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Diagnostics and Modeling of an Argon/Helium
Plasma Spray Process
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The natural instability of the arc in direct current (DC) plasma torches used in spray processing is one of
the most important causes for variations in heating of sprayed particles, leading to inconsistencies in the final
coating quality. A relatively simple diagnostic system has been set up to monitor the plasma jet instability,
as well as some important process characteristics. Effects of the operating parameters and the anode
condition on properties of plasma jets, particle properties, and coatings have been measured. These results
show that the inconsistency caused by the jet instability influences the plasma spray process in several ways.
The coating porosity and the deposition efficiency can be correlated to an average jet length obtained from
a series of high speed images. Selected frequency peaks in the power spectrum of the acoustic signal are
correlated with the average jet length, and these results are used to derive a simple control scheme, which
adopts a fuzzy look-up model indicating the condition of the anode. Increasing the are current is the most
effective way to counteract the negative effects of anode erosion.

particles in-flight may be significantly modified by the fluctua-
tions of the plasma jet even for constant operating parameter
with corresponding variations in the coating properties. A
. schematic of the relationship between these components i
1. Introduction shown in Fig. 1. In the first part of this paper, experimental mea:
) ) . surements are described, which define relationships betweg
While plasma spraying has been a widely used technologypoperties of these components. The measurement results p
over the past decades, few inexpensive yet effective diagnoszented here include arc voltage, jet acoustic signal, jet appearan
tics and cont_rols are _|mpIem_ented for the industry. Most of the (length and width), in-flight particle properties (temperature and
recent work in the @agnostl(_:s and cc_)ntrol real_ms focuses ONyelocity), and coating properties (deposition efficiency and
detection of properties of particles, which are being spréyéd. porosity).
However, the variations in sprayed particle properties mainly * |5 the relationship and interactions between these spra
result from the plasma jet instability. Such influences of the process components were completely understood, a control sy
plasm.ajetinstabili.ty on the coating process'have peen recentfem could be developed, which would allow highly repro-
described>®l In this paper, results of an investigation are gyciple coatings for given operating conditions. However, one
presented, which describe the effects of the operating parays the main difficulties in designing feedback diagnostics and
meters and the anode condition on the measurable procesgynirols for plasma spraying is that the real process is highl
characteristics associated with each component of the SPray¥omplex, nonlinear, and with uncertain causal relations. Be
process. , . cause of the complexity and nonlinearity of the plasma spra:
Basically, the plasma spraying process can be divided intogysiem, empirical fuzzy logic models are used to simulate part
fqurcomponents: the electric arc, the plasma jet, the particles ings the plasma system and provide insights into the spra
flight, and the coating. The word “plasma” usually represents jrocess. In the second part of this paper, the fuzzy logic mode
the combination of the arc and the jet, but for diagnostics andanq their use in the interpretation of experimental results are de
control purposes, they must be distinguished. The characterisyeriped. In the fuzzy logic models, the anode condition is con
tics of these components are not only controlled by operating pasidered as the uncontrolled variable and the average jet leng
rameters, such as current, gas flow rate, powder feed rateyg the parameter to be controlled. Fuzzy models are created
standoff distancegtc., but also strongly affected by factors, rejate the current operating conditions and the inputs from se

which are less controlled, such as surface condition of the anodegqrs monitoring the system to determine both the condition o
entrainment of ambient air into the jetc.Furthermore, the char-  {he anode and the quality of the coatings.

acteristic of each mentioned component influences all the fol- - A} experimental results and the fuzzy logic models pre-
lowing phases. For example, the trajectory and temperature of thganted in this paper are obtained with argon/helium mixtures
as the plasma gas for specific torch configurations. Using a dif
- - - X ferent gas or gas mixture rather than argon or argon/heliu
Z. Duan andJ. Heberlein, Department of Mechanical Engineering,  mignt result in different plasma dynamic characteristics, and
University of Minnesota, Minneapolis, MN 55485, Beall, Praxair . .

