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Yttria-partially-stabilized zirconia was atmospherically
plasma sprayed by systematically varying the process condi-
tions including carrier gas flow rate, torch power, standoff
distance, and Ar/H, ratio in the plasma gas mixture. The
in-flight particle parameters such as temperature, velocity,
number, and size were determined using a commercially
available diagnostic system. The particle parameters were
controlled by the particle trajectory in the plume and plasma
jet characterigtics. The average temperatureand the velocity
of particles, which reached their maximum at an intermediate
carrier gasflow rate of 3.5 L/min, varied as much as 6% and
25%, respectively, witha 75% variationin thecarrier gasflow
rate by going from the lowest to the intermediaterates. The
aver age temperatureand the velocity of particles were lower
for a lower torch power, a higher Ar/H, ratio, and a larger
standoff distance. It was necessary to obtain data on particle
populations larger than 1000 for atistically reliable and
reproducibleinformation from the diagnostic system.

I. Introduction

HERMAL spray technology has been used to produce ceramic,

metal, and plastic coatings for various applications such as
wear resistance, high-temperature insulation, and corrosion pro-
tection.' Yttria-partially-stabilized zirconia (Y SZ) coatings with an
intermediate metal bond coat layer on super aloys have been
widely used as thermal barrier coatings in aerospace applications.’
It has been reported that the performance of thermally sprayed
coatings is strongly controlled by the process parameters.?>
Therefore, more complete understanding of the process would
allow the manufacture of coatings with improved performance. It
is crucial to understand in situ process factors and the manner in
which deposits form fromindividual units (i.e., splats) and produce
coatings with varied, anisotropic properties. Especially, the depo-
sition efficiency, which isthe percentage of particles deposited on
the substrate within an ensemble of particles arriving at the
substrate, needs to be examined since this quantity is directly
related to coating realization (i.e., zero deposition efficiency
impliesthat no coating is achieved) and it strongly depends on the
in-flight particle characteristics.

Various process diagnostic systems have been used in the field
of thermal spray technology: in-flight diagnostic sensors,*~¢
acoustic emission transducers,”® high-speed CCD cameras,”!®
and pyrometers.!"!2 In these systems, a two-color pyrometer is
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used to determine the temperature of in-flight particles, and laser
Doppler velocimetry (LDV) and laser two-focus systems (L2F) are
used to determine the velocity of in-flight particles. High-speed
CCD cameras have gained the most support in the thermal spray
field to determine particle size and distribution.5>'° In addition,
there exist commercially available in-flight systems that allow
simultaneous measurements of the particle characteristics.*!® One
of these systems, the Tecnar DPV2000 in-flight diagnostic system
(Tecnar Automation, St. Hubert, Quebec, Canada), which com-
bines two-color pyrometry and an L2F system to provide temper-
ature, velocity, particle size, and distribution, has been used by
many researchers,*714-17

In the current study, the in-flight particle properties such as
temperature, velocity, and size of yttria-partially-stabilized zirco-
nia (Y SZ) during plasma spraying will be examined to understand
the influence of the process parameters on these properties. The
plasma spray parameters including carrier gas flow rate, torch
power, Ar/H, ratio, and standoff distance are systematicaly
varied. A specia emphases on the carrier gas flow rate is given
since no such systematic detailed study on the carrier gasflow rate
is found in the open literature even though the influence of torch
power, Ar/H, ratio, and standoff distance on the characteristics of
Y SZ coatings is well documented and also intuitively predictable.

