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Wear at the electrode surfaces of a one-cathode plasma torch changes the characteristic fluctuation
pattern of the plasma jet. This affects the trajectory of the particles injected into the plasma jet in a non-
controllable way, which degrades the reproducibility of the process. Time-based voltage measurements
and Fourier analysis were carried out on a one-cathode F4 torch at different wear conditions to deter-
mine the evolution of wear dependant characteristics. A significant correlation is observed between
increasing torch wear and decreasing voltage roughness and high frequency noise. Furthermore, by
means of particle diagnostic systems, the change in the particle velocity and temperature has been
measured. The variations of the particle characteristics are significant and thus an influence on the
sprayed coating microstructure is to be expected.
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1. Introduction

Plasma spraying is a well-established process to
manufacture coatings. Powder particles, suspended in a
carrier gas, are injected into a plasma jet, generated within
the plasma torch by an electric arc discharge. The particles,
after being melted and accelerated in the plasma, impact
onto the substrate to form individual lamellae, the stacking
of which forming the coating. One-cathode plasma torches
are widely used, wherein the arc is generated between a
centered cathode and a coaxial cylindrical anode. The
plasma gas is axially injected along the cathode tip and thus
the arc segment connecting its central core to the anode
wall is exposed to the transverse gas flow.

The formation and behavior of the arc have been
intensively investigated (Ref 1). The instantaneous arc
morphology and the time-dependent voltage waveform are
found to be strongly correlated to each other. This allows

investigating the arc performance by analyzing the torch
voltage fluctuations. The arc core dynamics are particularly
dependent on the plasma gas flow rate and composition as
well as on the arc current. Three basic dynamic modes of
the arc operation can be defined (Ref 2): with an increasing
mean voltage, from a nearly constant voltage (steady
mode), passing through a sinusoidal waveform of low
amplitudes (takeover mode) up to the random, intensively
fluctuating restrike mode. These operating modes are
correlated with the thickness and the temperature of the
cold-gas boundary layer between the arc and the anode
nozzle wall. Anode wear is studied in Ref 2 showing that it
leads to a thinner boundary layer and a reduced motion of
the arc root. In Ref 3 it has been found, that in a one-
cathode torch and for the considered all argon gas flows,
those arc fluctuations of low frequency (100 and 300 Hz)
are mainly caused by the rectification of the power supply,
with higher frequency fluctuations at about 4 kHz, but with
lower amplitude superimposed to the signal. In contrast,
using nitrogen as secondary plasma gas, the influence of the
arc restrike mode dominates the voltage waveform.

Arc fluctuations affect the performance of the plasma
jet and thus the in-flight characteristics of the injected
particles. In Ref 4 time resolved diagnostic measurements
of the individual particle velocities and temperatures were
carried out and correlated to the instantaneous voltage
difference between the electrodes. The time-dependent
variations in particle temperature and velocity due to the
power fluctuation induced by the arc movements were
found to be very large when plasma torch operates under
restrike mode (Dp/p� 100%). When operating under take
over mode, those fluctuations decrease but still remain
fairly large (Dp/p� 30%). So the arc dynamics are a prime
source of broadening the distribution of particle in-flight
characteristics. As a consequence the deposition rate and
the microstructure of the sprayed coating are affected.
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Thus a higher jet fluctuation leads to an increased
porosity, a higher content of partially or not melted par-
ticles as well as to lower deposition rates (Ref 5). In Ref 6
correlations between torch power, arc root fluctuations
and in-flight particle characteristics were identified oper-
ating the process at constant current. However, these
latter results were assessed to be still not sufficient for an
accurate control of the spray process.