the models may no longer be able to precisely describe th
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plied Sciences Corp., San Leandro, CA 94577; n®&tachowicz, process characteristics; however, it is well expected that simi
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Uncentrolled Controlled Measurable Table 1 Plasma torch operating conditions
Parameters: Inputs: Variables:

Plasma Parameters Settings
current fl > Htage d
anode surface current —p__Are_|—P zzl::‘éz ﬂ:llt)uati on Arc current 700 to 900 A
gas flow rate torch efficiency Gas mixture Ar/He: 60/00, 48/12, and 40/20 slm
gas composition dissipation energy Gas flow Straight, 20% vortex, and 100% vortex
Slow mode
entrai of atmospheric air #l Jet |- Jetgeometry .
et velocity Table 2 Tested anode conditions
enthalpy/temperature
light emissi L o .
l:fessf::sﬁ:f;“aﬁon Anode Ignition times Service time Depth of erosion
New <50 <10h <0.2 mm
e article trajectory In use P00 (20 h 0.4 mm
Powder size distribution—p{_ 210 | Dy Bad Burnt due to cooling failure 1.4 mm
powder feed rate particle tem perature
carrier gas flow rate
standoff distance = Coating |—> dePosition efficiency _tion is carried out with an optic_al microsc_ope and a compute_rized
traverse speed :‘;‘;‘gi{’;“m image analysis system. Coating porosity serves as the primary
substrate roughness unmelt density indication of the coating quality. The deposition efficiency of the
substrate temperature adhesion

spray system is also determined to reveal the torch performance.
The results are obtained by measuring the fraction of the mass,
Fig. 1 Diagram of the plasma spray process stages which is deposited when spraying on a rotating plate.
The LaserStrobe™ video system made by Control Vision Inc.
(Idaho Falls, ID) has been used to examine the plasma jet ap-
2. Experimental Setup and Conditions pearances in the plasma spray process. The images, obtained with
a high shutter speed (50 or 100 ns) CCD camera, are transferred
The investigations presented in this paper have been carried otto a computer with a frame grabber and stored on videotape. In
with a Praxair SG-100 (Praxair Surface Technologies, Appleton,the real time acquisition case, the maximum sampling rate is 15
WI) plasma spray torch operating in the subsonic mode with frames per s. These images are processed using customized NIH
anode #2083-720 and cathode #1083-720. Three different gas inilmage software (National Institute of Health, Bethesda, MD),
jectors have been used to achieve different vortex strengths in thwhich provides information about the plasma jet, such as the jet
arc gas flow. Praxair #3083-113 and #3083-112 have been used tlength and the jet width. These parameters are computed as the
obtain a full swirl flow and a full straight flow, respectively. The average value from 10 to 40 video frames of the jet.
third, custom-made gas injector can produce a flow condition with  The in-flight properties of the sprayed particles are measured
a 20% swirl component and an 80% straight flow component. Theusing the DPV-2000™ system obtained from TECNAR Au-
plasma gas is an argon/helium mixture, with a fixed total flow rate tomation Ltd. (Montreal, Canada), which uses infrared pyrome-
of 60 slm. The sprayed powder is Praxair ZRO-113/114, which istry along with a dual slit arrangement for time-of-flight
8 wt.% yttria, partially stabilized zirconia with a size range-of = measurements on individual particles. The system can provide
106A45 um. The standoff distance of the substrate for spraying is velocity, temperature, and size measurements of up to 220 indi-
set at 10 cm from the nozzle exit, and the measurements of the pavidual particles per second. The sensor head is mounted on a X-
ticle properties are also performed at this position. The operatingY scanner, which can move the measurement volume in both
parameters of the torch are varied in each test run to obtain dathorizontal and vertical directions. To obtain a two-dimensional
for an experimental matrix. The parameters, which are varied, in-distribution of the measured particle properties, the measurement
clude are current, plasma gas compositi@n, (atio of helium to volume has been moved on the surface, which is perpendicular to
argon), and gas flow mode. The ranges of the parameter values athe nozzle axis with an axial location at the mentioned standoff
listed in Table 1. Anode erosion has been identified as the uncondistance. For each operating condition, the measurement is per-
trolled parameter. All experiments have been performed with formed along a matrix of 8 9 points with a point-to-point dis-
three different anodes, each having various degrees of service timtance of 5 mm. The system samples data for 5 s at each measuring
and surface erosion, as listed in Table 2. point. To avoid random errors, the measurements at any measur-
Coatings are primarily deposited on’625x 2 mm mild steel ing point will be treated as no effective data if the system cannot
substrates. These substrates are prepared by ultrasonic cleanircumulatively capture more than 30 particles in the 5 s period.
to remove grease or machine oil deposits and grit blasting to  The acoustic signals are captured by a microphone with an
roughen the surface before spraying. The substrate is mounted caudio amplifier. The microphone has a smooth frequency re-
a rotating disk, orthogonal to the torch center line, and repeatedlysponse in the 20 to 20,000 Hz range. The microphone is directed
travels past the particle plume with a speed of 85 cm/s. The coattoward the torch nozzle exit and installed in a sound-insulating
ings are formed on the substrate over a 2 min spraying perioctube to prevent the capture of off-axis acoustic signals. Further-
without additional substrate cooling or preheating. more, sound-absorbing foam is positioned on the other side of
After the deposition, the substrates with coating have been cuthe plasma jet from the microphone to prevent the wall of the
and mounted using a cold setting epoxy and the cross sectionspray booth from echoing the plasma noise into the microphone
polished for microscopic examination. Metallographic examina- and creating interferences.

