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In-Situ Particle Temperature, Velocity, and
Size Measurements in DC Arc
Plasma Thermal Sprays
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Particle temperature, velocity, and size measurements in DC arc plasma thermal sprays are reported in
this article. Experiments were performed using a conventional DC arc argon-hydrogen plasma with two
7 wt % yttria-stabilized zirconia powders injected transversely into the plasma jet. Measurements were
performed along the axis of the plasma jet as well as at a number of radial locations at several axial posi-
tions. It was found that transverse injection of the powder results in the aerodynamic size classification
of the powder with the large particles penetrating further across the plasma jet than the smaller parti-
cles, which were more readily swept by the high momentum of the plasma jet. Consequently, the particle
temperatures were influenced by their degree of penetration into the core of the plasma jet. Average par-
ticle temperatures showed a good degree of uniformity radially and decayed with increasing downstream
distance. When nanoclustered particles were injected into the plasma, significant differences in particle
velocities and temperatures were observed in comparison to the conventional powder under the same
plasma operating and particle injection conditions. These differences were attributed to the penetration
characteristics of the powder into the plasma jet and the consequent effects on the particle heat up.
Hence, axial injection of powder into plasma jets may provide more uniform and axisymmetric particle
property distributions compared to the transverse injection schemes.

particle parameters influence the types of splat formed upon pa
ticle impact (Ref 7, 8). Furthermore, different types of coatings
have different optimum conditions for deposition. For example
high velocity, lower temperature conditions produced by hig
. velocity oxygen fuel (HVOF) guns are appropriate for the deliv
1. Introduction ery of metallic corrosion and wear resistant coatings. Con

versely, ceramic-based coatings are typically produced b
Thermal spray processes are commonly employed to apply . . - .

i ) ; . ) . plasma jet systems, which produce conditions of high temperz
metallic and nonmetallic (typically ceramic) coatings in many

. ; o N ) ture and relatively low velocity compared to HVOF systems. It
industrial applications. Examples span applications in the auto-. - .

o ) . . . is, therefore, of interest to have both experimental and comput
motive industry for engine part coatings, in aerospace applica-

. . . . - . tional means of characterizing the particle velocity, size, ant
tions such as gas turbine thermal barrier coatings, in the macmn?emperature fields in thermal spray delivery systems. Thi
t.00| industry for corrqsion and wear resistant coating applica- knowledge can be used in modeling of the particle depbsitio
tlgns, gnd in emerging new areas such as eIe_ctromc; a_n%nd coating formation processes.
biomedical industries, just to name a few. The basic premise in

roduction of such coatings is the delivery of the coating mate- Measurement of particle temperature, velocity, and size i
P - . 9 y . 9 high speed, chemically reacting, or ionized gas streams pose
rial, originally in the form of a powder, through a high tempera-

ture gas jet (either a combusting flame jet or a plasma jet) onto asignificant qhallgnge. Nonintrusivg op?ical diagnostics mu;t be
surface. Particles introduced into the jet stream heat up uponrellecl on prlmgrlly, glue to t_he hostile high temperature environ
mixing With the hot jet gases and soften and/or melt before theymem' The op.t|cal d|agnost|c§ needto be conflgurgd to minimiz
impact at high velocities onto a surface to be coated. The micro_background |anuen_ces and interference to obtain mganlngf

- . : and accurate experimental data. Among the three particle mee
structural characteristics of the coating depend strongly on the

processing conditions of the powder; especially particle tem-
peratures, velocities, and size distribution of the powder (Ref l'scattered light from a moving particle, a technigue that is now