Not only the time-dependent voltage waveform, but
also its spectra in the frequency domain were used to
obtain characteristic values of the wear state in torch
electrodes. The comparison of the voltage evolutions in
the time domain of a new and an eroded anode (Ref 7)
shows decreasing standard deviations and shallower saw-
tooth shape profiles in the worn state. Variances of the
peaks between 5 and 11 kHz are observed when operation
conditions (plasma gases, current) are changed or when
the anode is eroding. But the effects thereby modifying
such peaks could not be clarified completely. In Ref 8 is
shown that the time-dependent evolutions of the mean
voltage display a steady light decrease followed by a sharp
drop and unstable course after fatal erosion has occurred.
In the frequency domain three peaks between 4 and 9 kHz
are observed. With cumulating ignitions increasing
amplitudes of the first and the third peak are observed and
mainly correlated with cathode effects. A second long-
term experiment with fewer ignitions shows a frequency
shift of the first peak, which is assigned to anode wear.
Generally the observed peaks give only slight response on
increasing electrode wear. Only final catastrophic erosion
might be detectable on this basis.

Frequency and amplitudes of the voltage spectra peaks in
the range of 4 and 11 kHz (in the following called main
peaks) are significantly determined by the plasma gas flow
rate and composition as well as the electrodes geometry (Ref
7). This complicates accurate wear detection and process
monitoring using spectra analysis in this frequency range.

In the present paper, an alternative way is presented:
instead of considering the main peaks, the high frequency
range (above 20 kHz) is investigated. It is found that the
evolution of this range can be closely correlated to the
macroscopic motion of the arc root along the anode sur-
face, and thus characterizes the wear of the latter.

2. Time-Based Voltage Measurements
and Power Spectra Analysis

Experiments were conducted on an A3000 atmospheric
plasma spraying facility equipped with a one-cathode F4
gun (Sulzer Metco AG, Wohlen, Switzerland). For each
experiment the torch electric efficiency g was estimated by
the measurement of the temperature change between
output and input of the known mass flow of cooling water.
By means of a digital oscilloscope connected to a personal
computer, series of N = 211 = 2048 consecutive voltage val-
ues DVi were measured, with a time resolution of Dt = 2 ls.

After a previous investigation of the influence on fluc-
tuations by plasma gas diatomic species (H2 and N2), mass

flow and electric current, the three cases of Table 1 were
selected. The measured efficiency is g� 60% for the three
cases. The evolution of each case has been tracked for a
new torch (anode and cathode) and after 5, 10, 15, 20, 25,
and above 25 h of operation, the latter denoted ‘‘very
worn’’ hereafter. The number of ignitions was, respec-
tively, 1, 14, 19, 23, 28, 40, and above 43.

At each wear stage the three considered cases were
measured consecutively. After visual inspection, the ero-
sion on the anode was more developed than on the cath-
ode (due in part to the lower total number of torch
ignitions, 45, during the investigation). Therefore, the
main torch wear will refer to the anode for the following.
Actually the largest anode erosion is to be expected for
the case with H2 (case 1), due to the strongest plasma core
constriction and the resulting higher power density (Ref
9). The two other cases with N2 have been selected for
investigating if the erosion already created under case 1
can also be detected when using other gas species.

For each time-voltage series measured a standard Fast
Fourier Transform (FFT) was carried out (Ref 10). For
the time resolution Dt = 2 ls, at each frequency x

x ¼ i
2p

NDt
ði ¼ 1, . . . ,N=2 ¼ 1024Þ ðEq 1Þ

the sum of the squared cosine component and squared
sine component of the FFT is determined: the resulting
function of x is called the power spectrum S(x) and it will
be represented double logarithmically. Also the mean
voltage DVave as well as the voltage roughness Ra are
calculated for each series according to

DVave ¼
1

N

XN

i¼1
DVi ; Ra ¼

1

N

XN

i¼1
DVi � DVavej j ðEq 2Þ

where DVi represents the voltage value at time iDt.
Roughness Ra is a global characterization of the scale in
voltage fluctuation. The power spectrum, additionally,
allows detecting not only the main frequencies contained
in the voltage oscillation, but also the change in behavior
of the noise background on which the main frequencies
appear as pronounced peaks. Here ‘‘noise’’ is to be
understood as processes occurring at time scales much
smaller than those resolved in the experimental mea-
surement but which can be effectively described through
random variables, since their details are not relevant in the
resolved scale.

