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Calibration of a Two-Color Imaging Pyrometer
and Its Use for Particle Measurements in
Controlled Air Plasma Spray Experiments

S.P. Mates, D. Basak, F.S. Biancaniello, S.D. Ridder, and J. Geist
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(Submitted 14 November 2000; in revised form 19 January 2001)

Advances in digital imaging technology have enabled the development of sensors that can measure the tem-
perature and velocity of individual thermal spray particles over a large volume of the spray plume simulta-
neously using imaging pyrometry (IP) and particle streak velocimetry (PSV). This paper describes calibra-
tion, uncertainty analysis, and particle measurements with a commercial IP-PSV particle sensor designed for
measuring particles in an air plasma spray (APS) process. Yttria-stabilized zirconia (YSZ) and molybdenum
powders were sprayed in the experiments. An energy balance model of the spray torch was used to manipu-
late the average particle velocity and temperature in desired ways to test the response of the sensor to changes
in the spray characteristics. Time-resolved particle data were obtained by averaging particle streaks in each
successive image acquired by the sensor. Frame average particle velocity and temperature were found to
fluctuate by 10% during 6 s acquisition periods. These fluctuations, caused by some combination of arc
instability, turbulence, and unsteady powder feeding, contribute substantially to the overall particle vari-

ability in the spray plume.

Keywords air plasma spray, calibration control, imaging pyrom-
etry, particle sensor

1. Introduction

Non-intrusive in-flight measurement of thermal spray par-
ticle velocity, temperature, and size has become a useful tool in
thermal spray technology. Particle sensors are used to verify
proper spray torch operation for industrial quality control pur-
poses,'] to investigate relationships between processing condi-
tions and coating properties,”* and to supply data to validate
computational models of thermal spray processes.l> Sensors
have also been used to achieve closed-loop control of thermal
plasma spraying.[! Although competition in the area of indus-
trial quality control has arisen with simpler sensors that measure
ensemble properties of the spray plume rather than individual
particles,!’-*!individual particle sensors are the most flexible and
powerful diagnostic tools for thermal sprays.

The velocity of thermal spray particles has been measured
using several techniques, including laser Doppler velocimetry
(LDV),P! particle streak velocimetry (PSV),!'®! phase Doppler
interferometry (PDI),l'" and others.!"! Thermal spray particle
temperature is most often measured by two-color pyrometry, al-
though spectroscopic techniques have also been used.[') With
two-color pyrometry, the temperature of a particle is determined
from the ratio of the thermal radiation it emits in two separate
spectral regions. The spectral regions are carefully chosen to
provide high sensitivity and low interference from nonthermal
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background light. Two-color pyrometry has the advantage of be-
ing independent of the size of the particle, its position in the field
of'view, and its emissivity, provided that it does not vary over the
spectral regions of interest. Its main drawback is that the emis-
sivity of spray particles is unknown and may vary with wave-
length, inviting the possibility of large systematic errors in
particle temperature. Despite this possible error, however, two-
color pyrometry offers considerable advantages for measuring
thermal spray particle temperatures in flight.

The typical two-color pyrometer used in thermal sprays col-
lects light from a small volume in the particle-laden spray
plume.t'"-'"!3] Thermal emission is collected from individual
particles passing through this volume at two separate wave-
lengths. Particle temperature is determined from the ratio of the
detector signals using a calibration curve. To obtain an average
particle temperature, individual particle measurements are accu-
mulated at a given location over a period of time. The entire
spray plume can be mapped in three dimensions by translating
the measurement volume relative to the torch.

A new implementation of two-color pyrometry for thermal
sprays involves the use of an electronically shuttered charge-
coupled device (CCD) camera to image bright particle streaks
over a large volume of the spray plume simultaneously.['*!!
The principles of two-color imaging pyrometry (IP) are identical
to the small volume approach, except that the optical filtering is
done on an image basis. The advantage of imaging pyrometry is
that the sensor need not be scanned to measure the entire particle
stream because it measures particles across the entire width of
the plume at once. In addition to measuring particle tempera-
tures, the device measures particle velocities by PSV, and par-
ticle sizes can be inferred from streak widths.!'>! Histograms of
particle properties can be displayed in real time (>1 Hz) so that
spray parameters can be tuned to achieve desired particle veloc-
ity and temperature distributions rapidly. This technique can
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also indicate how the average particle temperature, velocity, and
flux change with time due to the various sources of unsteadiness
in the plasma spray process, including arc root motion, turbu-
lence, and oscillations in the powder feed rate to the torch.
This paper describes the calibration and use of a two-color
IP-PSV (Stratonics, Inc., Laguna Hills, CA*).l"* The instru-
ment is used to measure particle temperatures and velocities pro-
duced by a model SG-100 (Praxair, Danbury, CT) air plasma
spray (APS) torch. Particle measurements are reported for com-
mercial yttria-stabilized zirconia (YSZ) and molybdenum pow-

*The use of commercial products or tradenames is for identification
purposes only. Such identification is not intended to imply endorsement
or evaluation of the relative merits of these items by NIST.