II. Experimental Procedure
Spraying Conditions
Yttria-partially-stabilized (8%) zirconia was plasma sprayed
without restriction into an open, ambient enviroment using a
Metco 3MB plasmatorch with a Metco GH nozzle (Sulzer Metco,
Westbury, NY-USA) mounted on a six-axis articulated robot
(Model S400, GMF Fanuc, Charlotteville, VI-USA). The commer-
cidly available Metco HOSP™ (hot oven spherical powder)
204NS-AE7590 (Sulzer-Metco, Westbury, NY) powder with an
average particle size of 80 pm (—110 + 10 pwm) was used as
feedstock. The powder had hollow sphere morphology with a
smooth surface resulting from the spray drying followed by an
oven or flame densification process. A mechanical feeder was used
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Fig. 1 Schematic diagram of the plasma spray and in-flight diagnostic
systems. Note that the carrier gas flow rate changesthe particle trajectory.
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Yttria-partially-stabilized zirconia was atmospherically
plasma sprayed by systematically varying the process condi-
tions including carrier gas flow rate, torch power, standoff
digtance, and Ar/H, ratio in the plasma gas mixture. The
in-flight particle parameters such as temperature, velocity,
number, and size were determined using a commercially
available diagnogtic sysem. The particle parameters were
controlled by the particle trajectory in the plume and plasma
jet characterigtics. The average temperatureand the velocity
of particles, which reached their maximum at an inter mediate
carrier gasflow rate of 3.5 L/min, varied as much as 6% and
25%, respectively, with a 75% variationin thecarrier gasflow
rate by going from the lowest to the intermediaterates. The
aver age temperatureand the velocity of particles were lower
for a lower torch power, a higher Ar/H, ratio, and a larger
standoff distance. It was necessary to obtain data on particle
populations larger than 1000 for statistically rediable and
reproducibleinformation from the diagnostic system.

. Introduction

HERMAL spray technology has been used to produce ceramic,
metal, and plastic coatings for various applications such as
wear resistance, high-temperatureinsulation, and corrosion pro-
tection." Yttria-partialy-stabilized zirconia(Y SZ) coatingswith an
intermediate metal bond coat layer on super aloys have been
widdy used astherma barrier coatingsin aerospaceapplications.’
It has been reported that the performance of thermally sprayed
coatings is strongly controlled by the process parameters.>>
Therefore, more complete understanding of the process would
alow the manufacture of coatingswith improved performance. It
is crucial to understand in situ process factors and the manner in
which depositsform fromindividual units (i.e., splats) and produce
coatings with varied, anisotropic properties. Especialy, the depo-
gtion efficiency, which is the percentage of particlesdepositedon
the substrate within an ensemble of particles arriving at the
substrate, needs to be examined since this quantity is directly
related to coating redlization (i.e., zero depostion efficiency
impliesthat no coatingis achieved) and it strongly depends on the
in-flight particle characteristics.
Various process diagnostic systems have been used in the field
o therma spray technology: in-flight diagnostic sensors,*~¢
acoustic emission transducers,”® high-speed CCD cameras,”!°
and pyrometers.!*!? In these systems, a two-color pyrometer is
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used to determine the temperatureof in-flight particles, and laser
Doppler velocimetry (LDV) and laser two-focus systems (L2F) are
used to determine the velocity of in-flight particles. High-speed
CCD cameras have gained the mogt support in the therma spray
field to determine particle size and distribution.®** In addition,
there exist commercidly available in-flight systems that alow
simultaneousmeasurements of the particlecharacteristics.*'* One
of these systems, the Tecnar DPV2000 in-flight diagnostic system
(Tecnar Automation, St. Hubert, Quebec, Canada), which com-
bines two-color pyrometry and an L2F system to provide temper-
ature, velocity, particle size, and distribution, has been used by
many researchers7-14-17

In the current study, the in-flight particle properties such as
temperature, velocity, and size of yttria-partially-stabilized zirco-
nia (Y SZ) during plasmaspraying will be examined to understand
the influence of the process parameters on these properties. The
plasma spray parameters including carrier gas flow rate, torch
power, Ar/H, ratio, and standoff distance are systematically
varied. A special emphases on the carrier gas flow rate is given
since no such systematicdetailed study on the carrier gasflow rate
is found in the open literature even though the influence of torch
power, Ar/H, ratio, and standoff distanceon the characteristicsof
Y SZ coatingsis well documented and dso intuitively predictable.

