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Abstract: New emerging technologies using blown arc plasma sources allow elaborating finely structured coatings which 

find many applications fields. Among them, Suspension Plasma Spraying consists in injecting within a dc plasma jet a 

liquid jet containing submicron solid particles which are plasma-sprayed to form coatings. This new technology has 

renewed the interest devoted to the understanding and the development of blown arc plasma sources. This paper focuses 

on a non-exhaustive description of standard (subsonic) dc plasma torches involving blown arcs related to the Suspension 

Plasma Spraying (SPS). The emphasis is put on important features for SPS, i.e. on the influence of operating parameters 

on plasma properties, the understanding of the origin of electric arc instabilities and their influence on suspension 

injection, and at last, the coating characteristics. 

Keywords: Blow arcs, dc plasma jet, electric arc instabilities, suspension plasma spraying. 

1. INTRODUCTION 

 Finely structured coatings with intermediate thicknesses 
(2-50 m) and including nanomaterials are nowadays 
intensively studied because they find many application 
fields, e.g. fuel cells, catalytic membrane reactor, photo-
catalysis, wear resistance and thermal barrier coatings, 
among the principal ones. They are therefore synthesized for 
very specific purposes which lead to develop powerful 
elaboration processes to achieve the appropriate advanced 
functionalization. 

 Since about ten years, new thermal plasma based 
processes are under development to tackle these new 
challenges. Thermal plasmas involve high levels of energy 
densities (> 10

9
J.m

-3
) and therefore produce a highly reactive 

medium with strong quenching rates [1]. Consequently, they 
are particularly adapted to treat refractory materials or 
manage phase changes of liquid precursors and finally 
deposit ceramic coatings. Suspension Plasma Spraying (SPS) 
and Solution Precursor Plasma Spraying (SPPS) [2, 3] 
indeed permits to form finely structured coatings by injecting 
within a thermal plasma jet submicron solid particles or 
liquid precursors. The latter are then plasma-treated, i.e. 
liquid is atomized and vaporized, and solid particles are 
sprayed onto a substrate. 

 Thermal plasma jets can be generated by means of 
several different plasma torch technologies based on either 
radio-frequency inductively coupled discharges or electric 
arcs [4]. Among plasma torches of the latter group, direct 
current (dc) plasma torches with stick-type thermo-emissive 
cathodes (10-150 kW) operating at atmospheric pressure are 
probably the most basic ones and are widely used because of 
their ability to work with a wide range of operating  
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parameters and their easiness of installation. Plasma forming 
gases can be either axially injected within the torch or with 
an azimuthal velocity component and are heated up by Joule 
effect in the arc region. Due to plasma confinement within 
the anode-nozzle, the resulting plasma jet presents a strong 
axial convective velocity which stabilizes the arc and blows 
it downstream. This stabilization effect mainly operates on 
the cathode jet at the cathode tip and on the arc column, but 
the dynamics of the arc root at the anode wall depends on 
(im)balances of hydrodynamic and magnetic forces exerting 
on current lines. Moreover, strong arc current densities at the 
anode wall (> 10

9
 A.m

-2
) cause progressive electrode erosion 

which leads to reduce the energetic efficiency of these 
plasma torches. To limit these problems of erosion and arc 
instabilities, multi-electrode dc plasma torches were 
developed [5]. They are consisted of three stick-type hot 
cathodes to equally distribute the total arc current and a 
“neutrode” can be inserted upstream of the anode to stretch 
the arc column. The amplitude of arc fluctuations are then 
limited by the use of appropriate operating conditions (e.g., 
reduction of molecular gas content in plasma forming gases) 
and the increase of the mean arc voltage (120 V against 
about 70 V in standard dc plasma torches). When reducing 
the ambient pressure (below 300 Pa), dc plasma torches 
equipped with a convergent-divergent anode-nozzle generate 
supersonic plasma jets. On the one hand, when spraying 
solid particles, supersonic plasma jets permit to increase the 
impact particles velocities and therefore form dense coatings. 
On the other hand, a chemically reactive medium is 
generated due to the thermodynamic and chemical non-
equilibrium state which favors the formation, for instance, of 
titanium nitride ceramic coatings [6]. 

 Plasma torches with well-type cold cathodes (100 kW-
2MW) generate thermal plasma jets which are in general 
used for waste treatment and for the synthesis of syn-gas [7]. 
A vortex injection of plasma forming gases and a magnetic 
field allows obtaining high mean arc voltage (> 1000 V) and 
participating in electric arc motions [8-10]. 
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 At last, in water plasma torches, a steam thermal plasma 
jet allows reaching high temperatures (> 25 000 K) and 
velocities (5000 m.s

-1
) at the nozzle exit due to strong arc 

constriction and are used for ceramic coatings and also for 
the production of syn-gas [11]. 

 It is not the purpose of this paper to review all these dc 
plasma torches since they were described in details in 
previous review papers encompassing their applications [4, 
12-14]. Moreover, recent papers concerning thermal plasma 
modelling were also written reviewing thermodynamic and 
transport properties, and also advanced numerical 
simulations in thermal plasmas [15-18]. Instead, this paper 
will focus on the description of standard (subsonic) dc 
plasma torches involving blown arcs related to the 
Suspension Plasma Spraying process. 

 After the presentation of dc plasma torch features in the 
next section, we will show in section 2.2 how a macroscopic 
and energetic approach of a dc plasma torch, thanks to a 
simplified model, allows predicting the main averaged 
plasma jet properties (electrode thermal losses, mean electric 
field, plasma velocity, pressure). Since these properties are 
shown to be dependent upon basic mean experimental 
measurements (arc voltage, electrodes thermal losses, mean 
pressure), it can be then deduced how are affected the mean 
plasma jet properties as function of operating parameters. 

 This approach is very useful to adapt plasma jet 
properties to solid or liquid precursors to be plasma treated, 
however, the reduction in size of such precursors to form 
finely structured coatings make them very sensitive to spatial 
non-uniformities and temporal instabilities of plasma 
properties. 

 Consequently, in section 2.3, a complementary approach 
presents the origin of arc instabilities focusing on a very 
recent description of such a dc plasma torch in terms of 
Helmholtz resonator. 

 At last, section 3 will present main features of typical 
SPS coatings obtained by the use of blown arc plasma torch, 
in particular a very peculiar dual microstructure. 

2. BLOWN ARC PLASMA SOURCE 

2.1. Dc plasma Torch 

 A dc commercial (Sulzer Metco F4) plasma torch is used 

and the process, depicted in Fig. (1), is power supplied with 

a current regulated source and the gas feeding rate is 

controlled with a mass flow meter. The current regulated 

electric power supply (SNMI P130, France) delivers a 

maximum current intensity of 1000 A corresponding to a 

maximum electric power of 100kW. The arc current 

fluctuations present a root mean square (RMS) value less 

than 1% of the mean value so that the current should be 

considered as constant in the following. High voltage sparks 

are used to ignite the arc through a choke circuit used to 

isolate the power supply from the ignition source. The input 

parameters are the arc current, I, the gas mass flow rate, 
 
mg  

and the gas composition. The dependent, or output, 

parameters are the arc voltage, V, and the heat losses to the 

electrodes, Pth . This dc commercial plasma torch is 

presented in this paper because it is widely used not only in 

research laboratories but also in industrial applications. 

However, the discussion below is not restricted to this 

plasma torch and can be extended to other plasma torch 

geometries, in particular presenting a similar time 

dependence of arc voltage to that described in section 2.3.1. 

 Plasma forming gases are injected in the rear part of 
torch through an injection ring drilled at 8 mm from the 
torch axis by 16 holes, 1 mm in diameter, tilted at 45 °. The 
arc is ignited between the cathode tip and the cylindrical 
anode. The electrodes are water-cooled and temperature 
measurements between the input and output pressurized 
water allows obtaining the thermal power lost in the cooling 
circuit. 