6). These particle attributes affect the coating micrOStrUCturewell-established method in fluid mechanics (Ref 9). In situ siz
and bonding onto the substrate through the particle temperature

dvelocity at CF le. ithasb h that th ng of particles is typically based on the characteristics of ligh
andvelocity atimpact. Forexampie, ithas been snown tha eS‘f%cattering,butitisamoredifﬁcultmeasurement.Inthe past de

ade, significant advances in the in situ sizing of smooth roun
B.M. CetegenandW. Yu, Mechanical Engineering Department, Uni- particles were made by the technique of phase Doppl

versity of Connecticut, Storrs, CT 06269-3139. Contact B.M. Cetegen @neémometry (Ref 10). Combining Doppler velocimetry and
at e-mail: cetegen@engr.uconn.edu. phase Doppler particle sizing technique has provided the abilit
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velocity and size measurements

urements needed, particle velocity can be measured by las
Doppler velocimetry, which is based upon the Doppler shift o
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to simultaneously obtain both particle velocity and size in two- mission unit, model No. XMT204-2.1 (Aerometrics, Sunny-
phase flows (Ref 11). Particle temperatures have been measureghle, CA), coupled with an argon ion laser, model Innova 90-6
typically by multicolor radiation emission thermometry (Ref 3); (Coherent, Santa Clara, CA), via a two-dimensional fiber drive,
a technique based upon the gray body thermal radiation emismodel No. FBD240-R (Aerometrics, Sunnyvale, CA). The laser
sion by hot particles (Ref 12). light, which is scattered by the particles, is collected by the re-
The preceding methods have been successfully implementedeiver unit, model No. RCV200-U (Aerometrics, Sunnyvale,
(Ref2, 3, 13-15) on thermal spray (both HVOF and plasma) sys-cA). The transmitter and receiver are configured in the back-
tems. While the combined radiation emission pyrometry and scatter mode, as shown in Fig. 1. Signal processing is accom-
phase Doppler anemometry methods provide the most sophistipjished by Fourier transform-based real time processors at a
cated and well-accepted research tools, its routine application,5vimum input frequency of 150 MHz. Processed data are
on production facilities is not yet feasible due to the expertise ;5104 in a laboratory computer for further analysis. Data acqui-

neededtfor 'tf succhessfutl)applﬁatloln. Hiqceﬂ?ttn?r optu(:jal m(Jh"’ls'sition system provides data validation checks on the raw data
;Jl:ergg\'/ %ggmst av% eeln e(;/(; o;:\)/le ol ¢ IIS ??e? SSUC agignals based on the Doppler burst features for velocity and the
€ o0 sysiem developed Dy Vioreau e a.(. ef>). . multiple phase measurements for particle diameter.

The objective of this article is to provide new detailed experi- For the svstem confiquration and the parameters emploved
mental data on particle velocity, temperature, and size statisticsvelocities in)t/he range frgm 230 to 630 n?/s and particle Eia?lne-'
obtained in a direct current (DC) arc plasma system using con-,[ers between 0.5 ar?d 166 were determined. In oprder ——y
ventional and nanostructured, yttria-stabilized zirconia (YSZ) . the dat ) lid t'ﬁ te both with ’ 1 pt' |
powders. These results are useful in (a) tailoring plasma spra)m'ze_ € data validation rate both with réspect to particle
conditions to achieve more durable and effective coating micro-VeIOCIty ar.1d. diameter, the system para_meters (laser |nt_enS|ty,
structure, (b) validating computational models of particle laden Photomultiplier tube voltage, and sampling rate) were varied to
plasmas for their subsequent use in process optimization, and ((gbtgln th(_a highest data valldgtlon rate: While measurement vali-
determining the joint probability distributions of particle veloc- dation with respect to velocity is typically greater than 90%,
ity, temperature, and size as inputs for the deposition and coating/@lidation based on size criteria can be problematic, depending
build-up models (Ref 16). on the sphericity and surface smoothness of the particles passing

through the probe volume. For the conventional YSZ powder

used in these experiments, particles were quite spherical and

2. Experimental Procedure smooth on their surface (see Fig. 2a) so that particle size valida-
tion rates between 25 and 75% were achieved. For the nanoclus-
2.1 Particle Velocity and Size Diagnostics tered YSZ powder, particle surface roughness was higher, as

shown in the micrograph of Fig. 2(b). Consequently, the size

Particle velocity and size measurements were performed usimeasurements with the PDPA instrument were difficult at best

ing an Aerometrics phase Doppler particle anemometerin the regions where melting and smoothing down of particle
(PDPA). The PDPA system consists of the fiber optic light trans- surface did not occur.
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1 Coherent Argon ion laser