mechanical properties
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Both voltage and sound signal are collected by a Hewlett-
Packard 54540A (Hewlett-Packard, Colorado Springs, CO), four shows the same trend. On the other hand, the jet lengths a
channel oscilloscope which is remotely controlled by a computerwidths with a bad anode are obviously smaller than those wit

using the LabVIEW™ (National Instruments, Austin, TX) soft-

ware through a GPIB cable. Along with the amplified acoustic widths with a new anode are about 20 to 25% higher than tho
signal, the arc voltage is sampled with the oscilloscope using awith a bad anode. The main reason for this result is that the al
10X probe. Each signal contains 4096 points with a sampling ratewith an eroded anode is shorter and more unstable compared
of 50 kHz and can be real time processed and stored in the conthe one with a new anode; thus, the average voltage and the d

puter. LabVIEW™ software can conveniently perform spectral

analysis and mean and standard deviation calculations. For oni
set of data (ten acquisitions), the time for a simple processing pro-gas can also increase the jet length and width. The dependen
cedure (sampling 4096 data points, fast Fourier transform, ancof the jet length and width on the helium fraction is obtained with
displaying the results) is less than 30 s. A detailed discussion offull swirl flow and an arc current of 800 A. The helium increases

the signal analysis can be found in Ref 7 and 8.

3. Experimental Results

3.1 Jet Appearances

Figure 2 shows a typical plasma jet appearance obtained usinhelium only changes the arc gas properties in a limited range, t

the LaserStrod¥ video system with a shutter time of 50 ns. The
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from 22 to 29 mm with a bad anode, respectively. The jet widt

a new anode. With the same current, the jet lengths and the j
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sipated power are smaller with the eroded anode.
As shown in Fig. 4, increasing the helium fraction in the arc

the thermal conductivity of the plasma gas, therefore leading t¢
a higher arc voltage. However, the effects of the helium areg
strongly reduced when the anode is seriously eroded. The jg
width increases from 4.2 to 5.2 mm with the new anode, whilg
it only changes from 3.9 to 4.1 mm with the bad anode. The je
length shows the same characteristic. Since the addition g

arc will keep fluctuating between the well-defined spots in a

jet length and the jet width are considered as the primary charac-
teristics of the jet appearance. However, the results of the jet
length and width measurement would change if the setup of the
video system varies, since the outputimages are obtained throug
an optical aperture and a gain-adjustable CCD camera. ThereforeA
for all the experiments being performed, the aperture in the opti- g
cal system and the sensor gain for the CCD camera are fixed sé
that relative comparisons among the different operating condi- <
tions can be performed. Furthermore, the jet length and the jet €0
width data presented here are obtained by averaging 40 images @
Figure 3 shows the dependence of the average jet length an’J
the average jet width on the arc current with the new anode anc=
the bad anode. The results are obtained with full swirl flow and
a plasma gas flow rate of 48/12 slm of argon/helium. The jet
length and the jet width almost linearly increase with increasing
arc current, since the energy dissipation of the arc rises with the
increasing current. With the current rising from 700 to 900 A,
the jet length increases from 27 to 37 mm with a new anode anc_