In order to avoid masking this characteristic noise sig-
nal by an actually pure random fluctuation, 5 up to 8
power spectra were considered for each case and wear
stage; i.e., 5-8 time-voltage series were measured for each

Table 1 Considered spraying cases (gas species, mass
flow, and electric current)

Case
Gas flow,

slpm Current, A
Total flow
rate, slpm

H2 or N2

fraction

1 50.0/8.0 Ar/H2 500 58.0 0.160
2 50.0/11.2 Ar/N2 500 61.2 0.224
3 30.0/11.2 Ar/N2 300 41.2 0.373
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considered case. The average S(x)h i of the corresponding
power spectra was calculated, with a resulting enhance-
ment in the structure of the high frequency range (Fig. 1a
and b). Further, in order to filter out those Fourier com-
ponents, which cannot correspond to any relevant physical
effect (since too fast), an upper cutoff of 80 kHz has been
implemented. Although theoretically such cutoff could be
chosen up to a frequency of 250 kHz (corresponding to
twice the smallest time scale measured), above 100 kHz
the power spectrum displays a nearly horizontal progres-
sion, without any kind of structure (corresponding thus to
white noise) and between 80 and 100 kHz the electric
power unit produces an artificial peak (Fig. 2). The
repeated series measurement allows also estimating the
standard deviation for the mean voltage and the roughness
(Eq. 2).

On the one hand, the resulting averaged power
spectrum displays two main peaks where the second
lower peak corresponds to the harmonic value (double

frequency) of the first one within the frequency resolution
determined by Dt = 2 ls (Fig. 1), and on the other hand,
the high frequency FFT components (above frequency
f = 20 kHz, range )2 £ ln x £ )1 with x = 2pf measured in
1 ls)1 = 103 kHz) are gradually suppressed with increasing
wear, feature particularly pronounced in the Ar/H2 case.
This latter effect can be quantitatively described by the
fitting of the whole averaged power spectrum (in double
logarithmic representation and up to a frequency of
80 kHz) to a second-order polynomial (since the main
peaks yield a negligible contribution to the fitting com-
pared to the noise background), as follows:

ln SðxÞh i ¼ c0 þ c1 lnxþ c2ðlnxÞ2 ðEq 3Þ

with c0, c1, and c2 the fitting constant parameters. The
curvature change is characterized through the evolution of
the (negative) parameter c2.

The results are presented in Table 2. With increasing
wear (denoted by the number of operation hours), there is
no appreciable evolution in the localization of the two
main frequency peaks: these remain at the same values.
Only for a significantly worn anode the height of the
second harmonic is strongly decreased. Hence, to consider
only the evolution in the voltage spectrum main peaks
does not yield an accurate form to track the anode wear.
This conclusion holds even for the Ar/H2 case, where a
more efficient anode erosion, and thus a stronger arc root
anchoring, is to be expected due to the more pronounced
constriction of the plasma core (Ref 9).

In the Ar/H2 case (case 1) nevertheless, the measured
voltage roughness and the curvature of the high frequency
noise in the power spectrum do markedly change with
growing wear. Since also the mean voltage slightly changes
with increasing anode erosion, in order to compare dif-
ferent situations to each other a normalized roughness na

is defined as the quotient between the voltage roughness
Ra and the mean voltage DVave as follows

na ¼ 100
Ra

DVave
ðEq 4Þ

The evolutions of power spectrum curvature and
normalized roughness are represented in Fig. 3 for the
Ar/H2 flow (case 1 of Table 1). For this case, with
increasing wear the power spectrum�s c2 fitting parameter
also exhibits monotonic increase whereas the normalized
roughness, after reaching a maximum, decreases; the
correlation coefficient of both parameters to the number
of operation hours is quite good (Fig. 3). The decrease of
c2 results from the gradual suppression of the voltage�s
Fourier components in the range above 20 kHz. Since the
voltage fluctuation is due to the motion of the arc root
along the anode surface, such strength decrease in high
frequency indicates a growing anchoring of the arc root
at the anode wall due to its erosion when operating in
case 1 conditions. The second effect, the decrease in the
normalized roughness na after a maximum in case 1, can
be used to determine the anode erosion stage when
operating with Ar/H2: after measuring na initially (when
the anode wall is new), the normalized roughness is

Fig. 1 For case 1, (a) (above) power spectrum from only one
time-voltage series and with a new anode. (b) Averaged power
spectra with new anode; and (c) (below) after 20 h. Curves: fitting
to a second-order polynomial
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measured periodically and as soon as it goes below its
initial value, the anode wall can be considered to start
eroding appreciably. This effect should be accompanied
by the steady increase in the power spectrum�s curvature.

