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Growing demands on the quality of thermally sprayed coatings require reliable methods to monitor and
optimize the spraying processes. Thus, the importance of diagnostic methods is increasing. A critical
requirement of diagnostic methods in thermal spray is the accurate measurement of temperatures. This
refers to the hot working gases as well as to the in-flight temperature of the particles. This article gives a
review of plasma and particle temperature measurements in thermal spray. The enthalpy probe, optical
emission spectroscopy, and computer tomography are introduced for plasma measurements. To deter-
mine the in-flight particle temperatures mainly multicolor pyrometry is applied and is hence described in
detail. The theoretical background, operation principles and setups are given for each technique. Special
interest is attached to calibration methods, application limits, and sources of errors. Furthermore,
examples of fields of application are given in the form of results of current research work.
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1. Introduction

Thermally sprayed coatings are being used for more
and more demanding applications. Thus, two main issues
are becoming increasingly important: the development of
new process parameters to realize specific coating prop-
erties and the monitoring of processing to ensure constant
quality and reliability. Furthermore, in the case of new
process developments, such as suspension-based thermal
spraying, the characterization of working gases and in-
flight particles provides an understanding and supports
optimization of these processes.

The functional chain within thermal spray processes
starts with the setting and control of process input
parameters such as gas flows, current, and powder feed
rates, and it ends with quality-relevant coating properties
such as the deposition rate, adhesion strength, or porosity.
These variables are linked by the characteristics of the hot
working gases as well as the particle in-flight state. Hence,
it is desirable to have an interior view of the process by
measuring such characteristics to control the process re-
sults. Even though not all mechanisms and effects are fully
understood, deviations of these interior process variables
may be detected so as to initiate the inspection of the

equipment and corrective actions. This is of importance as
thermal spray guns, in particular, are subjected to wear.

Several reviews (Ref 1-4) report on the rapid devel-
opment of appropriate measurement techniques and sen-
sor systems capable of working in the harsh environments
of spray booths. A critical requirement is the accurate
measurement of temperatures. This refers to the hot
working gases as well as to the in-flight temperature of the
particles. This article gives a review of plasma and particle
temperature measurement techniques currently used for
thermal spray processes. The enthalpy probe, optical
emission spectroscopy, and computer tomography are
introduced for plasma measurements. To determine the
in-flight particle temperatures mainly multicolor pyrome-
try is applied und thus described here.

Such methods cannot be applied in a proper way
without understanding their working principles. In par-
ticular, those techniques which are intended to be used in
research and development rather than in industrial pro-
duction require specific knowledge. Thus, in this article
special interest is attached to calibration methods, opera-
tional limits, and sources of errors. Furthermore, examples
of fields of application are given in the form of results of
current research work.

2. Plasma Temperature Measurement

2.1 Enthalpy Probe

Enthalpy probes were developed in the 1960s and their
applicability has been approved in many cases (Ref 5, 6).
Examples are the investigation of the impact of the
ambient atmosphere on the characteristics of the plasma
jet (Ref 7), the understanding of nonequilibrium situations
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in plasma jets (Ref 8), demixing effects and entrainment of
surrounding cold gas with effects on plasma-particle
interaction (Ref 9), nozzle design and optimization (Ref
10, 11), oxidation control in different plasma gas compo-
sitions (Ref 12), and the characterization of new plasma
torch concepts (Ref 13).

2.1.1 Theoretical Approach and Operation Princi-
ple. The enthalpy probe is a water-jacketed gas sam-
pling and stagnation probe for studying the enthalpy,
temperature, and velocity of hot and plasma gas flow
fields. The probe itself consists of double-walled tubing
usually made of stainless steel, which is cooled by a high-
pressure water circuit. Furthermore, the measured gas can
be sampled to analyze its composition by integrating a
mass spectrometer.

Figure 1 shows the operation principle (Ref 14, 15). At
first a ‘‘tare’’ measurement is performed. Observations of
the coolant temperature rise and flow rate are made while
no plasma gas is flowing through the probe. Subsequently,
the coolant measurements are repeated while the plasma
gas sampling valve is opened (‘‘sample’’ measurement)

and the gas flow rate and the gas temperature at the probe
exit are determined. The rate of heat removal from the gas
sample can be calculated from the temperature differences
of the cooling water between supply and return of the
probe:

_mgðhg;1 � hg;1Þ ¼ ð _mwcp;wDTwÞsample � ð _mwcp;wDTwÞtare
ðEq 1Þ

where _mg is the gas sample mass flow rate, _mw is the
cooling water mass flow rate, hg,¥ is the unknown gas
enthalpy at the probe entrance, hg,1 is the gas enthalpy at
the probe exit thermocouple, cp,w is the cooling water
specific heat, and DTw is the rise in cooling water tem-
perature. The unknown gas enthalpy hg,¥ can now be
uniquely determined, provided that the gas sample flow
rate _mg and the gas enthalpy hg,1 at the probe exit are
known. The latter is derived from the measured gas tem-
perature at atmospheric pressure and the gas sample flow
rate is determined via a sonic orifice or a mass flow meter.
For both calculations the plasma gas composition is nee-
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Latin alphabet

Ajk transition probability for the transition from j to

k, s�1

c velocity of light, m s�1

cp,w cooling water specific heat, J kg�1 K�1

d diameter, m

E spectral thermal flux emitted by a surface

element, W m�3

Ei ionization energy of level i, J

Ej energy of level j, J

gj statistical weight (degeneracy) of level j, -

h Planck constant, J s

hg,1 plasma gas enthalpy at the probe exit

thermocouple, J kg�1

hg,¥ plasma gas enthalpy at the probe entrance, J kg�1

i ionization level, -

IDk emissivity within filter band width Dk, W m�2

Ijk absolute intensity of a spectral line due to the

transition from j to k, W m�2

j excited state, -

k lower energy state, -

kB Boltzmann constant, J K�1

K1 first radiation constant, W m2

K2 second radiation constant, m K

L emission source depth, m

m energy level, -

m slope of Boltzmann plot, J�1

me electron mass, kg

_mg gas sample mass flow rate, kg s�1

_mw cooling water mass flow rate, kg s�1

n density of atoms/ions, m�3

ne electron density, m�3

N population of species, -

p pressure, Pa

pg,1 stagnation pressure measured at the probe exit,

Pa

pg,¥ static ambient jet pressure, Pa

r2 coefficient of determination, -

T temperature, K

DTw rise in cooling water temperature, K

vg,¥ free-stream plasma gas velocity, m s�1

V volume, m3

Z partition function, -

Greek alphabet

e emissivity, -

k wavelength, m

kjk wavelength of the emission due to the transition

from j to k, m

Dk filter band width, m

qg,¥ free-stream plasma gas mixture mass density,

kg m�3

Abbreviations

CCD charge-coupled device

CT computer tomography

EtOH ethanol

LPPS low pressure plasma spraying

LTE local thermal equilibrium

NIST National Institute of Standards and Technology

slpm standard liters per minute

SPS suspension plasma spraying

SSMI spray stream melting index

YSZ yttria stabilized zirconia



ded, which is provided by the mass spectrometric analysis
of the sampled gas. This is used to calculate the mass
density as well as the specific enthalpy temperature rela-
tion of the plasma gas mixture based on tabulated values
of its constituents. Finally, the plasma gas temperature is
obtained from the plasma gas enthalpy hg,¥, which is
determined as described above and from the above-men-
tioned enthalpy temperature relation.

