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In-flight measurement of the surface temperature of plasma-sprayed particles is important for the cor- 
relation of particle characteristics to coating structure and properties. However, the use of optical py- 
rometry for particle surface temperature measurement has inherent uncertainties due to nonthermal 
emission signals in the plasma/particle plume. This nonthermal signal is especially bothersome near the 
torch exit and in regions of the plume where there are few particles. This work presents measurements of 
the nonthermal signals present when making temperature measurements of plasma-sprayed molybde- 
num particles. Changes in the nonthermal emission signals were found to be caused by particle vapor, the 
spectral plasma loading effect, and particle reflection of plasma light. Care must be taken to avoid parti- 
cle temperature errors due to these effects. 

Keywords diagnostic, line emission, nonthermal correction, particle 
pyrometry 

1. Introduction 

The temperature of plasma-sprayed particles is an important 
parameter to be measured for better understanding of the 
plasma-spraying process. Particle temperature has been shown 
to be an important parameter in predicting particle flattening 
(Ref 1) and is thought to play a major role in coating formation 
(Ref 2). An accurate measurement of particle temperature is 
needed in order to determine a reliable correlation between in- 
flight particle temperatures, and coating structure and proper- 
ties. In order to model the plasma-spray process, an 
understanding of heat transfer between the plasma and the parti- 
cles is necessary to improve the accuracy of plasma-particle in- 
teraction modeling. Thus, an accurate measure of particle 
temperature in flight will help in understanding the phenomena 
before and after impact of the particle against the substrate. 

The measurement of particle temperature by optical py- 
rometry has been accomplished by researchers using various 
methods. For example, see Ref 3 to 5. Inherent in the optical py- 
rometric method are sources of error in the temperature calcula- 
tion. The error arises from the collection and analysis of the 
optical emission signal. Along with the particle thermal emis- 
sion signal, other "nonthermal" emission signals are collected. 
Failure to identify and remove the nonthermal signals leads to 
errors in calculating particle surface temperatures (Ref 6, 7). 
The effect of nonthermal signals is especially large near the 
plasma torch exit or in regions where there are few or relatively 
cool particles. Therefore, it is necessary to identify the nonther- 
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mal signals and to devise a way of subtracting them from the col- 
lected optical signals used for particle pyrometry, in order to im- 
prove particle surface temperature measurements. 

The work presented here describes a method for identifying 
and quantifying the nonthermal signals present in the spectra 
collected. Molybdenum particles in an argon-helium plasma 
were investigated. The method involves the quantification of 
particle masking, the optical plasma loading effect, and the par- 
ticle-reflected plasma light signal. In addition, the particle vapor 
signal was analyzed to determine the species composition and 
the line emission behavior of the radiating vapor. The measure- 
ments helped define a method for subtracting the nonthermal 
signals from the raw data, which improved the accuracy of par- 
ticle temperature calculations. This subtraction method is pre- 
sented in an accompanying paper (Ref 6). 

2. Background 

An optical pyrometer uses measurement of the thermal radia- 
tion emitted from an object to determine the temperature of the 
surface of that object. The relation between the spectral thermal 
emission and the temperature of a particle is determined by the 
specific thermal radiative properties of the material and the laws 
of thermal radiation heat transfer. The spectral or wavelength 
distribution of the emitted thermal flux is given by the Planck 
equation 

M x = e(T,L)cl)~-5[exp (cz/LT) - 1]-I ( ~  1) 

where M~is the spectral thermal emission intensity, c I is the first 
radiation constant, c2 is the second radiation constant, )~ is the 
wavelength of the radiation, T is the absolute surface tempera- 
ture, and e(T,~,) is the proportionality factor for non-blackbodies 
known as the emittance, which is a function of wavelength 
and temperature. Collecting the emitted thermal radiation at 
a known wavelength from a particle with a known emittance 
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allows for the calculation of the particle surface temperature 
from the Planck equation. 

When collecting the thermal emission signal from particles 
in a plasma plume, several nonthermal signals are also collected, 
including: 

• The line and continuum emission from the plasma sur- 
rounding the particles in the optical detector sampling vol- 
ume 

• The line and continuum emission from the intensely bright 
arc and plasma in the throat of the gun which is reflected 
into the detector by the particles that act as radiation scatter- 
ers 

• The line and continuum emission from the vaporized parti- 
cle material that is spread throughout the plume 