In cases 2 and 3 (data in Table 2), the two aforemen-
tioned effects are not so pronounced. A probable expla-
nation for this absence is a shorter plasma core (in
downstream direction), unable thus to reach the devel-
oping wall depression created by the arc during operation
in case 1. For a given power and mass flow, the plasma arc
adjusts itself to a radial and longitudinal size which mini-
mizes the entropy production rate (Ref 9). For that, the
heat transfer from the core to the anode wall, which is
being cooled down externally, has to be reduced at most.
The degree of core constriction is mainly controlled by the
thermal conductivity of the plasma gas mixture at the flow
temperature near the anode wall. Both H2 and N2 have a
relative high thermal conductivity below 7000 K, due to
the molecular dissociation (Ref 11). As such dissociation
occurs at a lower temperature in the case of H2, the
resulting core constriction is more pronounced in this
latter case.

Fig. 2 Average power spectrum after 20 h for the three cases considered. For frequencies above 80 kHz, the spectrum contains an
artificial peak and above 100 kHz becomes rather horizontal, characteristic of a white noise. The first and third spectrums are displaced
by three units vertically, upwards and downwards respectively

Table 2 Evolution of mean voltage (DVave), roughness
(Ra), power spectrum curvature (|c2|), and main peak
frequencies for different wear stages (in operation hours)
in a F4 torch for the cases given in Table 1

Case DVave, V Ra, V |c2| Main freq., kHz

New 1 68.6 ± 0.3 10.2 ± 0.5 0.2019 4.15, 8.06
2 65.0 ± 0.5 11.4 ± 0.4 0.2919 3.42, 6.59
3 66.8 ± 0.5 10.0 ± 0.3 0.2272 2.44, 5.13

5 h 1 67.8 ± 0.2 11.3 ± 0.6 0.2289 4.15, 8.06
2 65.4 ± 0.4 11.6 ± 0.4 0.3154 3.42, 6.59
3 67.3 ± 0.7 10.4 ± 0.5 0.2425 2.69, 5.13

10 h 1 69.1 ± 0.5 11.1 ± 0.5 0.2268 3.91, 8.06
2 66.6 ± 0.4 11.3 ± 0.2 0.2958 3.42, 6.59
3 67.6 ± 0.3 10.3 ± 0.3 0.2475 2.44, 5.13

15 h 1 67.3 ± 0.7 10.2 ± 0.6 0.2738 3.91, 8.06
2 65.8 ± 0.6 11.4 ± 0.4 0.3501 3.42, 6.59
3 67.3 ± 0.2 9.9 ± 0.4 0.2516 2.44, 5.13

20 h 1 66.3 ± 0.3 10.1 ± 0.8 0.2805 3.91, 7.81
2 66.2 ± 0.2 11.3 ± 0.4 0.2847 3.42, 6.59
3 67.4 ± 0.4 9.5 ± 0.3 0.2918 2.44, 4.88

25 h 1 65.8 ± 0.3 9.6 ± 0.7 0.3157 3.91, 7.81
2 66.2 ± 0.2 11.3 ± 0.4 0.3236 3.42, 6.59
3 67.1 ± 0.3 9.1 ± 0.3 0.2921 2.44

>25 h 1 65.0 ± 0.2 8.5 ± 0.2 0.3063 3.91, 6.59
2 64.4 ± 0.5 10.1 ± 0.4 0.3155 3.42, 6.35
3 64.8 ± 0.5 9.5 ± 0.6 0.3195 2.69

