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Plasma spraying has become one of the most important thermal-spray technologies due to low operating
costs, high deposition rates, and a high efficiency. It is especially suitable for producing coatings used to
improve thermal, corrosion, and wear protection. The quality of coatings produced by thermal-spray
processes are determined by particle characteristics, such as in-flight velocity, which can be investigated
using various diagnostic systems. Velocity is a particularly relevant parameter for small particles, but it is
difficult to measure. Hence, different velocity diagnostics must be validated for small injected particles.
We compared the laser Doppler anemometry (LDA) system with the DPV-2000 system and measured
the particle velocities of a F4 plasma torch. The results agreed well when the limited detectability of

small particles by LDA was taken into account.

Keywords atmospheric plasma spray (APS), optical diag-
nostics, optical sensors, particle flight, particle
temperature, particle trajectories, particle velocity

1. Introduction

1.1 Thermal Spraying: Plasma-Spraying Process

Thermal spraying is a coating deposition technique.
Powder or wire materials are heated to a molten or
partially molten state by certain heat sources (such as
electric arc, flame, plasma, and laser, etc.). The molten
droplets are accelerated to impinge on the substrate at
high velocities, solidify, and form the coating. The ther-
mal-spraying method and spray materials primarily
determine the coating quality (Ref 1-3). Among current
thermal-spraying methods, the plasma-spray process
using conventional DC discharge plasma torches is
widely used in industry. Different construction principles
exist with single or multiple electrodes (cathode, anode)
as well as with one-piece or cascaded nozzles. A con-
ventional DC plasma torch with a rod-shaped tungsten
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cathode surrounded concentrically by the plasma gas flow

and a one-piece nozzle operating as the anode is shown
in Fig. 1 (Ref 4, 5).

Nomenclature

q Mie parameter

dp Particle diameter

ALaser Wavelength of the laser beam

d Distance between two consecutive maxima and
minima

Vy Velocity component perpendicular to the interference
fringes
Angle between the two incident laser beams

o Angle between the flow direction and the interference
fringes

f Frequency

El, Ez Wave vectors

Ks Scattering wave vector

e Unit vector

Afp  Doppler shift (frequency)

dgit Distance of the slits

N Fringe value

Iy, l,, I, Parameter of the LDA-measurement volume

fmagn  Magnification factor

vp Particle velocity

Tp Particle temperature

Sp Particle shape

np Particle number density

E(%;) Energy

Ai Wavelength

%) Constant
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Fig. 1 Plasma-spray process with conventional DC plasma torch (F4-type)

1.2 Particle Diagnostics During the Thermal-Spray
Process

High-quality plasma-sprayed coatings require a uni-
form treatment of the particles injected by the plasma jet.
Diagnostic systems (Ref 6, 7) help us to understand the
fundamental characteristics and physics of the spray pro-
cess. These analytic systems focus on one or more signif-
icant particle properties (temperature, velocity, number
density, etc.). The measurement principles (Ref 6-10) are
based on different physical effects, e.g., scattering, radia-
tion, and absorption. Such diagnostic systems provide
results helping us improve the process, and they are also
used as validation or start data in numerical computer
simulations. Thermal-spray diagnostics can be divided into
four areas of application (system diagnostics, flame or
plasma diagnostics, particle diagnostics, coating diagnos-
tics, and tests). Table 1 provides an overview of typical
particle diagnostics (Ref 11-15).

Our main goal was to identify spray parameters
(distance, temperature, pressure, etc.) for optimal
coating properties, as well as to monitor the process
conditions. The kinetic and thermal characteristics of
the powder particles determine the quality of the
coating. The most important particle properties are
(Ref 6, 7, 10) size dp, shape Sp, number density np,
velocity vp, and temperature 7p. Many diagnostic sys-
tems have been developed to obtain information about
these properties and most of them are well suited for
online operation.

2. Principles of the Particle Diagnostic
Systems

2.1 Laser Doppler Anemometry

Laser Doppler anemometry (LDA) is a flexible and
well-established nonintrusive method of investigating the
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Table 1 Overview of different particle diagnostics

Particle diagnostic systems

<l
~
=

U
W

DPV 2000

Flux Sentinel
AccuraSpray
Spray Watch
ThermaViz

PIV (Particle
Velocimetry)
LDA  (Laser
Anemometry)
PDA  (Phase
Anemometry)
L2F (Laser Two Focus)
NIR-Sensor
PSI (Particle
Imaging)
VisiSizer