Several authors have pointed out that the primary limitation 
in measuring particle thermal emission is the presence of the 
bright plasma near the exit of the plasma torch (Ref 3-5). Sakuta 
and Boulos (Ref 8) have calculated the relative intensities of 
plasma and particle emission in the detector field of view, in an 
effort to determine where the plasma signal drowns out the par- 
ticle thermal emission. Gougeon and Moreau (Ref 9) have cal- 
culated the amount of particle-reflected plasma light that is 
collected with the thermal emission. Their calculations showed 
that the particle-reflected radiation can represent a significant 
source of temperature calculation error. The smaller, cooler, and 
closer to the torch exit plane the particle is, the more significant 
the error. However, from a simulated particle radiation reflec- 
tion measurement, Prucha and Skarda (Ref 10) concluded that 
the plasma light scattered by the particles does not need to be 
considered for in-flight particle pyrometry. Clearly, more accu- 
rate measurement of the nonthermal signals present will help to 
better understand the limitations of in-flight particle pyrometry. 
Furthermore, if nonthermal signals can be subtracted from the 
raw collected signals, more accurate temperature measurements 
can be made. 

There are several sources of nonthermal line and continuum 
radiation in the particle-laden plasma plume. One is the plasma 
itself. The gases used for the primary, secondary, and powder- 
carrier gases are heated by the electric arc in the torch, and emit 
line and continuum radiation. Another source of radiation is the 
vapor produced by the vaporization of the outer surface of parti- 
cles in the hot plasma. Due to collisions with the hot plasma 
gases or the absorption of radiation from the plasma arc, energy 
is imparted to the vapor released from the particles. The excited 
vapor atoms then spontaneously decay to a lower energy state, 
producing characteristic radiation. 

For particle pyrometry measurements, it is necessary to 
know what nonthermal radiation signals are present in addition 
to the thermal emission from the particle surface, in order to 
make accurate particle temperature measurements. Two spectral 
signal measurements that can be made perpendicular to the tra- 
jectory of the plasma and particles are: the signal with the 
plasma only (particle feed off), and the signal with the plasma 
and particles (particle feed on). When particles are added to the 
plasma, changes in the emitted radiation spectrum result. The 
changes are due to thermal radiation from the particle surface, 
particle vapor radiation, particle masking of the plasma radia- 
tion, the spectral plasma loading effect, and the particle-re- 
flected plasma signal. 

The particle-masking effect occurs as particles pass through 
the collection volume of the detector. The light behind the parti- 
cles, either from the thermal emission of other particles or from 
nonthermal emission, is blocked from the detector by the opaque 
particle. Therefore, the radiation signal detected is reduced in 
proportion to the number and size of masking particles in the de- 
tection volume. 

The spectral plasma loading effect occurs when particles are 
introduced into the plasma. The plasma emission is decreased by 
two mechanisms. The first is from particles absorbing energy 
from the plasma by heat transfer. The decrease in plasma kinetic 
energy causes a subsequent decrease in plasma emission. The 
second mechanism whereby the spectral plasma loading effect 
modifies the collected radiation spectra is vapor absorption. The 
vapor which emanates from the rapidly heated particle surface 
absorbs some of the plasma radiation, thereby attenuating the 
plasma emission signal. 

A third effect that modifies the collected spectra is particle- 
reflected plasma radiation. As the particles pass through the de- 
tector collection volume, they act as scattering points for 
radiation traveling in the same direction as the particles ("head- 
on" radiation). The source of this radiation is primarily the in- 
tensely bright plasma arc struck between the anode and cathode 
in the plasma torch. The anode acts to reflect the arc radiation 
preferentially in the direction of the exiting plasma. The particle 
surface reflects the light from the arc through a 90 ° angle to the 
detector. In this way, light from the arc that is not detected with- 
out particles in the detection volume is detected when particles 
are present and act as scattering centers. So, by the particle-re- 
flected plasma radiation effect, the collected spectra are in- 
creased in intensity by the additional plasma radiation. 

3. Data Collection 

The plasma torch used for this experiment is the commer- 
cially available Miller Thermal, Inc. SG-100 (Miller Thermal 
Inc., Appleton, WI). The torch parameters used are listed in Ta- 
ble 1. The powder used was Miller Thermal AI-1013 (Miller 
Thermal Inc., Appleton, WI) molybdenum which was cut to a 63 
to 75 ~tm diameter size distribution. The powder feed rate was a 
relatively low 10 g/min. Spraying was carried out in the local at- 
mospheric pressure of 90 kPa. The argon and helium used were 
standard industrial grade with a purity of 99.995%. 

In order to gain an understanding of the various sources of  ra- 
diation present in the plasma-particle plume, optical sampling 
must take place over a broad spectral range with sufficient pre- 
cision within the range to identify characteristic line emission. 