 The stick-type cathode is made of thoriated tungsten (1-
2wt% ThO2). The main mechanism of electron emission at 
the cathode tip is the thermoionic effect according to the 
Richardson-Dushmann law [4]. Cathode temperature and 
electron emission area depends on cathode design, the 

 

Fig. (1). Simplified scheme of a dc plasma torch operating with cathode rod at atmospheric pressure (Sulzer Metco F4 type). 
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efficiency of its water-cooling and gas injection around it 
[19]. 

 Curvatures of current lines at the cathode tip provoke 
self-induced magnetic striction of current lines and generate 
a flow velocity axial component (cathodic jet) by Maecker 
effect [20]. The use of dopant within cathode in principle 
lowers the electron work function favouring their emission 
but it is also evaporated due high temperatures at the cathode 
tip. Further downstream the cathode tip, the plasma jet 
expanses within the nozzle channel which the internal 
diameter varies between 6 and 8 mm. The anode-nozzle is 
made of copper with a tungsten insert and receives 
convective and electrical heat fluxes respectively from the 
arc column and the arc root. 

2.2. Macroscopic Description of dc Plasma Torch 

2.2.1. Thermodynamic and Transport Properties of 
Thermal Plasmas 

 Thermal plasmas are usually described as complete local 
thermodynamical equilibrium (LTE) plasmas, where 
chemical and thermal equilibria are reached (optically thin 
and collision dominated). In blown arc generated thermal 
plasmas at atmospheric pressure, these conditions are 
fulfilled (except regions near electrodes and in the fringes), 
and the plasma is considered as a perfect gas where the 
specific enthalpy can be evaluated [21]. The gas used in 
plasma torches devoted to thermal spraying must be 
chemically neutral to reduce the erosion of electrodes which 
are generally made of tungsten. Argon is present most of 
time in the gas mixture because of its rather low ionization 
potential (14.5 eV) and also because of its atomic weight 
which is essential for the momentum transfer plasma-solid 
particles. Hydrogen is added to increase the specific enthalpy 
of the plasma and to improve heat transfers. Helium is 
sometimes used in addition to argon because it contributes to 
increase both the isentropic coefficient and the dynamic 
viscosity of the plasma gas, which improve the momentum 
of solid particles. Fig. (2) shows the dependence on 
temperature of calculated specific enthalpy for various 
plasma gases (Ar, Ar-H2 (75-25%vol), N2, Ar-He (25-
75%vol), Ar-H2-He (40-10-50%vol)), currently used in 
plasma spraying. The changes of slope in enthalpy curves are 
mainly due to dissociation and ionization processes. 

 It is interesting to note that variations of enthalpy are 
much more pronounced than temperature when chemical 
reactions occur. Consequently, the description of transport 
properties in terms of enthalpy instead of temperature is of 
interest as shown below in the simplified model of a blown 
arc plasma. 

 For Ar, Ar-H2 or N2, the linear plot of electrical 
conductivity versus temperature shows the same tendency, 
that is an almost zero value at low temperature and a linear 
increase after a threshold value is reached. The intercept of 
the linear evolution with the temperature axis allows 
defining a critical temperature, Tc, i.e. about 7500 K for the 
above mentioned gases [22]. In this stepwise approximation, 
the electrical conductivity should be zero under Tc and 
proportional to (T-Tc) above Tc. A conduction threshold is 
also observed if temperature is replaced by specific enthalpy 
as independent parameter, setting hc=h(Tc). 

 Fig. (3) shows the dependence of electrical conductivity 
of the preceding plasma gases on specific enthalpy. A 
conduction threshold is observed because enthalpy strongly 
increases when ionization takes place. 

 At moderate specific enthalpy, the electrical conductivity 
can be simply fitted by using a basic square root function as 
follows: 

(h) = a (h-hc)
0.5

 for h  hc = h(Tc)           (1) 

 This relationship allows defining a critical specific 
enthalpy hc which represents the electrical conduction 
threshold. This critical enthalpy will be used in the double 
layer model (section 2.2.2) where enthalpy profiles are 
determined in the arc column and in the cold layer situated 
between the anode electrode wall and the arc column. The 
onset of electrical conduction will be represented by hc. 

 This approximation is valid from hc up to a specific 

enthalpy corresponding to temperature levels consistent with 

those found in electric arc based processes (except close to 

electrodes), i.e. up to 14000 K. Table 1 reports the values of 

a  which are obtained by adjusting equation (1) to 

computed values of . 

 Thermal conductivity  can be also described in terms of 
enthalpy provided Kirchhoff’s heat potential  is used [22] : 

T( ) =
d

dT
             (2) 

where  and T are respectively the thermal conductivity and 

the temperature. 

 

Fig. (2). Dependence on temperature of specific enthalpy of argon, 

argon-hydrogen (75-25%vol), nitrogen, argon-helium (25-75%vol), 

argon-hydrogen-helium (40-10-50 %vol) (after [21]). 

 Heat flux is q =   and includes the contribution of 
energy transfers processes mainly due to the translational 
energy transfer resulting from collisions between particles 
and the reaction energy transfers which originate in 
dissociation and/or ionization reactions. 

 By integrating equation (2) for the preceding mixtures 
and arbitrarily vanishing the constant resulting from the 
integration, it can be shown that the calculated heat potential, 
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in a first approximation, linearly varies over the enthalpy 
range of interest. Fig. (4) depicts the linear dependence of 
heat potential of various plasma mixtures on specific 
enthalpy. The proportionality constant between enthalpy and 
heat potential, a , is reported in Table 1. 

 

Fig. (3). Dependence on specific enthalpy of electrical conductivity 

of argon, argon-hydrogen mixture (75-25%vol), nitrogen, argon-

helium (25-75%vol), argon-hydrogen-helium (40-10-50 %vol). 

(Symbols: theoretical data; full lines: approximation following 

equation 1). 

Table 1. Thermophysical Properties for Different Gases at 

Atmospheric Pressure: hc: Critical Enthalpy at 

Electrical Conduction Threshold, a  Linear 

Coefficient Between Heat Potential and Specific 

Enthalpy, a : Coefficient Used for Electrical 

Conduction as a Function of Specific Enthalpy 

 

Plasma Gas hc (MJ/kg) a  (10
-4

kg/m.s) a (C/V.m
2
) 

Ar 3.70  3.06  1.89 

Ar-H2 (75-25 vol%) 10.40  7.06  1.42 

N2 41.10  2.82 0.95 

Ar-He(25-75%vol) 13.20 4.33 1.03 

Ar-H2-He (40-10-50%vol) 12.14 4.31 1.56 

 

 The dependence of the electrical conduction on enthalpy 
involving a critical threshold allows modeling the plasma in 
a plasma torch as a double layer such that, if h > hc, electrical 
conduction takes place. Outside the hc-surface, the electrical 
conductivity vanishes and a Cold Layer (CL) can be defined. 

2.2.2. Simplified Model 

 The main purpose of this approach is to determine 
enthalpy radius profiles to deduce, from their integration 
over the area of section in the anode nozzle exit, the 
stationary characteristics of the plasma jet at the nozzle exit 
as function of easily measured experimental parameters (arc 
current, mean voltage, electrode thermal losses) and 
thermophysical properties of the plasma [23]. 

 

Fig. (4). Linear dependence of calculated heat potential as a 

function of calculated specific enthalpy of argon, argon-hydrogen 

mixture (75-25%vol), nitrogen, argon-helium (25-75%vol), argon-

hydrogen-helium (40-10-50 %vol). The slope of the straight lines is 

reported as a  in Table 1. 

 The flow is stationary and mainly axial where u is the 
axial component of the plasma velocity. A mean radius, re, of 
the plasma is defined, so that h(re)=hc (or Tc=T(re)). 