For the two last wear stages, case 3 displays almost only one main
frequency

Fig. 3 Time evolution of power spectrum curvature |c2| and
normalized voltage roughness na for the case 1 of Table 1
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Hence the Ar/N2 case 2 can afford to expand a little bit
more radially than in case 1 and thus does not require a
longer core in longitudinal direction to store the power
being injected into the torch (slightly lower than in case 1,
see DVave in Table 2). Nevertheless, a shorter core means
also that the location of the eroded depression being built
in case 1 cannot be reached in case 2 (or only at the
largest fluctuations). Thus arc root can move more freely.
Additionally, the less radially constricted core in case 2
leads to a lower temperature within the core (higher mass
density) and therefore a lower gas velocity for a given
mass flow. Such decreased velocity ‘‘pushes’’ more slowly
the arc downstream and yields a lower fluctuation fre-
quency as in case 1 (compare main peaks in Table 2). In
case 3, for its part, the mass flow already lower than in
case 1 and 2 leads also to a lower gas velocity and its
directly responsible for the lower values in the main peaks
of the spectrum.

Finally, it is worth noting that the frequency range,
where the gradual suppression of power spectrum com-
ponents is observed, corresponds well to that for an arc
core motion on the anode wall in azimuthal direction; i.e.,
without moving further downstream. Such a motion is
created by the swirl component in the gas velocity, cal-
culated from the injection velocity Vinj of the gas into the
torch. It will be assumed that this swirl component re-
mains almost unchanged in downstream direction. Since
the maximal length scale for this motion before being
interrupted is about half the torch nozzle circumference,
the lowest time scale s can be expressed as follows:

1

s
� Vinj sin hswirl

p rnoz
ðEq 5Þ

This corresponds to a value of about 1.5 kHz for a swirl
angle of hswirl = 30�, a torch nozzle radius rnoz = 3 mm and a
velocity of Vinj = 26 m/s (which corresponds to 50 slpm
Ar). A shorter covered arc of about 15� in azimuthal
direction (Ref 2) leads to fluctuation frequencies in the
order of 15 kHz.

As already mentioned, for the Ar/H2 case where the
anode wear is the strongest, the evolution of the normal-
ized voltage roughness na can be used as a reliable crite-
rion for anode erosion when after an initial increase, the
value of na starts decreasing and descends below its start
value. A further characterization for the onset of anode
erosion is discussed in the following section.

3. Curvature Analysis of Particle
Temperature Distributions

As described previously the azimuthal symmetry of the
arc root movements is distorted by anode erosion.
Through this, transfer of kinetic and thermal energy to the
injected powder particles is affected. Therefore in-flight
measurements of particle characteristics should give
information on the significance of this impact. These
measurements were performed by a DPV-2000 diagnostic
system (TECNAR Automation Ltd., St-Bruno, QC,

Canada) on a 7 · 7 point grid in a x,y-plane normal to the
gun axis at the spray distance. The grid was dimensioned
12 · 12 mm2 and measurement time was 5 s per grid point
so that up to approximately 500 particles were captured
ensuring sufficient statistical support of the mean values.
The powder was an Aluminate with particle diameters of
+32 )80 lm; the F4 gun was operated at standard
parameters (current 660 A, power 41 kW and plasma ga-
ses 40/10 slpm Ar/H2).

Figures 4 and 5 show the measurement results using a
F4 gun equipped with a new or with an eroded anode,
respectively. The comparison of the measured tempera-
tures indicates that for the worn state the maximum is
shifted upwardly and the distribution appears distorted. In
order to quantify the latter effect, the values were
approximated by a second order regression polynomial
R yielding reasonable coefficients of correlation (i.e.,
r2 > 0.85):

Rðx; yÞ ¼
X2

i¼0

X2

j¼0
aijxiyj ðEq 6Þ

where x is the horizontal and y the vertical coordinate,
respectively, and aij are the polynomial coefficients. Sub-
sequently the curvature characteristics of the regression
surface are evaluated at the maximum point (x0, y0). Here
the surface normal vector is vertical upon the x-y-plane,
which is expressed by:

@R
@x

����
x¼x0
y¼y0

¼ 0;
@R
@y

����
x¼x0
y¼y0

¼ 0 ðEq 7Þ

These conditions lead to a nonlinear system of equa-
tions, which is to be solved numerically for the maximum