Moreover, the local plasma velocity at the sampling
point is determined in the ‘‘tare’’ mode from the measured
stagnation pressure in the dead-ended probe by Ber-
noulli�s equation, which is valid for low subsonic gas flows:

vg;1 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2

qg;1
ðpg;1 � pg;1Þ

s

ðEq 2Þ

where vg,¥ is the unknown free-stream plasma gas velocity,
qg,¥ is the free-stream plasma gas mixture mass density,
pg,1 is the stagnation pressure measured at the probe exit,
and pg,¥ is the static ambient jet pressure.

2.1.2 Realization and Limitations. The effectiveness of
the enthalpy probe technique is dependent on the repro-
ducibility of the flow conditions in the ‘‘tare’’ and the
‘‘sample’’ mode. This is achieved by making measure-
ments under isokinetic conditions meaning that the gas
velocity at the probe entrance is equal to the free gas
stream velocity vg,¥. Such conditions can be provided by
adjusting the sample gas flow through the probe. Since the
free gas stream velocity vg,¥ is not known in advance the
optimum sample gas flow has to be approached by an
iterative procedure involving repeated measurements.

The coolant flow should be high enough so that, on the
one hand, a proper thermal protection of the probe is
ensured. On the other hand, too large a flow will result in
only a small temperature rise thus affecting the measure-
ment accuracy. According to experience, it is recom-
mended to adjust the flow so that the temperature rise
DTw is between 10 and 50 K. For common systems, this
refers to a heat flux of 1.0 to 1.5 kW. As the maximum
flow rate is limited by the probe dimension, this always
implies restrictions for the application of enthalpy probes.
Furthermore, a certain local heat flux due to the sampled
hot plasma gas hg,¥ qg,¥ vg,¥ must not be exceeded to

avoid thermal damage to the probe. Maximum allowable
values are typically between 100 and 150 MW m�2.

When measuring plasmas containing hydrogen down-
stream where the quantity of entrained air is considerable,
OH radicals may be formed and trapped with H atoms at
the relatively cold probe surface. Thus, the oxygen and
hydrogen measurement could be biased.

2.1.3 Calibration. As the calculation of the plasma
temperature relies on an energy balance which is per-
formed on the cooling water into the probe and the mea-
surement of the gas flow rate, the accuracy of the
measurement of the water temperature and the flow rate is
a key element for precise measurement. Thus, a special
electrical heating element mounted on the probe is used to
calibrate or simply to verify the calibration. A controller
allows the adjustment and the measurement of the power
dissipated in the heating element. At different flow rates,
the error due to the water flow meter and the resistance
temperature devices is determined under steady state
conditions. Based on this, calibration factors are computed
and saved. Once such a full calibration of the system has
been completed, a new calibration run should be per-
formed applying the calibration factors obtained previously
to confirm and fine tune the accuracy. Normally, an accu-
racy of within 1% can be obtained in 2 to 3 calibrations.

2.1.4 Examples of Results. The enthalpy probe tech-
nique was applied to the suspension plasma spray process
to improve the understanding of the effects taking place in
the plasma plume due to the injection of suspension fluids.
Thus, the effects of carrier gas flow, injection of ethanol
and water on the characteristics of the plasma jet were
investigated using an F4 torch and Ar/H2 plasma (Ref 16).
For the measurements, only the carrier liquid without
particles was injected instead of the suspension.

This study was with a Triplex I plasma torch (Ref 17,
18). Examples of the results of current research work are
given in the following. The plasma gas composition was
40 slpm Ar and 10 slpm He, the current was 250 A cor-
responding to an input power of 17.3 kW. The air injection
flow was 4 L/min and the EtOH flow was 0.05 L/min. The
enthalpy probe system (ENP-04-CS, Tekna Plasma Sys-
tems Inc., Sherbrooke, QC, Canada) was used to deter-
mine the local enthalpy, temperature, and velocity of the

Fig. 1 Operation principle of the enthalpy probe (refer to the text for a description of the symbols)
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plasma. The outer diameter of the appropriate probe tube
was 4.76 mm and the inner diameter 1.27 mm. All mea-
surements were performed under close to isokinetic con-
ditions as explained above. The shortest measurement
distance to the nozzle was 50 mm to avoid thermal over-
load of the probe tip by excessive local heat flux. The
plasma gas composition was analyzed by means of a
quadrupole mass spectrometer (Prisma QMS 200, Balzers
AG, Balzers, Liechtenstein), which was calibrated by
several known gas mixtures.

Figure 2 shows the measured plasma gas temperatures
for three cases, (a) without any feedstock injection (no
injection), (b) injection of air without ethanol (air injec-
tion), and (c) two-phase injection of ethanol and air
(air + EtOH injection). The injection of air cools down the
plasma plume. Furthermore, the radial temperature dis-
tribution is shifted downwards. At an axial distance of
50 mm, the maximum is moved down in a radial direction
by approximately 5 mm. Apparently, the plasma gas flow is
slightly deflected by the radial air injection. However, the
cooling effect appears quite moderate. If ethanol is added
the temperatures are enhanced considerably. The maxi-
mum temperature at a nozzle distance of 50 mm rises from
2458 K (air injection) to 3487 K (air + EtOH injection).

The measured velocity distributions in the plasma gas
for the same three cases mentioned above (not described
in detail in this article) show identical evolutions to the
temperatures. Due to air injection, the velocities measured
at a nozzle distance of 50 mm are lowered from 379 m s�1

(no injection) to 336 m s�1 (air injection). With ethanol,
the combustion leads again to an increase in average flow
velocity to 402 m s�1 (air + EtOH injection).

Figure 3 shows that in the case of ethanol injection the
plasma gas displays a distinct CO2 content while the
oxygen fraction is reduced by the combustion. In the axial
direction, the maximum CO2 content of 2.65 vol.% is
reached at a distance of 70 mm indicating that the com-
bustion is completed here. At the same point, the oxygen
content is lowered by combustion from 19.5 vol.% (air
injection only) to 13.8 vol.% with ethanol. For the most
part, the oxygen comes from the surrounding atmosphere.
Without any injection, the oxygen measured on the axis at
a distance of 50 mm is already 17.4 vol.%, see Fig. 3. This
shows that the entrainment of air into the plume takes
place quite close to the nozzle. Such phenomena were
already investigated by Pfender et al. (Ref 19). Thus, the
combustion of species resulting from ethanol decomposi-
tion can take place at an early stage. The enthalpy probe
measurements show that this combustion results in a gain
of plasma enthalpy and consequently in higher plasma
temperatures and velocities. This is due to the combustion
enthalpies of the decomposition products, which are large,
compared to the evaporation heat of ethanol.

2.2 Optical Emission Spectroscopy

The optical emission spectrum of plasma is a valuable
characteristic for determining the plasma temperature.

Fig. 2 Axial and radial distribution of the measured plasma gas
temperatures for three cases, (a) without any injection (no
injection), (b) injection of air without ethanol (air injection), and
(c) two-phase injection of ethanol and air (air + EtOH injection)
(Ref 17)

Fig. 3 Development on axis of the gas composition in the jet for
operation (a) without any injection (no injection), (b) with
injection of air only (air injection), and (c) for two-phase injec-
tion of ethanol and air (air + EtOH injection) (Ref 18)
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However, above all, optical emission spectroscopy allows
the qualitative analysis of the emitting gas species
including vaporized particle material and gaseous
decomposed constituents of powderous and liquid feed-
stock.