II. Experimental Procedure

(1) Spraying Conditions

Yttria-partialy-stabilized (8%) zirconia was plasma sprayed
without restriction into an open, ambient enviroment using a
Metco 3VIB plasmatorch with aMetco GHnozzle (Sulzer Metco,
Westbury, NY-USA) mounted on a six-axis articulated robot
(Model S400, GMF Fanuc, Charlotteville,VI-USA). The commer-
cidly available Metco HOSP™ (hot oven spherica powder)
204NS-AE7590 (Sulzer-Metco, Westbury, NY) powder with an
average particle size of 80 um (—110 + 10 pm) was used as
feedstock. The powder had hollow sphere morphology with a
smooth surface resulting from the spray drying followed by an
oven or flame densificationprocess. A mechanica feeder was used
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Fig. 1. Schematic diagram of the plasma spray and in-flight diagnostic
systems. Note that the carrier gas flow rate changesthe particle trajectory.
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Tablel. Spray Parameters

Parameters s-1 S-2 S3 S4 S-5 S6
Current (A) 600 600 600 600 600 600
Voltage (V) 70 70 70 70 70 55
Primary gas, Ar (L/min) 40 40 40 40 50 50
Secondary gas, H, (L/min) 12 12 12 12 11 41
Powder carrier gas, Ar (L/min) 20 40 6.0 35 35 35
Standoff distance (mm) 80 80 80 80 100 100
Feeding rate (g/min) 2 2 2 2 2 2

to introduce the powders a arate of 2 g/min into the plasmajet
through a Metco No. 2 powder injector, which was verticaly
located 9 mm from the torch axis, and 7 mm from the torch exit
(Fg. 1).

Spray parameters are listed in Table . As can be seen, the
carrier gas flow rate was systematically changed from 2.0 to
35 L/min (S1-S4) to investigate the influence of particle
trgjectory in the plasmajet on itsin-flight particle characteristics.
Spray parameters S-4, S-5, and S-6, dl of which are often used in
our day-to-day plasma spray practice, were selected to investigate
the influence of standoff distance along with torch power and
Ar/H, rdtio.

(2) In-Flight Particle Diagnostics

The particle temperature, velocity, and size in the plasma jet
were measured using a Tecnar DPV-2000 system (Tecnar Auto-
mation, St. Hubert, Quebec, Canada). The system has been
described in detail elsewhere.*!>'? Briefly, the system consists of
a tubular sensing head linked to a detection box with light
detectors through an optical fiber bundle and an IBM compatible
PC. The system monitorsindividua particlesin the plasmaplume
to provide temperature, velocity, and size information. The tem-
perature is measured from the radiation intensitiesat two different
wavelengths. The velocity is determined via a two-dit mask
covering the front face df the sensing head (Fig. 1). The particle
size can be esimated from the radiation intensitiesfor a particle
with known emissivity. In the current study, a normalized particle
size rather than the absolute vaue will be reported, as will be
explained below. The particle temperature and velocity were
determinedat the center line of the plume, where the particleflow
densty was the highest, as wdl as a various other locations
throughout the plume at a constant sensor—plasmatorch distance.
The measurements at the center lines were conducted for 30 to
120 s depending on the number of particles monitored. Each
position in the cross-sectional scans was monitored for 5 s with an
interval of 5 mm at 25 different positions with the center line being
the origin of the cross section.

1. Reaults

(I) Center-Line Values

(A) Temperature: Figure 2 illustrates the temperaturedistri-
bution at the center line of the plume for the particles sorayed
under various pray parameters. The average particletemperatures
at the center line are statistically different for the groupssprayed at
different processing conditions except for those of groups S-2 and
S-3. The average temperature decreases in the following order:
S4>S5S2=S53>8-1>S5> S6 as proved by a Student's
t-test. The variationin the temperatureof particlesat the center line
is similar for different groups (around *13%). The average
temperature at the center line first increases with the increasing
carrier gas flow rate, then decreases with further increase in the
carrier gasflow ratefor a given standoff distance(S.D.) of 80 mm
(Fig. 3).

The proportion of molten particles can be calculated from the
temperature distribution by knowing that the melting point of 8
wt% Y,0, partialy stabilized zirconiais 2700°C. The percentage
of molten particles within the total particle population that reaches

the designated standoff distance (Table 1) changes by 19%, 33%,
30%, 35%, 11%, 3% for the groups S-1 to S-6, respectively. One
should notice here that the temperature vaues represent the
temperature at the surfaceor near the surface of the particles; i.e.,
the inner part of the particles may have lower temperature.
Therefore, the values given above should be taken as the percent-
age df molten or ssmimolten particlesrather than the percentageof
completely molten particles.