PDPA fiber drive

Fig. 1 Experimental configuration for the in-flight particle measurements
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Another feature of the PDPA system is its capability of exter- behavior betweeh; andA,) so the temperature is a function of
nal input of other data streams when the PDPA system receiveshe intensity ratio:
a validated data point. This feature was utilized to couple the

PDPA measurements with the temperature measurements. oot 10 (A, D A0
C, /I [I gu (Eq 3)
S\Z 1|:J 20 0y ,0

POMBINSY 1984

2.2 Particle Radiation Emission Thermometry
When this technique is applied in chemically reacting o

Particle temperature measurements were made using a cusgslasma streams, it is important to avoid the strong spectral emi
tom built, two color pyrometer. The system consisted of a detec-sion regions of the gas, which might interfere with the particl
tor head containing an objective lens assembly, a bifurcatedtemperature measurement. Thus, a careful selection of the t
fiber optic, two bandpass filters, two photomultiplier detectors, color measurement wavelengths is necessary. Additionally, va
voltage amplifiers, and a logarithmic circuit. The typical time porization of the particle material components that exist as im
constant for data acquisition was limited topl) as set by the  purities such as sodium and other alkalines further complicate
frequency response of the electronic circuitry. The well-estab- the measurement. For these reasons, emission spectra with
lished principle of radiation thermometry is based upon the rela-without the particles were first obtained in the Ag-plasma
tionship of radiation intensity distribution to the emitting body stream to determine the wavelength regions suitable for the te
temperature and wavelength through Planck’s emission |aWperature measurement. Figure 3 shows an example of the

(Ref 12) given by: spectra. The two wavelength bands chosen were centered at &
oC and 630 nm with 10 nm full width at half maximum (FWHM)
i =g 1 (Eq 1) bandwidths. The photocathode sensitivity of the photomulti
AT AS[exp (C,/ AT) - 1] plier tubes was also a factor in this selection. The system we
2

calibrated using a blackbody oven over the temperature rang
(300 to 1300 K), while a tungsten strip lamp was used for highe
temperatures (>1000 K). Figure 4 shows the calibration resul
for two optical configurations. The log-linear relationship im-
pliedin Eq 3 was obtained in these calibrations, which were the
used to convert the output of the two color pyrometer to particl

where g, is the spectral emissivity of the emitting surfagés
the spectral radiation intensity,is the emission wavelength,
is the absolute temperature, a@g= 0.5955x 108 W (um¥
(m2 Csteradian) andC, = 1.4387x 10*um (K are the two

Planck constants. When the intensities at two wavelengths

and\, are measured, the emitter temperature can be found from:

EJ

temperature.

2.3 Integration of PDPA and Two Color
Temperature Instrumentation

(Ea2)

A, D A, )\ D
1 The PDPA system was interfaced with the two color py

=In 0 C,
% &, 1A D ﬁ\z
rometer as schematically shown in Fig. 1. The PDPA receive
It is typically assumed that particle surface emissivities in the and transmitter were mounted on a rigid frame in the backi
two nearby wavelength bands are the same (i.e., the gray bodgcatter mode at 150°. The two color pyrometer was configure

Fig. 2 Micrographs of the (a) conventional yttria-stabilized zirconia and the (b) nanoclustered yttria-stabilized zirconia esegerithents. (Art
has been reduced to 74% of its original size for printing.)
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to observe the same focal region defined by the PDPA instru-ingful data. A larger number of measurements typically re-
ment. In this way, the same region of the flow field was interro- quired long sampling periods with the attendant excessive
gated by both measurement devices. The two color emissioruse of powder.

measurement of particle temperature represented a spatial aver-

age over a cylindrical particle-laden measurement volume of ap- . .
proximately 8 mm in diameter. Triggering of the temperature 2.4 Experimental Conditions

measurement upon detection of a particle by the PDPA instru-  The plasma system used was a direct current (DC) arc plasma
ment further discriminated the temperature measurement to-ynit, model No. 9MC, (Metco, Westbury, NY), equipped with
ward those particles detected by the PDPA instrument. Thispetco model No. 4MP particle feeder and model No. DJ3-3
discrimination especially improved in dilute particle-laden plasma torch with transverse particle injection system. For the
flows where the low particle number density helped minimize majority of the experiments reported here, a commercially avail-
the multiparticle effects. At each measurement location, 2000 togple Metco (CE2279-2) 7.0 wt% vyttria-stabilized zirconia
3000 data samples were acquired to obtain statistically mean(7ysz) powder was used. The powder size distribution as re-
ceived was 2.4% by weight for <@n, 12.1% for 25 to 3gm,