Nomenclature

torch nozzle exit area (m?)
particle surface area (m?)

particle diameter (um)

heat transfer coefficient (W/m2K)
specific enthalpy (J/kg)

current (A)

intensity ratio

thermal conductivity (W/mK)
mass flow (kg/s)

planck function

prandtl number (uc,/k)

CCD spectral responsivity

heat transfer rate (W/m?)
Reynolds number [p,(U, — U,)D/p,]
spectral intensity

temperature (K)

time (s)

velocity (m/s)

voltage (V)
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Subscripts

[1,0] number average size
torch exit

gas or plasma

torch inlet

long wavelength band
melting point

particle

short wavelength band
temperature

velocity

mass median size
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Greek Symbols

fit coefficient
emissivity

torch thermal efficiency
wavelength (nm)
density (kg/m®)
standard deviation

filter transmission
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Fig.1 Schematic of the [P-PSV

ders sprayed with a set of torch parameter settings selected to
manipulate particle velocity and temperature over the widest
possible range. The parameter matrix was designed with the aid
of a one-dimensional, steady-state energy balance model of the
spray torch that describes how the torch parameters influence the
acceleration and heating of individual spray particles. Average
particle velocity, temperature, and flux are also presented as a
function of time, revealing the effect of the various sources of
unsteadiness in this thermal spray process on the particle stream.

2. Description and Calibration of the
IP-PSV Sensor

2.1 Sensor Description and Operation

A schematic of the IP-PSV thermal spray sensor is shown in
Fig. 1. It consists of a collecting lens, beam-splitting and filter-
ing optics, and an electronically shuttered CCD camera. The
sensor images the spray plume and splits the single image into
two identical images, which are then band-pass filtered in sepa-
rate spectral regions and focused onto adjacent halves of the
CCD array. Figure 2 shows a sample (dual) image of molybde-
num particle streaks. The sensor described here uses a commer-
cially available 12-bit 640 x 480 pixel CCD camera with a mini-
mum exposure time of 50 ns. Typical exposure times range from
5 to 20 ps, depending on particle velocity. The CCD array is
Peltier-cooled to limit drift, noise, and dark current. It senses
radiation between approximately 500 and 1000 nm. At the over-
all magnification factor of the optics, each pixel corresponds to
32 um of real space. The CCD fill factor is nearly 100% owing to
special hardware modifications, which eliminate the interpixel
dark space according to the manufacturer (Optikon Kitchener,
ON, Canada).

As described by several authors, "3 the choice of spectral
bandwidths used to measure the two-color particle intensity sig-
nal affects temperature sensitivity and the possibility for signal
contamination from scattered plasma light. The signal-to-noise
ratio must also be considered when selecting spectral band-
widths, because they determine what fraction of the available
spectral radiation is sampled. Because the spray particles are
small and pass quickly through the measurement volume, only a
limited amount of radiation is available to measure. For good
sensitivity at temperatures above 3000 K, and to maximize the
available radiation signal, the IP-PSV uses a short wavelength
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18 mm

Fig. 2 Sample dual image of hot molybdenum particle streaks; par-
ticles are moving left to right

band covering 600 nm (\;) to 750 nm (\,), and a long wave-
length band covering 750 to 1000 nm (A5).

In a single measurement, up to 300 images of particle streaks
can be acquired at a rate of 24 frames/s. Images are stored in PC
memory for subsequent processing. Analysis software scans
each image to identify individual particle streaks and compute
velocity and temperature. Particle velocity is determined by di-
viding the streak length by the exposure time. Particle tempera-
ture is determined from the streak intensity ratio using a fit to
calibration data. Individual streak intensities are computed by
integrating pixel intensities over a region encompassing the en-
tire streak plus a small amount of background. This technique
maximizes the signal-to-noise ratio and minimizes errors due to
optical aberrations and focus. Several criteria are applied to
eliminate invalid streak data. Invalid data include streaks that are
badly out of focus, partially out of the field of view, or coincident
with other streaks, such that their intensities are difficult to dis-
tinguish. Badly out-of-focus streaks are eliminated using an em-
pirically determined minimum acceptable length-to-width ratio.
A minimum streak intensity threshold is applied to eliminate
streaks with an unacceptably small signal-to-noise ratio. The un-
certainty in the measured streak intensities falls between £0.4%
and 2%, depending on the intensity level, based on a 20 noise
level of +4 counts per pixel and a resolution limit of 0.5 counts
per pixel.