Image

Doppler

Doppler

Shape

direct result calculated result

local velocity components of gases, liquids, and multi-
component flow mixtures with the help of tracer particles.
In this case, LDA was used to investigate thermal spray-
ing, whereby the particles of the injected spray powder
served as tracer particles. This allows the velocity of
injected powder particles to be measured. In addition, the
velocity of the powder-carrying plasma flow can be
determined. However, a lag between the particles and the
particle-carrying medium has to be taken into account.
Commercial LDA configurations are available from
DantecDynamics and TSI (Ref 12-14), and interesting
setups and developments (e.g., mobile robust system
miniaturization) have been accomplished. LDA is based
on the principle of light scattering, whereby particles are
illuminated by a laser beam (Fig. 2). It can be described by
Mie theory. The light-scattering process is classified
according to the Mie parameter g, which describes the
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Fig. 2 Experimental setup used for LDA

Photo multiplier

ratio between size and the incident wavelength and is
defined as

nd
q= by E y (Eq 1)
laser

where d,, is the particle diameter, and Ay is the wave-
length of the laser beam. Scattering is thus divided into
q < 1 Rayleigh scattering, ¢ ~ 1, ¢ > 1 Mie scattering
(the typical range for LDA), and g > 1 applied for geo-
metrical optics. Figure 3 represents the dependence
between maximum, minimum, and the velocity component
perpendicular to the interference fringes. The LDA mea-
surement volume in our case is built by the following
parameters: MV-measurement volume (/,=0.32 mm
x l,=2134 mm x [;=032 mm ellipsoid, fringe value
N =37), laser beam radius 0.16 mm, focus lens 1000 mm,
laser wavelength 532 nm, and LDA 20@-angle 1.7188°. The
LDA process can be explained in two alternative but
equivalent ways (Ref 9, 16-20): as an interference pattern
and by means of the Doppler effect. To produce an inter-
ference pattern, two laser beams are superposed in the
measurement volume to produce a periodic pattern of
intensity maxima and minima parallel to the bisecting line
of the beams (Fig. 3). The distance d between two consec-
utive maxima and minima is d = %, where © is the
angle between the two incident laser beams. These particles
flying through the measurement volume produce a periodic
scattering signal (frequency f), when crossing the interfer-
ence fringes. A photomultiplier records these signal. The
velocity component v, perpendicular to the interference
fringes is calculated according to
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Fig. 3 LDA measurement volume (interference fringe pattern)

)\«laserf

"= diner2)

(Eq 2)

The intensity of the signal depends on the detection
direction and the object size (particle diameter). Assum-
ing spherical particles and using Mie theory (Ref 10, 21),
this angular function can be determined. Alternatively, the
Doppler shift in the light scattered by the flying particles
can be used. The Doppler effect occurs twice, once when
the incident laser light (beam 1 with wave vector k; and
beam 2 with wave vector k;) of the transmitter system,
characterized by the wavelength Ajeer = i—’l‘ = ?{—;‘ and fre-
quency fiuser = fi =f, impinges on the moving target
(velocity V'), and once when the light with frequencies f
and fy» (subscript p for particle; subscripts 1 and 2 for laser
beams 1 and 2) is scattered by the moving particle and
received by the detector with frequencies f;; and fi»
(subscript r for receiver). The frequency shifts are calcu-
lated by

—

ki vV
Afpl :fpl 7ﬁaser = - I
i (Eq 3)
v
and  Afyp = fi2 — flaser = — 221_[ 5
— —
vV ks V
Afrl :frl _flaser = - : 5
2 T 2 T (E 4)
BV eV !
and Afr2 = fr2 _ﬁaser = - 227_[ o

The difference Afp between the two frequencies of the
light components scattered by the moving particle and
recorded by the photo multiplier is
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Fig. 4 Basic principles of the particle diagnostic system DPV-
2000
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D = /2 rl = 2 1 = I I = m .

(Eq 5)
Using )1?[ - 1?2” —2 ?‘ sin(2) = ;#=sin(9), the particle
velocity component v, can be determined:
AfpMaser
v, = fD lase: (Eq 6)

* 2sin(0/2)°

2.2 DPV-2000 Particle Diagnostic System

The DPV-2000 (Ref 11) enables measuring particle
velocities, temperatures, and diameters. Figure 4 shows
the basic operating principles of the system. The velocity is
obtained by determining the time between two signals
triggered by a radiating particle passing the two-slit mask
of the optoelectronic sensor head. In conjunction with the
distance of the slits dy;; and the magnification factor of the
lens, fmnagn the particle velocity v, can be calculated by

dgit

Vp = Efmugn- (Eq 7)

The particle temperature 7p is acquired by two-color
pyrometry, i.e., by calculating the ratio of the energy E(4;)
radiated at two different wavelengths /; assuming that the
particles are gray-body emitters with the same emissivity
at both color bands by

- 26i—a)
E(r 5\’

In (EEB () )
where ¢,=1.438775 107> mK is a constant. The particle
diameter dp is obtained from the radiation energy emitted

at one wavelength, assuming that the melted particles are
spherical or almost spherical by

(Eq 8)
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E(M) (Eq 9)

fdiam .