Fig. 3 Jet length/width dependence on the arc current with a ne
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Fig. 2 Plasma jet appearance obtained using a 50 ns shutterdme: (
with a new anode ant) with a bad anode.
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strongly eroded anode; thus, the average voltage and energ  From both figures, it can be found that the particles are slightly
dissipation are more influenced by the erosion features of theseparated according to their size, because the large momentum of
anode than by the helium addition. the heavy particles makes them penetrate the viscous plasma jet
deeper compared to the small particles. The position where the
maximum temperature occurs does not match that of the maxi-
mum velocity. The fastest velocities appear, as expected, with the
The results obtained using the DPV-2000 system can be prelighter particles, while the highest temperatures are approximately
sented in the format of a contour plot, which shows the distribu- at the center of the measured particle distribution pattern. How-
tion of the measured variables on the scanning surface in a planever, comparing Fig. 6 with 5, some of the effects of the anode ero-
at a certain axial distance from the nozzle, as shown in Fig. 5sion can be seen. The maximum and average values of the particle
and 6. The measured variables here are measured number of petemperatures and velocities with a strongly eroded anode are
ticles, particle temperature, particle velocity, and particle size. Thelower than those with a new anode. Furthermore, the particle num-
temperature, the velocity, and the size are average values comnrber distribution in Fig. 6 shows a wider and more symmetric dis-
puted over the total number of measured particles at each positiortribution pattern, consistent with the fact that the anode erosion
The data for particle sizes are obtained using a single calibratiorenhances the fluctuations in particle heating and acceleration, by
factor without recalibration for different conditions. Therefore, the increasing the jet instability, and reduces the influences of swirl
presented particle sizes are not the real particle sizes but can kflow, by forcing the arc to fluctuate between well-defined spots.
considered proportional to the real ones, and provide relative com-  The contour plots such as Fig. 5 and 6 are too complex when
parisons. Figure 5 shows the results obtained with the new anodlarge amounts of data need to be compared. In this case, a con-
and Fig. 6 with the bad anode, both obtained at an axial locatiorvenient method is to use the weighted average temperatures and
10 cm downstream from the nozzle exit, with full swirl argon/ velocities. These values are obtained in the following way:
helium flow and a flow rate of 40/20 sIm, and a current of 900 A. multiplying the number of particles and the average temperature

3.2 In-Flight Particle Properties
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Fig. 5 Sprayed particle property distributions for a new anode
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Fig. 6 Sprayed particle property distributions for a bad anode

or velocity for each measuring position, summarizing these prod-dependence of the particle average temperatures and velociti
ucts and dividing the sum by the total number of particles on helium flow rates with different anodes, obtained with full
counted. In the following paragraphs, the effects of the operatingswirl flow and a current of 800 A. Consistent with the results for
conditions on the particle properties—mainly temperature andthe jet length and width, the particle temperatures and velocitie
velocity—will be discussed. All results presented refer to the increase with more helium in the plasma gas. But increasing he
weighted, average values, and are obtained at an axial distance dium flow also shows a reduced effect on particle properties
10 cm downstream from the nozzle exit. It should be noted thatwhen the anode is strongly eroded.
the DPV-2000 system has a limit in detecting low particle tem- By changing the gas injector, the plasma gas flow characte
peratures, so a lower-weighted average temperature means thistics are changed, which also strongly influences the particlg
there are more particles below the system detection limit, whichproperties. Figure 9, obtained with an arc current of 800 A anc
may not be molten. an argon/helium plasma gas flow rate of 48/12 slm, shows th