2.2.1 Realization and Requirements. Suitable spec-
trometers must cover the visible and near-IR wavelength
range of the selected spectral lines with reasonable accu-
racy and resolution. Modern spectroscopes generally use a
dispersive element (e.g., a diffraction grid) and some kind
of photodetector such as a diode array. The spectral res-
olution depends on the width of the entrance slit, the
resolution of the detector itself as well as on the accuracy
of the diffraction, which in the case of a grid is determined
by the density of grooves in it. Spectral resolutions better
than 0.5 nm can be obtained. If transient plasma condi-
tions are to be investigated, also the velocity of the
detectors and controllers must be considered. In particu-
lar, plasma spray jets generated by one-cathode torches
may exhibit strong axial and longitudinal fluctuations so
that only time-averaged measurements are obtainable. To
provide a specific spatial measurement resolution, the
plasma radiation is collected through a focusing lens from
a small measurement volume. Optical fibers can be ap-
plied to transfer the light to the spectrometer entrance.

As the plasma jets are optically thin the measurement
is spatially integrated along the line of sight of the optical
sampling setup (Ref 20). To obtain the central character-
istics of the plasma jet, generally a deconvolution of the
measured two-dimensional projections of the integrated
intensities must be performed to reconstruct the spatial
plasma temperature field. This is commonly done by Abel
inversion based on the assumption of axial symmetry. This
way, the maximum values of radial profiles can be prop-
erly determined. In contrast, the integrated values are
lower. Alternative methods have also been developed to
circumvent Abel inversion (Ref 21, 22).

2.2.2 Examples of Results. The following spectro-
scopic measurements were performed by suspension
plasma spraying applying a Triplex II gun (Ref 18). The
plasma current was 500 A and the plasma gas flow 50 slpm
Ar with 4 slpm He yielding an input power of 56.2 kW.
The spray distance was 65 mm. The powder used for the
suspension was partially yttria-stabilized zirconia (5YSZ)
from Tosoh Corporation (Tokyo, Japan). It was ball mil-
led by a grinding stock of zirconia balls to obtain particle
sizes in the suspension below 1 lm. The 20 wt.% YSZ
suspension was prepared by dispersing the powder in
ethanol (EtOH).

The radiation of the jet was analyzed by optical emis-
sion spectrometry (MCS UV-NIR spectrometer, Carl
Zeiss MicroImaging, Göttingen, Germany) in the 190 to
1020 nm wavelength range with a spectral pixel dispersion
of approximately 0.8 nm per diode. Between 220 and
1000 nm, the absolute accuracy was <0.3 nm, the relative
accuracy was <0.1 nm, and the spectral resolution was
3 nm. This is sufficient to identify qualitatively the emit-
ting gas species. Plasma radiation was collected through a
2 mm vertical slit mask located 125 mm from the hori-
zontal gun axis. Due to the optical-fiber-based setup, it
was not possible to resolve the vertical profile of the
plasma emission and thus to obtain the radial distribution
using Abel inversion. Therefore, the collected intensities
result from the integration of the spectral intensity. Thus,
slight changes of the plasma symmetry due to the injection
of the atomized liquid did not affect the measurement
results.

Figure 4 shows the optical emission spectra at 20 mm
axial distance from the nozzle for the three cases (a)
without any injection (no injection), (b) two-phase injec-
tion of ethanol and air (air + EtOH injection), and (c) two-
phase injection of air and YSZ ethanol suspension
(injection of air + YSZ EtOH suspension). Both the latter
cases differ from the first case by some C and H peaks

Fig. 4 Optical emission spectra at 20 mm axial distance for the three cases, (a) without any injection (no injection), (b) two-phase
injection of ethanol and air (air + EtOH injection), and (c) two-phase injection of air and YSZ ethanol suspension (injection of air + YSZ
EtOH suspension) (Ref 18)
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resulting from decomposed ethanol. The injection of YSZ
EtOH suspension leads to several Zr and Y peaks, in
particular between 270 and 380 nm. The plasma gas Ar
shows distinct peaks between 400 and 450 nm as well as
above 700 nm. Only one He peak is detected at 587.6 nm,
and other He peaks are apparently covered.

Obviously, the peaks corresponding to plasma gas
species Ar and He show smaller intensities if the YSZ
suspension is injected compared to the cases without
injection and with injection of air and ethanol only. Since
the plasma gas flow rates and thus the concentrations were
the same, it is assumed that the gas temperature is lowered
by the particle injection.

The spectral analysis proves the existence of evapo-
rated YSZ material. Furthermore, there is a particle
loading effect as reported in Ref 23. The particles con-
sume part of the plasma energy for heating and also for
evaporation as confirmed by the spectral Zr and Y peaks.
The existence of evaporated particle material close to the
nozzle is consistent with the fact that even if the material
is not yet molten considerable vapor pressures are to be
expected. The vapor pressure of zirconia reaches nearly
100 Pa (Ref 24) before reaching the melting point at
2983 K (Ref 25).

2.3 Boltzmann Plot

Based on spectroscopically measured emissions, plasma
temperatures can be determined by the atomic Boltzmann
plot method (Ref 26, 27).

2.3.1 Theoretical Approach. Applying the Boltzmann
distribution, which is valid for local thermal equilibrium
(LTE), the absolute intensity Ijk of a spectral line emitted
by the plasma due to the transition from an excited state
j to a lower energy state k is

Ijk ¼
L h c

4p kjk
Ajk n

gj

Z
e �Ej=kBTð Þ ðEq 3Þ

where L is the emission source depth, h is the Planck
constant, c is the velocity of light, Ajk is the transition
probability, n is the density of emitting atoms/ions, gj is the
statistical weight (degeneracy) of the excited level j, kjk the
wavelength of the emission, Z is the partition function, Ej

the energy of the excited level, kB the Boltzmann constant,
and T the excitation temperature. If the intensities of a set
of emission lines of the same final state are measured a
linear plot

ln
Ijkkjk

gjAjk

� �

¼ �Ej

kBT
þ C; C ¼ ln

L h c n

4p Z

� �

ðEq 4Þ

will yield a slope that is inversely proportional to the de-
sired excitation temperature T. As a possible calibration
factor between absolute and measured intensities Ijk also
vanishes in the constant C, the measurement of relative
intensities is sufficient.

To establish a Boltzmann plot, a set of well-defined,
isolated, and non-absorbing spectral lines have to be se-
lected for one species of the plasma gas constituents and
for the same ionization state. In many cases, this is neutral

argon (Ar I). The lines must be selected carefully as a
good emitter is at the same time a good absorber
according to Kirchhoff�s law of thermal radiation. Com-
pared to low pressures, such absorbing effects increase at
atmospheric conditions since the plasma becomes less
optically thin. Generally, peaks measured at atmospheric
pressure are wider when compared to those measured
under vacuum conditions due to broadening effects that
also explain the continuum background radiation (Ref
28). Such continuum radiation must be taken into account
if the spectral resolution of the spectrometer is poor so
that its intensity is considerable when compared to the
discrete line intensity. The energies Ej of the upper states
should spread over a wide range for the selected lines to
provide a good sensitivity and the least uncertainty of the
Boltzmann plot method.

