized aluminum ink

Compound Mass %

Aluminum nitrate nonahydrate 30

Water 46

Glycerol 23

Ammonia 0.7

Surfactant 0.3
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under air atmosphere and showed that the samples had remained amorphous up to 1000 �C
but with a substantial temperature dependence of their porosity. The chemical transfor-

mations were reported to be all endothermic in [26, 27]. However, Shivakumar et al. [8]

reported the crystallization of alumina oxide around 900 �C under oxygen. Moreover, the

role of organic solvents, such as acetic acid, when spraying aluminum acetate, was shown

to contribute to release combustion heat during their decomposition [8].

Consequently, the use of glycerol in aluminum nitrate ink can lead to exothermic

reactions either because of oxygen from the thermal decomposition of the ink or from the

air mixing during spraying.

Differential thermal analysis (DTA) and thermogravimetry analysis (TGA) were

therefore carried out (TG-DSC Labsys evo, Setaram Instrumentation, France) under air

atmosphere.

TGA gives the mass losses whereas DTA follows the temperature difference between

sample and an inert reference to highlight exothermic and endothermic reactions. They

allowed characterizing the evaporation of the solvent and the decomposition of the pre-

cursors in the solution. The samples (10.5 mg) were heated in an alumina crucible at a rate

of 10 �C min-1 from 20 to 1000 �C.

TGA/DTA results are shown in Fig. 4. Between 60 and 120 �C, the mass loss (30%) is

attributed to water removal as also confirmed by the DTA endothermic reaction. Between

120 and 150 �C, an exothermic reaction is detected with a mass loss of about 15%. At last,

between 150 and 500 �C, the mass loss is progressive with shoulders exhibiting exothermic

reactions. The decomposition is complete around 500 �C, at least up to 1000 �C, as also

shown in [26, 27]. It is worth mentioning that no crystallization process is observed below

1000 �C. According to the supplier’s data, the nitrate salt is gradually decomposed from

135 �C. Moreover, the initial temperature of mass loss of glycerol depends on purity, water

mass percentage and heating rate (10% mass loss at about 140 �C, 20% mass loss at about

177 �C) [29].

Fig. 4 Thermogravimetry analysis (left axis) and differential thermal analysis (right axis) of optimized
nitrate aluminum ink
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Overlaying reactions including dehydration and heat release from combustion of car-

bonaceous precursors can be expected like in the case of the use acetate aluminum as

solution precursor [8]. The abrupt mass loss between 120 and 150 �C suggests a rapid

combustion process which is probably different from that observed between 150 and

500 �C. It is interesting to note that the glycerol pyrolysis leads to the formation of

methane (CH4) and syngas (H2 ? CO) which the combustion could be responsible for

exothermic reactions [30].

In order to gain a deeper insight into the temperature dependence of species formed

after solution decomposition, thermodynamic calculations of chemical composition were

performed.

Calculation of Plasma Chemical Composition Method

The decomposition of droplet as a function of temperature was estimated by calculating the

thermodynamic chemical composition up to 9000 K. The first calculation considered the

droplet alone regardless the surrounding atmosphere. This approach permitted to focus on

the species formed due to the solution thermal decomposition following data given by

Table 2. The second calculation took into account pure nitrogen as plasma forming gas. In

the latter case, the composition of the plasma was, in molar percentages, 98.921% of

nitrogen (N2), 0.978% of water (H2O), 0.0238% of aluminum nitrate (Al(NO3)3) and

0.0753% of glycerol (C3H8O3). Note that the water molar percentage contains the water

contribution of the aluminum nitrate nonahydrate. Ammonia for ink pH adjustment and

surfactant were neglected due to their very low content in the ink. However, the formation

of NH3 was allowed by the thermodynamic calculations. The comparison between both

calculations allowed highlighting the influence of nitrogen on droplet decomposition.