An increasing current raises the operating power level of theinfluence of the gas flow mode on the particle properties. An in
plasma torch, and therefore raises the particle temperatures ancreasing vortex strength will constrict the arc column, thus rais
velocities, as shown in Fig. 7. The results presented in Fig. 7 areéing the are voltage and operating power level, and increase t
obtained with full swirl flow and an argon/helium gas flow of particle temperatures and velocities. Here, the negative effect
48/12 slm. The particle temperatures and velocities increase alof anode erosion on the particle properties are shown again.
most linearly with increasing currents with all of the anodes in- should be noted, however, that increasing the percentage ¢
vestigated, but anode erosion decreases the particle temperaturvortex flow beyond 20% does not provide any further increase
and velocities basically by decreasing the plasma jet length andn average particle temperature and velocity.
width. A strongly eroded anode reduces the average patrticle
temperature value by up to 180 and the velocity value by up
to 10 m/s.

The relative amount of helium influences the particle proper-  Similar trends as those found in the plasma jet characteris
ties as it influences the jet length and width. Figure 8 shows thetics and the particle properties can be seen in the influence @

3.3 Coating Properties

Journal of Thermal Spray Technology Volume 9(2) June 20229
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Fig. 7 Dependence of the average particle temperature (T) and veloc-Fig. 9 Dependence of the average particle temperature (T) and veloc-
ity (V) on the arc current with a new anode, a used anode, and a badty (V) on the vortex strength with a new anode, a used anode, and a bad

anode anode
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Helium Fraction (%) Fig. 10 Dependence of the deposition efficiency and coating porosity

] ) on the arc current with a new anode (NA) and a bad anode (BA)
Fig. 8 Dependence of the average particle temperature (T) and veloc-

ity (V) on the helium fraction with a new anode, a used anode, and a bad
anode

) » similar information about the state of the plasma spray system,
the operating parameters and the anode conditions on the coapt the sound signal seems to provide some additional informa-
ing qualities. Figure 10 shows the effect of the arc current, tion, which cannot be found in the voltage signal. Because of
Fig. 11 the effect of the percentage of helium in the plasma gasthjs, the sound signal is selected as an indicator of the plasma
and Fig. 12 the effect of the flow mode (vortex strength). They {orch performance.
are obtained with the new anode and the bad anode usir]g ful  The power spectra of the sound (and voltage) signals show
swirl flow mode (except Fig. 12), a flow rate for argon/helium groups of peaks in certain frequency ranges, which seem to fol-
mixture of 40/20 slm (except Fig. 11), and a current of 900 A |\ distinct patterns depending on the condition of the anode.
(except Fig. 10). _ . _ _ For instance, the power spectrum of the sound signal typically

Animprovement in the coating qualities, which means anin- p5s two groups of peaks: one in the range from about 4 to 8 kHz
creasing deposition efficiency and a decreasing coating porosityand another in the range from 8 to 12 kHz. The first peak mirrors
occurs either with a high operating current or with a high con- the principal frequency of the voltage fluctuations and is there-
centration of helium in the plasma gas. The addition of helium fore jikely related to the arc length and are power variations. The
has a stronger effect with a new anode than with a stronglysecond peak is probably related to large-scale turbulence. Com-
eroded anode. The vortex also increases the deposition effiparisons of the widths and relative heights of this range of peaks

ciency and decrea_\ses the_ coating porosity by constricti_ng the arqave peen used to give an indication of the condition of the
column, thus leading to higher arc voltages and operating powelanode and the character of the plasma jet.

levels. Itis interesting to note that while the average particle tem-
peratures and velocities are not strongly influenced by increas- L
ing the fraction of vortex flow above 20%, the coating properties -1 Model Description

are affected by the increase. While the phenomenon mentioned above is easy to identify
visually in the power spectrum of the sound signal, it is difficult
4. Fuzzy Model to quantify. This quantification is obtained with the aid of func-
tions, which are part of the LabVIEW™ software. Using these
In previously reported resuftd the arc voltage and the sound functions, an average of ten spectral samples of the sound signal
signal obtained with a microphone have been shown to provideis calculated. The voltage fluctuation frequencies due to the