For each spectral line at wavelength kjk the term on the
left side of Eq 4 is calculated using the measured line
intensity Ijk and then plotted against the corresponding
energy of the excited level Ej, which can be looked up in
appropriate databases or reference books, as can the val-
ues of the transition probability Ajk and the statistical
weight gj. Then a linear regression line is fitted to the data
points. Finally, the desired excitation temperature may be
derived directly from its slope m by

T ¼ 1

m kB
ðEq 5Þ

2.3.2 Realization and Limitations. As mentioned
above, one basic assumption for applying the Boltzmann
distribution is LTE. Chen et al. (Ref 29) compared tem-
peratures derived from spectroscopically measured abso-
lute emission coefficients and those achieved by an
enthalpy probe. They used an SG-100 torch (Praxair, Inc.,
Danbury, CT, USA, formerly Miller Thermal, Inc.)
operated at 800 A current with 47 slpm Ar and 22 slpm
He as primary and secondary plasma gas, respectively.
Substantial discrepancies were found exceeding by far the
error limits inherent for both methods. The higher tem-
perature values obtained from spectroscopy were inter-
preted to be due to strong nonequilibrium effects, in
particular under turbulent conditions beginning at short
distances downstream from the nozzle exit. Rajabian et al.
(Ref 30) also compared these measurement methods and
pointed out that in temperature regions below 4000 K the
enthalpy probe method has to be used since the emission
of the plasma is no longer adequate for emission spec-
troscopy. For Ar I lines, Joshi et al. (Ref 31) report a
lower temperature limit of 5000 K for the application of
emission spectroscopy.

2.3.3 Examples of Results. Optical emission spectra
were collected for two low pressure plasma spray (LPPS)
conditions at 150 Pa Ar pressure through the window of
the process chamber. The plasma source was an O3CP
torch (Sulzer Metco AG, Wohlen, Switzerland) operated
without powder injection. The plasma parameters were
35 slpm Ar and 60 slpm He, in the one case the current
was 2600 A, in the other case the current was 2200 A with
additionally 10 slpm H2 gas flow. In both the conditions,
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the input power was 112 kW. As the spectra have to be
evaluated quantitatively for this application the spec-
trometer (Ocean Optics, Dunedin, FL, USA) had an en-
hanced resolution when compared to the system described
above. It is equipped with a 2048 element CCD array and
covers the wavelength range from 360 to 800 nm.

32 readily identifiable Ar I atomic spectral lines were
selected between 516.2285 and 763.5106 nm to draw the
Boltzmann plots. Figure 5 shows one example. The atomic
spectra data were taken from NIST (Ref 32). It can be
assumed that the plasma conditions are close to local
thermal equilibrium as the plots show linear develop-
ments. The coefficients of determination for the regression
lines are always r2 > 0.88.

Figure 6 shows axial developments of plasma excitation
temperatures determined by Boltzmann plots for the two
mentioned conditions. Using the first case only Ar and He
as plasma gases, the temperature decreases continuously
in the downstream direction dropping below 10,000 K at
435 mm axial distance. The second case using additionally
10 slpm H2 exhibits lower temperatures as the dissociation
of hydrogen molecules H2 fi 2H consumes energy.

2.4 Computer Tomography

Using computer tomography (CT) it is possible to
spectroscopically measure plasma temperatures of even
nonrotationally symmetric jets as no Abel inversion is
required (Ref 33, 34).

2.4.1 Theoretical Approach and Realization. A num-
ber of individual measurements are each made at different
angles around a half-circle of the jet. An analysis of the
results, however, has to rely on temporal stability of the
object examined as the images are subsequently taken
during a time span of a few seconds. Hence, its primary
application is for the more stable multi-electrode plasma
torches.

To determine the temperature distribution, the CT
system uses three individual cameras on a single turning
unit. Each of these cameras moving in steps around the
plasma jet is equipped with a different narrow-band

interference filters associated with one main line of a
plasma gas constituent. For every cross section, an inten-
sity distribution in the defined wavelength interval is to-
mographically reconstructed.

The temperature at this point can be determined using
the measured ratios of intensity for each position and two
wavelengths at a time, and comparing these ratios with
theoretically calculated values for radiation emitted at
LTE conditions. The calculation procedure starts with
Eq 3 in combination with the partition function

Zi ¼
X

m

gme�Em=kB T ðEq 6Þ

which has to be calculated for the neutral state i = 0 and
for the ionization levels i = 1, 2… each by summation over
all corresponding energy levels m.

Furthermore, the density n of plasma gas species can be
determined based on the following set of four equations

neniþ1

ni
¼ 2Ziþ1

Zi

2p me kB T

h2

� �3=2
e
�Eiþ1�Ei

kB T

¼ Ki Saha’s equation assuming LTEð Þ ðEq7Þ

where ne is the electron density, n0 and ni are the densities
of the neutral and ionized species, respectively, me is the
electron mass, and Ei the ionization energy of level i.

For a given external pressure p is the total density n of
species

n ¼ N

V
¼ p

kB T
ideal gas lawð Þ ðEq 8Þ

where N is the population of species and V is the gas
volume. Considering the neutral state (i = 0) and the first
(i = 1) and second (i = 2) ionization level, which are rele-
vant for plasma spray conditions, the total density n of
species is

Fig. 5 Example of a Boltzmann plot for low pressure plasma
spraying conditions plasma gas flow 35 slpm Ar, 60 slpm He and
10 slpm H2, current 2200 A, and 1200 mm axial distance

Fig. 6 Axial developments of plasma excitation temperatures
for two low pressure plasma spraying conditions for (a) plasma
gas flow 35 slpm Ar and 60 slpm He, current 2600 A and (b)
plasma gas flow 35 slpm Ar, 60 slpm He and 10 slpm H2, current
2200 A
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n ¼ ne þ n0 þ n1 þ n2 derived from Dalton’s lawð Þ
ðEq 9Þ

and the electron density ne is

ne ¼ n1 þ 2n2 electroneutrality conditionð Þ ðEq 10Þ
Taking Eq 7-10 together, the electron density ne results
from

p

kB T
¼ ne 1þ

1þ K1

ne
þ K1K2

n2
e

K1

ne
þ 2K1K2

n2
e

" #

ðEq 11Þ

Subsequently, the densities of the neutral and ionized
species n0, n1, and n2 can be obtained. Now all variables of
Eq 3 are known so that the theoretical spectral line
intensities Ijk can be calculated at each wavelength kjk

depending on the temperature T.
The integrated theoretical emissivity IDk within each

filter band width Dk of the CT equipment can thus be
computed by summation of the line intensities Ijk of the
relevant ionization levels i = 0, 1, 2…

IDk ¼
X

Dkfilter

X

i

Ijk ðEq 12Þ

As with the calculated integrated emissivities, the ratios
from all emissivity pairs measured through the three filters
are computed in the relevant temperature range, e.g., from
5000 to 25,000 K. Finally, comparing the calculated with
the measured ratios allows the determination of the
plasma temperature.