 The electrical power supplied to the torch after removing 
the electrode thermal losses in the cooling circuit is supposed 
to be converted into enthalpy flux. Neglecting the kinetic 
energy of the plasma flow, which represents a few percents 
of total energy in our conditions, an equivalent specific 
enthalpy h0  can be defined : 

 

h0 =
UI Pth

m
             (3) 

where U, I, Pth and  m  are the measured mean values 

respectively of the arc voltage, of the arc current, of the 

electrode thermal losses and the gas mass flow rate. 

h0  is equivalent to the specific enthalpy averaged over the 

nozzle exit cross section : 

h0 =
2

R2 rh(r)dr
0

R
            (4) 

where R is the radius of anode nozzle. 

 As shown below, the equation (4) permits to link 
experimental measurements through h0 to theoretical 
enthalpy profiles determined in the arc column where 
electrical conduction takes place and the cold layer between 
the arc column and the anode electrode wall. 

 The specific enthalpy within the plasma results from a 
balance between the electric power input, dissipated by Joule 
heating, and thermal losses due to heat flow and radiation 
escaping from the plasma. 

 Thermal conductive losses (
2

) mainly depends on 

electrical power, enthalpy convection, and radiation. The  
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introduction of heat potential permits to easily account for 

heat flow due to the proportional relationship between heat 

potential and specific enthalpy. 

 By grouping the convective specific enthalpy term, the 

Joule heating and the radiative losses terms as an overall 

constant source term, sh, and by expressing the linearity 

between heat potential and specific enthalpy, the radial 

profile, h(r), at the nozzle exit can be deduced in the plasma 

( 0 r re ) and in CL (
 
re r R ): 

1

r r
r

h

r
=

sh

a
            (5) 

 In the plasma, Joule heating is always the dominant term 

to maintain the plasma discharge which results in sh < 0 . 

Instead, in CL, Joule heating vanishes, radiative losses and 

convection of specific enthalpy are neglected so that the 

source term is set to zero in this region. 

 Equation (5) allows determining a very simple specific 
enthalpy parabolic profile within the plasma and a 
logarithmic one within CL. If  is an non-dimensional 
variable such as =(r/re)

2
, where r is the radial coordinate, the 

solutions of equation (5), which ensure the continuity of the 
specific enthalpy profile as well as its derivative when  = 1, 
are : 

 For the plasma : 

 for             (6) 

 For CL :  

 for            (7) 

where . 

 and  are two unknowns and must be determined from 

two conditions : one concerning the overall thermal balance 

and the other one, the gas enthalpy at the anode wall whose 

temperature is sufficiently low so that . 

 The integration of equation (5), by using (6) and (7), and 

reduced variables  and 

, gives : 

             (8) 

 This equation defines the overall thermal balance as non-
dimensional variables and is solved by using a Newton-
Raphson method. 

 It must be underlined that the critical specific enthalpy, 

hc, defined in equation 1, and the experimentally specific 

enthalpy h0 are close to each other, so that for most of 

experimental conditions, the ratio  is close to 

unity. 

 Moreover, the derivation of the boundary condition, h(R) 
= 0, in terms of x and y variables, allows determining h : 

             (9) 

 The mean plasma radius, re, is evaluated from : 

            (10) 

 Finally, specific enthalpy profiles are fully determined 
from equations (9) and (10), which includes the 
thermophysical properties of plasma gases through hc and the 
measured thermal balances through x, i.e. h0 with equation 
(3). 

 Heat flux per unit area  at the anode electrode wall can 

be deduced assuming that main energy entering the cold 

layer is due to heat conduction at : 

       (11) 

 Heat power  convected to the anode wall of length 

L is: 

          (12) 

 The mean electric field of the arc column can also be 
written according to: 

       (13) 

 It comes: 

           (14) 

 Fig. (5) shows good agreement between predicted 
convective power lost at anode electrode wall and those 
measured for three different anode nozzle extensions, 7 mm 
in diameter and 2, 3 or 5 cm in length, electrically insulated 
from the anode. 

 Fig. (6) presents the electric field theoretically deduced 
from the working parameters (equation 14) and measured by 
the use of a time of flight method [24]. The experimental 
values show a poor precision and only results obtained with 
nozzle diameters of 8 and 10 mm are relevant, but the 
general tendency is in agreement with the theoretical 
approach. 

 In the following, this model will be used to evaluate the 
plasma velocity at the nozzle exit which is modelled from a 
simplifed isentropic model for the plasma flow. 

2.2.2.1. Plasma Velocity 

 After removing heat losses, the real plasma flow at the 
nozzle exit is assumed to be equivalent to an isentropic 
fictitious plasma flow presenting the same stagnation 
properties. 

 Following basic consideration of compressible fluid 
mechanics, the energy conservation is applied along a 
streamline crossing the nozzle exit section at a distance r 
from the nozzle axis by using the Barré de Saint-Venant 
relationship for an isentropic and compressible flow: 
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         (15) 

where  is the axial plasma velocity at the nozzle exit, Pa  

the pressure at the nozzle exit (atmospheric pressure in the 

present paper), r( )  the plasma mass density,  the 

isentropic exponent, and h(r) the local specific enthalpy, 

previously defined by equations (6) and (7), and satisfying 

equation (4) which reflects the experimental conditions. 

 

Fig. (5). Comparison between measured and predicted convective 

power lost at anode electrode wall using nozzle extensions. L is the 

nozzle length – (Ar-H2, 75mol%Ar, I=600 A). 

 

Fig. (6). Comparison between measured and predicted electric field 

for Ar-H2(75mol% Ar) I=300 to 600 A – Nozzle diameters: 8 and 

10 mm. 

 Using , where S is the area of the nozzle cross 

section, equation (15) becomes: 

        (16) 

 This equation gives a very simple formula for the plasma 
velocity: 

         (17) 

where  . 

 Note that in general  and equation (17) is 

written  within 10% of accuracy. 

 This preceding relationship can be used to define an 

averaged velocity by using  : 

            (18) 

 The equation (18) accounts for the amount of thermal 

energy converted into fluid kinetic energy through the ratio 

, where  is an averaged isentropic exponent which 

is directly linked to the plasma enthalpy or the ionization 

degree as shown by Burm et al. [25]. 

 The equation (18) permits to estimate the averaged 
plasma velocity at the exit of the nozzle as function of 
experimental parameters. The isentropic exponent  is 
determined in the next section from an analysis of pressure 
contributions in the plasma process. 

2.2.2.2 Contributions of Pressure 

 Absolute pressure  measured on a point located on the 

gas feeding line upstream of the plasma torch (M point in 

Fig. 1) includes mainly four different contributions: 

• the overpressure, Pf, due to the cold gas flow 
between the measurement point in the gas feeding 
line and the arc region, 

• the isentropic overpressure, Pis , which is the driving 

pressure. It is the same as that produced by an 

isentropic flow with a mean reservoir specific 

enthalpy  equivalent to that really observed, 

• the overpressure, Pv , due to the plasma viscosity 

within the nozzle. It will be admitted that it is 

proportional to the nozzle length L, 

• the magnetic overpressure Pm  due to the cathodic jet 

(Maecker effect) [20]. 

 The reservoir pressure can easily be obtained by using 
the energy conservation of an isentropic flow and assuming 
that a small fraction of the specific enthalpy is converted into 
kinetic energy. 

 Thus, the isentropic overpressure, Pis = P0 Pa , has the 

following form: 

          (19) 
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where P0 is the reservoir pressure corresponding to h0 and Pa 

the atmospheric pressure,  the total gas mass flow rate, 

and S the section of the anode nozzle. 

 Assuming a loss pressure proportional to the nozzle 

length L for Pv , it can be shown: 

         (20) 

where . 

 Measuring Pf by the use of pressure transmitter and h0, 

the previous equation has been checked as shown in Fig. (7). 

It represents the dependence of  on  for Ar-H2 

plasma and arc current ranging between 350 and 600 A. The 

coefficient  can be experimentally determined by using 

different anode-nozzle lengths [23]. Consequently, from the 

slope of curves, the isentropic coefficient can be determined. 