In the calculation, it was taken into account alumina Al2O3 in solid phase, aluminum

oxide in liquid phase, aluminum nitride in solid phase and aluminum in solid and liquid

phases. The various phases of alumina (a, d, c…) were not distinguished. The liquid was

considered to be an ideal liquid and Van der Waals interactions were neglected. At last, the

condensed phases were immiscible.

Seventeen monatomic species were taken into account: Al, Al-, Al?, Al??, C, C-, C?,

H, H?, H-, N, N?, N??, O, O-, O? and O??.

36 diatomic species Al2, AlH, AlN, AlO, AlO-, AlO?, C2, C2
-, C2

?, CH, CH-, CH?,

CN, CN-, CN?, CO, CO-, CO?, H2, H2
-, H2

?, N2, N2
-, N2

?, NH, NH-, NH?, NO, NO-,

NO?, O2, O2
-, O2

?, OH, OH-, OH?.

76 polyatomic species Al2O, Al2O2, Al2O2
?, Al2O?, AlO2, AlO2

-, AlHO(hydride),

AlHO(hydroxyde), AlHO2, AlHO-, AlHO?, AlO2
-, AlO2, C2H, C2H2, C2H4, C2H4O,

C2N, C2N2, C2O, C3, C3O2, C4, C4N2, C5, CH2, CH2O, C2H3, C2H5, C2H6, COOH,

HCOOH, CH3O, CH2OH, CH3OH, C2H5OH, HCCN, CH3, CH4, CHN, CHNO, CHO,

CHO?, CNN, CNO, CO2, CO2
-, CO2

?, H2N, H2N2, H2O, H3N, H3O?, H4N2, HNO,

HNO2(cys), HNO2(trans), HNO3, HO2, H3
?, HO2

-, H2O?, H2O2, N2O, N2O3, N2O4,

N2O5, N2O?, N3, NCN, NO2, NO2
-, NO3, NO3

-, NH4
?, NH2OH, NH2NO2, O3 and

electrons.

Minimization of the Gibbs free energy at equilibrium and out of thermal equilibrium

was used to calculate the plasma composition. Non-equilibrium conditions could be

expected due to the liquid phase injected in hot plasma jet. The mean energy available

inside the plasma, Ep ¼ _mhp

�

f0 where _m, hp and f0 are respectively the gas mass flow rate,

the mean enthalpy and the plasma frequency, is much higher than the energy needed to
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vaporize the droplet Ed � _m‘Lv=fi where _m‘, Lv and fi are respectively the mass flow rate

of liquid, the latent heat of vaporization and the frequency of injection (fi ¼ f0, Ep � 0:2 J

and Ed � 0:004 J). Consequently, when injecting liquid, moderate thermal non-equilibrium

(h ¼ Te=Th ¼ 2) was supposed.

Details and assumptions about the calculation method and the internal temperatures are

given in Ref. [31].

In-Flight Diagnostics

In-flight interactions of liquid with plasma were recorded by a fast-shutter CCD camera

(Pixelfly, PCO, Germany), coupled with a 50 W laser diode (HiWatch, Oseir, Tampere,

Finland) to illuminate the droplets at the emission wavelength of 801 nm. The fast-shutter

camera and the laser were triggered by the synchronization system. A camera (Nikon

D700, Japan) was used for imaging.

Optical emission spectroscopy (OES) was used to investigate the plasma radiation

emission. Analyses were performed with an Isoplane spectrometer form Princeton

Instruments (Trenton, NJ, USA). The focal length was equal to 320 mm and the focal plane

size was 27 mm wide and 14 nm high. The spectrograph was associated with a high

resolution intensified CCD camera (PIMAX4 1024i, Princeton Instruments, USA). A

tungsten ribbon lamp, power-supplied by a current-regulated source, was used to calibrate

the spectral intensities. A pyrometer was used to measure the tungsten ribbon temperature

at a given lamp current. The spectral radiance of the tungsten ribbon lamp was calculated

for a given temperature using Planck’s law and the spectral emissivity of tungsten is given

by De Vos [32]. The system was controlled by the software Lightfield (Princeton instru-

ments, Trenton, USA) which allows the acquisition and the post processing of the emission

spectra. The acquisition time was equal to 28 ms for 20 accumulations permitting the

increase of the signal to noise ratio. This corresponds to temperature measurements

averaged over about 40 periods of arc voltage. Measurement of plasma temperature was

carried out with Specair software which simulates emission spectra of air plasma [33].