Since it is necessary to know the real emissivity of the
particle, usually a powder with known diameter distribu-
tion has to be measured in advance to determine the
calibration factor fg;.,. However, since possible changes in
emissivity with temperature or molten state could affect
the accuracy of particle size measurement for a given
calibration, the size distributions of the powders applied in
this study were independently measured by laser diffrac-
tion, and the DPV was calibrated correspondingly as
described later. As the measurement volume is relatively
small (<1 mm?), the data are collected for individual
particles and can subsequently be analyzed statistically. A
certain measurement time is necessary to support the
mean and standard deviations by sufficient individual
particle number of datasets (Ref 22-24).

dy =

3. Experimental Setups

3.1 Experimental Environment

Measurements of the in-flight particle velocity of the
plasma-sprayed particles were performed at IEK-1, Fors-
chungszentrum Jiillich GmbH. Two different diagnostic
methods were compared. One of them was LDA, which
was set up and operated by IPM at the Universitét der
Bundeswehr. The other diagnostic system was the DPV-
2000 [TECNAR Automation Ltd., St-Bruno, QC, Canada
(Ref 11, 23)], which was operated by Forschungszentrum
Jilich, IEK-1. The comparative measurements were car-
ried out on a Multicoat™ facility (Sulzer Metco, Wohlen,
Switzerland) during atmospheric plasma spraying with a
single-cathode F4 gun. The spray parameters are listed in
Table 2.

Two 8 wt.% yttria partially stabilized, zirconia-spray-
dried powders were used. The finer powder (in the fol-
lowing, designated F) was a Sulzer Metco 204NS-G (—106/
+11 um). The particle diameters determined by laser dif-
fraction were dip=8 pum, dsq=26 pm, and dgyp=51 pm.
The coarser powder (in the following, designated C) was a
Sulzer Metco 204NS (—125/+11 pm). The particle diame-
ters determined by laser diffraction were djo=28 pum,
dso=57 pm, and dop =92 pm. Figure 5 shows the measured
particle size distributions. The morphology was spheroidal
due to the manufacturer’s proprietary HOSP™ process
(Sulzer Metco Europe GmbH, Kelsterbach, Germany).

3.2 Laser Doppler Anemometry

The system was developed by the Universitdt der
Bundeswehr Miinchen. The principal setup was built
comprising a CW laser (coherent, type Compass 315M,
Nd-YAG Laser 100 mW), a photodetector (Dantec Type
57X08PM (500 MHz)), and a computer (ASYST soft-
ware). The measuring positions within the plasma jet are
arranged in a quadratic planar grid perpendicular to the
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Table 2 F4 plasma-spray parameters

Current 600 A

Input power 39.2 kW

Plasma gas 40 slpm Ar, 10 slpm H,
Carrier gas 3.5 slpm Ar

Powder feed disk 5%

Powder feed rate 8 g/min

Stand-off distance 100 mm

100 4
90 1
80 4
70 4

Powder C
60 4 :
50 4
40 A
30 4
20 +
10 4

Cumulated frequency, %

01 1 10 100 1000
Particle diameter, um

Fig. 5 Particle size distributions of the applied YSZ powder
feedstock determined by laser diffraction method

CW laser \'-.
532 nm

58
measurement
glume

beam sa'litter{ '
focusing leng -

S

Fig. 6 Measurement setup for laser Doppler anemometry

gun axis. The center point of the grid is positioned on the
gun axis. The gun was moved by an x-y-z positioning unit
so that the grid points were subsequently located in the
measurement volume (Fig. 6) (Ref 8, 25). The measure-
ment time per grid point was 1 s or less if the maximum
number of 1500 detected particles had been reached ear-
lier. In the periphery of the measurement grid, only very
few particles were detected. As their characteristics are
not representative for the total particle fraction, the
results at these points were not considered. At every point
of the grid, a complete evaluation was carried out, the
results of which can be presented in different ways (his-
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togram of velocity distribution, contour plots of number
density or velocity) (Ref 8, 25).