Journal of Thermal Spray Technology

2.2 Temperature Calibration Procedure

A model of the IP-PSV sensor that relates the measured in-
tensity ratio to the absolute temperature of the target can be de-
fined using nominal functions for the spectral responsivity of the
CCD, Q(M), and the filter transmissions T(\):

f : PO\, T) - e\, T) - 7(N) - O(\)dN

L="5 (Eq 1)
S pou Ty e0, 1) 700 00

The graybody assumption eliminates emissivity, . Ideally, par-
ticle temperature could be determined from the intensity ratio
directly from this model. However, calibration is needed be-
cause Q(N\) and T(\) are not known precisely. The developers of
the IP-PSV provided calibration data between 1173 and 2848 K
obtained using a tungsten strip lamp, the absolute temperature of
which was measured with a spectrometer and the emissivity ef-
fects of which were corrected for using literature values for tung-
sten.['*) However, because particle temperatures in plasma spray
plumes can exceed 3000 K, particularly for high melting point
materials such as molybdenum (7, = 2883 K) and YSZ (7, =
2950 K), additional calibration data beyond 2848 K were sought.

The calibrated range of the sensor was extended using a
unique nonintrusive temperature measurement facility in the
Sub-Second Thermophysics Laboratory (SSTL) at the National
Institute of Standards and Technology (NIST). The facility was
originally designed to measure the melting temperature of met-
als and alloys subject to fast heating rates.!'®! By providing an
optically accessible target at a known, selectable absolute tem-
perature up to the melting point of tungsten (3693 K), this facil-
ity served as an excellent variable temperature calibration source
for the IP-PSV. A sketch of the calibration experiment is shown
in Fig. 3. Metal samples, consisting of small (1.6 mm diameter)
rods, are placed in an argon-filled, optically accessible chamber
and pulse-heated with an electric current to a preselected tem-
perature. Upon reaching a stable temperature, the samples’ ra-
diance temperature is measured at 651 nm using a single-color
pyrometer and its normal spectral emissivity is measured at 633
nm by laser polarimetry.l'” Plank’s law is then used to deter-
mine the samples’ absolute temperature from these measure-
ments to within +8 K.["®! Calibration data, consisting of intensity
ratio and corresponding absolute temperature measurements,
were acquired using tungsten and molybdenum samples at tem-
peratures between 1541 and 3654 K.

As with most polished metals, the emissivity of molybdenum
and tungsten decreases slightly over the wavelength range of
interest.['” Thus, the calibration sources are not truly gray, so
that the intensity ratios measured by the IP-PSV deviate from
what would have been measured if an ideal calibration source,
such as a blackbody, were used instead. To avoid passing this
systematic error on to the particle measurements, a fiber-optic
spectrometer (FOS) was used to simultaneously measure the
spectral shape of the radiation emitted by the metal rods to cor-
rect the calibration for non-graybody effects. The correction was
determined by integrating the spectral data [S(\)], weighted by
O(N), over the wavelength bands of the IP-PSV, and comparing
the resulting intensity ratio to the equivalent ratio obtained with
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Fig.3 Schematic of the measurement facility in the NIST’s Sub-Second Thermophysics Laboratory used to calibrate the IP-PSV for temperature

the Planck function. The quotient of these ratios is a measure of
how the emissivity of the calibration source affects its radiant
emission as seen by the IP-PSV:

\3 A2
f SO THOMNAN/ f RN ATN N
C(T): 2 1

)\3 - (Eq 2)
I po myoans [ Pon TN
) S|

The correction factor C(T') was applied point by point to obtain
an effective “graybody” calibration for the IP-PSV. Some un-
certainty exists in C(7) because of uncertainties in Q(\) and the
filter cutoff wavelengths.

Raw and corrected intensity ratio data are plotted in Fig. 4
against inverse absolute temperature. The emissivity-corrected
data differ from the uncorrected data by approximately 9% for
both the tungsten and molybdenum samples, which have nearly
the same emissivity characteristics. In terms of temperature, the
graybody assumption introduces a systematic error of 50 K at
1600 K and almost 300 K at 3654 K. If uncorrected, this error
would be passed on to the measured (graybody) particle tem-
perature. Also included in Fig. 4 are the tungsten lamp calibra-
tion data supplied by the instrument developer.'*! Their calibra-
tion data, which are also emissivity-corrected, agree well with
the present emissivity-corrected calibration data, providing ad-
ditional confidence in both calibration techniques.