Fig. 5 Voltage signal (black) and TTL signal (red) sent to the printhead by the synchronization device
(Color figure online)
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Synchronization Setup

The droplets emission was triggered by the arc voltage periodic oscillations. A synchro-

nization device converted the arc voltage signal to a TTL pulse that could be delayed to

adjust the injection timing and trigger diagnostics. The signals were monitored with an

oscilloscope (Wavesurfer 3024, Teledyne Lecroy, USA), as illustrated in the Fig. 5. A first

trigger was sent to the printhead to deliver an individual droplet by deformation of the

piezoelectric actuator. A replica of this trigger was also sent to the camera coupled with the

pulsed diode laser. A general view of the process is presented in Fig. 6.

Spraying Conditions

The droplet actuation pulse was optimized for stable ejection with an ejection velocity of

3.2 m s-1 which corresponds to the maximum velocity obtained with this printhead device.

Preliminary studies have shown that the higher the velocity of the droplet, the better it

penetrates as close as possible to the axis of the torch, where the temperature is maximum. The

spraying distance was optimized according to previous studies at 35 mm [24]. The printhead

was fixed at y = 10 mm above the axis of the torch and at z = 5 mm from the nozzle. To

control the temperature and to favor the elaboration of the coatings, the substrates were

preheated to 400 �C using a regulated heating resistance (Acim Jouanin, France). The speed

Fig. 6 General schematic view of the experimental setup
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of pass was fixed at 400 mm s-1 with an automated linear axis (Robo Cylinder, Rosier

Mecatronique, France). The deposition time was set at 10 min, i.e. an effective deposition

time of 16 s. The effective deposition time is the real time of material deposition, i.e. the time

during which a substrate point receives the plasma jet. The substrates were 1 mm thick

mirror-polished stainless steel corresponding to 15 9 15 mm squares.

Coatings Characterization

Coating morphology and elemental composition were characterized by Scanning Elec-

tronic Microscopy (SEM Quanta, FEI, USA) coupled with an Electron Dispersion Spec-

trometer (EDS). Imaging and diffraction pattern with Transmission Electronic Microscopy

(TEM, JEOL2010, UK) were also used to characterize crystallinity and crystallite sizes.

The structural characteristics of the coatings were determined using X-ray diffraction

(XRD) with Cu Ka radiation (D8 Advance, BRUKER, Germany). The resulting diffrac-

tograms were indexed with JCPDS-ICDD database. Interferometer microscopy (Fogale

nanotech, France) was used to measure coating thickness.

Results

Calculation of Plasma Chemical Composition

The calculation was made at a pressure of 1 bar at thermal equilibrium (Figs. 7 and 9) and

out of thermal equilibrium (Figs. 8 and 10) with an electronic temperature (Te) twice the

heavy species temperature (Th): h ¼ 2.
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The molar fraction of chemical species versus temperature for the droplet alone was

plotted in Figs. 7 and 8. The main condensed phase is the aluminum oxide that is in solid

phase below 2327 K and liquid until its vaporization around 3335 K at thermal equilibrium

and 3090 K out of thermal equilibrium. The vaporisation of Al2O3 liquid produces mainly

the diatomic species aluminum monoxide AlO and the polyatomic species AlHO2.

The main gaseous species are water vapour H2O, carbon dioxide CO2 and nitrogen N2.

H2O dissociates in H and O around 3460 K at thermal equilibrium and 3130 K out of

thermal equilibrium. CO2 dissociates in CO and O2 around 2830 K at thermal equilibrium

and 2506 K out of thermal equilibrium. It is interesting to note that at low temperature

(below 1500 K), methane and ammonia are formed in minor amounts. Methane is sub-

sequently dissociated into syngas (H2 ? CO) which explains the steep increase of

hydrogen at low temperature.