The ordinate, when the term  vanishes, gives the 

magnetic overpressure Pm . These values corresponding to 

5, 6 and 7 mm nozzle diameters respectively are 1, 8 and 

4.10
3
 Pa and with an accuracy of ± 3.10

3
 Pa. 

 These values are not sufficiently reliable to be interpreted 
as a function of diameter or arc current intensity. However, it 
has to be noted that the mean measurement, 6.10

3
 Pa, is 

consistent with the value given by Gauvin [26] for 
transferred arcs, namely 2.5.10

3
 Pa. 

 Following the accuracy of measurements, the isentropic 
exponent is found to vary between 1.15 and 1.19. This value 
is consistent to that of Burm et al. [25] who recommends 
1.16 for plasmas with ionisation degree higher than 5%. 

 The equation (17) can be then used to calculate the center 
line plasma velocity, umax, defined such as: 

         (21) 

with . 

 A mean value of  = 1.17 for an Ar-H2 (75-25%vol) is 

used. A comparison with previous plasma jet velocity 

measurements [27] is shown in Fig. (8). The internal nozzle 

diameters are 6, 7, 8, and 10 mm, the arc current varies 

between 400 and 600 A for an Ar-H2 plasma (45-15 slm). 

The ratio  gives the proportion of available energy 

converted into mechanical energy. It is then expected than 

plasma jet using helium should present higher velocities than 

plasma involving hydrogen at constant mean specific 

enthalpy. 

 The quantities hc  and h  are calculated as explained in 

the model above according to the experimental conditions of 

plasma velocity measurements. 

 Good agreement is observed in Fig. (8) between 
calculations and measurements performed over a wide range 
of experimental conditions. 

 

 

Fig. (7). Pressure variation as function of 

the product   where Pt, Pa and Pf  are respectively the total 

pressure, the atmospheric pressure and the pressure loss due to the 
plasma gases for internal nozzle diameters of 6 and 7 mm. 

 

 

Fig. (8). Comparison between measurements [27] of the center line 

plasma jet velocity at the nozzle exit of a dc plasma torch for 

different inner nozzle diameters, d, i.e. 6, 7, 8 and 10 mm (Ar-H2, 

45/15 %vol) and its calculation in the same conditions following 

the present model. 

 Even though this simplified model is very helpful to have 
a better understanding on the influence of operating 
parameters on time averaged plasma properties, the time 
dependence of the latter on solid or liquid precursors have to 
be investigated as explained below. The next section 
describes the electric arc instabilities in a dc plasma torch 
without presenting a complete review of transient and 3D 
modeling of such instabilities. This was very recently done 
in a review paper [18]. 

2.3. Electric arc Instabilities 

 The development of coating elaboration processes 

involving electric arcs depends on process stability and the 

capacity to ensure a constant reproducibility of coatings 

properties. This is particularly important when considering 
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the plasma treatment of submicron or nanosized particles. 

Thermal and dynamic characteristic times which govern the 

energy and momentum transfers between plasma and 

particles are linked to the diameter of the latter. For example, 

the characteristic time of momentum transfer between the 

plasma and a solid particle under the application of the drag 

force due the plasma flow is simply given by 

 where , ,  are respectively the 

solid particle density, the particle diameter and the plasma 

viscosity [28]. If d = 30 m, , with a mean 

plasma temperature of 10
4
 K. If d = 1 m, . 

Plasma viscosity is found in [21]. In the next section, it is 

shown that the period of arc fluctuations is about 200 s 

depending on operating conditions. Thus, this simple 

evaluation shows that submicron particles used in 

Suspension Plasma Spraying closely follow plasma 

instabilities and will have non-homogeneous plasma 

treatment. Instead, the influence of arc instabilities on 

particles with tens of microns in diameter is smoothed. 

Consequently, unsteady and non uniform plasma states 

produce an inhomogeneous plasma treatment of solid 

particles which will be all the more important as particle 

diameter decreases [29]. In case of conventional plasma 

spraying where particles with tens of microns in diameter are 

injected, the effect of plasma instabilities is smoothed with 

respect to suspension plasma spraying. However, they are 

important in SPS process as shown below. 

 The plasma fluctuations cause local variations of velocity 
and specific enthalpy fields. Their origin can be found in the 
fluctuations of instantaneous power dissipated by Joule 
heating from the electric arc within the plasma forming gases 
due to arc voltage variations. Three main modes of voltage 
fluctuations are usually described in blown arc plasma 
torches and were first reported by Wutzke et al. [30]. The 
“steady mode” corresponds to a constant arc voltage, i.e. a 
stable attachment of the electric arc root at the anode wall. 
The “takeover mode” is associated with a quasi-sinusoidal 
signal of the arc voltage and is observed when using 
monatomic plasma forming gases (Argon, Helium). The 
“restrike mode” corresponds to an elongation of the arc 
column followed by an upstream rearcing phenomenon 
through the cold boundary layer between the arc column and 
the anode wall (Fig. 9). A restrike signal is a typical saw-
tooth shaped signal. This latter mode is probably the most 
studied one because it is currently observed when using Ar-
H2 mixture as plasma forming gases. The chemical 
composition of plasma forming gases not only affects the 
electric arc properties but also the solid particles injected 
within the plasma jet. The addition of hydrogen leads to an 
increase of the electric field of the column arc and 
consequently of the mean arc voltage. This is mainly due to 
the dissociation of hydrogen molecules which increases 
thermal radial losses compensated by the increase of the 
Joule heating source ( E

2
, where  and E are the electrical 

conductivity and the electric of the arc column) to ensure the 
arc current flow. The available input energy is therefore 
enhanced to plasma treat solid particles. Moreover, due to 
the high thermal conductivity of H2, the plasma/solid 
particles thermal transfers are improved At last, the use of 
argon as plasma forming gases is favourable to plasma/solid 

particles momentum transfers to perform an efficient 
spraying of particles. In the Wultzke et al.’s works, it is 
suggested that the fluctuation modes depends on boundary 
layers properties and is associated with the attachment mode 
of the arc root (diffuse or constricted, see also [31]). The 
boundary layer surrounding the arc participates to a large 
extent in the process of arc instabilities particularly in the 
rearcing phase for the Restrike mode. During elongation of 
the arc column, the electric field in the boundary layer 
(electrically poorly conductive) between the arc column and 
the anode wall increases. When this electric field reaches a 
critical threshold, an upstream arc rearcing occurs and 
corresponds to a sudden formation of a new electrically 
conductive path for electrons. The physical mechanism of 
this arc reattachment is not still understood and is sometimes 
associated with a streamer-type discharge [32]. 

 The combined effect of hydrodynamic (drag) forces and 
magnetic forces provoke arc motions and stretching of the 
arc current lines. These effects are particularly important 
close to the arc root at the anode wall because the curvatures 
of current lines create unbalanced magnetic forces displacing 
the arc [33]. 

 When a pure saw-tooth shape arc voltage signal is 
observed, the previous description is appropriate. However, 
in many cases, arc voltage signals are complex and present a 
superimposition of the restrike mode and the so-called 
Helmholtz mode which will be described below [34, 35]. 

 

Fig. (9). Representation of elongation and rearcing of the arc 

column of a dc plasma torch: Restrike mode. 

2.3.1. Arc Voltage Signals-Temporal Features 

 Fig. (10) shows the time resolved (0.5 s/sample) 
measurement of the voltage obtained with F4 commercial 
(Sulzer Metco) dc plasma torch and an anode nozzle 
presenting a 6 mm inner diameter, fed with a 60 slm 
(standard liters per minute) argon flow rate and a current of 
500 A. The plasma torch geometry corresponds to Fig. (1). 
For pure argon, the voltage presents a mean value around 30 
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V and an undulation of approximately 5 V peak to peak. Fig. 
(10) also shows the voltage recorded for an argon-hydrogen 
mixture (45-5 slm) and a current of 300 A with the same 
plasma torch. Both the mean value and the fluctuating 
components have increased compared to the signal obtained 
with pure argon, with respective values of 55 V and 60 V 
peak to peak. On both signals it can be observed the presence 
of an almost periodic component, approximately 300 s in 
period, on which are superimposed more randomly 
distributed events, which durations are spread over a few 
tens of s range. In the case of Argon-hydrogen, the events, 
which present very sharp falls, are related to the restrike 
mode. 