The equation for temperature is obtained by fitting the emis-
sivity-corrected calibration data using the following function:

B
"= ntiy + By a2
The fit coefficients are B, =2.1106 and 3, =4160.9 for the emis-
sivity-corrected data. The standardized residuals for the fit, plot-
ted in Fig. 5, are randomly scattered, indicating that a consis-
tently good fit was achieved over the temperature range
considered. The 95% confidence intervals for temperature pre-
dictions with the calibration equation, based on the assumption
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Fig.4 Temperature calibration data and fits with and without correct-
ing for emissivity. The original calibration data from the instrument de-
veloper!'*! were obtained using a tungsten lamp.

of randomly distributed measurement errors,”?%) are estimated at
1% at 1500 K and 2.5% at 3500 K.

2.3 Uncertainty on Individual Particle
Temperature and Velocity

The uncertainty on an individual particle temperature, con-
sidering only the accuracy of the streak intensity measurement,
is estimated at between 1% and 3%, depending on the brightness
and temperature of the particle. This estimate assumes that the
streak intensity represents only radiation caused by thermal
emission from the particle. At the typical measurement distance
(90 to 100 mm), the contribution of reflected plasma light be-
comes negligible for particles above about 1800 K.[*! The un-
certainty generally increases with temperature because the in-
tensity ratio becomes less sensitive to changes in temperature
according to the Planck function. This is partially offset by the
increase in signal-to-noise ratio at higher temperatures. To-
gether with the calibration uncertainty, the overall uncertainty in
particle temperature ranges from 1.5-4% based on random errors
alone.

Journal of Thermal Spray Technology
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Fig.5 Standardized residuals for calibration fit to emissivity corrected
data. Different symbols indicate different materials, calibration tech-
niques, or experiments.

If the spray particles deviate from graybody behavior, poten-
tially significant systematic errors in temperature may occur.
The calibration experiments indicate that this error can be more
than 100 K for nonoxidized molybdenum or tungsten when us-
ing the IP-PSV. However, without reliable emissivity data for
thermal spray particles, whose emissivity characteristics may
change significantly because of in-flight oxidation, corrections
to the graybody assumption for particles are not presently fea-
sible.

Uncertainties involved in measuring the magnitude of the
particle velocity arise mainly from estimating the length of the
streak. Uncertainties in streak length arise because of optical ab-
errations, focus, and particle trajectory. Optical aberrations
smear the streak boundary, making its length ambiguous by one
or two pixels, yielding an uncertainty of 5-10% for a streak 20
pixels long. Lengthening the streaks by increasing the exposure
time can reduce this uncertainty. The tradeoff is an increased
number of coincident streaks and a higher data rejection rate. A
similar uncertainty exists for streaks that are slightly out of fo-
cus. A small uncertainty (less than 1%) occurs because the par-
ticle stream diverges by approximately 5°, causing some streaks
to appear shorter by a factor equal to the cosine of their angle
away from the image plane.

Because particle size is proportional to the width of'its streak,
size information can, in principle, be extracted from the data.
However, because streak width is affected by focus as well as
optical aberration, additional information is needed to accu-
rately determine particle size. For example, particle size could
be estimated using the particle size distribution of the feedstock
powder as a rough calibration.!'”) In this paper, however, par-
ticle size measurements were not attempted.

3. Air Plasma Spray Experiments

The IP-PSV was tested in a series of spray experiments in-
volving a Praxair SG-100 plasma spray torch in which the aver-
age particle velocity and temperature were varied over the wid-
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est practical range by changing the arc current and the plasma
gas flow rate. Two different spray powders, molybdenum and
YSZ, were included to further expand the range of particle ve-
locities and temperatures. A method for manipulating torch pa-
rameters to vary the average particle velocity and temperature in
desired ways was developed using a one-dimensional energy
balance model of the plasma torch and models for particle ac-
celeration and heating within the plasma jet.

3.1 Method for Selecting Torch Parameters to
Vary Particle Velocity and Temperature

The equations describing the acceleration and heating of in-
dividual thermal spray particles in a plasma flow were summa-
rized by Pfender:1**!

du, 3w )

@ gD pe (U, = Up) (Eq4)

q'=hA, (T, = T) (Eq 5)
k

h=p @+ Re”’Pr"¥) (Eq6)

To predict U, and T}, at a given location, these equations can be
integrated over the particles’ flight path through a specified
plasma flow field using advanced computational tools.>) How-
ever, to develop basic insight as to how the torch parameters
affect the average velocity and temperature of the spray par-
ticles, simplifying assumptions can be made.