At thermal equilibrium (Fig. 7), the electrical neutrality is made between electrons and

successively mainly with AlHO? until around 4865 K, with AlO? until a temperature

around 5740 K, with Al? until a temperature around 6750 K when C is ionized and with

C? for higher temperature. Out of equilibrium (Fig. 8) the electrical neutrality is made

between electrons and successively mainly with AlHO? until around 3890 K, with AlO?

until around 5290 K and with C? until around 6400 K and with H? for higher temperature.

Concerning the droplet introduced in the nitrogen plasma, the molar fraction of

chemical species versus temperature is plotted in Figs. 9 and 10. The main condensed

phase is aluminum oxide that is in solid phase below 2327 K and liquid until its vapor-

ization around 2950 K at thermal equilibrium and 2715 K out of thermal equilibrium. The

vaporisation of Al2O3 produced mainly the diatomic species aluminum monoxide AlO. We

do not observe aluminum nitride AlN and Al in condensed phase.
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The main gaseous species are nitrogen N2, water vapour H2O and carbon dioxide CO2.

N2 start dissociating in N at a temperature higher than considered temperature range, i.e.

above 5760 K. Water vapour dissociates at 2790 K at thermal equilibrium and at 2570 K

out of thermal equilibrium. CO2 dissociates in CO and O2 around 2410 K at thermal

equilibrium and 2160 K out of thermal equilibrium. At thermal equilibrium (Fig. 9), the

electrical neutrality is made between electrons and NO? until around 6400 K and with N?

for higher temperature. Out of thermal equilibrium (Fig. 10), the electrical neutrality is

made between electrons and successively mainly with AlHO? until around 3400 K, with

NO? until around 5360 K and with N? for higher temperature.

As partial conclusion, the thermodynamic calculations confirm the presence at low

temperature of gaseous species possibly leading to combustion, namely CH4, H2 and even

NH3. Considering the droplet alone, O2 is formed from the dissociation of CO2 after the

Fig. 11 Synchronous injection of aluminum nitrate in the pulsed arc plasma. Aperture time: 200 ls

Fig. 12 Synchronous injection of aluminum nitrate in the pulsed arc plasma. Fast shutter camera. Aperture
time: 50 ls. a At injection point and b at lower magnification
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complete dissociation of combustion gases. This means that combustion does not occur

with O2 resulting from the droplet itself in TGA/DTA but from air atmosphere. Moreover,

polyatomic carbonaceous species are either dissociated at low temperature or are

negligible.

The initial proportion of nitrogen and droplet plays a key role especially on the

vaporization temperature of liquid Al2O3. The concentration of AlO molecule is sensitive

to the droplet vaporisation (proportion of liquid vaporized inside the plasma).

The presence of solid alumina is also predicted as hypothesized by TGA/DTA analysis,

but the crystallization state is not taken into account. Even with a large amount of nitrogen,

AlN and Al in condensed phase do not appear. At last, it was noticed that the composition

of the plasma depends on the thermal equilibrium of the plasma notably through the

electron concentration.

In-Flight Diagnostics

When injecting aluminum nitrate ink, a blue plasma jet was observed as shown in Fig. 11.

This cyan blue color can be attributed to the blue-green system of AlO molecule

(B2
Pþ �X2

Pþ
) with the maximum intensity at 484.2 nm (head band for the sequence

Dm = m0-m00 = 0 where m0 and m00 are respectively the vibration quantum number of upper

and lower transition levels) [34, 35]. At the injection point, the orange color is attributed to

the solvent evaporation (water ? glycerol). It can be seen that the plasma was widely

seeded by the decomposition of the precursor.

The interception of a droplet by a plasma ball is illustrated by means of a synchronous

fast shutter camera in Fig. 12. The droplet readily explodes and its vapor spreads over the

Fig. 13 Imaging of thermal fragmentation of the droplets. Fast shutter camera. Aperture time: 50 ls. a At
injection point (camera placed at z = 5 mm). b In the laminar jet (camera placed at z = 15 mm). c On
substrate (camera placed at z = 35 mm)
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plasma plume. Incandescent streaks are visible from the point of injection throughout the

jet, they continue to be distinguished in the plasma jet at greater distances from the nozzle

exit for a low magnification (Fig. 12b).