 

Fig. (10). Arc voltage signals of dc plasma torch (F4 Sulzer Metco) 

operating with pure argon and Ar-H2 mixture. 

2.3.2. Arc Voltage Signals-Spectral Features 

 For the spectral analysis, we focus on the low frequency 
rage (3-8 kHz) and fix maximum frequency, fmax, of 10 kHz. 
The number of samples is 65000 samples/signal. 

 In order to compare spectra obtained in different 

experimental conditions, the power spectra were normalized 

with respect to the variance of the voltage. The instantaneous 

voltage, , is the sum of the mean value, , and of the 

fluctuating component, . The average squared quantities 

are linked so that, 

           (22) 

where the last term, , is the variance of the voltage. The 

power spectrum, , of the voltage fluctuating component, 

, that is the squared amplitude of its Fourier components, 

is such that, 

          (23) 

and will be expressed in V
2
/Hz in the following figures. 

 Fig. (11) presents the power spectrum of the signal 
corresponding to conditions mentioned in Fig. (10) for pure 
argon. 
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Fig. (11). Voltage power spectrum for argon. 

 The two lines in that spectrum are rather large, the high 
frequency one being an image of the low frequency one by a 
doubling frequency process. The slight rising slope of the 
high frequency part of the spectrum suggests that other 
components should exist at frequencies higher than the cut 
off imposed by the chosen sampling rate. The spectrum in 
Fig. (12) is obtained for Ar-H2 mixture as in Fig. (10). 
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Fig. (12). Voltage power spectrum for an argon-hydrogen mixture. 
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Fig. (13). Effect of gas composition on voltage spectrum. 

 A very sharp line can be identified, presenting a 
maximum value increased by more than three orders of 
magnitude, compared to Fig. (11). The effect of the gas 
composition is shown in Fig. (13), where the voltage spectra, 
obtained for the same arc current, are plotted for two argon-
hydrogen mixtures, corresponding to flow rate of 45-5 slm 
and 45-15 slm. In reality, the frequency shift observed when 
increasing the hydrogen content is also due to a significant 
increase of the torch voltage accompanied, by an increase of 
the specific enthalpy. 
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 The comparison between Figs. (12, 13) shows that an 
increase of the arc current shifts the peaks towards the high 
frequencies, but also strongly attenuates the amplitude of the 
lines. 

 The evolutions of these power spectra are interpreted in 
terms of Hemholtz resonance coupled with the restrike 
mode. The next section basically describes the Helmholtz 
resonator. 

2.3.3. Helmholtz Resonator 

2.3.3.1. Principle 

 The basic Helmholtz resonator is based on the oscillatory 
motion of a gas mass contained within a neck of length L 
and section area S (Fig. 14). Under the effect of external 
mechanical excitations, the mass displacement adiabatically 
compresses and expanses the gas within the resonator with 
volume Vg. The motion of this mass is therefore linked to 
pressure in volume Vg through the adiabatic law of gases. A 
simple differential equation can be derived highlighting the 
fundamental frequency of oscillation 0: 

           (24) 

 is the pressure variation in the resonator and 

           (25) 

 is the sound velocity. 

 

Fig. (14). Helmholtz resonator. 

2.3.3.2. Simplified Approach of dc Plasma Torch as 
Resonator 

 The plasma torch is a F4 commercial torch (Sulzer 
Metco) and is schematically represented in Fig. (1). 

 Plasma forming gases are injected through the injection 

ring in the cathode cavity, is heated by the electric arc from 

the cathode tip and expelled at the nozzle exit. Consequently, 

the F4 plasma torch resembles a Helmholtz resonator where 

the volume  in Fig. (1) represents the cathode cavity from 

the injection ring to the cathode tip and the neck is 

associated with the distance between the cathode tip and the 

exit of the anode nozzle. 

 Since in Fig. (10), restrike events of electric arc are 
superimposed to more pronounced oscillations, we assume 
that the restrike mode excites the resonator. 

 By applying a similar method as in previous section to 
the plasma mass, a simplified motion of plasma mass can be 
written and a Helmholtz frequency defined: 

          (26) 

where , ,  are respectively the mean pressure within 

the cathode cavity, the isentropic exponent of plasma 

forming gases, plasma density. 

 Note that the relationship does not include anymore the 
sound velocity and accounts for the geometrical data of the 
plasma torch. 

 A similar equation can be obtained from an acoustic 
approach of the cathode cavity presented in the next section. 

2.3.3.3. Acoustic Approach 

 As shown above, volumes and lengths are important 
geometrical data when defining the Helmholtz resonator. We 
have proposed a simplified and realistic model of the 
acoustic resonance considering an equivalent resonator and 
only axial motions [34]. 

 Denoting x the axial coordinate, where x=0 corresponds 
to the wall of the injection ring, the evolution of the cross 
section, through which the gas is flowing, is denoted S(x) 
and is calculated after the torch inner geometry. Then, a 
radius r(x) is defined such that S(x)=r

2
(x). 

 The evolutions of +r(x) and –r(x) are plotted in Fig. (15), 
so that they define the shape of an equivalent resonator 
presenting the same volume and the same total length than 
the real electrode configuration. This resonator geometry is 
then simplified and is decomposed into three cylindrical 
sections, labeled 1, 2 and 3 in Fig. (15). We theoretically 
evaluate the resonance frequencies of such a complex cavity, 
assuming in addition, that the pressure perturbations can 
only propagate as plane waves travelling along the x 
direction. 

 

Fig. (15). Resonator configuration equivalent to the torch. Solid 

line : contours defined by equation (3), dotted line : simplified 

configuration used for the model. L3 is the channel length. 

  In each of the three regions of the simplified 
resonator, the acoustic pressure, p(x, t), and acoustic 
velocity, u(x,t) are the sum of two waves, travelling in two 
opposite directions. The local acoustic impedance [36] in 
region 1, which corresponds to 0<x<L1, is 

Vg 
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        (27) 

where  and  are respectively the speed of sound and the 

mass density of the cold gas, R1 is the reflection coefficient 

and  is the wave vector modulus associated with the 

frequency, f. The latter is defined by  

 Using a similar expression in the next cold gas section, 
L1< x < L1+L2, and for the region containing the plasma, 
L1+L2< x < L1+L2+L3, acoustic impedances are obtained in 
each regions. 

 The resonance conditions are associated with the 
impedance continuity at x=L1 and x=L1+L2, otherwise the 
waves are vanishing by phase mixing. 

 This expression with the assumption that the ratio gas 
sound velocity is much smaller than that of plasma, it comes 
for the Helmholtz frequency [34]: 

           (28) 

where 

           (29) 

and aH = 4 2 VgL3

S3

 and bH =
16 4

3

S1L3L1
2

S3

(L1 + 3
S1

S2

L2 )  

are two constant factors only depending on the torch 

geometry. Si is the area of ith section of ith region (i=1,2,3) 

in Fig. (15). Note that if bH is zero, equation (28) is the same 

as equation (26). 

2.3.3.4. Results 

 The relationship (28) was tested for arc currents between 

400, 500 and 600 A and 45-5, 45-10 and 45-15 slm argon-

hydrogen mixtures. Pressure in the cathode cavity  was 

experimentally determined as  as explained in 

section 2.2.2.2. Plasma density  was obtained from 

experimental measurements of the mean enthalpy h0 

(equation 3) and from thermodynamic data [21] to deduce 

. The Helmholtz frequency  was measured from power 

spectra of the plasma torch arc voltage. 