Table 1 SG-IO0 torch parameters 

Parameter Value 
Torch current 795 A 
Torch voltage 36.6 V 
Ar arc gas flow rate 40.1 slm(a) 
He arc gas flow rate 24.1 slm(a) 
Ar powder gas flow rate 3.8 slm(a) 
Anode/cathode/gas injector 720/730/112(b) 

(a) Standard liters per minute. (b) Miller Thermal, Inc., part numbers 
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For this investigation, radiation in the range of 340 to 880 nm, 
with an intensity reading every 0.36 nm, was sampled. Quickly 
collecting data over such a range necessitates the use of multiple 
detectors. Here, a model TN-6132 intensified 1024 element lin- 
ear diode array detector (Tracor Northern, Middleton, WI) was 
used for data collection. However, the low sensitivity of the di- 
odes precluded the resolution of  single-particle emission spec- 
tra. So, the emission from many particles passing through the 
sampling volume was recorded for each location in the plume. 
Thus, the method of optical sampling used for this investigation 
is best described as multicolor, multiparticle. The method is 
similar to that used by Kuroda et al. (Ref4). 

The optical sampling equipment setup is shown in Fig. 1. The 
light shield, light trap, and tubes covering the optic path were 
used to reduce detection of  room reflected light. The optical de- 
tection system chosen for this experiment was a 1/3 m focal 
length spectrograph with an intensified 1024 element linear di- 
ode array. The sensitive range of  the intensifier/detector combi- 
nation was from 300 to 900 nm. The signals from the diodes 
were fed into a detector controller and then into a personal com- 
puter for storage. The collection lens was a 209 mm, f/4.5 pho- 
tographic lens. The light passed from the lens through a cutoff 
filter before entering the spectrograph. The cutoff filter was used 
to eliminate second order wavelength light detection. Resolu- 
tion of the spectra was controlled by the 250 ~tm horizontal en- 
trance slit to the spectrograph. The measurement volume was 
approximately 25 lam high by 250 I.tm wide by 2 cm deep. When 
recording spectra, five exposures were taken sequentially and 
averaged. This averaged data was used for all subsequent analy- 
sis. 

The diode signals were calibrated for wavelength using cali- 
bration lamps which provide line emission at known wave- 
lengths. The diode-to-wavelength calibration was determined 
by fitting a quadratic formula to the diode number and known 
wavelength information. The spectral sensitivity was deter- 
mined using a tungsten strip lamp traceable to a National Insti- 
tute of Standards and Technology calibration. The temperature 
of  the lamp was known for a given lamp current. Using the spec- 
tral emittance for the tungsten strip and Planck's relation for the 
spectral radiation emitted from a blackbody at a known tempera- 
ture, the instrument response function (IRF) for the optical com- 
ponents and the detection system was determined. 

The spatial data sampling coordinates are shown in Fig. 2. 
Data were taken between x = 50 and 200 mm. Spectra were re- 
corded at y-coordinate increments of 1.09 mm. Two types of 
spectra were recorded. The first type of spectrum was recorded 
with particles in the plasma and is referred to as a "with-parti- 
cle" spectrum. The next type of spectrum was recorded at the 
same locations as the with-particle spectrum but no particles 
were injected into the plasma during data collection. This type of 
spectrum is called a "without-particle" spectrum. 

4. Analysis and Discussion 

The first step in the analysis of  the collected spectra is to sub- 
tract the detector dark current. Next, the IRF determined pre- 
viously is used to correct the spectra for the combined spectral 
response of the optical detection system. Since the integration 
time of the detector was varied based on the intensity of the col- 

lected signal, the data were corrected for the same effective inte- 
gration time. Therefore, the intensities of the corrected spectra 
can be compared to each other on an accurate relative basis. 
Since the plasma is assumed to be nonoptically dense in the re- 
gion sampled, self-absorption effects are neglected. 

4.1 Line Identification 
Characteristic line emission analysis of the with-particle data 

was performed to identify the dominant lines in the collected 
signal in the 340 to 880 nm spectral range. The lines present 
were identified as originating from molybdenum, chromium, ar- 
gon, sodium, and potassium. Reference 11 was used for atomic 
line emission identification. These lines can be seen for the spec- 
tra collected a tx  = 50 mm, y = 0 mm in Fig. 3. The chromium is 
a likely impurity in the molybdenum powder owing to its chemi- 
cal similarity. The source of the sodium and potassium is un- 
known, but even small quantities of these elements can be 
observed due to their very strong emission lines. The relative in- 
tensity of the emission lines from the different emitting species 
varies as a function of position in the plume. Therefore, the line 
radiation spectrum contains strong emission from the vapor of 
the main powder component (molybdenum), several powder 
impurity substances (chromium, sodium, and potassium), and 
the expected line radiation from the plasma gas (argon). Note 
that in addition to the line emission evident in the spectra, there 
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is also some contribution to the continuum radiation from the 
species identified above. 