(B) Velocity: Figure4 illustrates the velocity distribution of
particlesat center lines sprayed with different process parameters.
As shown in Fig. 4, pat of the distribution is labded as a
""phantom peak” that is an unavoidable artifact resulting from the
instrument.*'? The phantom peak representstwo identical out-of-
focus particlescrossing the measurement volume with such atime
shift that they appear to be a symmetrical, lower-velocity particle.
It was suggested by the manufacturer that the “'phantom peak”
does not contain accurate information and should be discarded
from the data.'® The average velocity vaueslisted in the plots are
calculated by discardingthe phantom peak." The average velocity
first increases, then decreaseswith increasingcarrier gasflow rate
(Fig. 3). In addition, lower torch power or longer standoff distance
resultsin lower particle velocities.

(C) Particle Sze:  Since the emissivity of the particles was
not known, the particle size determined from the temperature
measurement was calibrated with respect to the average particle
size of the starting powder. The average in-flight particle sizes
weredetermined to be 80 = 34, 80 = 40, 80 + 42, 80 + 49, 80 =
38, and 80 + 33 pm for samples S-1 to S-6, respectively. As can
be seen, the coefficient of variation (CV) for the particlesize in
different groups is dightly different; i.e., CV varies from 41% to
61% for groups S-6 and S-4, respectively. This behavior indicates
a change in the process characteristics. For the S-4 condition, for
instance, the chance of particles of wide size distribution in
reaching the substrateis higher than that of particlessprayed under
S-6 conditions. As aresult, anarrower splat sizedistribution might
be expected for coatings sprayed under the S-6 conditions. Since
the information generated from the diagnostic system on the
particlesizeislimited, the particlesize and distribution will not be
discussed further.

(D) Number of Particles: Figure 3 illustrates the average
number of particlesmonitored per second through the center-line
position. The average particle rate first increases and then de-
creases with increesing carrier gas flow rate in the center-line
position. In addition, the rate drops for a longer standoff distance
and a lower torch power.

(2) Various Positionsin the Plume Cross Section

(A) Temperature: The temperature distribution through the
plume cross section (X-Y) for a constant standoff distance (either
80 or 100 mm as given in Table 1) is illustrated in Fig. 5. As
shown, the temperature distribution significantly changes depend-
ing on the spray conditions. In general, the distributions do not
show any symmetry. This agrees with the theory of the plasma
spray process>® and the earlier measurementsreported.'>?°2! The
distributions are asymmetric with respect to the Y = 0 (X-axis),
implying that the injection port alignment does not provide perfect
symmetry. As seen in Fig. 5, the digtribution data were not
presented for some locations (e.g., Y = —10for S-1) because the
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Fig. 2 Temperaturedigribution a the center lines, where the particle
flow density is the highest, for different process conditions listed in Table
I. Note that samplesize is 1.

number of particles monitored at the mentioned location was too
low (less than 50) to provide statistically reliable information. In
addition, a temperature distribution analysis for some locations
was avoided because of poor statistical reliability. Therefore, the
average temperature for each location was used rather than a
distribution.

Depending on the carrier gas flow rate, the particles a the
center-lineposition lie above, at, or below the hottest zone of the
plume for parameter set S-1, S-2, and S-3, respectively, for
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increased carrier gasflow. Similarly, the hottest zone shifted to the
left with respect to the Y = 0 plane (X-axis) with increasing carrier
gasflow rate and indicated off-axisaignment of the injector port;
i.e., theinjector port wasinstalled off center and to the right of the
X-axis. A carrier gas flow rate of 35 to 4.0 L/min provided a
center-line position at the hottest zone of the plume. The hottest
zone o the plume moved away from the center line with decreasing
torch power for a congtant carrier gas flow rate (Fig. 5()).

(B) Veocity: Thedistributiondf the average velocity vaues
throughout the cross section of the plume for a given standoff
distance was not obtained reliably because the *'phantom peak”
could not have been discarded from the data since the number of
data pointsfor a given location was too low for statistical analysis.