3.3 DPV-2000 Particle Diagnostic System

For the DPV-2000 measurements (Ref 11, 22-24), the
gun was positioned at a fixed location, and the measure-
ment head was moved in the y-z plane perpendicular to
the gun axis at a spray distance of x =100 mm (Fig. 7). The
13 x 13 point measurement grid was 30 x 30 mm~“. The
measurement time per grid point was 10s or less if
the maximum number of 1000 detected particles had been
reached earlier. In our measurements, we did not find any
further statistical improvement of the results if more than
1000 particles were evaluated. The measurement head was
adjusted so that the measurement grid was centered at the
location of maximum particle flow. Again, the results at
grid points in the periphery of the grid were not consid-
ered because very few particles were detected there.

4. Measurement Results and Discussion

Initially, two LD A measurements (denoted LDA 1 and
LDA 2) were performed with powder F at a spray dis-
tance of x =100 mm in the planes perpendicular to the gun
axiss: LDA1 on a 11 x 11 point grid measuring
80 x 80 mm?, and LDA 2 on a 13 x 13 point grid mea-
suring 60 x 60 mm?. The DPV results were obtained on a
13 x 13 point grid measuring 30 x 30 mm?® at the same
spray distance. Shorter or longer spray distances than this
operational stand-off were not investigated.

In order to compare the LDA and the DPV-2000
results, the measurement grids of both methods must be
congruent. As they were not located at physically identical
positions, the grids were aligned with each other by hori-
zontal and vertical displacement of the DPV grid. Only
the qualitative shape of the curves is suitable as a criterion
for agreement because the measured results are quanti-
tatively different. The speeds achieved by the DPV-2000
averaged approximately 25% higher than those obtained
by LDA. Figure 8 shows the vertical and horizontal
developments of the measured particle velocities through
the center points of the measurement grids when they
were aligned with each other. The two LDA results show
good reproducibility. Qualitatively, the LDA and DPV
curves are fairly in good agreement. The quantitative
differences between the results of the two methods will be
discussed in the following.

The two diagnostic methods LDA and DPV-2000
generally have limited capabilities for detecting small
particles. According to Mie theory, the intensity of the
light scattered by the particles depends among other
parameters on the particle size. Thus, the sensitivity of the
LDA detector is determined by the smallest measurable
particle size. The DPV-2000 measurements are based on
the particle thermal radiation. The radiated power is
determined by the particle temperature, by its surface
area, and by the emissivity of the material. This means
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Fig. 8 Vertical and horizontal courses of the LDA and DPV-
2000 particle speeds through the measurement grid center points
for powder F

that for a given material, there is also a minimum
detectable particle size, which is additionally dependent
on its temperature. Assuming a particle temperature of
2000°C, the manufacturer of the DPV-2000 indicates that
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the detectivity based on the minimum measurable energy
ranges down to particle diameters of 14 pm for an emis-
sivity of 0.2, and 8 um if the emissivity is 0.8. At temper-
atures higher than 2000°C, even smaller particles are
captured. Unfortunately, no precise data are available on
the emissivity of molten YSZ. The acceleration of the
particles in the plasma plume depends on their masses and
thus on the particle diameters. Larger particles tend to
have a smaller velocity. The quantitative differences
between the velocities measured by LDA and DPV-2000
may be caused by the different detectivities of the two
methods. Depending on the particle size, unequal frac-
tions may be captured with different mean velocities. This
is investigated in the following.

First, the DPV-2000 results were examined in more
detail. As explained above, the system must be calibrated
for diameter measurements. This was done using the
particle size distribution determined by laser diffraction
(see Fig. 5). The calibration factor fg;,,, was set in such a
way that the mean diameter dsy measured with DPV-2000
agreed with the result of the laser diffraction measurement
of the powder feedstock. It should be noted that the
feedstock was a spray-dried powder, i.e., many particles
were hollow. When they are molten in flight, the diame-
ters of the liquid droplets are certainly smaller. However,
since we do not know this effect quantitatively, we could
not consider it while calibrating the DPV. Furthermore,
the laser diffraction measurement delivers volumetrically
weighted frequencies, which must also be accounted for.
Thus, the DPV-2000 was operated in the volumetric mode
during the calibration procedure. The smallest diameters
detected by the DPV-2000 were approximately 6 um.
These particles showed an average temperature of 3055°C,
which is considerably higher than the overall mean parti-
cle temperature of 2905°C. As smaller particles were
obviously not detected by the DPV-2000 in the investigated
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Fig. 9 Volumetrically weighted cumulated frequencies of par-
ticle diameters measured by laser diffraction and by DPV-2000
for powder F
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Fig. 10 Comparison of cumulative frequencies (top) and den-
sity distributions (bottom) for particle velocities measured using
LDA and those obtained by DPV-2000 for powder F