230—Volume 9(2) June 2000 Journal of Thermal Spray Technology
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Fig. 13 Processed acoustic spectrum

50 4 30
N E=E .
& _— i
& 40 i e B rule might look like the following (Ref 10): IF Arc Current is
g 35 £ el 15 § Mediumand Total Flow Rate isow and Ar/He Ratio i#ver-
L= R e o S ageand Sound Peak Ratiolisrge, THEN Anode Condition is
s R o s > Poor. The linguistic terms in fuzzy logic rules are described
A s —e - Porosity-NA ]S 5 using membership functions. For each variable, which is de
" > PorsiyBAYL, scribed in a fuzzy logic system, membership is graded to an
000 200 400 60.0 800 100 value in the normal operating range of the variable. Figure 14
Vortex (%) shows the membership functions, which have been used to d¢

scribe the variables for this project.
Since the ranges of the input and output variables for the sy
tems are well known, a Table Look-up Method (Ref 10) has bee
used for designing the fuzzy system. This method uses input-ou
put data from a process to create a fuzzy model of the proces|
power supply are eliminated with a high pass filter with a cut-off With knowledge of the typical ranges of the operating parameters
frequency of 2 kHz. an informative linguistic description of the variables involved has
To identify the frequency ranges of the characteristic peaks,been created. In modeling parts of the plasma spray system, t
two fifth degree polynomial functions are fitted to the filtered fuzzy models have been created. The first model relates input da
spectral data to describe two central peaks. The first functioncontaining the operating conditions and sound information to thg
maps the data up to 8 kHz, and the second function maps the daicondition of the anode. The second fuzzy model relates the ope
from 8 kHz and above. In addition, the width for each of the ating conditions and sound information to the arc length.
peaks is calculated by locating the points on the polynomial
fur)ction, where the function has a value equal to 0.75 times they 5 5ond Peak Ratio as an Indicator of Anode
height of the peak. Figure 13 shows an example of the processe ~ynitions
sound signal containing the filtered power spectrum, the two fit-
ting polynomial functions, the two peaks indicated by the dots,  The first fuzzy system has been created from a data set co
and the widths represented by the horizontal lines. The sounctaining four input, the arc current, the total flow rate, the Ar/He
peak ratio discussed later is the ratio of the height of the first toratio, and the ratio of the peaks in the sound spectrum (Fig. 14
that of the second peak. and one output, the condition of the anode. In the data set, t
The sound signals are processed on-line and simultaneouslcondition of the anode is represented by a number that range
with the images captured by the LaserStrobe™ video systemfrom 0 to 10, where 0 represents a very poor anode and 10 re
providing information about jet geometries. In particular, com- resents a brand new anode.
parisons are obtained with the average jet length for each of the  This model is a four input, one output system, so it is difficult
operating conditions. As shown in the previous section, there isto display the results on a single graph. One way to visualize th
a strong correlation between this jet property and the coatingresults is to keep some of the inputs constant and plot the mod
quality. Consequently, correlation of the sensor measurementwith the other variables allowed to vary. Figure 15 shows the re
with these values gives a way to indirectly evaluate coating prop-sults of plotting theAnode Conditioras a function of thérc
erties during runtime. Currentand the sounBeak Ratioln this plot, the total flow rate
Since the plasma spraying process is nonlinear and very comis kept constant at 60 sIm, and the Ar/He ratio is 4 to 1; these al
plex, fuzzy logic models have been used to help interpret the datihe typical operating conditions used with our torch. The high
collected during experimentation. A fuzzy logic model uses lin- areas of the graph indicate points where the anode condition
guistic rules to describe the correlation between input and out-good, and the low points show areas consistent with a poo
put variables. In the plasma spray system, a typical fuzzy logicanode condition.

Fig. 12 Dependence of the deposition efficiency and coating porosity
on the vortex strength with a new anode (NA) and a bad anode (BA)
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Fig. 14 Membership functions used in the fuzzy logic model

graphs plotting the average length of the plasma jet as a function
of the He/Ar ratio and the are current. In the series of graphs, the
sound peak ratio is allowed to range from 0.5 in the first graph
to 1 in the second graph to 2 in the final graph. Based on the re-
sults from Fig. 15, the conditions shown in the graphs in Fig. 16
are consistent with a good anode, a used anode, and a poor
anode, respectively.