4.2 Molybdenum and Sodium Line Analysis 

Further investigation of  the vapor line signals present in the 
collected spectra reveals important aspects of the line intensity 
variation which should be considered when attempting particle 
temperature measurements. Figures 4 to 7 show the line inten- 
sity for the molybdenum line at 379.8 nm and the unresolved so- 
dium doublet at 589.0 and 589.6 nm. Figure 8 shows the line 
intensity for ally-positions added together as a function of x-dis- 
tance for the molybdenum and sodium lines. The intensity of the 
molybdenum line drops drastically from x = 50 to 80 mm and 
then decays more slowly from 80 to 140 nun. The sodium line 
intensity, however, drops evenly from 50 to 140 mm with a very 
nearly exponential decay, as seen on the semi-log plot. The line 
intensity decreases are due to a combination of  the decrease in 
available exciter energy and the decrease in vapor concentra- 
tion. 

Note, too, the location of  maximum intensity for a givenx-lo- 
cation for the molydenum and sodium lines. Atx  = 50 mm (Fig. 
4), both line intensity distributions are peaked at about y = 3 
nun. However, a tx  = 80 mm (Fig. 5), the sodium intensity distri- 
bution is still peaked at abouty = 3 mm but is no longer symmet- 
ric and falls off more slowly for more positive values of the 
y-coordinate. The intensity distribution of the molybdenum line 
is still fairly symmetric but is now peaked at about y = 8 mm. 
This trend continues at x = 110 nun (Fig. 6) where the sodium 
line intensity distribution is broad, with high values stretching 
fromy = 0 to 10 mm. By contrast, the molybdenum line intensity 
distribution is much narrower and peaked at y = 10 mm. How- 
ever, at x = 140 mm (Fig. 7), both the molybdenum and the so- 
dium line intensity distributions look very similar in shape. The 
similarity in distributions continues to x = 200 mm after which 
the line emission is much less than the thermal emission and is 
difficult to accurately quantify. 

Because the intensity of  line emission for a given vapor de- 
pends primarily on the amount of vapor present and the avail- 
ability of  excitation energy, the variation in line intensity 
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Fig. 3 Identification of the species responsible for the primary line 
emission observed atx = 50 ram, y = 0 mm 

distributions for the molybdenum and sodium lines can be ex 
plained. As the x-distance from the energy source, the plasma 
arc, increases, the amount of energy available for excitation de- 
creases. As seen in Fig. 8, there is a significant difference in the 
rate of decrease of the intensity of  the molybdenum and the so- 
dium lines. Because the excitation energy source for the two va- 
pors decreases with x-distance in the same way, the difference in 
the rate of  intensity decay must be due to a more rapid decrease 
in the concentration of  molybdenum vapor than of  the sodium 
vapor. Thus, the large drop in the intensity of the molybdenum 
line is most likely due to a large decrease in the rate of  vaporiza- 
tion of the molybdenum particles after they leave the hot plasma. 
The decrease in vaporization causes a decrease in the local con- 
centration of  molybdenum vapor, thus decreasing the molybde- 
num line radiation. This shows that molybdenum line emission 
is primarily vapor-concentration limited in the range investi- 
gated. 

The difference in the shapes of  the emission line intensity 
distributions for the two vapors for a given x-position can also be 
explained in terms of the excitation energy and the vapor con- 
centrations present. The molybdenum line intensity distribution 
is very similar in shape and position to the hot particle distribu- 
tion. This can be seen by comparing the molybdenum line inten- 
sity to the hot particle flux distributions in Fig. 5 to 7. An 
accompanying paper gives a detailed description of the hot par- 
ticle flux measurements (Ref 6). The similarity in location of  the 
molybdenum line intensity distribution and the molybdenum 
particle number distribution indicates that the molybdenum line 
emission is strongly dependent on the particle flux, which in turn 
determines local vapor concentrations. As the surface of the par- 
ticles vaporizes, the concentration of  vapor around the particles 
is high. Away from the particles, the vapor concentration is 
lower, due to a dilution of  the vapor. The areas of  lower vapor 
concentration also have lower molybdenum line emission. This 
does not appear to be the case for the sodium lines, however, un- 
t i lx  = 140 mm and beyond. A t x  = 80 mm andx = 110 mm, the 
sodium line intensity is strong near they = 0 mm position, even 
though the particles are moving away from the y = 0 mm torch 
centerline. This is likely due to the fact that the sodiumline emis- 
sion is limited by the amount of  exciter energy available, rather 
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than the amount of vapor present. Because the greater amount of 
excitation energy (both radiation and plasma kinetic energy) is 
nearer to the torch centerline, the sodium emission is strongest 
there. However, at x = 140 mm, the sodium emission changes 
from an exciter-energy limited state to a vapor-concentration 
limited state as evidenced by the line emission distribution 
closely paralleling the particle flux distribution. This transition 
to vapor-concentration limited emission is to be expected when 
vapor levels drop below a certain critical amount. 