Ar+H, plasma + 7YSZ powder ﬁ 27.5% for 39 to 7m, and 58.0% for 75 to 1Q6n. The operat-
A H (656 nm) ing conditions for the plasma gun, equipped with the low speed
Na (589 nm) Metco GH nozzle, were set at an arc current setting of 600 A, arc

voltage of 60 V, argon flow rate of 2.27, and hydrogen flow

rate of 0.59 ri¥h. The feed rate of the powder and the nitrogen

carrier gas flow rates were 2.7 kg/h and 0.§lhmespectively.

These values were selected for the optimum penetration of the
powder stream into the plasma jet.

WQ‘A\ In a set of experiments with the conventional and nanoclus-
Mf’ v *‘;,K\J me ) M tered 7YSZ powder, the high speed Metco GP nozzle was em-

L e W R i ployed. The operating conditions for the plasma gun were arc
’ current of 600 A, arc voltage of 60 V, and argon flowrate of 3.5
H (656 nm) m¥h. The powder and the nitrogen gas carrier flow rates were
Ar+H, plasma 2.7 kg/hand 0.42 fh, respectively.

At each test condition, the axial and several radial distribu-
tions of particle axial velocity, diameter, and particle tempera-
ture, referred to as partic-d-T hereafter, were obtained as
schematically shown in Fig. 5. Some variations of the plasma
parameters and the influence of the presence of a substrate on
particle velocity were also investigated. Finally, injection of a
nanostructured powder through the plasma jet was studied.

Intensity (arbitrary units)

Ar (696 nm)

3. Results and Discussion

Wavelength (nm) Characterization of the particled-T distributions were car-
Fig.3 Emission spectra of the argon-hydrogen plasma with andwith-  fied out for the experimental conditions described earlier. In this
out yttria-stabilized zirconia powder section, the results are presented in the region of intere (5 <

< 10 cm), typically employed in plasma thermal spray applica-
tions. Axial and several radial distributions of the measured
quantities were obtained from 2000 to 3000 measurements at
each measurement location. In the following paragraphs the
averaged quantities as well as the distributions of the measured
parameters are presented and discussed.
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3.1 Axial and Radial Distributions of V-d-T with the highest effect being closest to the injection sie=at

o)

5.1 cm (2.0 in.). With increasing downstream distance, high in ‘(g

Figure 6 shows the axial distributions of mean partieteT. tensity turbulent mixing results in homogenization of the parti- =
The mean particle velocity (Fig. 6a) increases in the early part ofcle field. §
the plasma jet (at smafl) corresponding to the acceleration Figure 7(d) shows the radial distributions of mean patrticl %.
phase, followed by a decay farther downstream (at |Zjgue temperature at three downstream locations from the nozzle exj=
[0)