From the first graph in Fig. 16(a), it can be seen that for an
anode in good condition, the average jet length can be increased,
by increasing the arc current or the He/Ar ratio. In Fig. 16(b), it
can be seen that the current still has a strong influence on the av-
erage jet length, but the He/Ar ration has less of an effect. Fi-
nally, in Fig. 16(c), we see that the He/Ar ratio has little affect
on the jet length, and only very high currents produce high jet
lengths.

Based on the observations made from the models above, a
feedback control system is proposed for stabilizing the average

From Fig. 15, it can be seen that the ratio of the sound peak<arc length of the plasma jet. The control system uses the mea-
is a clear indication of the anode condition for are currents of surement of the average jet length as a feedback variable. The
600 A or above; at lower currents, the indication is less clear.control system compares this value to the desired jet length and
From Fig. 15, it is clear that small sound peak ratios are indica-performs the control based on the error. Information about the
tive of a new or good anode. Conversely, high sound peak ratioscurrent state of the anode, given by the sound peak ratio,
(1 and above) indicate an anode in poor shape. This informatiorprovides additional information to the controller. The anode con-
can be put to use for devising a feedback control system for &dition information can be used to scale parameters in the feed-

AN FRRHI ] pHE

Fig. 15 Anode condition as a function of sound peak ratio and current

plasma spray process. back controller, or the anode condition information could be
used to select a controller, which is tuned for the particular state
4.3 Counteracting Anode Erosion of the anode.

_ Based on the modeling information shown earlier (Fig. 15
The second fuzzy models relate the input parameters to theand 16), the feedback controller could be some sort of Propor-
average length of the plasma jet. Figure 16 shows a series otional-Integral-Derivative controller for cases when the anode is
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Fig. 16 Jet length models] for a new anodebj for a used anode,
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still in relatively good shape, since two control variables (current

and argon/helium ration) need to be adjusted. The controller car 5

simply increase the current (or the He/Ar ratio) when the jet

length error is positive and decrease the current (or the He/Ar

Journal of Thermal Spray Technology
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ratio) when the jet length error is negative. As the condition off
the anode worsens, the control would be performed using onl
the arc current, and the scaling of the controller would have tg
change.

pPaMaINaY 1984

5. Conclusions

Using a simple diagnostic system for monitoring the plasma
spray process, experimental results on jet appearances, in-flig
particle properties, and coating qualities with various operating
conditions and anode wear levels have been obtained. The me
sured results are used to establish the relationships between t
spray process components. With increasing currents and se
ondary gas flow rates, the coating qualities can be improved d
to a longer plasma jet and better heating of sprayed particles
This observation allows us to achieve an on-line diagnostic
which predicts the coating quality by monitoring the properties
of the plasma jet. However, the anode condition affects jet, pal
ticle, and coating properties even for constant operating parg
meters. A strongly eroded anode significantly reduces the jg
length, thus resulting in reduced particle heating and increase
coating porosity. Accordingly, different anode conditions re-
quire a different set of values for the operating parameters fo
optimal torch operation.

Based on experimental observations and frequency analysi
the power spectrum of the acoustic signals associated with th
spray torch appears to be the most appropriate process indicat
With a system requiring a microphone and a personal compute
a simple fuzzy model can be used to describe the effects of t
operating parameters on the jet lengths with different anode co
ditions. The fuzzy model can also provide a strategy to on-ling
monitor the anode condition using acoustic spectra, thus adjus
ments to counteract the anode erosion. This strategy can serve
the basis of a feedback control system, which stabilizes the a
erage length of the plasma jet. Although the results in this paps
are obtained with a specific torch, the evolution of the various
parametric dependencies should apply to most DC plasma spr3
torches. In particular, it is believed that sound peak ratios and je
lengths can be related to anode condition and coating porosi
and can thus be used as process control variables.
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