The difference in the line intensities of different elements is 
useful to bear in mind when analyzing particle temperature 
measurements. The line emission can act as a collected nonther- 
mal signal along with the desired particle thermal signal. The 
thermal emission intensity for particles at a given temperature 
varies with the number of particles in the field of view. If the line 
emission intensity varies in proportion to the thermal emission 
intensity (or the particle flux), then the error induced in the cal- 
culated particle temperature by the line radiation is constant. 
Such would be the case for molybdenum vapor, because the line 
radiation intensity distribution closely follows the particle flux 
distribution. However, for the error induced in the calculated 
particle temperature by the sodium line radiation, the error is 
not independent of position. Closer to the centerline of the 
torch for x = 80 mm and x = 110 mm, the particle flux is low, 
but the sodium line intensity remains high. This causes the 
sodium line emission-induced temperature error to increase 
when moving from the particle plume centerline to the torch 
centerline. 

As an illustration of the effect of line radiation on particle 
temperature measurements, consider the case of two-color py- 
rometry. As a worst possible case, assume that one of the spec- 
tral bands chosen for pyrometry includes the region of sodium 
line emission (589 nm). Assume that the other band chosen does 
not include any line emission (700 nm). Equation 1 is used to re- 
late the ratio of intensities at two different wavelength bands to 
the surface temperature of the particles. For a gray-body mate- 
rial at 2880 K (the melting point of molybdenum), the ratio of 
thermal radiation intensities at 700 and 589 nm is 1.617. The 
strength of the sodium line emission compared to the particle 
thermal emission varies with y-position. Near the center of the 
particle plume (y = 7.6 mm) the sodium line causes a 3% in- 
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Fig. 5 Line intensities of the 380 nm Mo line and the 589 nm Na 
doublet, and the particle flux of hot Mo particles as a function of 
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crease in the signal at 589 nm. Near the torch centerline (y = 3.3 
mm), the sodium line emission causes an 87% increase in the 
signal at 589 nm. The indicated particle temperatures which 
would result from a 3 and 87% increase in the intensity at 589 
nm, with no increase in the intensity at 700 nm, would be 2945 
K and 5389 K, respectively. Therefore, the particle temperatures 
measured by two-color pyrometry would be higher than the ac- 
tual particle temperatures for this example. At the center of the 
particle plume, the temperature would be 2% higher, while the 
temperature near the torch centerline would be 87% higher. This 
indicates the temperature error introduced and how the error 
varies as a function of location in the plume. However, since it is 
unlikely that these exact spectral bands would be chosen for 
two-color pyrometry, errors actually encountered would be less 
than those illustrated here. 

Vardelle et al. have made direct measurements of the density 
of vapor clouds that surround individual particles. They found 
that the vapor cloud spreads out to a distance of -5 particle di- 
ameters (Ref 12). Eddy et al. have shown images of trails of va- 
porized particle material-emitting line radiation (Ref 13). These 
trails extended downstream from the particles and were 10 or 
more particle diameters in length. In the present study, the data 
indicate that the vapor signal for molybdenum is found only in 
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the vicinity of the particles. However, the vapor signal for so- 
dium (as well as that for potassium as evidenced by its 766 nm 
emission line) remains strong even in regions where no particles 
are present. This means that the vapor forms an emitting cloud 
which extends well beyond particle trajectories. However, even 
though the vapor emission remains strong beyond particle tra- 
jectories, the vapor density may be very low. 