Figure 13 shows time-resolved imaging at different distances z from the nozzle exit. At

the injection point (see Fig. 13a) the droplet was caught in the jet and exploded just after

penetration. Some droplet fragments seem to have travelled at counter flow as suggested in

Figs. 12b and 13b with initial trajectories whose the curved shape originates from the

fragmentation point of the droplet.

Fig. 14 a Specair fit of N2 spectrum at nozzle exit. b Specair fit of CN spectrum at 15 mm
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The particles follow the jet flow (see Fig. 13b). The measurement of incandescent

streaks gives an estimate of their speeds, i.e. about 55 m s-1. This value is consistent with

plasma velocity at nozzle exit measured in previous study (* 66 m s-1) [22].

When the particles reach the coating at 35 mm (see Fig. 13c), deviations from their

axial trajectories are observed.

Supposing these drags come from molten particles of order of * 1 lm diameter and

with a 1 mm boundary layer, the number of Stokes was estimated to be 0.7. This estimate

means that the particles follow the stream of flow which becomes parallel to the substrate

and therefore some will not impact [36].

OES diagnostics was used to evaluate the plasma temperature without injection at 1 and

15 mm from the nozzle exit assuming local thermodynamic equilibrium. The first negative

system of N2
? B2Rþ

u � X2Rþ
g

� �

in the 320–400 nm range was measured. At this distance,

the obtained N2
? spectra do not suffer from strong overlapping with the emission of the

violet system of CN molecule B2Rþ � X2Rþ� �

nor the second positive system of N2

C3Pu � B3Pg

� �

. At 15 mm, the contributions of N2 and N2
? to the spectrum are low, so

that at this distance CN emission was used to measure the temperature.

Figure 14 shows the emission spectra of the first negative system of nitrogen N2
?(1-)

and the violet system of CN in the range 365–395 nm at low spectral resolution. These

spectra result from the binning over the height of plasma jet. Although they encompass the

contributions of plasma regions with different temperatures, measurements are mainly

sensitive to temperatures close to the plasma core.

At nozzle exit, the rotational temperature was measured from the Dm = 0 vibrational

sequence of N2
?(1-). Simulations were carried out with Specair with a trapezoid slit

function of base 0.1 nm and top 1.1 nm. The rotational temperature thus obtained was

equal to 7075 ± 200 K at 1 mm from the nozzle exit. Further downstream from the exit,

the emission of N2
?(1-) decreased and the measurement of temperature from this system

was no more possible. However, at 15 mm, the molecular spectrum of CN was used to

measure the rotational temperature. As shown in Fig. 14b, the contribution of N2
? to this

Fig. 15 OES spectrum of a synchronous solution injection into the pulsed arc plasma, at different distances
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spectrum is weak and its influence on the spectrum fit as well. At 15 mm, the best spectrum

fit finally gives an approximate temperature of 5400 K.

Figure 15 shows the emission spectrum of the plasma with injection at different dis-

tances from the nozzle exit. At 3 mm, before the injection point, the spectrum was

essentially composed of the first negative system N2
? and the second positive system of N2

emission between 300 and 450 nm. A weak contribution of CN is also noticed around

387 nm coming from the carbon dioxide from the surrounding atmosphere. The molecule

OH is observed (* 308 nm for A2
Pþ �X2

Q

transition) which indicates the presence of

water at 12 mm from the nozzle exit. The source of this water could be the decomposition

of the injected solution as shown by the calculation of plasma composition and steam from

ambient air. The emission lines detected around 325 nm are attributed to atomic copper

Fig. 16 Emission profile of AlO (B2R? - X2R?) at 464.8 nm for different distances from the nozzle