2.4.2 Examples of Results. The following tomographic
investigations were carried out with a three-cathode
TriplexPro� torch (Ref 35). The nozzle diameter was
9 mm, the current was 540 A, and the plasma gas flow was
50 slpm Ar and 4 slpm He. The resulting effective net
power was 30.9 kW. Figure 7 shows the tomographic
reconstruction of gas temperature distribution with the
powder injector plane cross section, three additional

downstream sections and the iso-surface of 12,000 K. The
counterclockwise jet rotation is induced by the gas distri-
bution ring inside the torch, to improve the interaction
between the gas and the electric arcs near to the cathodes.
The temperature distributions over the jet�s cross section
in the plane of particle injection show characteristic non-
rotationally symmetric profiles with a typical triangular
shape. This analysis confirmed that injecting the particles
between two adjacent high-temperature cores corresponds
to optimal conditions as the particles are kept properly
and heated in the plasma jet (cage effect).

3. Particle Temperature Measurement

Particle temperature measurements usually rely on the
measurement of the radiance of the hot, incandescent,
particles in two or more wavelength or color bands. Such
measurements are based on multicolor pyrometry, which
relates intensities in two or more wavelength bands to
temperature based on Planck�s blackbody radiation law.

3.1 Multicolor Pyrometry Principle

The principle of multicolor pyrometry is described
using the example of the two-color case. According to
Planck�s law, the spectral distribution of the thermal flux
emitted by a surface element of an ideal black body can be
expressed as

EðkÞ ¼ K1

k5

1

eK2=k T � 1
ðEq 13Þ

where k is the wavelength, T is the temperature, K1 is the
first, and K2 the second radiation constant

K1 ¼ 2p h c2 ¼ 3:741771� 10�16 Wm2

K2 ¼
h c

kB
¼ 1:438775� 10�2 mK

with c the velocity of light, h Planck�s constant, and kB the
Boltzmann constant.

The emissivity e gives the deviation of the radiation
performance of a real body compared to an ideal black
body. Values of e are material-specific and vary between
zero and unity, and generally depend on the wavelength
and temperature. Moreover, they can change due to sur-
face oxidation or other chemical reactions.

Particle temperature measurement based on two-color
pyrometry involves filtering of the thermal radiance
emitted by a particle at two wavelength bands. The ratio
of the measured radiation is

Eðk1Þ
Eðk2Þ

¼ k2

k1

� �5 eðk1Þ eK2=k2 T � 1

eðk2Þ eK2=k1 T � 1

Because the emissivities are unknown for many applica-
tions, the gray body assumption e(k1)/e(k2) = 1 is used,
where it is assumed that the emissivity is not dependent on
the wavelength. However, in many cases this assumption is
not fulfilled so that a systematic error is introduced which

Fig. 7 Tomographic reconstruction of gas temperature distri-
bution showing the counterclockwise jet rotation; injector plane
cross section, three additional downstream sections and surface
of 12000 K (Ref 35)
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can lead to significant temperature deviations (Ref 36).
For tungsten and molybdenum samples a measurement
error of 50 K was found at 1600 and 300 K at 3654 K,
respectively (Ref 37).

Applying Wien�s approximation of Planck�s law for
short wavelengths

eK2=kT � 1) eK2=kT � 1 � eK2=kT

the desired temperature is obtained by

T ¼
K2

1
k2
� 1

k1

� �

ln Eðk1Þ
Eðk2Þ

k1

k2

� �5
� � ðEq 14Þ

The uncertainty of this approach generally increases with
temperature because the measured intensity ratio E(k1)/
E(k2) becomes less sensitive to changes in temperature
according to Planck�s function. On the other hand, this is
partially offset by the increase in signal-to-noise ratio at
higher temperatures (Ref 37).

In principle, the measured temperature represents the
surface temperature which may differ from that in the
particle core. However, oxide ceramics exhibit a large
wavelength range where they are distinctly semi-trans-
parent which may be phase dependent. Assuming that the
particles� optical thickness is that of the product of the
particle radius and the absorption coefficient, the mea-
sured value is not the surface temperature, since it is ob-
tained in opaque materials, but rather the temperature of
an internal layer. Such partial translucency is character-
istic, e.g., of zirconia in the wavelength range of up to
approximately 8 lm (Ref 38), and is also found for other
oxide ceramics, such as alumina (Ref 39).

3.2 Calibration

This relationship is common to both single particle and
ensemble measurement methods. By forming the ratio,
the measurement is insensitive to the absolute magnitude
of radiation falling on the detector and the field of view
need not be filled. The size of the particles is eliminated
from the result. Moreover, a relative calibration, rather
than a more difficult absolute calibration, is required.

One approach to calibrate such two-color pyrometers is
to install the sensor head in a socket in front of a tungsten
ribbon lamp. Prior to this, this lamp must be individually
calibrated using a high-precision pyrometer. As a result, a
calibration sheet provides some specific temperatures with
corresponding currents and voltages. These calibration
points are adjusted consecutively by a potentiometer and
the temperature for each is measured. Finally, a regression
function is fitted to the measured data linking the mea-
sured intensity ratios with the temperature values given in
the calibration sheet. The parameters of the fitting func-
tion are the desired calibration constants. It should be
noted that this calibration considers mainly the different
sensitivities of the applied photoelectric detectors and is
exactly valid only for the calibration lamp material and
others with similar emissivity characteristics. The emis-
sivities of many other substances may vary significantly

from that of tungsten (Ref 2). Moreover, the calibration is
valid only in the temperature range in which the tungsten
lamp is operated and for which calibration data is pro-
vided. Particle temperatures of high melting point mate-
rials such as YSZ may exceed this validity range.

Mates et al. (Ref 37) extended the validity range of
calibration by the use of a unique nonintrusive tempera-
ture measurement facility providing an optically accessible
target at a known, selectable absolute temperature up to
the melting point of tungsten (3693 K) and combined it
with a fiber-optic spectrometer to correct the calibration
for nongray-body effects. They estimated the 95% confi-
dence intervals of their calibration as 1% at 1500 K and
2.5% at 3500 K.

Another method to improve the calibration is to use a
tungsten lamp in combination with a calibrated photodi-
ode (Ref 40). The emissivity of the tungsten lamp is not
assumed in this approach. Instead, the emitted light is
separated by wavelength and measured with the photo-
diode; the same signal is measured with the sensor. This
enables accurate characterization of the senor response to
known incident light.

When pyrometry is performed with only two colors
there is no measure to estimate whether or not particle
emission is close to that of to a gray body; any measure-
ment will match expected values for a gray body at some
temperature since it is a determined problem. However,
when three or more colors are used, the deviation from
expected gray body behavior can be determined. This
deviation is related to the magnitude of measurement
error (Ref 40).

3.3 Measurement Procedures

A typical measurement procedure is as follows. The
plasma gun is positioned in front of the optoelectronic
sensor so that the measurement scope is within spraying
distance of the work piece. The measuring head collecting
the particle radiation is mounted on a scanning unit which
moves it perpendicularly to the gun axis. Alternatively,
the gun is moved relative to the fixed sensor head by the
robot. Positioning accuracy should be ±0.1 mm or better.
Furthermore, sensors used for the closed-loop feedback
controller, in particular, are fixed on the spray torch to
continuously measure the flux characteristics.