Fig. 4 Measured distribution of particle temperatures in spray
distance (a), regression (b) and curvature analysis (c); F4 gun
with new anode
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coordinates (x0, y0). In the neighborhood of this point the
surface can be approximated by a Taylor series expansion
containing two quadratic and one bilinear component.
Turning the coordinate system, there is one orientation at
which the latter vanishes and the two quadratic compo-
nents become maximum and minimum, respectively. This
complies with the diagonalization of the coefficient matrix.
The remaining components represent two superposed
cylinder surfaces with their axes being perpendicular to
each other. The reciprocal cylinder radii are called main
curvatures and their alignments are the main curvature
directions. To calculate them, some differential geometric
relationships are used. Initially, the coefficients of the first
fundamental form describing the metric characteristics of
the surface are to be determined. It can be expressed as
follows:

E ¼ 1þ @R
@x

� �2

; F ¼ @R
@x
@R
@y
; G ¼ 1þ @R

@y

� �2

ðEq 8Þ

Furthermore the coefficients of the second fundamental
form describe the curvature characteristics of the surface
and correspond to:

L ¼
@2R
@x2

� �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
EG� F 2
p ; M ¼

@2R
@x@y

� �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
EG� F 2
p ; N ¼

@2R
@y2

� �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
EG� F 2
p

ðEq 9Þ
Both the main curvature directions (k, l)I,II being normal
to each other can be calculated from the following qua-
dratic equation:

k2ðFN � GMÞ þ klðEN � GLÞ þ l2ðEM � FLÞ ¼ 0

The absolute curvature values kI and kII are obtained from
the Gaussian curvature as follows:

K ¼ LN �M2

EG� F 2
¼ kIkII ðEq 10Þ

and from the mean curvature it comes:

H ¼ LG� 2FM þ EN
2ðEG� F 2Þ ¼ 1

2
ðkI þ kIIÞ ðEq 11Þ

via the following quadratic equation:

k2 � 2Hk þ K ¼ 0 ðEq 12Þ
The maxima points and the main curvature directions are
indicated in the contour plots in Figs. 4c and 5c. For the
new anode the absolute curvatures are of the same mag-
nitude, so the contour ellipses are approximately circular
shaped. In contrast the plots of the eroded state show
stretched contour ellipses due to the significant difference
of the main curvatures. Thus, the ratio of the main cur-
vatures is a significant indicator for anode erosion. It is
proposed to use the following criterion to estimate quan-
titatively relevant anode erosion:

kI � kII
kI þ kII

����

���� > 0:5 ðEq 13Þ

In the examples shown above this characteristic value is
0.2 (<5 h) for the new anode and 2.0 for the eroded anode
(‘‘very worn’’), respectively. The proposed threshold of 0.5
may be adapted individually to specific applications
whereto some more experience is still to be collected.

Particle velocity distributions are also affected by an-
ode erosion, but the impacts on the particle temperatures
are more obvious. Hence, curvature analysis of particle
temperature distribution is a feasible method to estimate
the wear state of one-cathode plasma torches. The results
also emphasize that anode erosion is a variable strongly
influencing the in-flight particle state and thus the char-
acteristics of the coatings.

4. Conclusions

Two different diagnostic procedures have been pre-
sented to estimate the wear stage of the anode in a
single cathode plasma torch. The first one is based on
the power spectrum analysis of the torch voltage and
tracks the wear through the steady increase in the
suppression of high frequency components. In the sec-
ond technique, the development of anode erosion is
mirrored in the symmetry loss for the spatial distribu-
tion in the measured temperature of particles injected
into the plasma.

During thermal spray production, monitoring the wear
state of the electrodes by voltage measurement method
will be the easiest way for many applications. It can be
done continuously without interrupting the process.
However, a series of measurements during the lifetime of
the electrodes is necessary as the detection of wear is
based on the evaluation of the development of the mea-
sured values. Furthermore, it is necessary to have avail-
able a sequence of measurements under similar spray

Fig. 5 Measured distribution of particle temperatures in spray
distance (a), regression (b) and curvature analysis (c); F4 gun with
eroded anode
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parameters. In contrast, the alternative method based on
particle temperature measurements yields an absolute
criterion to assess the state of the gun. Only one set of
measurement at any one time is needed. This may be an
advantage if there is no sequence of measurements
available.
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