 The influence of the volume of the cathode cavity was 
studied in the standard configuration, with an additional 
injection ring to reduce the volume, and any injection ring to 
increase the volume. The standard volume is equal to Vg=6.1 
cm

3
. When removing, the injection ring, the cathode cavity 

increases up to Vg = 9.1 cm
3
. When a boron nitride additional 

ring is added to reduce the cathode cavity, the volume is 
Vg=3.8 cm

3
. 

 We have plotted, in Fig. (16), X/f1
2 

as a function of f1
2
 for 

the different cathode volumes. Fig. (16) shows present a 
consistent distribution of experimental points following the 
previous simplified model. Note that bH is almost zero. In 
Fig. (17), power spectra of the arc voltage are shown for the 
three cathode cavity configurations. It can be seen that when 

the volume is large (“no ring”), the amplitude of the peak is 
high and the full width at half maximum (FWHM) is weak. 
When volume decreases, the amplitude decreases and 
FWHM increases. This means that the quality factor of the 
resonator decreases and the arc oscillation is damped. 
Moreover, the Helmholtz frequency increases as predicted 
by the equation (26). 

Effect of volume reduction
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Fig. (16). Effect of injection ring for the F4 geometry plasma torch. 

Plasma gas : Ar-H2, Arc current 400, 500, 600 A. (no ring :Vg=9.1 

cm
3
, Standard : Vg=6,1 cm

3
, additional ring : Vg=3.8 cm

3
). 
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Fig. (17). Evolutions of the voltage power spectrum. The lines are 

shifted towards the high frequencies as the Vg volume is lowered. 

a) no ring :Vg=9.1 cm
3
, b) Standard : Vg=6,1 cm

3
, c) additional ring 

: Vg=3.8 cm
3
. 

2.3.4. Pressure Measurement in Cathode Cavity 

 When assuming that a dc plasma torch behaves like a 
Helmholtz resonator, it is implicitly suggested a strong 
coupling between the arc voltage and pressure in the cathode 
cavity. To check this assumption, dynamic pressure was 
measured by the use of piezoresistive sensor (ENDEVCO, 
320 kHz bandwidth and 2mm in diameter) inserted in the 
cathode cavity. Arc voltage and dynamic pressure of cold 
gas in the cathode cavity was simultaneously recorded by a 
PCI National Instrument card controlled by Labview 
Software. 

 Fig. (18) shows the simultaneous measurement for a Ar-
H2 (90mol%) plasma at 400 A. It can be observed pressure 
of cold gas in cathode cavity has the same signal structure as 
arc voltage. This is also confirmed in Fig. (19) where the 
corresponding power spectra are presented. The time shift 
( 100 s) between arc voltage and pressure corresponds to 
time propagation from the cathode tip to the sensor location. 
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 These figures confirm the coupling between pressure of 
cold gas in the cathode cavity and the arc voltage. 

 
Fig. (18). Arc voltage and absolute pressure in the cathode cavity- 

Ar-H2(90mol%Ar), 400 A, internal nozzle diameter 6mm. 

 

Fig. (19). Power spectra of signals in Fig. (18). 

 The coupling between pressure of cold gas in the cathode 
cavity and the arc voltage shows that the evolutions power 
spectra in Figs. (11-13) cannot be simply interpreted by the 
use of the “restrike model”. This coupling is all the more 
important as the cathode volume is large. When operating 
parameters are changed (arc current, hydrogen flow rate), 
pressure and plasma density are modified, and the frequency 
of arc voltage fluctuations is approximately given by 
equation (26). 

 As a conclusion, the main origin of arc instabilities is 
found in mechanical resonance phenomena between the 
electrical arc and the cold gas in the rear part of the plasma 
torch. In particular, the amplitude of arc voltage variations is 
directly connected to the volume of the cathodic cavity. 
Works are now in progress to limit these effects on the arc 
voltage and therefore on momentum and thermal transfers 
between the plasma and the solid particles. As shown below, 
the arc instabilities not only influences momentum and 
thermal transfers between solid particles and plasma as 
explained above, but also is responsible for the dispersion of 
suspension fragmentation processes. 

 

 

3. FINELY STRUCTURED COATINGS 

3.1. Influence of Plasma Instabilities in Suspension 

Plasma Spraying 

 Suspension plasma spraying (SPS) is an emerging 
technology and an alternative to atmospheric plasma 
spraying (APS) to manufacture thinner layers (from 5 to 50 

m, average values) [37, 38]. 

 In Suspension Plasma Spraying process, a suspension is 
injected within a dc plasma jet and is consisted of a solvent 
in which submicron ceramic particles are dispersed by using 
a dispersant. The latter allows adsorbing at the solid particles 
surface polymeric chains which exert electrostatic and steric 
repulsions between solid particles avoiding their 
agglomeration. 

 Submicron solid particles must be injected by the use of 
liquid carrier because of their low inertia and to bring them 
in the core of the plasma jet. A liquid jet (continuous or not) 
is used which diameter is about 300 m to inject 
suspensions. The plasma/liquid jet interaction first produces 
a primary fragmentation resulting in droplet size distribution 
within the plasma, liquid vaporization processes arise later, 
and solid particle are plasma sprayed to form a coating on a 
prepared substrate. 

 The fragmentation and vaporization processes completely 
govern the particle trajectories in the plasma plume further 
downstream from the nozzle exit [39]. That is why it is 
particularly important to control the liquid injection and its 
interaction with the plasma jet. 

 Fig. (20) depicts a time-resolved imaging of suspension 
injection within an Ar-H2 (45-15 slm) plasma jet operating at 
500 A. Fig. (20a, b) was obtained by using synchronized 
laser illumination (pulse duration 2 s) and camera aperture 
(aperture time 10 s) with a voltage level of 65 volts and 40 
volts respectively. These voltage values correspond to 
different instantaneous electric powers and therefore 
different plasma enthalpies and velocities. The value 65 volts 
is also the mean arc voltage. Fig. (20a) shows that the liquid 
jet starts to be destabilized by natural fragmentation outside 
the plasma because droplets formation is observed. Then, 
inside the plasma jet, liquid jet is fragmented at necks of 
liquid jet instabilities. Further downstream droplets are 
fragmented, accelerated, heated and vaporized. Solid 
particles contained within these droplets also undergo 
acceleration, heating and melting. Fig. (20b) shows for the 
same operating conditions that fragmentation processes are 
different from Fig. (20a) because local momentum and 
enthalpy depends on plasma instabilities. This dispersion of 
fragmentation processes lead to produce large droplets size 
distributions with very different trajectories. Especially, solid 
particles contained in droplets travelling in the fringes of the 
plasma jet will be poorly plasma-treated and will cause 
defects in coatings as explained in the next section. 

3.2. Coatings Elaboration 

 The main differences between Suspension Plasma 
Spraying (SPS) and Atmospheric Plasma Spraying (APS) are 
(see Table 2): 
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Fig. (20). Time-resolved imaging of suspension injection within an 

Ar-H2 (45-15 slm) plasma jet operating at 500 A; imaging is 

synchronized with the arc voltage of a) 65 V and b) 40 V [3]. 

1. the carrier gas used to provide micrometric-sized 
particles with adequate momentum to be injected into 
the plasma jet in APS that is replaced by a carrier 
liquid which experiences fragmentation (in a few μs) 
and vaporization (in a few tens of μs) when 
interacting with the plasma jet; 

2. the stand-off distance which is shorter in SPS (~ 30-
40 mm) compared to APS (~ 100 – 140 mm) due to 
the lower thermal and kinetic inertia of sub-
micrometric particles;  

3. a higher heat flux transferred from the plasma to the 
substrate that can reach values as high as 35 MW.m

-2
 

in some cases [40]. 

 In SPS, the liquid stream or drops penetrate the plasma 
jet if their density of momentum ( V

2
 where  is the liquid 

specific mass and V its velocity upon penetration) is made 
higher than the one of the plasma. 