Fig. 17 XRD spectra of coating. S: substrate indexation, A: c-alumina indexation
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lines resulting from the anode erosion due to arc attachment. After the injection point,

droplets are thermally decomposed by the plasma jet and atomic aluminum exhibits strong

emission. Its intensity increases with distance. Such a metallic vapor is readily excited due

to low excitation energies, 2.8 eV at 394.4 nm and 3.6 eV at 308.2 nm. The same

observation can be made for the molecular emission of AlO, formed just after the injection

point, which increases progressively with the distance. Note that the excitation energy of

AlO electronic state (B2
Pþ

) is only about 2.6 eV [35]. At last, it is observed that excited

oxygen atoms shows a reduction in their emission at higher distances due to cooling of the

plasma and relatively higher excitation energy (* 10 eV at 777.5 nm) than AlO and Al

(I).

The emission of excited oxygen atoms is relatively independent of the liquid injection

showing that oxygen coming from droplet decomposition weakly contributes to the

emission.

Figure 16 describes the emission profile of AlO (B2R? – X2R?) at different distances

from the nozzle. Near the injection point, at 12 mm, the emission is concentrated in the

fringes of the plasma jet. This is represented by a peak of emission shifted from the axis of

the torch. Further downstream, this peak gets closer to the axis. This means that the

reaction is spreading inside the jet. At 30 mm, the reaction reaches the heart of the jet. The

peak of emission is centered with the torch axis. At this distance, the plasma jet is

homogenous.

Coatings

In line with the OES results, EDS analysis confirmed the presence of oxygen and alu-

minum only, with an aluminum/oxygen ratio of 2–3. There is no nitrogen. This confirms

the predominance of the oxidation reactions of aluminum.

XRD indexation (Fig. 17) showed only the c-Al2O3 crystalline phase (JCPDS No.

01-074-2206).

Coating surface is nanostructured into cauliflowers shapes from a few micrometers,

composed by nanometric grains, as seen in Fig. 18. The structures look very porous, this

was confirmed by the high specific surface area of 125.2 m2 g-1 measured by BET method

(ASAP 2020, Micromeritics, USA).

The TEM characterization showed that the cauliflowers structures were composed only

of amorphous grains relatively uniform in size around 10 nm (Fig. 19a, c). Spherical

Fig. 18 SEM pictures of coating top surface. a Magnification 910,000 and b 9100,000
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particles were also observed as inclusions in cauliflowers. The particles correspond to

crystallized c-alumina micro-sized spheres (Fig. 19b, d).

Discussion

The main challenge in plasma spraying of liquid feedstock is to control the trajectories of

products resulting from the fragmentation processes of droplets. In highly fluctuating

plasma jet associated with a continuous injection of liquids, large dispersion of trajectories

with heterogeneous plasma treatment is expected. By the use of pulsed liquid injection, the

adjustment of the injection timing with respect to plasma oscillation enables the

momentum density of liquid to be tuned to match that of the plasma jet. The synchronous

injection of droplets has been shown to efficiently reduce this dispersion and to give rise to

more homogeneous coatings [23]. A mass deposition efficiency of 74% was obtained for

the coatings with synchronized injection against 55% for deposits without synchronization

(the injection was triggered at 1.4 kHz without the synchronization device). The charac-

teristic time of acceleration of one droplet immersed within the plasma is given by sacc ¼
q‘d

2
�

18g where q‘, d and g are respectively liquid density, droplet diameter and plasma

viscosity. Considering the plasma data at mean enthalpy 17 MJ kg-1 (see Sect. 2.1) given

by [37], the acceleration time is about 2.3 ms which is longer than the plasma period of

0.7 ms. Droplet acceleration is weak and, without fragmentation, droplets would not follow

the modulation of plasma velocity highlighted in previous study [22].