Q

to entrainment of ambient air into the plasma jet and its conse-It was found that the distributions were not symmetrical abou
guent effect on particle velocity decay. The peak mean particlethe nozzle axis early on. The higher particle temperatures we
velocities were in the range of 150 to 155 m/s, which is typical observed below the plasma axis opposite the particle injecti
for the employed operating conditions of the plasma thermal port. One explanation of this effect is that the particles that peng
spray system. The particle size, as indicated here by the arithmetrated through the highest temperature plasma core region 4
tic mean particle diameteD,o decreased continuously with  tained the higher temperatures. With increasing downstrea
downstream distance along the plasma centerline. While thisdistance, the radial distributions became flat, indicating homog
may first seem to be unrealistic, a closer look at the transverse inenization of particle temperatures as a result of intense turbule
jection scheme provides the explanation for this effect. As the mixing. In general, the overall temperature levels decrease
particles of different sizes were injected through the transversewith increasing downstream distance.
injection port, the larger particles penetrated further into the  One of the advantages of using this measurement system
plasma jet, while the smaller particles were swept away by thethe ability to acquir&/-d-T data for a large number of samples at
high-speed plasma jet closer to the injection port. The result wasa given location and provide cross correlations among the mea
an aerodynamic classification of particles with the larger parti- ured parameters. Figure 8 shows the correlations between pa
cles populating more of the lower part of the plasma jet, which cle velocity—diameter and particle temperature—diameter a
will be further discussed later in this paper. When averagedthree radial positions at an axial locationZof 5.1 cm. The
across the plasma jet at each axial location, the location averthree radial locations were chosen to represent the upper pa
aged particle size shows this trend. Figure 6(b) shows the axiathe center, and the lower part of the particle-laden plasma je
mean particle temperature variation in the plasma. The averagéhe first observation is that the number of data realizations i
particle temperatures are initially indicated to be above the zir-creased as the plasma jet traversed from the upper to the lo
conia melting point, suggesting some level of melting. With in- side across the injection port. The range of particle diamete
creasing downstream distance, particle temperatures fall belowpresent also increased toward the lower part of the jet. Consi
the melting point to temperature levels around 2500 to 2700 K. tent with the average particle diameter distributions, the sma
It should be mentioned however, that the uncertainty in the tem-particles were swept into the upper part of the jet near the par
perature measurement is approximatel@0 K. Hence, the lo-  cle injection port. At the lower part of the plasma jet, larger size
cation in the plasma, where equilibrium melting of particles may particles that penetrated through the core of the jet were respo
occur, can have uncertainties associated with the temperaturaible for the larger size range. The particle velocities were al
measurement. somewhat higher at and below the plasma centerline as the
Figure 7 shows the radial distributions\6d-T at three axial particles gained higher velocities, having been accelerated int
locations oZ = 5.1, 7.6, and 10.2 cm. In all these radial distribu- high velocity regions of the plasma jet. However, there appea
tions, the particle velocity exhibits a skewed Gaussian distribu- to be no strong correlation between the particle size and veloci
tion about the nozzle centerline with higher axial velocities at a given location.
occurring below the nozzle centerlinerat 0. This is believed The particle temperatures were in the range of 2600 to 360
to be due to the more effective acceleration of these particles thakK atr = 6.0 mm location, indicating that some of the particles
penetrate through the plasma jet. The radial classification of dif-were unmelted. Because PDPA size data validation is sens
ferent size particles is also apparent in all three axial locationstive to particle surface smoothness, the higher data rates we
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Fig. 6 Axial distributions of the mean particle velocity in the axial direction, mean particle size, and temperature
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obtained in those regions where some degree of surface meltmm. The size distributions are consistent with the size distribu-
ing occurred. The improvement of the data rate at th€.0 tion of the powder feed material. With increasing downstream
and —6.0 locations is believed to be a result of this effect. Indeeddistance aZ = 10.2 cm, the particle size distribution at the upper
particle temperatures were higher at these two radial locationsedge of the plasma jet remains similar to thaZ at5.1 cm,
with almost all particles having some level of meltingat-6.0 populated mostly with particles less thanpdf in size. AtZ =

mm. Because melting causes particles to become smooth, theif0.2 cm, the size distributionsrat 0.0 and —8.0 mm locations
size measurements by the PDPA instrument have a higher datappear to be similar to thoseZat 5.1 cm. The reduction in the
validation rate. This may provide an indirect measure of the de- mean diameter at= —-8.0 mm and = 10.2 cm is attributed to
gree of particle melting. Figure 9 shows the radial profiles of the trpy|ent entrainment of small particles into this region with in-
PDPA size validation rate at the three axial positions. It was creasing downstream distance.

found that the highest validation rates were observed below the 1,4 velocity histograms, shown in Fig. 11, exhibit broad or
plasma axis (i.er<0), where particles that penetrated through

double peak distributions near the upper edge of the plasma jet,
the plasma core were present.

whereas the center and lower parts have normal distributions.
The main reason for the existence of low velocity particles near

3.2 Particle Velocity and Size Histograms the upper edge is the presence qf small pa_rtl_cles that track the
flow well and become entrained into the mixing zones of the