 Upon penetration within the plasma flow, the liquid 
stream encounters two mechanisms, fragmentation and 
vaporization [41]. In a first approximation and whatever the 
droplet characteristic dimension, the vaporization duration is 
two orders of magnitude longer than the fragmentation one. 
Indeed, the fragmentation occurs for a liquid flow 
characteristic dimensionless Weber number, We, higher than 
12-14 [42]. We represents the ratio of inertia forces to 
surface tension forces and is expressed as follows: 

We =
liquid . V 2 .dliquid

liquid

           (30) 

where liquid is the liquid specific mass [kg.m
-3

], dliquid the 
liquid stream characteristic dimension [m], liquid the liquid 

surface tension (considered at ambient temperature in contact 
with air at ambient pressure) [N.m

-1
] and V the difference 

in velocities between the liquid stream and the plasma flow 
[m.s

-1
]. 

 The Weber number evolves along the penetration of the 
suspension within the plasma jet and can reach values as 
high as 350 leading to a catastrophic break-up [43]. 

 One can envisage the following simplified scenario for 
the processing of a suspension made of micrometric-sized 
particles [44]: 

1. fragmentation of the liquid stream occurred before 
solvent evaporates (two orders of magnitude); 

2. solvent evaporation leads to the formation of single 
particles or aggregates constituted by a few grains; 

3. these particles melt and form liquid drops which 
impact, spread and solidify to form flattened lamellae 
of equivalent diameters between a few hundred 
nanometers to a few micrometers. 

 Lamellae resulting from impact, spreading and 
solidification onto the substrate of impinging particles are 
characterized, apart their typical size, by: 

1. almost the absence of peripheral projections around 
the lamellae; this signifies that the dimensionless 
flattening Sommerfeld number, Kf, is lower than 6 
[45]; 

2. the absence of intralamellar cracks within the 
lamellae, a contrario to lamellae collected under 
conventional plasma spray conditions, indicating that 
the residual quenching stress developing within the 
lamellae upon rapid solidification and cooling are 
lower than the intrinsic mechanical resistance of their 
constitutive material. 

 As shown in Fig. (21), the layer results from the stacking 
of such lamellae and exhibits hence a typical granular 
structure. Indeed, SPS layers are made of lamellae (molten 
particles, W), angular particles (unmolten particles, U) and 
small spherical grains (molten particles resolidified prior 
their impact upon the substrate, R). 

 This very typical architecture results from several effects 
/ mechanisms: 

1. SPS is particularly sensitive to the arc voltage 
fluctuations induced by the arc instabilities as shown 
in Fig. (20). Under such conditions, the available 

Table 2. Major Differences Between APS and SPS Processes 

 

Characteristics APS SPS 

particle average size [μm] 20 - 50 0.02 – 1.0 

particle relative mass [-] 

( m or nm) / m 
1 1.10-9-1.10-3 

feedstock carrier gas (Ar usually) liquid (H2O or Et-OH) + additives 

particle mass flow rate [g.min-1] 20 - 50 0.75 – 6 

stand-off distance [mm] 100 – 140 30 - 50 

heat flux at stand-off distance [MW.m-2] 2 – 0.5 25 - 10 



146    The Open Plasma Physics Journal, 2009, Volume 2 Rat et al. 

energy in the plasma flow is fluctuating together with 
the plasma velocity, so that the different steps in 
suspension processing (liquid fragmentation, solvent 
vaporization and solid particles melting and 
acceleration) are not achieved at the same rates all 
along the time of flight of the feedstock [46]. 

2. If the particle size distribution of the solid particles in 
the suspension is fairly large, this leads to very 
different characteristic times in the particles 
processing [46]. In this case, it has been shown that 
the resulting microstructure of the coating can be 
quite porous. Instead, when spraying solid particles 
with a narrow particles size distribution, opened 
porosities can be substantially reduced [47, 48]. 

3. In interaction with the plasma jet, the suspension jet 
crumbles. The first droplets, containing solid 
particles, fragment from the suspension jet and 
remain in the plasma fringe whereas the jet continues 
its trajectory towards the plasma core [49]. Although, 
the plasma jet is characterized by sharp thermal and 
kinetic radial gradients leading to an inhomogeneous 
treatment of particles along their trajectories. The 
solid particles that penetrated into the plasma core 
will impact upon the substrate in a molten state and 
form splats whereas those traveling in the plasma 
fringes of lower temperature, will remain untreated 
and form angular embedded particles. The spherical 
particles are very likely the smallest ones which 
penetrated deep into the plasma jet and for which 
thermophoresis and related effects become non-
negligible due to their size. Those particles could be 
hence ejected again in the fringes where they re-
solidified due their low thermal inertia. 

Resolidified

particles

Molten particles

Unmolten

particles

Resolidified

particles

Resolidified

particles
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Fig. (21). Typical Al2O3 SPS layer architecture (feedstock d50 = 500 

nm, solvent: Et-OH, particle mass load in suspension MP = 20%, 

mechanical suspension injection, Ar-H2 45-15 SLPM plasma 

forming gases, plasma arc current intensity I = 500 A, torch internal 

nozzle diameter Ø = 5 mm, plasma mass enthalpy h = 14 MJ.kg
-1

). 

 So, depending on their size and trajectories, the particles 
experience different thermal histories and trajectories leading 
to different molten state and impact location onto the 
substrate. Depending upon the fraction of poorly treated 
particles (processed or re-solidified in the plasma jet core 
fringes) to the one of appropriately treated (processed in the 
plasma core and in a molten state when impacting), the 
coating architecture will evolve from fairly dense (low 

fraction of poorly treated) to fairly porous (high fraction of 
poorly treated), as depicted in Fig. (22). Densifying the layer 
architecture requires hence reducing the fraction of poorly 
treated particles. 

a) 

 

b) 

 

Fig. (22). Typical Al2O3 SPS layer architectures manufactured with 

a) a low fraction of poorly treated particles (spray distance: 30 mm) 

and b) a high one (spray distance :50 mm) (feedstock d50 = 500 nm, 

solvent: Et-OH, MP = 20%, mechanical suspension injection, Ar-

H2 45-15 SLPM, I = 500 A, Ø = 5 mm, h = 14 MJ.kg
-1

). 

 Apart this mechanism, layer architecture depends also 
upon the manner successive spray patterns (or deposited 
beads) overlap [50]. The geometry of the spray pattern can 
be approximated by a Gaussian function that size and shape 
depend upon the deviation and dispersion of the particle 
stream at the spray distance (depending themselves upon the 
plasma power and feedstock injection parameters), the 
particle state upon impact and the relative substrate / plasma 
torch velocity. For fixed spray pattern size and shape, the 
overlapping depends upon the lateral plasma torch scanning 
step. 

 Pawlowski et al. [51] identified eight classes of stacking 
defects in plasma sprayed coatings. In the case of 
micrometer-sized ceramic coatings manufacturing by 
atmospheric plasma spraying (APS), the coating is 
characterized by: 

1. its anisotropic lamellar structure; 

2. its void (or globular pore content) which results from 
stacking defects between lamellae; 

3. intralamellar cracks resulting from stress relaxation 
during lamella rapid solidification (i.e., average 
cooling rate of the order of 10

6
 K.s

-1
) after spreading; 

4. interlamellar delaminations due to poor contact 
between flattened lamellae. The combination of these 
features generates a complex 3-D interconnected 
network of pores [52]. 

 Pore size distribution and their formation mechanisms of 
SPS coatings are not really well understood yet. One of the 
reasons comes from the scale size difference between APS 
and SPS feedstock powder used (in the order of 10

8
 when 
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considering particle volume) and, very likely, from different 
manufacturing mechanisms. In fact, the typical anisotropic 
lamellar structure of APS coatings is not anymore duplicated 
at smaller size when considering SPS coatings. Indeed, the 
particle flattening rate (defined by the  = D/d ratio where D 
represents the lamella diameter and d the initial diameter of 
the impinging particle, [53]) in SPS is much smaller 
compared to APS coatings. 