Fig. 19 TEM image of coating. Magnification a 9300,000 and b 930,000. Diffraction patterns of
cauliflowers grains (c) and spherical particles (d) indexed with c-alumina (JCPDS database: 04-016-7505)
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The Weber number, We ¼ qpv2
pd
.

r‘ where qp, vp and r‘ are respectively the density

and speed of plasma, and the liquid surface tension, was estimated\ 1. This low value

seems to rule out mechanical fragmentation. Low plasma velocity prevents mechanical

fragmentation which is undesirable because it leads to the division of the main droplet into

smaller droplets with uncontrolled trajectories [38]. Instead fragmentation processes

governed by heat transfer are likely to occur as shown in Figs. 12 and 13. The solvent

vaporization time was estimated to be about 0.1 ms by the following equation [23]:

svap ¼ q‘Lv

4Nu au

d2

hp

� 	

1 � dS

d

� 	2
" #

ð2Þ

where Lv the latent heat of vaporization (kJ kg-1), Nu the Nusselt number, au the coef-

ficient of heat potential [39], hp the mean plasma specific enthalpy, dS the diameter of the

solid phase after evaporation.

The vaporization time is smaller than the plasma period and the acceleration time. This

is qualitatively confirmed by observations in Figs. 12 and 13 where thermal fragmentation

occurred before any acceleration in the first millimeters after the injection point. Moreover,

if we consider that, at the end of vaporization (svap), liquid is replaced by vapor, the

vaporization speed uvap, approximated by uvap ¼ d
2svap

q‘
qvap

� �1=3
where qvap is the vapor

density, is about 5 m s-1. This gives the radial speed at which the sphere that contains the

vapor inflates [23]. It also suggests the possibility of a centrifugal fragmentation process,

thermally induced, where some fragments are traveling at counter flow before being

trapped by the flow and participate to the seeding of plasma balls as seen in Figs. 12 and

13.

TGA/DTA measurements suggested possible combustion reactions that could have

governed the droplet vaporization. It must be emphasized that combustion can only occur

from O2 due to air mixing with the plasma as shown in Sect. 3.1. It was observed in Fig. 15

that the intensities of oxygen atomic lines (O triplet at 777 nm) were weak and did not

depend on the liquid injection. Moreover, air mixing is expected to be smoother than in the

case of higher powered plasma torches where air engulfment with eddies was previously

reported [14]. This is because the plasma jet is laminar and slow cooling with oxygen

diffusion from the jet fringes can be supposed. The temperatures of the plasma core at

about 15 and 35 mm from the nozzle exit (location of substrate) were estimated to be close

to respectively 5400 K and 4000–4500 K by monitoring the emission of OH molecular

bands (A–X system). The latter was related to H2O of solution precursor and more weakly

linked to the presence of steam in air. The calculation of the binary diffusion coefficient Dij

of O2 into N2 shows that Dij varies between 0.6 9 10-4 and 2 9 10-3 m2 s-1 for tem-

peratures ranging between 2000 and 4000 K (before O2 dissociation). The characteristic

time of oxygen diffusion is roughly sD ¼ d2
�

Dij, where d is a characteristic length of

diffusion (* 1 mm). Then, sD � 0:8 ms at 3500 K for Dij ¼ 1:2 � 10�3 m2s-1. More-

over, the time of flight of vapors to reach the substrate is approximately 0.5 ms if they have

the plasma velocity. This evaluation shows that oxygen diffusion from the fringes exists

but is not efficient.

At last, evidences of carbon presence were not found (neither C2 Sawn band emission

nor solid carbon in coatings). However, combustion cannot be completely discarded at the

very early stages of plasma/droplet interaction (i.e. vaporization during the first 100 ls)

despite the plasma heating rate is very different from that of TGA/DTA.
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Fragmentation generates some vapors resulting from the precursor solution decompo-

sition but also some incandescent materials. The latter were collected at about 15 mm from

the nozzle exit on a carbon adhesive. This revealed micro-sized solid particles containing

aluminum and oxygen elements by means of SEM and EDS analysis. According to TGA/

DTA measurements, aluminum oxides are produced due to thermal decomposition of the

initial ink. Thermodynamic calculations confirm this assumption and preferentially predict

the formation of alumina instead of aluminum nitride. Below 1000 �C, TGA/DTA analysis

does not evidence crystallization which therefore likely occurs in-flight at higher tem-

peratures as suggested by TEM measurements.