Figures 10 and 11 show the distributions of the particle ve- Plasma jet with the stagnant ambient air. These regions have
locity and size at several different locations in the plasma jet. In conseguently lower axial velocities. Itis interesting also to note

Fig. 10, the particle diameter histograms at three radial locationsthat this effect was much less pronounced in the lower part of the
(r =-8.0, 0.0, and 10.0 mm) and two axial locationg sf5.1 plasma jet where the larger particles with more ballistic charac-
and 10.2 cm are shown. Particle diameter histograms indicate areristics exhibited higher axial velocities. While the mean ve-
increasing population of larger particle sizes as the plasma jet idocities were slightly lower at the lower edges than the center
traversed toward the opposite side of the injection port (i.e., part of the plasma jet, the distributions remained fairly similar.
from top to bottom) aZ = 5.1 cm. For example, the population The mean axial velocities increased with increasing down-

of 40 to 60um size range is significantly enhanced at—8.0 stream distance as foundzat 10.2 cm.
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3.3

Influence of plasma arc current and the argon flow rate were
investigated in this study as well. Figure 12 shows these effect

PDPA size validation count (%)

Influence of Plasma Operating Parameters

80

70 -

60 4

50 -

40

30 -

20 4

—O— z=5.1cm
10 4 —v— z=786cm
—0— z=10.2cm

-15 -10 -5 0 5 10 15

r (mm)

Fig. 9 Distribution of the data validation rate based on the size
measurement at three axial locations

Histogram count
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atalocation oZ = 7.6 cm. The mean particle velocity increased
with increasing arc current, particularly for those particles that
traversed across the plasma jet (i.e., particles &). There ap-
Speared to be little or no effect on the velocity of the smaller par-
ticles in the upper part of the jet. Particle size distributions did
not appear to be influenced by the plasma power variation, sug-
gesting that appreciable particle fragmentation does not occur
upon heat up. Figure 12(b) shows the influence of argon flow
rate when it was varied by a factor of two. The mean particle ve-
locities were found to increase with increasing argon flow rate,
especially in the region across the injection port. A two-fold in-
crease in argon flow rate resulted in a maximum velocity
change of 38%. This reduced effect is attributed to the decay
of velocity in the jet due to turbulent mixing and entrainment.
The particle size distribution was unaffected by the argon
flow rate as expected.

3.4 Effect of a Substrate on Particle Velocity

The presence of a substrate stagnating the plasma jet flow was
also investigated in this study. Because thermal spray coatings
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100

r=10.0 mm
D,,=26.5 um

75 1

0 20 40 60 80 100

—-
o
(=]

r=0.0 mm

~
(3]

Histogram count
[4)]
Q

25
0 20 40 60 80 100
100
r=-8.0mm

0 20 40 60 80 100
Particle diameter (um)

Fig. 10 Particle size histograms in the plasma jet at selected locations. Left coldimrbat cm and = + 10.0 mm, 0 mm, and —8.0 mm. Right column
atZ=10.2 cm and = +10.0 mm, 0 mm, and —8.0 mm.
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were applied onto a substrate in this configuration, it is useful totion. It was found that the substrate had a minimal effect of les 3]
know whether particles slowed down toward the stagnation re-than 5% reduction of the particle velocity. This result suggest %
gion. Figure 13 shows the radial distribution of mean particle ve- that particle motion is essentially ballistic, and slowing of parti- 5
locity at an axial location oZ = 7.6 cm with and without a  cles due to flow divergence near the stagnation region does n )
substrate located 5 mm downstream of the measurement locasignificantly influence the particle velocity. %.
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Fig. 11 Particle axial velocity histograms in the plasma jet at selected locations. Left coldimibat cm and = + 0.0 mm, 0 mm, and —8.0 mm. Right
column aZ = 10.2 cm and = + 10.0 mm, 0 mm, and —8.0 mm.
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3.5 Plasma Spraying of Nanoclustered YSZ Powder

With the contemporary interest in producing nanostructured
coatings, recent experiments have focused on injection of nano
clustered YSZ through a plasma jet. The nanoclusters containe

many small (of the order of 10 to 50 nm) grains that were
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Fig. 13 Impact of the presence of a substrate on axial particle velocity
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boundtogethertoformrelatively spherical particles of 80
mean diameter (Ref 17) as shown in the micrograph of Fig.
2(b).