The first assumption involves the averaged effects of turbu-
lent mixing on the acceleration and heating of the spray par-
ticles. Turbulent mixing of the plasma jet proceeds quickly, as
shown in Fig. 6, because of its low density compared to the sur-
rounding ambient air, which is up to 20 times denser than the
plasma. Density ratio effects also contribute to the rapid turbu-
lent mixing of hot high-velocity oxyfuel (HVOF) thermal spray
plumes.®*! This active mixing causes the temperature and ve-
locity of the plasma jet to decrease rapidly away from the torch
exit.l*>! Consequently, much of the momentum and heat transfer
from the plasma jet to the particles occurs near the torch exit,
where the particles are injected. Thus, an approximate way to
establish how torch parameters affect the particles is to deter-
mine how these parameters affect the velocity and temperature
of the plasma jet near the particle injection location.

Equation 4 reveals that particle acceleration is governed by
the dynamic pressure of the plasma, png, while the plasma tem-
perature, T,, has a first-order effect on particle temperature.
Both pUg2 and T, at the torch exit can be estimated from the
torch parameters using a one-dimensional, steady-state, steady-
flow energy balance on the plasma gas. A similar two-
dimensional method is usually used to specify the boundary con-
ditions for numerical simulations of plasma jets in thermal
sprays.[*] The specific enthalpy of the plasma at the torch exit,
H_, equals the specific enthalpy of the cold inlet gas, H, plus the
energy per unit mass delivered by the arc:

nVI
He=Hi+7 (Eq7)
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Fig. 6 White-light illuminated, 300 ms exposure schlieren photo
showing rapid turbulent mixing of the hot plume produced by an SG-
100 plasma spray torch

Table 1 Parameter Matrix to Vary Particle Velocity
and Temperature

Current Primary Gas Flow

Condition (A) (kgls)

1 380 0.00174
2 550 0.00268
3 650 0.00334
4 500 0.00147
5 700 0.00227
6 860 0.00294
7 850 0.00134
8 950 0.00201
9 1150 0.00281

The remaining plasma properties can be obtained once H. is es-
tablished. Thermodynamic and transport property calculations
for several single-component plasmas and some mixtures are
available in the literature.*”! For simplicity, a single plasma gas
(argon) was considered for this study. Finally, conservation of
mass is used to estimate the average plasma velocity at the torch
exit:

Uye = (Eq 8)

The above method was used to select nine sets of parameter
settings, consisting of a current and an argon flow rate, to vary
the particle velocity and temperature over a wide range to exam-
ine the response of the IP-PSV. These settings, listed in Table 1,
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Fig. 7 Plasma dynamic pressure and temperature at the spray torch
exit predicted from the energy balance for parameter settings 1-9
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Fig.8 Ensemble average particle velocity and temperature data at nine
sets of torch parameters selected using the torch energy balance

include three levels of plasma dynamic pressure and three levels
of plasma temperature, as shown in Fig. 7. The specific enthalpy
of the plasma was determined at each condition from Eq 7 using
the torch current and voltage indicated by the model 3620 con-
trol console display and using a thermal efficiency of 60%. The
actual torch efficiency varies over a small range with changes in
arc current and plasma gas flow rate,*® and is affected by the
condition of the anode and cathode. The powder flow rate was
fixed at 15 g/min and the powder carrier gas flow rate (argon)
was 0.00015 kg/s (5.6 standard L/min). The plasma torch was
outfitted with a # 2083-730 anode, a #2083-720 cathode, and
#112 gas injector ring. Powder was injected through the upper
port at a forward angle of 10° using Model 1270 powder feeders
(Praxair).

3.2 Particle Velocity and Temperature
Measurements

Commercial YSZ (Praxair AI-1075) and molybdenum
(Praxair Mo-102) thermal spray powders were used in the ex-
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Table 2 Bulk Properties for YSZ and Molybdenum and Spray Particle Size Data

Tm P k C, D, 5o Dy,
Material K) (kg/m*) (W/mK) (kJ/kgK) (nm) (um)
YSz 2950 (a) 5890 (a) 2.4 (b) 0.604 (c) 43.1 13.5
Molybdenum (d) 2883 10 280 139 0.260 58.8 38.9

(a) From Ref. 5.

(b) From Ref. 31.

(c) From Ref. 32.

(d) Properties at 298 K from Ref. 33.

periments. Bulk properties for these materials are listed in Table
2. Mass median (D, s0) and ensemble average (Dy, ;) particle
diameters were obtained by sonic sifting.[**! An explanation of
these characteristic diameters can be found in Ref. 30. Particle
measurements were made between 90 and 100 mm from the
torch exit.

Figure 8 presents ensemble-average particle velocity and
temperature data for both materials at all nine parameter settings
acquired in single spray experiments where all nine torch set-
tings were tested in succession over a short period of time. Each
data point represents an average of between 400 and 2500 par-
ticles acquired over a period of several seconds. Average par-
ticle velocity is plotted against average particle temperature to
correspond to Fig. 7, where plasma pU? is plotted against 7, o
Comparing the two graphs shows that both spray materials react
appropriately to the changes in the plasma conditions at the torch
exit.