Often, single-point measurements are performed. To
do this, the particle flow is scanned before each mea-
surement along the horizontal and vertical directions
perpendicular to the jet axis to determine the point of
maximum particle flow rate. This may be done by a two-
step procedure with increasing resolution. Finally, the
measurement position is determined at the detected
maximum flux point. As an alternative, the centroid of the
light intensity distribution is taken as a marker of the
sweet spot of the plume.

If the sensor measurement volume is small when
compared to the dimensions of the particle jet, a single-
point measurement may not be representative as the
particle characteristics vary spatially due to the size-
dependence of the particle trajectories. In this case, it is
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critical to develop an appropriate approach with respect to
positioning the measurement volume (Ref 40). Several
measurements should be performed at different locations
to cover the entire cross section of the plume. Further-
more, with respect to the particles deposited on the sub-
strate, it must be considered which contribute the most to
the deposited coating. If the evaluation of the measured
values includes a weighting by volume, the particle�s
contribution to deposition is properly reflected. This
eliminates the bias toward smaller particles inherent with
simple averages by number and solves the problem that
measurement points identified by maximum particle flow
rates or light intensity are not coincident with the position
of highest particle volume flux. However, volume-
weighting requires a reliable determination of the particle
diameters.

3.4 Limitations and Errors

The thermal emission of a particle depends not only on
its temperature but also on its size and emissivity. As the
emission intensity is proportional to the square of the
diameter and the temperature to the power of four
(E ~ d2 T4) the detectors and electronics must cover a
wide dynamic range.

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 (Ref 37). The velocity and position of the
particle within the field of view also affects its intensity
signal. Finally, detection limits must be determined by
experiment. For thermal spray processes with very small
particles, such as suspension plasma or high velocity oxy-
fuel spraying, detectability of single particles is not pos-
sible. Only ensemble methods measuring several particles
simultaneously, as described below, are applicable here
(Ref 18, 41, 42).

Multicolor pyrometry may be affected by interfering
nonthermal radiation. Figure 8 shows the sources which
may greatly influence temperature measurements, namely
(Ref 23, 43):

� Radiation emitted by the plasma surrounding the
particle,

� Radiation emitted by evaporated particle material
and impurities, and

� Radiation coming from the plasma source scattered
by the particles.

As an optical sensor collects the total radiation
including the nonthermal signals, the ratio of the mea-
sured intensities at the wavelengths used for multicolor
pyrometry may be skewed. Generally, it is not sufficient to
fix the wavelength bands between the most intense atomic
lines of the plasma gas to exclude them because the
emission also contains a continuous spectrum. Direct and
scattered plasma radiation may become significant, if the
particle radiation decreases, i.e., at lower temperatures
and at small emissivities. Furthermore, the intensity of the
plasma radiation is dependent on the excitation energy
and the local gas concentration. Hence, the effect of
nonthermal signals is especially large near the plasma
torch exit and where there are few or relatively cool
particles, such as those at the edges of the plume.

Based on spectroscopic measurements and using the
Mie scattering theory, Gougeon et al. (Ref 44) calculated
a measurement error of +100 K for a 50 lm nickel particle
at 1550 �C located at 100 mm spray distance in an argon/
helium plasma assuming a two-color pyrometer operating
at 877 and 995 nm wavelengths. Such errors due to scat-
tered plasma light decrease at higher particle tempera-
tures as well as at greater distances from the torch. Zalhi
et al. (Ref 43) injected cold copper +40 �63 lm particles
at 120 mm spray distance into the plume of an F4 torch
and measured the light scattered by them. The current was
700 A and the plasma gas 40 slpm Ar and 5 slpm H2.
Using two-color pyrometry at 790 ± 22 and 995 ± 22 nm
and a tungsten ribbon calibration source, they calculated
measurement errors of 25% at 1850 �C and 4% at 2520 �C
surface temperature based on an emissivity of e = 0.06.
With increasing emissivity, the measurement error de-
creased significantly, e.g., 2% at 1850 �C for e = 0.2.

Hollis et al. (Ref 45) reported measurements between
the wavelengths of 630 and 880 nm, showing that the
plasma radiation dominates the nonthermal radiance fur-
ther downstream, while near the torch exit, vapor signals
of the particle material are found to be significant. By
determining and subtracting the nonthermal signal from
the collected spectra, more accurate particle temperatures
could be achieved. Spraying molybdenum with +63
�75 lm powder size at approximately 30 kW with an Ar-
He plasma gas mixture, the corresponding correction was
low (1.5%) near the center of the radial particle distri-
bution. At the edges of the distributions, the largest error
of 14% was found.

3.5 Sensor Systems

Particle diagnostic systems can be distinguished by
their detecting elements. The most common sensors fall
into two main categories: (1) fiber-optic-based sensors that

Fig. 8 Relevant nonthermal radiation sources influencing the
temperature measurement using two-color pyrometry (Ref 36)
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image the measurement volume onto a pair of photode-
tectors, and (2) CCD arrays (either 1D or 2D) that image
the plume in a single line at a specific spray distance or
along both the vertical and the spray directions (Ref 40).

Measurement techniques can also be categorized as
single-particle and ensemble methods. Single-particle
methods use high-speed pyrometry to estimate the tem-
perature of individual particles. The mean and standard
deviation of the particle temperature distribution can then
be obtained from observations of sufficient numbers of
individual particles. As fast pyrometers with response
times of 100 ns are available, measurement times in the
range of 10-20 s at constant spray conditions are sufficient
for many applications. Single-particle techniques require
the spray jet to be dilute enough so that single particles
can be observed. This condition is met for many common
thermal spray conditions (Ref 2). Ensemble methods ob-
serve large numbers of particles simultaneously and yield
an estimated mean temperature directly, but cannot pro-
vide information on the shape or width of the particle
temperature distribution. Furthermore, specific problems
may be involved in this approach such as biasing the
average results by the statistical distribution of the particle
temperature and size (Ref 2, 40). They are not limited to
lightly loaded sprays. Both the techniques are applied in
the thermal spray industry. The single-particle techniques
are preferable for scientific investigation, but are some-
what time-consuming and complicated to apply. Insensi-
tivity to spray pattern position, coupled with fast response
times, makes ensemble techniques attractive for control
applications (Ref 2). However, a successfully operating
closed loop system with a feedback of the particle char-
acteristics to the process control is still a long-term
objective (Ref 3, 4) as knowledge about interrelations
between particle characteristics and coating properties is
incomplete and not unique. The particle state is important
but may not fully describe the evolving deposit state (Ref
46).

As the number of available particle diagnostic systems
is small they are briefly described as follows.

3.5.1 DPV-2000. The DPV-2000 (TECNAR Automa-
tion Ltd., St-Bruno, QC, Canada) was developed in the
1990s (Ref 47) and makes it possible to measure particle
velocities, temperatures, and diameters. The velocity is
obtained by measuring the time between the two signals
which are triggered by a radiating particle passing the two-
slit mask of the optoelectronic sensor head. The velocity
can be calculated in conjunction with the distance of the
slits and the magnification factor of the lens. The tem-
perature is acquired by two-color pyrometry as described
above. The wavelengths are at k1 = 787 ± 25 nm and
k2 = 995 ± 25 nm. The diameter is estimated from the
radiation energy emitted at one wavelength assuming that
the melted particles are spherical or almost spherical.
Since it is necessary to know the real emissivity of the
particle, a prior calibration by means of a powder with
known diameter distribution has to be carried out. As the
measurement volume is relatively small (<1 mm2), the
data is collected for individual particles and can subse-
quently be analyzed statistically.