IV. Discusson

(1) Diagnostic Tool

Even though the Tecnar-DPV2000 is astrong in situ diagnostic
tool, one should be cautious with the data obtained from the
measurements. The measurements, in common with similar exper-
imenta techniques, need to be conducted on alarge samplegroup
size; i.e., the number of particlesfrom which information collected
should be as large as possible to provide higher accuracy and
reliability. This can be achieved by increasing the measurement
time. The measurement time varied from 30 to 120 s for the
center-line measurements, alowing 1000 to 5000 particle counts.
However, the measurement time was 5 s to collect information at
individual locationsduring the mapping of the plume cross-section
characteristics. This measurement time alowed particle counts of
1 to 800. In the data andysis for the mapping study, data
representing fewer than 50 particle counts were discarded. Tem-
perature vaues are reliable and reproducible for data collected
from a large sampling size. However, caution must be exercised
when examining the vel ocity data since correctionsconcerningthe
" phantom peak™ can be taken into account only when the sample
sizeislarge.

(2) Penetration of Particlesinto the Plasma Jet

When externally injected gas—powder mixturesinteract with the
plasma jet, the heat exchange between cold particle—gas mixtures
and the hot plasmajet changesthe temperaturedistributionof both
the particles and plasma jet.'> The manner and duration of this
interaction depends on the particle momentum' *?2 and plasma jet
propertiesincludingtorch power, plasmagas composition,'*2* and
nozzle diameter for a given plasmatorch. The particle momentum
(vm, wherev is the velocity and m is the mass) mostly dependson
the carrier gasflow rate. A particlecan either (i) bounce off from
the plasmaflow, (ii) penetrateinto the plasmajet and flow withiit,
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density is the highest, for different process conditionslisted in Tablel.
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or (iil) penetrate into the plasmajet and cross over the plasmajet,
&pending on the momentum being low, medium, and high,
respectively. The particle injection velocity of the Sulzer Metco
204NS YSZ powder loaded with a rate of 20 g/min and 3.0 to
6.0 Umin carrier gas flow through a standard Sulzer Metco
injector (with 28 mm inner diameter and 1.8 mm exit diameter)
using aMiller Modd 1270 powder feeder was reportedas 9 £ 1.5
t0 145 = 3 m/s.?*?* |t was also found that the particleinjection
velocity of the same powder did not show any particle size
dependence.®® Varddle et al''*® reported that the injection

Vol. 84, No. 4

velocities of fused and crushed adumina particles with —21 +
15 pm and —90 + 45 pm sSzeswere 47.9 = 144 and 12.7 *
2.3 m/s injected through a 1.6 mm inner diameter injector with
carrier gasflow ratesof 7.5 and 2.5 Umin, respectively.

The difference in the particle injection velocities reported in
Vardelle’s* " study was modt likely the result of the differencein
the carrier gas flow rate. Assuming that YSZ and dumina
powders* behave similarly, the particle injection vaues from
Fincke et al.?* and Vardelle?® would be in agreement when one
takes into consideration that the injector diameters are different.
For further evolutionin the current study, valuesfrom Finckeet al.
were used sincethe process parameters were most similar to those
of the current study.

Vardelleet al.** derived the following equation to calculatethe
penetration of particlesinto a plasma jet:

o=l -oel -G ®

wherey is the vertica (parallédl to injection axis) injection distance
traveled by the particle(p) with a diameter of 4, and density of p,,,
Vo is theinitia particleinjection velocity, n, is the viscosity of the
plasmajet gas, and t is the residencetime in the plume. One can
find that the residence time is 05-1 ms by teking an average
particlevelocity (in the plasma jet direction) of 100-200 m/s and
a standoff distance of 8-10 mm. The viscosity of the plasma jet
consisting of 20% H,-80% Ar 9as mixture was reported to vary
from0.1 X 1073 t00.25 X 1073 Pass in the temperature range of
5000 to 15000 K with a maximum a 10000 K.2¢ The verticd
distances traveled, y values, calculated from Eq. (1) for various
process parameters are given in Fig. 6. They vauesfor particles
larger than 35 pm do not significantly change for a given spray
condition. The carrier gas flow and residencetime (in turn, the
particlevelocity in the plume and the standoff distance) drastically
influencesthey vaue; i.e., a100% increasein carrier gasflow rate
increases the y value by admost 100%. Therefore, it would be
expected that the par¥icle trajectoriesfor various process parame-
tersin the current sudy might significantly differ.