The YSZ particles track closely with the estimated plasma
properties, such that average particle velocity is nearly de-
coupled from average particle temperature. For molybdenum,
however, the average particle velocity is correlated with average
particle temperature. Increases in the average particle velocity
achieved with a higher plasma pU? are usually accompanied by
increases in average particle temperature, even though the
plasma temperature is approximately constant. The opposite re-
sult is more intuitive, because the faster particles, spending less
time in the hot plasma core, ought to end up cooler. However, the
reduced residence time may be offset by an increase in the heat
transfer rate, which rises in proportion to the particle Reynolds
number (Eq 5 and 6).

Particle entrainment effects may also contribute to a positive
correlation between particle velocity and temperature. The
larger, heavier molybdenum particles have more difficulty be-
coming entrained into the hot plasma core, particularly when
pU? is low, leading to significant spray droop and possibly lower
particle temperatures. At larger values of pU?, these heavy par-
ticles will be better entrained and reach higher temperatures,
along with higher velocities. The carrier gas flow rate, which
influences particle penetration into the plasma jet,** was held
constant in the experiments, so that particle entrainment was de-
termined solely by the plasma conditions and the particle char-
acteristics. Better results might have been achieved with molyb-
denum had the carrier gas flow rate been adjusted for optimum
entrainment at each torch setting. The smaller, lighter YSZ par-
ticles, being more easily entrained in the plasma jet, may be less
susceptible to this coupling effect.

Overall, the experiments demonstrate that the IP-PSV is sen-
sitive to changes in the distribution of particle velocity and tem-
peratures in the spray plume, and thus it should be useful for
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detecting off-design spray conditions. The data generally agree
with particle measurements reported for similar spray materials
using more established measurement techniques.*°'!-121 Ex-
act agreement was not anticipated considering the differences in
feedstock material, gas mixtures, and spray equipment used, and
the typical uncertainty level associated with two-color pyrom-
etry measurements on thermal spray particles.

3.3 Effectiveness of the Energy Balance Method

The experiments indicate that the energy balance method is a
useful approach for controlling plasma spray particles. Figure 9
plots particle velocity against pU? and particle temperature
against plasma temperature for repeated experiments conducted
over the course of several months. It shows that changes in the
average particle velocity and temperature were consistent with
the predicted changes in the temperature and dynamic pressure
of the plasma jet. Figure 9 also shows the difficulty in reproduc-
ing absolute particle temperatures or velocities with the plasma
torch, despite nominally identical torch parameters. The average
particle temperature varied by up to 100 K in repeat experiments
over a period of days, and by several hundred Kelvin in repeat
experiments over a period of months, for the same set of torch
parameters. Electrode wear, which has been shown to reduce
particle temperatures over long periods of spraying even though
the net power delivered to the plasma remains fixed,!?*! probably
causes these seemingly inconsistent results.

Despite the torch consistency problems, the energy balance
correctly predicts the response of the average particle character-
istics to changes in the torch parameters. This simple, physically
based approach may offer advantages as a means to improve the
level of control over thermal spray particles compared to com-
putationally intensive numerical simulations™ or purely empiri-
cal techniques.”**! The method can be extended to include more
typical plasma gas mixtures, such as Ar-He or Ar-H,, by using a
variable plasma gas composition, provided accurate property
data are available for these mixtures. The reliability of plasma
property calculations becomes questionable as more compo-
nents are added, however, because of uncertainties associated
with estimating interaction potentials for the multitude of spe-
cies present in such mixtures./*”? The success of the present ex-
periments suggests that the thermodynamic and transport prop-
erty data obtained from Ref. 27 for the single-component
(argon) plasma used here are relatively reliable.

The apparent control over the average particle velocity and
temperature is somewhat less impressive considering that the
standard deviations of these properties are as large or larger than
the amount by which the averages can be changed. Table 3 lists
averages and standard deviations of velocity and temperature for
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Fig. 9 Correlation between average particle velocity and temperature
and predicted plasma properties in repeat experiments. Filled symbols =
YSZ; unfilled symbols = molybdenum. Different symbols represent dif-
ferent experiments. In each experiment, measurements were made at
each condition in succession without extinguishing the torch.