 Fig. (23) displays two typical features in a SPS coating 
architecture: a through-thickness granular one and a layered 
one that develops at the coating/substrate interface. 

 

Fig. (23). Fractography facieses of a SPS coating (8YSZ, d50 of the 

particle size distribution: 50 nm). 

 At the substrate/coating interface, a fairly dense lamellar 
layer of thickness thinner than 1 m develops. The thin layer 
is formed by the stacking of flattened particles exhibiting 
flattening ratios much higher than in the rest of the coating. 
Indeed, one can assume that once a thin layer of YSZ is 
formed, the thermal resistance would significantly increase, 
hence delaying the cooling of subsequent impinging 
particles. This would allow the flattened particles to remain 
in a molten state for longer times. Since particles are 
nanometer-sized, the surface tension at the end of the 
flattening stage plays a more important effect compared to 
the one on micrometer-sized flattened particles. Recoil of 
molten lamellae leads to the formation of spherical particles 
and ultimately the granular structure. 

 Besides, the density of stacking defects in the lamellar 
layer depends upon operating parameters. Fig. (24) depicts 
the influence of chemical composition of plasma forming 
gases of coatings manufactured with Ar-H2 (Fig. 24a) and 
Ar-He (Fig. 24b). More stacking defects are visible in the 
lamellar layer processed with an Ar-H2 plasma gas mixture. 
As explained in section 2.3, the chemical composition of 
plasma forming gases affects the electric arc properties and 
the dynamic and thermal transfers between the plasma and 
solid particles. Operating the plasma torch under an Ar-H2 
plasma gas mixture favors the restrike operating mode [53] 
characterized by large relative voltage variations (i.e., V / 
V ~ 1.0) and leads to a less homogeneous processing of 
suspensions compared to an Ar-He plasma gas mixture that 
favors a more stable operating mode called takeover mode 
(i.e., V / V ~ 0.3) [30]. 

 Moreover, the pressure model of section 2 is helpful to 

highlight other particular properties of helium with respect to 

hydrogen. Fig. (25) shows the pressure variations defined in 

section 2 (section Fig. 7) as function of the product  for 

Ar-He and Ar-He-H2 mixtures. At fixed , it is observed 

that pressure variation is higher when using an Ar-H2 binary 

mixture than with a Ar-H2-He ternary mixture. 

 When adding a slight amount of hydrogen H2 within an 

Ar-He mixture, this pressure variation decreases. The mean 

isentropic coefficient is therefore smaller for an Ar-He-H2 

than for an Ar-He mixture. This observation implies that, at 

fixed parameter , the addition of hydrogen H2 

contributes to decrease the plasma jet velocity. This is 

because part of thermal energy is converted into dissociation 

energy due the presence of hydrogen molecules instead of 

being used as mechanical energy. 

 That is why Ar-He mixtures not only limit the arc 
instabilities but also favors momentum transfers due to 
higher plasma jet velocities and the well-known high 
dynamic viscosity of helium as well. The treatment of solid 
particles is therefore more homogeneous with Ar-He 
mixtures than with Ar-H2 ones. 

a) 

 

b) 

 

Fig. (24). Comparison of substrate/coating interfaces as function of 

plasma gas composition. a) Ar-He gas mixture. b) Ar-H2 gas 

mixture. (SE-SEM pictures). 

 Gas adsorption analyzes reveal an open connected porosity 
rate from 1.9% to 4.1% depending upon the operating 
parameters used. Contrary to APS micrometer-sized coatings, 
most of the pores in SPS coatings are closed. The decrease in 
spray distance leads to a decrease of the total pore content 
without significant variations of the open / total pore content, 
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contrary to the selected plasma gas mixture. These results prove 
that plasma gas mixtures and the resulting operating mode are 
very important parameters to take in consideration to tailor SPS 
coating architecture. In the case of thermal barrier coatings for 
example, using an Ar-H2 plasma gas mixture would permit to 
increase the total pore content contrary to an Ar-He one that will 
induce a denser coating with a lower permeability, more 
suitable to manufacture SOFC electrolytes. 

 

Fig. (25). Pressure variation  as function of 

the product  where Pt, Pa and Pf  are respectively the total 

pressure, the atmospheric pressure and the losspressure due to the 

plasma gases for Ar-He and Ar-He-H2 and internal nozzle diameters of 

6 mm. 

4. CONCLUSION AND PERSPECTIVES 

 Since about a decade, the interest to manufacture on large 
surfaces "thick" finely structured or nano-structured layers has 
been increasingly growing. If nano-structured architectures can 
be manufactured by gas condensation routes (CVD, PE-CVD, 
PVD, EB-PVD, etc.), their thicknesses can hardly be higher 
than a few micrometers. On the contrary, plasma spray coating 
thicknesses between 50 to a few millimeters are easily achieved 
but with no nano-structured architectures after particle melting. 
This explains the interest for suspension plasma spraying (SPS) 
allowing achieving finely structured layers (ceramic/metallic) of 
thicknesses varying between a few micrometers up to a few 
hundred of micrometers. As the deposition rate can reach one 
fifth to one fourth of the one encountered in conventional 
plasma spraying, this technique seems promising to 
manufacture dense or porosity controlled coatings and 
functionally graded layers. Nevertheless, compared to 
conventional plasma spraying, SPS is by far more complex 
because of fragmentation and vaporization processes of the 
liquid and of the necessity to plasma-treat solid particles with 
submicron diameters. Numerous studies are still necessary to 
reach a better understanding of involved phenomena and for 
that, the development of diagnostic techniques to quantify either 
the droplets or particles in flight temperature and velocity or to 
visualize the droplets / plasma interactions must be improved or 
newly developed. 

 These new processes are obviously depending on the plasma 
source which must present the advantage to involve high levels 
of specific enthalpy in the plasma jet to vaporize the liquid and 
to treat refractory materials. Blown arc plasma source is 
appropriate but efforts must be carried out to have a better 
understanding of the influence of operating parameters on 
plasma jet properties and to improve plasma stability. 
Otherwise, SPS process could be limited in its development and 
therefore in its application field. 

 This paper has presented two complementary approaches 
aiming at, first, predicting the plasma jet properties as function 
of very simple averaged measurements, and, second, focusing 
on the origin of electric arc instabilities of blown arc sources. 

 The first approach must satisfy immediate needs to on-line 
control the SPS process by very reliable averaged 
measurements. It is indeed well known for example that the 
mean voltage of dc plasma torch decreases with time due the 
erosion of electrodes. This voltage reduction causes a slow drift 
of processes which leads to change plasma jet properties and 
therefore dynamic and thermal transfers between plasma and 
solid particles. The resulting coating properties also change all 
the more than solid particles are small due to their low inertia. 
As shown in the model of section 2, in case of significant 
electrode erosion, the plasma specific enthalpy available 
decreases and plasma velocity as well. As also suggested in 
section 2, pressure measurement on the gas feeding line is a 
very good candidate for monitoring SPS process because it 
connects specific enthalpy and velocity. 

 The second approach is also important because the 
characteristic times of electric arc instabilities are higher than 
those of dynamic and thermal transfers of submicron particles 
found in SPS. Unstable plasma sources degrade coatings 
properties by incorporating poorly plasma treated solid particles. 

 Electric arc instabilities have to be reduced to obtain a 
homogeneous plasma treatment of injected precursors. 
Particularly, investigations about the origin of arc instabilities 
should be carried out regarding the influence of the coupling 
between fluid instabilities generated by the plasma torch and the 
electric arc. At last, results about the rearcing phenomena 
through the boundary layer at anode are still missing because of 
the difficulty to experience measurements in such a region. 
Even though, during these last years, many studies will be 
devoted to obtain realistic modeling of blown arc plasma 
sources, the magneto-hydrodynamic description of a three 
dimensional and transient plasma (out of local thermodynamic 
equilibrium), which involves different scales of space and time, 
still requires many efforts to account for the effects previously 
evoked. 
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