case, particles smaller than 6 pm were excluded from the
evaluation of the laser diffraction data. This fraction is
equivalent to 5.3% of the overall particle volume. Figure 9
shows a comparison of the two cumulated frequency
curves. As a result of the DPV-2000 calibration, they
intersect at the mean diameter dsy. As the curves agree
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Fig. 11 Comparison of cumulative frequencies (top) and den-
sity distributions (bottom) for particle velocities measured using
LDA and those obtained by DPV-2000 for powder C

well, it can be concluded that the diameters measured by
DPV-2000 are reliable down to a specific detection limit,
which was 6 um in this case.

Unfortunately, no quantitative information is available
on the detectivity of the applied LDA system. To verify
the assumption that a lower detection limit also exists for
LDA and that it affects the representativeness of this
method, cumulative frequencies and density distributions
for the particle velocities of the LDA 1 and LDA 2
measurements as well as for those obtained with DPV-
2000 were compared at the center point of the measure-
ment grid. There is a large difference in the mean values
between LDA and DPV results, as mentioned above. By
evaluating the DPV-2000 results, mean particle velocities
were calculated not only for the totality of the detected
particles but also for fractions above specific particle
diameters. Considering particles with diameters greater or
equal to 32 um only, a mean velocity of 214 m s~' was
obtained. As smaller and faster particles were excluded,
this average velocity was smaller than the mean velocity
for the totality of particles. This value corresponds to the
LDA results (215m s for LDA 1 measurement and
213 m s~ for LDA 2 measurement). The associated DPV
cumulative frequencies and density distribution for this
particle fraction are also included in Figure 10. They show
very good agreement with the measurement results of
LDA 1 and LDA 2. Thus, presuming that no systematic
errors occurred, it can be concluded that in the investigated

Journal of Thermal Spray Technology



532nm, ref.ind

20

18

16 -

log(scat.intens.)
N

—_—

é

—— log(lscat),5um

=2.15, d=5-20-35-50-65um

~—=— log(lscat}),20um
—— log(lscat),35um

log(lscat),50um
—#— log(lscat) 65um

scattering angle (deg)

Fig. 12 Scattered intensity of a single spherical particle with diameter d for an incident wavelength of 532 nm and a refractive index of
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case, the lower detectivity limit of the LDA was reached
at a particle diameter of 32 pm.

To confirm the assumption of a lower detection limit in
LDA, a second set of two LDA measurements and one
DPV measurement was performed with the coarser pow-
der C. As before, DPV diameter measurements were
calibrated based on the particle size distribution deter-
mined by laser diffraction. Figure 11 compares LDA and
DPV results. As expected for this coarser powder, the
curves are closer to each other because a smaller fraction
of the powder particles was subjected to the detection
limit of LDA compared with the finer powder F. The best
agreement was found when only particles with a diame-
ter 228 um were considered in the DPV evaluation. This
value is quite close to the threshold of 32 um, which was
found for the finer powder F.

A lower detectability threshold for particle diameters
of 28-32 um in LDA is therefore consistent with the
intensity scattered by the particles (and detected by
LDA). The intensity of the signal depends on the detec-
tion angular direction and the object size (particle diam-
eter). Assuming spherical particles and using Mie
theory (Ref 21), this angular function can be determined.
Figure 12 shows the calculation results for the Mie scat-
tering of nonpolarized light with a wavelength of 532 nm
at a single spherical particle of diameter d, carried out
using the code developed in Ref 26 and 27. It is obvious
that the scattered intensities at YSZ particles with diam-
eters less than 35 pum are at least two orders of magnitude
lower than for larger particles. Thus, the conclusion that
LDA has a lower detection limit is justified.

5. Conclusion

A lower detectability threshold for particle diameters
of 28-32 uym in LDA was found in comparative measure-
ments versus the DPV-2000 diagnostic system. The cal-
culation of the Mie-scattering confirms that this lower
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bound for LDA particle size measurement is consistent
with the scattered intensities (and detected by LDA). At
values greater than this threshold, the results obtained by
LDA and DPV particle diagnostic systems are in very
good agreement. This is of particular importance, since it
could be suggested that the LDA technique for plasma
spraying is generally limited by the experimental envi-
ronment (e.g., plasma fluctuations, huge temperature, and
flow velocity gradients).
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