Spectroscopic measurements highlighted the presence of aluminum metallic vapor and

AlO molecules as also anticipated by theoretical calculation of plasma composition.

Calculations showed that the formation of AlO molecules at low temperature resulted from

Fig. 20 Kinetic pattern of interactions between plasma and injected material
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the vaporization of liquid alumina. At higher temperatures, chemical reactions between gas

species must be considered, such as the oxidation of aluminum to form aluminum

monoxide.

Calculations also showed that the vaporization temperature of liquid alumina was

decreased when using nitrogen as plasma forming gas. This promotes the coating forma-

tion from vapors condensation. Non-thermal equilibrium also affects the vaporization

temperature by displacing the chemical equilibrium.

The characterization of coatings shows cauliflowers structures of alumina with amor-

phous grains. They have weak adhesion on mirror-polished and pre-heated substrates.

These typical microstructures suggest a mechanism of vapor condensation on the substrate.

Despite a substrate temperature imposed (400 �C), vapor condensation may occur at too

low temperature, which does not allow crystallization of these grains. Inclusions of

crystalline spherical particles are observed in amorphous microstructures. These particles

are not deformed into splats, probably because of low plasma velocity. It is worth men-

tioning that amorphous alumina coatings may have interesting properties, for example for

anti-corrosion barriers at ambient temperature [40].

The study of ink thermal decomposition, the use of thermodynamic calculations, the

characterization of plasma properties and the analysis of deposited materials validate the

assumption that aluminum oxides are preferentially formed instead of aluminum nitride

contrarily to what stated in [23, 24].

One envisaged perspective would be to modify the reaction path improving the nitriding

reaction. Shahien et al. [41] proposed adding ammonium chloride NH4Cl to make AlN

with an aluminum powder by a chlorination-nitridation sequences.

Figure 20 summarizes the in-flight mechanisms described above from the ink decom-

position leading to two simultaneous routes. The first one depicts the formation of coatings

from the oxidation of the vapor phase. The second route focuses on the formation of

aluminum oxides, which are consolidated in-flight at high temperature, melted by the

plasma and produce crystallized inclusions inside the coating.

Conclusion

A low powered plasma torch was used to deposit ceramic coatings. This custom made

torch operates in pulsed mode with regular oscillations obtain by adjusting torch dimen-

sions and by using a modulated arc current.

An inkjet drop-on-demand printhead is used to deliver the liquid material of solution

precursors. The droplet is triggered by the plasma torch itself to inject in each plasma

oscillation the material with the same operational parameters in order to isolate and control

the plasma/droplet interaction.

An aluminum nitrate ink was formulated in order to observe the aluminum reactions

from the injection point to the substrate.

The mains results of this original process are:

• Atmospheric nitrogen plasma in this range of temperature and this aluminum nitrate

salt concentration led to the deposit of an aluminum oxide coating. The use of nitrate

and nitrogen plasma did not produce nitrides.

• The droplet exploded due to thermal fragmentation producing vapors and micro-sized

particles in the plasma jet.
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• The synchronization allowed a homogeneous treatment which isolated two routes of

coating formation: cauliflowers condensation on substrate and spherical particles.

• The deposit of the material led to amorphous nanostructured cauliflowers shapes of a

few micrometers with a high specific surface area.

• The inclusion of micrometric crystallized spherical particles was observed. Their low

Stokes number tends to show that they were partly deviated from the substrate.

• In a previous study, very close experimental conditions with a nano-suspension of

titanium dioxide made it possible to obtain similar nanostructured coatings but with

crystallized TiO2 materials [23]. An SPS/SPPS comparison with an alumina suspension

could be considered.

This work has allowed better understanding of in-flight mechanisms in SPPS process.

Further investigations will be necessary to optimize coatings, e.g. the substrate adhesion,

the nitridation mechanism and the crystallization of the nano-grains.
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