Table 3 Typical Averages and Standard Deviations of
Particle Velocity and Temperature

Material Condition 7(K) oy V(m/s) o, N/r(a)
YSzZ 2 3260 407 152 26 0.9

5 3361 582 147 31 5.6

8 3542 664 145 35 7.6
Molybdenum 2 2616 434 66 12 11.0

5 2764 511 69 12 12.3

8 2969 622 75 13 12.3

(a) N/fr = number of particles measured per frame

both powders measured at torch conditions 2, 5, and 8. At these
conditions, the plasma temperature is increased while pU? is
held nearly constant. Although the average particle temperature
increased by 300 K over this range, the standard deviations of
particle temperature ranged from 400 K to more than 600 K at
the hottest condition. A similar situation exists with particle ve-
locity, though the relevant data are not included in Table 3. Par-
ticle temperature histograms are plotted in Fig. 10 for the con-
ditions listed in Table 3. At any torch setting, many particles in
the plume are much colder than average, and many are much
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Fig. 10 Temperature histograms for molybdenum and YSZ particles
at three gun settings selected to increase temperature and hold velocity
constant

hotter than average. Overall, the results suggest that although
some control over the particle stream is possible, the velocity
and temperature of impacting particles that form a thermal spray
coating have widely varying properties. This may limit the abil-
ity to tightly control coating microstructures. Limiting the num-
ber of unmelted particles in the plume appears to be most impor-
tant because they can seriously degrade coating quality.”? It
should be noted that standard deviations reported for particle
temperature using other sensing techniques are smaller by 100 K
or more than those reported here.l*®! The reason for this differ-
ence is presently not understood, but could be caused by some
combination of measurement uncertainty in the IP-PSV, differ-
ences in dynamic range of the various thermal spray sensors, or
the particular operating characteristics of the spray torch used in
the present experiments. However, most reported standard de-
viations are at least 200 K or more, indicating that substantial
variability exists in the particle plumes produced by currently
available commercial thermal spray torches.

3.4 Time-Resolved Particle Measurements

Many factors contribute to the broad distributions of particle
velocity and temperature in plasma spray plumes.”! One is the
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typically wide size range of the powder injected into the plasma
jet, because the size of a spray particle affects its acceleration
and heating behavior. Radial powder injection may enhance
size-based particle segregation, because differently sized par-
ticles tend to follow different trajectories, resulting in unique
thermal and dynamic histories.**) Numerical simulations of the
spray plume have also estimated the effects of turbulence on
particle variability.[>*®! Quasi-periodic fluctuations caused by
arc root motion inside the torch also contribute to particle vari-
ability.[**1 By averaging particles in each successive image, IP-
PSV can sense the effect of these instabilities on the particle
stream.

In Fig. 11, frame-averaged particle temperature, temperature
standard deviation, velocity, and particle flux data are presented
for molybdenum at condition 8. The results are generally repre-
sentative of other spray conditions with both powders. Each data
point represents the average of all the particles in a single image
normalized by the average of all the particles measured. The
average particle temperature and velocity fluctuates by approxi-
mately +10% of the mean value, or about £300 K in temperature
and between £7 m/s and £15 m/s in velocity. The standard de-
viation of particle temperatures and the particle flux vary even
more substantially. The magnitude of these fluctuations sug-
gests that plume instabilities indeed play a significant role in
creating the wide range of particle velocities and temperatures
found in the spray plume.

Because the sensor’s frame-rate was limited to 24 Hz, effects
due to arc instabilities, which operate at kilohertz frequen-
cies,**1 could not be isolated directly. However, the measure-
ments indicated an instability in the particle stream occurring at
about 1 Hz. It is most noticeable in the particle flux plot (Fig. 11,
bottom). Powder mass flow measurements made with a coriolis
mass flow meter™®! (Micromotion, Boulder, CO) at 10 Hz con-
firmed that this instability was due to fluctuations in the powder
feed to the torch. The ability to detect instabilities in the particle
stream may prove useful for evaluating next-generation thermal
spray equipment designed for improved spray uniformity.

3.5 Particle Detectability

An important consideration for evaluating a thermal spray
particle sensor and interpreting the data it supplies is particle
detectability. Particle detectability refers to the minimum
amount of thermal radiation that a particle must emit for it to be
detected by the sensor. This minimum particle intensity level
depends on the optical arrangement, the detector sensitivity, the
allowable exposure time, and background signal levels. The
brightness of a particle depends on its temperature, size, and
emissivity. The velocity and position of the particle within the
field of view also affects its intensity signal. Because the inten-
sity signal of a given particle depends on many factors in addi-
tion to its temperature, it is difficult to estimate a minimum mea-
surable particle temperature that would be valid for a wide
variety of spray materials or conditions. Instead, detection limits
must be determined by experiment.