" Due to the limited availability of this powder, only a few ex-

%eriments were performed to characterize the paNdaleT at

an axial location oZ = 7.6 cm. Because of the desired process-
ing conditions, a high-speed plasma nozzle (Metco GP) was
used for thermal spraying. Both the conventional and the
nanopowders were injected into the plasma jet under identical
injection conditions. In Fig. 14, the particle velocity, size, tem-
peratures, and PDPA data rates were compared for the conven-
tional 7YSZ powder and the 7YSZ nanopowder. It was found
that the peak particle velocities were somewhat higher for the
nanoclustered powder in comparison to those for the conven-
tional powder. It also appears that the maximum velocity loca-
tion shifted below the plasma gun axis.

The particle size measurements were difficult at best with the
nanopowder due to the large surface roughness of the nanoclus-
ters (Fig. 2b). The data validation rate was very low at most
measurement locations. Thus, the particle mean diameter vari-
ation, shown in Fig. 14(b), has a high degree of uncertainty due
to the low-size validation rate. Figure 14(c) shows the radial
temperature profiles &= 7.6 cm. The mean particle tempera-
tures were found to be 150 to 200 K lower than the conventional
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Fig. 14 Comparison of the (a) mean particle velocity, (b) size, (c) temperature, and (d) particle count rate for the converttienzd@ostructured

yttria-stabilized zirconia powder at an axial locatioZaf 7.6 cm
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powder particles. It is speculated that the nanoclusters, whichXiao, Mr. Christopher Strock, and Mr. Meidong Wang of In-
were typically in a hollow shell form, were less capable of pene- framat Corporation for their assistance in the operation of th
trating through the higher temperature zones of the plasma andthermal spray facility.

therefore, were not heated to as high temperatures as the conven-

tional powder. This can be seen in the particle count rate COM-Reaferences

parison shown in Fig. 14(d), which suggests that the particle
count rates are low in the regions below the plasma axis where
the particles that penetrated through the plasma would have
been. Most of the particles were swept above the plasma axis,z'
thus bypassing the high temperature core region of the plasma.

1.

4. Conclusions

Experimental results on temperature, velocity, and size
measurements in DC arc plasma thermal sprays are reported in
this article. Experiments were performed using a conventional
DC arc argon-hydrogen plasma with two different 7 wt% YSZ
powders injected transversely into the plasma jet. Measure-
ments were performed along the centerline of the plasma jet as
well as radial profiles at several axial positions. From typical
data samples consisting of 2000 to 3000 measurements at each
location, distributions and average values of the measured pa-
rameters are reported. It was found that the transverse injection
of the powder results in aerodynamic size classification of the ¢
powder in the jet with the large particles penetrating further
across the plasma jet than the smaller particles, which were more
readily swept by the high momentum of the plasma jet. Average 7.
particle temperatures showed a good degree of uniformity ra-
dially and decayed in magnitude with increasing downstream
distance. There is good indication that the particles that pene-
trated through the plasma jet attained surface temperatures
above the melting point of zirconia. Smaller particles were typi- 8
cally swept by the high plasma jet momentum and did not reach
the high temperatures. Implications of these effects could be sig-
nificant in terms of coating quality because the deposition of
melted large particles and unmelted small particles will influ-
ence the coating microstructure. Furthermore, the spatial

nonuniformities were expected to further accentuate these ef10

fects. Based on these findings, axial injection of powder into
plasma jets may overcome some of the nonuniformities in the
particle properties (size and temperature) typically associated
with the transverse injection scheme. Experiments to assess the
effects of the presence of a downstream stagnation plate, as it ex:-
ists in thermal spray applications, showed only a small effect on
axial particle velocities, confirming that the particles moved un-
der ballistic conditions after their initial acceleration. Injection
of nanoclustered particles was also studied. Significant differ- 4
ences in particle velocities and temperatures were observed for
the nanoclustered powder in comparison to the conventional

powder under the same plasma operating and particle injections,

conditions. This points to the need for optimization of the injec-
tion of nanostructured powders in thermal spray processes.
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