One aso needs to consider the influencesof a cold gas—solid
mixed stream on a hot plasma stream when these two streamsflow
in perpendicular directions. Varddlle et al.'? reported that the
plasma jet axis shifted by 2° with respect to the torch axis toward
the direction of the injection when an external injection system
was used in a process where 27 Umin Ar + 7 Umin H, plasma
gas mixtures and 8 Umin Ar carrier gas with a 1.6 mm injector
were used. Similarly, Chivel et al?! found a 2.8" shift for an
amosphere plasma spray process. Therefore, the plasma jet axis
shifts 3-5 mm with respect to the torch axis at a standoff distance
of 80to 100 mm asin the current study when an external injection
is used.

As a result, the temperature and velocity distributions of the
particlesreported above need to be analyzed by taking these two
aforementioned characteristicsinto account, namely, the particle
and plasma jet trgjectories.

(3) Influenceof Spray Conditions on Particle Temperature
As given in Fig. 3, the change of center-line average particle
characteristics such as temperature and velocity exhibit a maxi-
mum with respect to change in the carrier gas flow rate. This
suggeststhat a carrier gasflow rate of 3.5 Uminisan ideal value
that achieves the best spray performancein the given system. It is
mogt likely that the particleflux center lineand the plasmajet axis
coincideat this carrier gasflow rate. The particles injected with a
carrier gasflow rate less than 3.5 Umin penetrate into the plasma
jet to acertainextent, i.e., in such away that they do not reach the
plasma jet axis, but reside in the cooler zone o the plasma jet
before reaching the substrate. On the other hand, the particlesthat

¥Metco 204NS isa hollow spherical YSZ powder with a densty of 4 glem® while
the alumina powder also has a density of around 4.0 g/em®.
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Fig. 5. Average particle temperature distribution throughout the cross section of the plum for plasma spray conditions: (a) S
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are injected with carrier gas flow rates higher than 35 L/min
penetrateinto the plasma sufficiently to reach the plasma jet axis
and reside at a location which is lower than the axis where the
temperature is lower than the core temperature. This observation
can be easily seen in Fig. 5, where the temperature distributions

throughout the plasma jet cross section are given. As presented in
Figs. 5(a) and (c), the center line for sample S-1, which has a
carrier gas flow rate of 2.0 L/min, is located above the plasma jet
axis, where temperature is the highest, while the center line for
sample S-3, which has a carrier gas flow rate of 6.0 L/min, lies
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Fig. 6. Change of calculated vertical distance traveled by an injected
particle into plasma jet vith the spray parameters.

below the plasmajet axis. The center-line positions of samples S-1
and S-3 are about 8-10 mm apart from each other, which isin
agreement with the cdculated vaues in Fig. 6. As mentioned
earlier, there is also a shift of the plasma jet axis to dightly left
(about 5 mm) of the center line. This shift arises from the
installation of the powder injector; i.e., the injector axis s either
dightly on theright of the torch axisor not perfectly perpendicular
to thetorch. Theshift, being similarfor all of the samples, suggests
that the degree of misaignment is small.

When theinfluences of torch power levelsare compared (S-5vs
S-6), it can be seen that the center-line temperaturedrops signif-
icantly by 150°C at the lower power (Fig. 4). In addition, the
center-line positions with respect to plasma jet axis for samples
S5 and S-6 exhibit different behavior than sample S-4, showing
that dl three had the same carrier gasflow, but S-4 was a 80 mm
standoff distancewith a higher torch power. Both of thecenter-line
positionsfor samples S-5 and S-6 are located above the plasma jet
axis (Figs. 5(e) and (f)). One would expect that the center line and
the plasma jet axis would be closer since the residencetime is
longer for the standoff distance of 100 mm (see Fig. 6 for the
influence of the residencetime on the particle trgjectory). How-
ever, the change in the propertiesof the plasma jet must aso be
considered. A lower H’i content in plasma mixtures increases the
viscosity of theplasma,® and inturn, the vertica distancetraveled
by particlesinto the plasma jet decreases (see Fig. 6).
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(4) Influence of Spray Conditions on Particle Velocity