3.5.2 Accuraspray-g3. The Accuraspray-g3 diagnostic
system (TECNAR Automation Ltd., St-Bruno, QC,
Canada) is based on concepts similar to the DPV-2000
(Ref 48-50), but it provides ensemble average data rep-
resenting the particle characteristics in a much larger
measurement volume of approx. Ø3 9 25 mm. Particle
velocities are obtained from cross-correlation of signals
which are recorded at two locations in close proximity.
The temperatures are again determined by two-color
pyrometry. The other component of this system consists of
a CCD camera enabling the analysis of the plume
appearance (position, width, distribution, intensity) along
a line at a spray distance perpendicular to the particle jet.

3.5.3 IPP. The Inflight Particle Pyrometer (IPP) sen-
sor was developed by Inflight Ltd. Co., Idaho Falls, ID,
USA. It is a two-color radiation pyrometer, with a long,
cylindrical measurement volume (Ø5 9 50 mm) that
provides an ensemble average particle temperature mea-
surement at 10 Hz (Ref 51).

3.5.4 ThermaViz�. ThermaViz� is a two-wavelength
imaging pyrometer system (Stratonics Inc., Laguna Hills,
CA, USA). It is based on a CCD camera (Ref 52, 53) with
640 9 480 pixels and a frame rate of 30 Hz. Typical
exposure times range from 5 to 20 ls. Besides ensemble
particle velocities and sizes, temperatures are determined
based on two-color pyrometry at wavelengths of 625 and
800 nm.

3.5.5 SprayWatch�. The developments leading to the
SprayWatch� diagnostic systems (Oseir Ltd., Tampere,
Finland) began at the end of the 90s (Ref 54). A fast
shutter CCD camera is used to create digital images of the
spray. One typical specification of the CCD array was 1280
horizontal and 1024 vertical pixels, a spectral range 290 to
1000 nm, and a maximum frame rate of 7 Hz (Ref 55).
The covered measurement volume is adjustable from
18 9 14 9 5 to 36 9 28 9 30 mm3.

Digital images taken with short exposure times are
processed by an algorithm identifying individual particles
in the images and measuring their position, direction, and
velocity. The latter images are obtained from the analysis
of streak lines. Thus, the system provides a continuous
measurement of particle velocities and flow, spray vertical
position, width, angle, and divergence. Furthermore, the
camera also takes images using a longer exposure time to
determine the average particle temperature by two-color
pyrometry. For this purpose, an optical double-stripe filter
is integrated in the camera and covers a part of the CCD
detector so that the measurement volume is imaged on the
CCD array in two different wavelengths.

3.5.6 Flux Sentinel. The Flux Sentinel sensor (Cyber
Materials LLC, Boston, MA, USA) (Ref 40, 56) is a CCD-
based sensor capable of sensing individual particle tem-
peratures, diameters, and velocities. An array column is
used with a resolution of 3.5 lm to directly measure par-
ticle diameter and, since the array is long enough, it can
measure particles from across the whole plume. Particle
diameter is estimated photometrically. Multiple-color
pyrometry is used to determine the temperature for each
particle using 125 nm wide color bands in regions where a
significant intensity is emitted for a gray body above
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2000 K. Assuming gray-body emission from the particles,
the map from temperature to intensity for each color band
is found by integrating Planck�s blackbody radiation
function for each temperature against the known spectral
sensitivity of the sensor. The temperature is then found
using a least square�s fit of the relative values of measured
intensity in the multiple color bands compared to such
calculated values. Frames are sampled at 500 Hz and since
the exposure time is longer than the particle�s transit time
across the measurement volume, multiple particles are
captured in each frame. Particle velocity is calculated
through the Stefan-Boltzmann law via the sum of intensity
from all pixels in one particle�s image, which is approxi-
mately proportional to the surface area of the particle, the
particle velocity, and temperature to the fourth power.
This approach needs a prior calibration. In addition to
individual particle statistics, also overall light intensity
measurements representing the sum of all imaged particles
are provided by means of long integration times or aver-
ages of many frames from the CCD array.

3.5.7 NIR Sensor. The principle of the near-infrared
sensor (NIR Sensor, GTV Verschleißschutz GmbH, Luc-
kenbach, Germany) (Ref 57) is based on the illumination
of single particles in the focus distance by a 10 MHz
pulsed infrared laser (1000 nm), whereby the reflected
pulsed laser radiation indicates the passage of single par-
ticles through the measurement focus spot. The in-flight
time is inversely proportional to the particle velocity.
Furthermore, during the time of passage the emitted
thermal radiation of the single particles is captured by two
fast detectors with different spectral ranges between 900
and 1500 nm as well as between 1500 and 2600 nm. The
ratio of the two emission signals is used for temperature
determination according to the two-color pyrometry
principle. As up to 300,000 single particles per second are
detected, statistical distributions and average values can
be calculated. Due to operation in the infrared range and
due to the pulsed laser illumination, comparatively cold
and slow particles are still detectable.

3.6 Comparative Tests

Comparative particle temperature measurements with
the DPV-2000 and the Accuraspray-g3 diagnostic systems
were carried out with a Multicoat facility (Sulzer Metco
AG, Wohlen, Switzerland) when using both a single
cathode F4 and a multi-cathode Triplex II torch mounted
on a six-axis robot for atmospheric plasma spraying (Ref
58). The powder was 8 wt.% yttria partially stabilized
zirconia Sulzer Metco 204NS. The particle diameter dis-
tribution was d10 = 25 lm, d50 = 57 lm, d90 = 101 lm, the
morphology was spheroidal. The spray parameters are
listed in Table 1; for the Triplex II torch, three different
powder feed rates were used.

The DPV-2000 measurements of particle velocities and
temperatures were carried out on a 7 9 7 point grid in a
plane normal to the gun axis at stand-off distance. For the
F4 torch, the grid was had dimensions of 12 9 12 mm2 and
for the Triplex II gun 24 9 24 mm2, respectively. The
measurement grid for the Triplex II gun had to be en-

larged compared to the grid used for the F4 gun, because
with the Triplex II gun the particle flux was found to be
not as concentrated as with the F4 gun. Before making the
measurements, the sensor head was centered by the DPV-
2000 autocenter function so that the central point of the
measurement grid (x = 0 mm, y = 0 mm) is relative to the
maximum particle flux. The Accuraspray-g3 sensor was
adjusted to the maximum plume intensity, which was
determined by the CCD camera component of the system.

When comparing the measured particle velocities and
temperatures with those delivered by the DPV-2000 sys-
tem, it has to be considered that the Accuraspray-g3 data
are average values representing a wide particle fraction in
a comparatively large measurement volume. Regarding
the length of the Accuraspray-g3 measurement volume of
25 mm, it is obvious that it covers the entire width of the
applied DPV-2000 measurement grid. As the Accura-
spray-g3 system averages particle data on the whole
measurement volume to one single representative value, a
weighting by the particle frequency is thus implied. The
same procedure has to be performed with the data mea-
sured by the DPV-2000 to ensure comparability. Thus, the
local mean values of the particle data at each DPV-2000
grid point which is contained by the Accuraspray-g3
measurement volume must be weighted by the local par-
ticle flow rates to achieve one global mean value. Figure 9
shows a comparison of the results. In each case, the left-
hand column of the column pairs represents the Accura-
spray-g3 achievements; the right-hand columns depict the
flux weighted and averaged DPV-2000 data. Comparisons
are shown for one application of the F4 gun and three
different powder feed rates applied to the Triplex II gun,
depicted by the percentage values.