4.3 Particle-Masking Effect 
Because vapor radiation has been treated above and thermal 

radiation is covered in an accompanying paper (Ref 6), the next 
effects to be quantified are the particle effects. The first to be in- 
vestigated is the particle-masking effect. One way to estimate 
this effect is to calculate the area fraction of the detector field of 
view that the particles comprise. At x = 80 mm, this was calcu- 
lated using: 

2 n 
Ap = ~ (Dp) v. Ay (Eq 2) 

where Ap is the area fraction of  particles in the field of  view, Dp 
is the average particle diameter, v is the average particle veloc- 
ity, n is the particle feed rate in units of number of  particles/time, 
and Ay is the distance in the y-direction over which the particles 
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are spread at the chosen x-position. The average particle size is 
taken to be 69 ~tm as given by the center of the particle size dis- 
tribution (narrow 63 to 75 ~tm size cut). The velocity of  the par- 
ticles was measured with laser two-focus velocimetry (L2F) to 
be 90 m/s at x = 80 mm, and Ay was tbund to be 8 mm from the 
hot particle flux distribution, as shown in Fig. 5. The average 
area fraction of the particles in the detector field of  view at x = 
80 mm was calculated from Eq 2 and the data given above to be 
0.045%. The maximum area fraction of particles in the field of  
view occurs at the center of the particle plume where the particle 
flux is highest. At the center of the particle plume, the area frac- 
tion of  particles in the field of  view is 0.093%. With particles in 
less than 0.1% of the detector field of  view, occasions of one par- 
ticle masking the thermal emission signal from another particle 
are very rare. Blocking 0.1% of the plasma signal is likewise a 
very small effect. Furthermore, as the particles travel to higher 
x-values, they spread over a larger area causing an even smaller 
particle-masking effect. Thus, particle masking can be elimi- 
nated from further consideration in deconvoluting the signals 
present in the with-particle spectra because its effect is so small. 
However, this may not be the case for heavily particle-laden 
plasmas. 

4.4 Spectral Plasma Loading Effect 

Next, the spectral plasma loading effect (SPLE) of particles 
was quantified. In this analysis, the extent to which the intensity 
of  a plasma line decreases due to the addition of  particles is 
termed the SPLE. This effect can be investigated by observing 
the intensity of an argon plasma line before and after particles 
are added. There are two effects which change the line intensity 
upon the addition of  particles to the plasma. One is the particle- 
reflected plasma light (PRPL) and the other is the SPLE. By ob- 
serving the argon line intensity in a region through which no 
particles pass, there is no PRPL. In this type of region, the SPLE 
can be observed by itself. 

Figure 9 shows the 630 to 880 nm without-particle signal for 
several y-locations atx = 80 mm. These signals are nearly iden- 
tical in shape and intensity. This indicates that the without-parti- 
cle signal is quite invariant with y-location. Figure 10 shows the 
with-particle spectra taken at the same locations. The increase in 
signal across the spectrum is primarily due to particle thermal 
emission. It can be seen that below y = 2.2 mm, the spectra are 
very similar in shape and intensity. This indicates that the ther- 
mal signals included in spectra with y > 2.2 iron are absent in the 
y < 2.2 nun spectra. Therefore, it can be concluded that because 
there is no thermal signal detected, there are no hot particles in 
the sampling volume at these y-locations. With-particle spectra 
that have no particles in the detector sampling volume will be re- 
ferred to as "no-particle" spectra (as opposed to without-parti- 
cle spectra where there is a complete absence of particles in the 
plasma). It is possible that there are some cold particles on the 
periphery of the plume, as have been observed by others (Ref 
14-16). However, because the cold particles observed in Ref 14 
to 16 consist primarily of  very large or very small particles, and 
the particle-size distribution used for this experiment is very 
small (63 to 75 ktm), it is expected that there are very few cold 
particles in the periphery of  the plume. 

In the no-particle region, because there is no PRPL, the inten- 
sity change of the plasma lines with the addition of  particles 
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shows the SPLE. The 811 nm argon line was chosen for investi- 
gation because none of the species identified in the particle va- 
por signal have strong line emission in this region. For points in 
the no-particle region, the continuum-to-peak intensity for the 
811 nm argon line in the with-particle spectrum and the corre- 
sponding line in the without-particle spectrum were compared. 
The 811 nm argon line intensity data forx = 50 mm is shown in 
Fig. 11, while that forx = 80 mm is in Fig. 12. The no-particle re- 
gion forx = 50 m m i s  fromy = -6 .5  to 0 mm, and fromy= 9.8 to 
13.1 mm. The line intensities for the without-particle spectra 
were higher than for the corresponding with-particle spectra, in- 
dicating the presence of the SLPE. The amount of decrease in 
line intensity (or SPLE) was relatively constant at 9% for the 
data at x = 50 mm in the range from y = -6 .5  to 0 mm. The SPLE 
in the range from y = 9.8 to 13.1 mm was a relatively constant 
5%. The no-particle region forx = 80 mm is fromy = -4 .4  to 1.1 
ram. The SPLE in this range was found to be -3  %. This indicates 
that there is a slight SPLE which decreases the plasma signal 
when the particles are added. The effect of the SPLE decreases 
for larger x-values and for locations further away from the 
plasma centerline. This seems reasonable, because further away 
from the plasma core, the temperature difference between the 
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plasma and the particles is less, so there is less energy trans- 
ferred from the plasma to the particles. At x = 110 mm and be- 
yond (Fig. 13-15), the without-particle spectra line intensities at 
the edge of the particle plume are lower than the with-particle 
spectra line intensities indicating that there is no longer any no- 
particle region imaged. Therefore, there is no direct measure of 
the plasma loading effect forx = 110 mm and beyond. 