When a particle moving verticaly to atorch axisencountersthe
plasma jet, its vertical velocity decelerates to zero while its
horizontal (paralel to spray direction) velocity accelerates. The
final velocity of a particleat agiven standoff distanceis controlled
by the velocity of the plasma jet and the particletrajectory. It was
reported in earlier studies!®2%26 that the plasma jet veocity is
higher near the plasma jet axis and the plasma torch exit.
Therefore, it is no surprise that sample S-4, whose center lineis
right a the plasmaaxis, has the highest average particleveocity at
its center line. Similarly, the average center-line velocities of
samples S-1, S-2, and S-3 vary depending on the center-line
position with respect to the plasma jet axis; i.e., the closer the
plasmajet axis, the higher the velocity. As mentioned above, the
center line of sample S-1 locates above the plasma jet axis while
the center line of sample S-3 lies bedow the plasma jet axis. The
reasons for the velocity of sample S-3 being higher than that of
sample S-1 arethefollowing: (i) the S-3 particles pass through the
plasma jet axis where the velocity is the highest before reachinga
standoff distanceof 80 mm, and (ii) the S-3 center-lineposition is
dightly closer to the plasma jet axis than the S-1 center line.

Sample S5 has a high center-line average velocity when
compared with samplesS-1 and S-3 (Fig. 4) althoughit hasalower
Ar/H, ratioin the plasma. It was reported that additionof H, to Ar
increasesthe velocity of the plasmajet for a given power level.??
The high velocity for sample S-5 could be because the residence
time for sample S-5 is longer due to the standoff distance being
100 mm. A longer residencetime dlows further timefor acceler-
aionaf particlesin the plasmajet. Similarly, S-6 hasa comparably
high velocity for the same reason.

(5) Comparison with Previous Data

Although no in siru diagnostic study information on air plasma
spraying of 8%-Y,0;-partially-stabilized zirconia usng a Metco
3MB torch was found in the open literature, it is still vauable to
compare the results reported for various APS torches in the open
literature to the results in the current study. The results from
previous studies concerning the atmospheric spraying of yttria-
partialy-stabilized zirconia are summarized in Table II. In the
table, the maximum average temperatureand velocity values are
included along with the spray conditionsand equipment, and the
measurement technique whenever possible. The spray conditions
included are, in the order presented, torch current and voltage,
primary and secondary gas flow rates, injector type, carrier gas
flow rate, powder feed rate, and average particlesize dependingon
the available information. The spray conditions listed in Table It
cover the range of valuesfor commonly used process parameters

TableII. Comparison of In-Flight Characteristicsfor Plasma-Sprayed YSZ Particles Using Various Techniquest

T (°C) v (m/s) Torch Conditions SD (mm) Method Ref.
2600-3000 200 Miller SG100 900 A, 34V, 47 Ar + 222 He L/min, 6.1 Wmin Ar, 40 pm 50-120 LDV, TCP 27
2500 PTF4 600 A, 58 V, 32 Ar + 12 H, L/min, 5 g/min, 40 pm 120 LV, TCP 28
2350 300 PTF4 630 A, 41 + 14 H, L/min, 25 Ar, —45 + 22 pm 120 LDA 23
2800 160 Metco 9MB 600 A, 75V, 40 Ar + 12 H, L/min, 5.0 Ar, 20 g/min, 30 wm 100 PDPA 24
2800 180 Miller SG100 800 A, 14—42 V, 50 Ar +2 H, L/min, 65 L/min Ar, 23 g/min, 63 Tecnar 14
—45 T 22 pm

2900 160 Metco FA-MB 605 A, _7|_0 V, 37 Ar t+ 12 H, L/min, 1.3 L/min Ar, 35 g/min, 140 Tecnar 15
—45 T 22 pm

3000 130 Metco F4-MB 475 A, -(?_6 V, 42 Ar +9 H, L/min, 1.3 L/min Ar, 35 g/min, 140 Tecnar 15
—45 T 22 pm

2600 150 Metco SM-F100 450 A, fll_l V,42Art+ 4 H, L/min, 2.5 L/min Ar, 35 g/min, 70 Tecnar 15
—45 T 22 pm

2750 100 Metco SM-F100 350 A, -1?_8 V, 42 Ar +2 H, L/min, 25 L/min Ar, 35 g/min, 70 Tecnar 15
—45 T 22 pm

2400 160 Metco 9MB 600 A, 60V, 39 Ar + 10 H, L/min, M-GH, 5 L/min N,, 45 102 PDPA, TCP 5
g/min, 80 pm