The comparison of the particle temperatures shows the
largest differences for the F4 gun as �10%. The reason is
that a smaller measurement grid was used for the F4 gun.
The Accuraspray-g3 measurement volume was obviously
longer than the width of the measurement grid. Therefore
low-temperature particles which are not covered by the
DPV-2000 measurement were acquired at the margins of
the Accuraspray-g3 measurement volume and therefore
reduced the average values. As a consequence, the Ac-
curaspray-g3 results should typically be somewhat lower
than the average values based on the DPV-2000 mea-
surements.

Using the Triplex II gun, a larger measurement grid
was applied. The side length corresponds approximately to

Table 1 Spraying parameters for comparative measure-
ments of particle temperatures

F4 Triplex II

Current, A 660 500
Plasma gas 40 slpm Ar,

10 slpm H2

40 slpm Ar, 10 slpm He

Carrier gas 3.5 slpm Ar 1.6 slpm Ar
Powder feed rate 8.5 g min�1 (5%) 8.5/17/34 g min�1

(5/10/20%)
Stand-off

distance, mm
100 175
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the length of the Accuraspray-g3 measurement volume.
Hence, the differences between the DPV-2000 and the
Accuraspray-g3 results are reduced to �2/�4%. Consid-
ering the differences between the DPV-2000 and Accu-
raspray-g3 diagnostic systems as a function of their
different operating principles, the results are found to be
in good agreement.

3.7 Examples of Results

Figure 10 shows the DPV-2000 particle temperature
distributions measured at 175 mm stand-off distance
applying a Triplex II torch. The powder was 8 wt.% yttria
partially stabilized zirconia Sulzer Metco 204NS-G (Ref
36). The particle diameter distribution was d10 = 12 lm,
d50 = 45 lm, d90 = 88 lm, and the morphology was hollow
spherical. Each temperature distribution contains at least
5,000 single particle data. Various input power levels were
achieved by setting the current between 350 and 525 A. It
is found that the distributions are bimodal in the medium
and lower power range. The frequency distributions con-
tain two fractions, one at a constant mean temperature,
and another at a mean temperature which varies with the
power. Accordingly, the measured particle temperature
distributions can be approximated by one or two Gaussian
normal distribution functions, respectively.

It is assumed that the mean temperature of the partial
particle temperature distribution located at a constant
temperature is the melting temperature of the powder
feedstock material. Since the particles cool when they
approach the substrate, their fusion enthalpy is released
when the melting/solidifying temperature is reached. As
this takes time, the residence probability of the particle at
melting temperature is greater than at other temperatures
below or above the melting point. However, the peak of
the normal distribution at constant mean temperature was
measured at approximately 2400 �C, whereas the melting

Fig. 9 Comparison of mean particle temperature based on
DPV-2000 and Accuraspray-g3 measurements using the F4 and
the Triplex II gun (58); percentage values refer to the powder
feed rate as indicated in Table 1

Fig. 10 Particle temperature distributions for the YSZ powder
measured by DPV-2000 for different torch powers (Ref 36)
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temperature of YSZ is 2710 �C. This deviation can be
explained by systematic and material-dependent mea-
surement errors by two-color pyrometry (Ref 36). The
peaks at variable positions below and above the apparent
melting temperature are associated with already solidified
and still liquid particles, respectively.

Similar measurements and analyses of YSZ are re-
ported in Ref 59. Here, it is also stated that the temper-
ature distributions provide information on the melting
status of the particles. One portion of the particles was
found to have the same mean temperature at various
spraying parameters. Different particle morphologies
were reported to give similar peaks at the same temper-
ature. This may prove that after melting the liquid parti-
cles have similar characteristics and that the constant peak
temperature can be related to the melting temperature.
Likewise, there are discrepancies between the measured
and the referenced melting temperatures.

The fractions of solidified, solidifying, and molten
particles were evaluated quantitatively for a number of
investigated parameter sets. They correspond to the areas
below the respective Gaussian curves fitted to the tem-
perature distributions. Srinivasan and Sampath (Ref 60)
proposed the Spray Stream Melting Index (SSMI), which
is the ratio of molten particles to the total number of
particles. The particles just solidifying are assumed to be
one half molten and one half solid. The individual particle
volumes are not considered. Figure 11 shows that there is
a good correlation of the porosity and the Spray Stream
Melting Index confirming the important role of the par-
ticle temperature (Ref 61). According to the regression
line, 55 to 60% of the particles must be molten to obtain
approximately 18% porosity.

4. Conclusion

An essential requirement of diagnostic methods in
thermal spray is the accurate measurement of temperatures.
This refers to the hot working gases as well as to the in-flight
temperature of the particles. This article gives a review of
plasma and particle temperature measurement methods.

The plasma temperature measurement techniques of
enthalpy probe and optical emission spectroscopy are
typical tools for research and development. As enthalpy
probes are intrusive methods they have only limited
capability to resist high thermal loads. Thus, they can be
applied only at lower plasma power or larger distances
from the torch. In contrast, optical emission spectroscopy
has the advantage of being a non-contact method it is
therefore also possible to make measurements close to the
nozzle. However, the atomic lines must be selected care-
fully as absorption may affect the evaluation. Moreover, at
atmospheric conditions this method is impeded by
broadening effects and continuous background radiation.
The validity of the results is only given at local thermal
equilibrium conditions. Computer tomography is versatile
with regard to multi-electrode torches as it does not rely
on axial symmetric conditions. However, it is much more
complex and needs sophisticated software to reconstruct
the temperature distributions.

In-flight measurement of particle temperatures is an
important way to monitor and optimize thermal spray
processes. Ensemble measuring techniques are more
practical for industrial applications, but their results are
less meaningful. In comparison, the statistical density
distributions of the particle temperature determined by
single-particle techniques provide revealing insights into
the particle melting state, which is a key feature for
yielding specific coating characteristics. Although such
distributions are self-consistent, the absolute accuracy of
the multicolor methods is generally weak due to poor
knowledge of the emissivity characteristics of the sprayed
materials.

Notwithstanding the great efforts which have been
made to further develop diagnostic tools and the
improvements in understanding thermal spray processes
thus achieved, a successfully operating closed-loop system
with a feedback of the particle characteristics to the pro-
cess control is still a long-term objective as the knowledge
about interrelations between particle characteristics and
coating properties is incomplete.
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35. G. Mauer, R. Vaßen, D. Stöver, S. Kirner, J.-L Marqués, S.
Zimmermann, G. Forster, and J. Schein, Improving Powder
Injection in Plasma Spraying by Optical Diagnostics of the Plasma
and Particle Characterization, Thermal Spray: Global Solutions
fur Future Applications, Vol 264, May 3-5, 2010, Singapore, DVS-
Berichte DVS Media, Düsseldorf, Germany, 2010, p 525-530

36. G. Mauer, R. Vaßen, and D. Stöver, Detection of Melting
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