Gougeon and Moreau (Ref 9) have observed a drop in the 
plasma intensity of 5 to 10% with a detector placed on the torch 
exit centerline upon the addition of 14 g/min of Ni particles to an 
argon plasma plume. This result seems generally consistent with 
the findings presented here. The head-on effects (as measured 
by Gougeon and Moreau) and side-on effects (as reported here) 
should not necessarily show the same result, as is the case for the 
comparison shown here. 

4.5 Particle-Reflected Plasma Light 
Next, the amount of plasma light reflection from particles was 

investigated. The amount of PRPL was determined by measuring 
the intensity of the 811 nm argon line above the continuum for 
with-particle and without-particle spectra. The intensity of the 

3.8 

3.6 

3.4 

3.2 

~ 3 

~ 2.8 
S 

2.6 

I 
o Intensity w/ particles | 

10 4 • Intenst iy  w/o par t ic les  

10 4 

10 4 

10 4 ~ No Particle 
10 4 No Particle Region / ~  / Region 

10 4 ~ 

104 

2.4 104 

2.2 104 
- ' 0  - 5  5 10 5 

Y ( m m )  

F i g .  1 1  W i t h -  a n d  w i t h o u t - p a r t i c l e  s p e c t r a :  8 1 1  nm Ar l i n e  h e i g h t  

d a t a  a t  x = 50 m m  

2.8 10 4 

2.6 104 

~ 2.4 104 

= 2.2 104 

c 

2 104 

No Particle 

1.8 10 4 
5 0 5 10 15 

Y ( m m )  

F i g .  1 2  W i t h -  a n d  w i t h o u t - p a r t i c l e  s p e c t r a :  8 1 1  n m  A r  l i n e  h e i g h t  

d a t a  a t  x = 80 m m  

1.3 104 

1.2 104 

1.1 104 

~" 1 10 4 

9000  

c 
-- 8000 

7000  = = 

6000  
5 0 5 10 15 20 

Y ( m m )  

Fig. 1 3  W i t h -  a n d  w i t h o u t - p a r t i c l e  s p e c t r a :  8 1 1  n m  A r  l i n e  h e i g h t  

d a t a a t x =  l l 0 m m  

Journal of Thermal Spray Technology Volume 7(3) September 1998---389 



1 104 i i , , I i i i i I i , i , i i i i r F i i , , 

+ I n t e n s i t y  w/  par t i c les  I ~ 
9 0 0 0  In 

= 8 0 0 0  

> ,  7 0 0 0  

e) 
E 6000 

5 0 0 0  

4 0 0 0 '  , , , , 

5 0 5 10  15  2 0  

Y ( m m )  

Fig. 14 With- and without-panicle spectra: 811 nm Ar line height 
data at x = 140 mm 

i , i i I i k i i I i i i i I i i i i ] i i i i 

4 0  

3 0  

20 

o .c_ 1 0 

o-4 
0 

- 1 0  

. . . .  i . . . .  i . . . .  i . . . .  i . . . .  
0 - 5  0 5 1 0  1 5  

Y ( m m )  

Fig. 16 Percent increase of the 811 nm Ar line intensity for spectra 
taken atx = 50 nun upon addition of particles 

line in the with-particle spectra represents the plasma signal 
from around the particle plus the head-on plasma signal re- 
flected by the particles into the detector. Note that the argon line 
spectra for the head-on signal and the without-particle signal are 
very similar in shape, even though the head-on spectrum is much 
higher in intensity. The measurements for determining the PRPL 
were made in regions where particles are in the detector field of 
view. 