2600 250 Metco 9IMB 600 A, 60V, 58 Ar + 2 H, Metco GP, 7 L/min N,, 45 g/min, 76 PDPA, TCP 5
80 pm

2100-2500 130-165 Metco 3VIB Tablel 80-100 Tecnar This

*See the text for details of the method and the conditions.
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in the air plasma spraying of Y SZ. The common standoff distance
varies from 70 to 120 mm and the influence of the standoff
%:Ii zg/gsc%on the particle characteristics has been extensively stud-

The common techniques used includelaser Doppler velocimeter
(LVD), laser velocimeter (LV), phase Doppler particle anemom-
eter (PDPA), two-color pyrometer (TCP), and the Tecnar DPV-
2000 diagnostic system (Tecnar) which is the combination of a
TCP and L2F. The torches studied are from three companies.
Sulzer Metco (Westbury, NY), TAFA (currently part of Praxiar,
Appleton, WI), and PlasmaTecnik (currently part of Sulzer Metco,
Switzerland). The diagnostic values in the current study are in
good agreement with the previous studies within the variation of
the systems (TableII).

(6) Deposition Efi ci ency
As mentioned in Section 3(1)(A), the percentage of particles
that have acenter-lineaverage temperaturehigher than the melting
point of the Y SZ varies with the spray conditions. The percentage
of particlesincreasesfrom 19% for S-1% to 35% for S-4 and then
decreases to 30% for S-3 within the particles whose temperature
monitored at the center-line position. It should be noted that the
carrier gasflow rate increased in the same order. In addition, the
percentage dropped to as low as 3% for S-6, where the standoff
distance and the torch power were large and low, respectively.
Therefore, one would expect that deposition efficiencies for
different carrier gasflow ratesor torch power levelswould differ.
InFig. 7, theestimated percentage of molten and/or semimolten
particlesis given with respect to the vertical axis (Y axis). These
percentages were calculated using the average temperature
counters presented in Fig. 5 for the different spray conditions by
taking the melting temperature of YSZ as 2700°C. The highest
averagetemperatureat a given vertical axisvauewas takenfor the
caculations. The percentage of particles that had temperatures
higher than 2700°C was calculated by assuming that the particle
temperature distribution is a norma distribution for a known
average temperature. The estimated percentages in Fig. 7 were
similar for samples S-2, S-3, and S4. They differ drastically for
samples S-5 and S-6. These percentages can be related to deposi-
tion efficiency a a given location in a deposit. The influence of
spray parameterson the deposition efficiency and microstructure
of the coating as wdl as relaions between deposition efficiency
and the in-flight particlecharacteristicsare discussed elsewhere. '®

V. Condusons

The in-flight characteristicsof yttria-partially-stabilized zirco-
nia particles were determined using a commerciadly available
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diagnostic system and were in good agreement with studies
reported in the open literature. The temperature, velocity, number,
and size of particles were measured in-flight for varying plasma
soray conditions. It was found that the carrier gas flow rate
significantly influences the in-flight particle properties since it
determinesthe trgjectory of a particle injected into a plasma jet.
The particle trajectories were located above, at, or below the
plasma jet axis depending on the carrier gas flow rate. The
temperature and the velocity of particles close to the plasma jet
axis were high owing to the fact that the plasma jet had a
temperature and velocity distribution with the maximum in the
axisand near the torch exit. A flow rateof 3.5 L/min optimizesthe
particletrgjectory, for the studied torch characteristics, to provide
high particleflow density at the highest temperature and velocity
zone of the plasma jet. In addition to carrier gas flow rate, the
plasma power, the Ar/H, ratio in plasma gas mixtures, and the
standoff distance were also found to be influential on temperature
and the velocity of particles. Lower torch power and longer
standoff distance lower particle temperatures. The results regard-
ing thetorch power, the Ar/H,, ratio, and the standoff distancewere
in good agreement with the previous extensivestudiesin thefield.

The particle in-flight characteristics were dso andyzed a
various positionsof the plume cross section for a given standoff
distance. Temperature decreased on increasing the distance from
the plasma jet axis. In genera, a large particle number population
is required to obtain statistically reliable and reproducibleresults
from the measurement system and this is especidly true for the
velocity data.
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