In the present experiments, few YSZ particles were measured
below 2000 K, whereas molybdenum particles could be detected
down to about 1700 K. The difference in detectability is primar-
ily due to differences in the size and density of these particles.
The larger, slower-moving molybdenum particles pro-
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Fig. 11 Frame-averaged particle temperature, temperature standard
deviation, velocity, and flux as a function of time for molybdenum at
condition 8 normalized by overall average values (see Table 3)

duce larger intensity signals, allowing lower particle tempera-
tures to be measured. In addition to being smaller and faster, the
YSZ particles may also have a lower emissivity, especially if
they become translucent at high temperatures.

Few results are available in the literature that demonstrate the
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practical detectability limits of the various two-color pyrometry
techniques on different thermal spray powders. In one study!'"!
involving a single particle measurement technique, no data were
reported below about 2600 K for a commercial YSZ powder,
similar to the powder used in the present experiments. Detect-
ability limits of about 1600 K are reported for NiCrAlY and
stabilized zirconia powders using another small-volume mea-
surement technique,*®! although no data appear below about
1800 K. However, the spray conditions used in both studies were
selected to achieve a high fraction of molten particles because
coatings were produced for analysis, and these minimum tem-
peratures may simply have reflected an absence of colder par-
ticles in the spray.

Understanding particle detectability is necessary to properly
interpret the measurement data, such as estimating the fraction
of melted versus unmelted particles in the spray. Unmelted par-
ticles contribute to low deposition efficiencies and may become
entrapped in the coating and create defects. Alternate sensing
techniques that do not depend on thermal emission from par-
ticles have been employed to detect cold particles.®”! In the
present experiments, the detectability limit for YSZ particles re-
sulted in an obvious discrepancy between measured and ex-
pected average particle temperatures when the plasma jet
temperature was low (conditions 1-3, Table 1). Although the
indicated average particle temperature was above the melting
point of YSZ for these conditions, little or no deposition was
recorded on a mild steel test substrate, indicating that only a
small fraction of the particles were actually molten. At the low
temperature conditions, less than one particle was measured per
frame on average, compared to six or seven per frame for the
hotter conditions, even though the number of particles in the
plume remained nominally the same. Thus, a significant number
of cold particles escape detection, leading to an overestimate of
the average particle temperature. In contrast, when molybdenum
particles were sprayed, ample data were recorded at every con-
dition, and low-temperature particles were easier to detect. Bet-
ter correspondence between the apparent deposition efficiency
and the sensor-indicated particle temperature was obtained
when spraying molybdenum.

Particle detectability is also important in cases where mea-
surement data are used to validate computational models of the
spray plume, or in cases where sensors are used to investigate
and optimize the use of new thermal spray powders or processes.
Detectability is less important when a sensor is used only to
detect unwanted changes in the particle plume in a well-
characterized thermal spray operation.”®*”! In such cases the
sensor need only indicate whether or not the process has drifted
beyond an acceptable operating window. Detectability is unim-
portant as long as it does not interfere with the sensors’ ability to
accurately identify when the process drifts beyond this specified
window.

4. Summary

This paper described calibration experiments and air plasma
spray particle measurements using a new particle sensing tech-
nique involving two-color IP and PSV. This measurement tech-
nique allows particle temperatures and velocities to be measured
over a large volume of the spray plume simultaneously. The fol-
lowing items were discussed or concluded:
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*  TheIP-PSV sensor was calibrated to 3,654 K using a unique
measurement facility located at the National Institute of
Standards and Technology (NIST) in which the absolute
temperature and emissivity of the calibration source were
measured.

»  Particle temperature uncertainties from random sources
were estimated at between 1.5% and 4%. An additional sys-
tematic temperature error occurs if the particles deviate
from graybody behavior.

*  The IP-PSV sensor properly detected changes in particle
velocity and temperature distributions caused by intention-
ally altered plasma conditions, and therefore should prove
useful as a means to detect unwanted drift in thermal spray
processes over extended periods of time.

*  The average particle velocity and temperature could be ma-
nipulated in desired ways over a wide range using a one-
dimensional energy balance model of the plasma torch.
This simple physical approach may have advantages as a
means of controlling particle behavior over computation-
ally intensive numerical models or purely empirical meth-
ods, provided reliable plasma property data are available.

*  The IP-PSV measured a 10% fluctuation in average particle
velocity and temperature over periods of several seconds.
These fluctuations, caused by a combination of arc insta-
bilities, turbulence, and variable powder feed, contribute
substantially to the overall variability of particle tempera-
ture and velocity in the spray plume.

» Particle detectability must be considered when interpreting
particle measurement data obtained from any sensor that
measures thermal radiation emitted by particles. Under low
power conditions, the indicated average particle tempera-
ture can be overestimated because a large number of cold
particles escape detection. Particle size, velocity, position,
and emissivity affect the detectability of a thermal spray
particle.
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