The change in line height of the 811 nm Ar line upon the ad- 
dition of panicles represents a combination of the SPLE and the 
PRPL signals. The SPLE has been quantified previously to be 
about 10% or less for x-positions of 50 mm and greater. With an 
estimate of the SPLE, the total change in line height can be used 
to calculate the PRPL signal. Figure 16 shows the percent in- 
crease in the 811 nm Ar line intensity a tx  = 50 mm upon the ad- 
dition of particles to the plasma. The particle plume in the y = 
3.5 to 8 mm region causes an increase in line height due to the 
PRPL signal. The maximum intensity change due to the SPLE 
and the PRPL at x = 80 mm is a 40% increase in line height at y 
= 6.5 mm. Because the SPLE accounts for a 9% decrease in line 
intensity below the particle plume (x < 0 mm) and a 5% decrease 
in line intensity above the particle plume (x > 9.8 mm), a reason- 
able estimate for the SPLE at the center of the particle plume 
would be7%. To determine the PRPL, the loss in line intensity 
due to the SPLE must be added to the line intensities from Fig. 
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16 to give the total PRPL. Therefore, the PRPL at y = 6.5 mm 
causes a 47% increase in the argon line intensity. Figure 16 
shows how the SPLE dominates at the edges of the particle 
plume, while the PRPL dominates near the center of the particle 
plume (negative and positive line intensity increase regions, re- 
spectively). The two effects approximately offset each other in 
the intermediate particle flux regions. The effect of PRPL can be 
seen in Fig. 12 to 15 forx = 80 to 170 mm. The increase in line 
intensity corresponds to the location of the particle plume; for 
the x =  110 to 170 mm region, it is as high as 120%. This in- 
crease in the PRPL with distance from the torch exit results from 
the without-particle plasma signal dropping faster with increas- 
ing x-location than the head-on plasma signal (which is the 
source of the PRPL signal). The data show that particle-reflected 
light causes a significant increase in the nonthermal emission 
component of the with-particle signal for all x-positions. There- 
fore, proper attention should be paid to this effect when collect- 
ing spectra for panicle temperature measurements in order to 
minimize temperature error induced by the nonthermal emission 
signal. 

5. C o n c l u s i o n s  

The spectral analysis of the nonthermal emission signal of a 
molybdenum particle-laden plasma torch plume has yielded the 
following results: 

• Species in the plasma plume were identified from their 
characteristic emission lines. In addition to the lines ex- 
pected from the Ar plasma and the Mo particle vapor, Cr, 
Na, and K lines were observed. This indicates that emission 
from powder impurities can be a significant source of 
nonthermal radiation in the plasma/particle plume. In cal- 
culating particle surface temperatures, care must be exer- 
cised to compensate for the plasma, powder, and impurity 
line radiation present, unless it is known for certain that no 
lines exist in the spectral region sampled. In addition to the 
line emission, there is some amount of continuum radiation 
emitted from the plasma and vapor species present, which 
must also be compensated for in calculating particle tem- 
peratures. 
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• For  x-dis tances  of  less than 140 mm,  the m o l y b d e n u m  
emiss ion l ines are vapor-concent ra t ion  limited, whereas  
the sodium emission l ines appear  to be exci ter-energy lim- 
ited. F o r x  = 140 mm and beyond,  line emiss ion for both  va- 
pors are concentra t ion- l imited.  Concent ra t ion- l imi ted  
emiss ion causes  a relat ively constant  error in part icle tem- 
perature measurements  because  the line emiss ion intensi ty 
varies  in the same manner  as the thermal  emiss ion  intensity. 
However ,  for  exci ter-energy l imited emission,  the part icle 
temperature  error  increases  when  moving  f rom the particle 
trajectory center l ine to the p lasma center l ine  for a g iven  x- 
distance.  This  indicates  the need  for unders tanding  of  the 
different  types of  vapor  l ine emiss ion signals present  in the 
spectral  range  used for part icle temperature  measurements ,  
in order to properly treat  the temperature  uncertaint ies  in- 
volved.  

• Part icle masking in a l ightly part icle- laden plume,  as used 
in this study, has no s igni f icant  effect on the thermal  or 
nonthermal  emiss ion s ignals  present  in spectral  data used 
for particle surface tempera ture  measurements .  

• The  spectral  p lasma loading effect  (SPLE) that causes  a de-  
crease in the p lasma emiss ion  signal was measured  to be in 
the range of  3 to 9% for x-dis tances  of  50 and 80 mm.  The 
extent  of  the SPLE decreases  for larger x-values and for  lo- 
cat ions fur ther  away f rom the p lasma centerl ine.  

• The  PRPL was found to s ignif icant ly increase the argon 
line intensi ty detected. Values for increases in the argon line 
intensity, found  to be as h igh  as 120%, indicate the need to 
pay proper  at tent ion to this effect  when  col lect ing spectra 
for particle temperature  measurements .  
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