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In Situ Characterization of Small-Particle
Plasma Sprayed Powders
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The effect of various small-particle plasma spray powder injection parameters on the in situ particle position,
velocity, and temperature is measured for yttria-stabilized zirconia and yttrium-aluminum-garnet powder.
Using full-factorial experiments and multiple regression analysis, carrier gas flow, injector angle, and pow-
der feeder disc speed were found to significantly affect the particle properties. Temperature and velocity
were inversely related; on average, the cooler particles traveled faster. These properties also correlated to the
particle position in the flame, where particles above the centerline of the flame traveled faster. The trends are
discussed on the basis of residence time in the flame, as well as in terms of particle size segregation effects.
Coating density and splat geometry reflect the temperature and velocity differences between the runs.
Slower, hotter particles possessed more intrasplat and intersplat porosity and less splat-substrate contact

area, leading to lower overall coating density.

Keywords in-flight, particle, temperature, velocity

1. Introduction

Plasma spraying is used to fabricate metallic and ceramic
coatings for wear resistance, corrosion resistance, and thermal
barrier applications. In this process, powder is injected into a
high-velocity, high-temperature plasma flame and propelled to-
ward a substrate. The feedstock powder can be injected inter-
nally!"*! (inside the nozzle exit) or externally™-! (outside the
nozzle exit). Regardless of the injection manner, the molten or
semimolten particles spread on the substrate surface are rapidly
quenched, and form “splats” on impact. A coating is formed by
the build-up of individual pancake-like splats (lamellae) as the
gun rasters across the surface.

Small-particle plasma spray (SPPS)!®! is a modified air
plasma spray system that incorporates a powder injector with a
narrower channel and a beveled tip. SPPS was developed to in-
crease coating quality, in particular density, through the use of
smaller particles with diameters less than 10 um. Theoretically,
monosized particles entrained within a carrier gas will mini-
mally perturb the plasma if the width of the carrier jet is infini-
tesimally thin. In order to implement this concept, the SPPS
injector has an elliptical orifice with the minor diameter deter-
mined by the size of the particle to be sprayed. Furthermore, in
order to place the particles in a desired isotherm, the injector exit
is angled with respect to the plasma centerline. The use of pow-
ders manufactured to be near monosized proved the validity of
the concept.l”? SPPS can inherently handle powders with a wider
size distribution through particle segregation associated with the
aerodynamics of the injector. Generally, coating quality is re-

Y.J. Su and K.T. Faber, Department of Materials Science and Engi-
neering, Northwestern University, Evanston, IL 60208; and T.F. Ber-
necki, Advanced Coatings Technology Group, Northwestern Univer-
sity, Evanston, IL 60201. Contact e-mail: k-faber@northwestern.edu.

52—Volume 11(1) March 2002

duced due to the presence of particles with off-design diameters
in the mantle of the plasma. The behavior of these particles af-
fects splat formation and, thereby, coating quality and perfor-
mance.

Ultimately, the selected plasma spray-processing parameters
control the dimensions of the hot zone, the temperature and en-
thalpy distributions, and the particle trajectory in the flame.!™ In
turn, these factors determine the in-flight particle temperature
and velocity that affect splat formation. The splat geometry and
degree of contact with the underlying surface, in turn, affect the
coating properties and performance. For example, particles with
low temperature and velocity deform less on collision, resulting
in increased coating porosity™® or poor coating adhesion.!!
However, superheated particles can experience a high degree of
splashing on impact. The resultant debris can affect defect for-
mation, as well as the final surface roughness.!'® Excessive de-
bris can result in fragmented splats, heavily microcracked mi-
crostructures, and lower flexural strength.!'®) Thus, it is
important to understand the temperature and velocity capabili-
ties of a particular plasma spray system, as well as to understand
how to fine-tune these particle properties for enhanced coating
performance.

The particle temperature and velocity of internally injected
powders have been extensively studied experimentallyt'-'!-'%]
and theoretically.!'*'>! However, fewer studies exist on the tem-
perature and velocity of externally injected powders.l'®'®! The
effect of the angled SPPS injector tip on particle properties has
never been quantified. In the present work, the influence of par-
ticle trajectory on externally injected 7 wt.% yttria-stabilized
zirconia (Y,05-ZrO, or YSZ) and yttrium-aluminum-garnet
(Y;Al50,, or YAG) powder in SPPS is examined. These par-
ticular powders were selected because YSZ/YAG multilayer
coatings currently demonstrate potential as thermal barrier coat-
ings with enhanced oxidation resistance.l'” Specifically, this
work investigates the effect of four powder injection parameters
on the in situ position, velocity, and temperature of the particles
for a given set of plasma gun conditions.

Journal of Thermal Spray Technology



2. Experimental Methods

2.1 SPPS

SPPS is a modified air plasma spray system with a unique
particle injector possessing a narrower injection channel and a
beveled injection outlet.!'”! This geometry enables greater con-
trol over particle temperature and velocity by providing more
refined positioning of the particle trajectory in the flame. An
external transverse injection Plasma-Technik F-4 gun (Sulzer
Metco, Westbury, NY) with a 6 mm nozzle and an Ar/H, gas
mixture was used. A constant set of gun conditions was used for
each powder as follows: YSZ (power = 35 kW; voltage = 60 V;
current =583 A; the percentage of H, gas flow = 15; and total gas
flow = 40 slm); YAG (power = 50 kW; voltage = 67 V; current
=745 A; percentage of H, gas flow = 29; and total gas flow =45
slm). A Plasma-Technik Twin 10 powder feeder was used. Scan-
ning electron microscope (SEM) images of the starting powders
are shown in Fig. 1. The angular YSZ powder (Amperit 825.0,
H.C. Stark Inc, Newton, MA) was formed by a fusing-and-
crushing process and possesses a mean (Mean = SD) particle
size of 11.9 £ 0.2 um. The spherical YAG powder, Y3AlS5 oxide,
(Praxair Specialty Ceramics, Woodinville, WA) was formed by
combustion spray pyrolysis and has a mean particle size of 23.0
+ 0.2 um. Particle size distributions for both powders are given
in Table 1.

Four spraying parameters directly related to powder injection
(i.e., injection angle, injector offset, carrier gas flow, and powder
feeder disc speed) were varied at two levels each for the YSZ
powder (Table 2). Except for offset, these same parameters were
varied at the same levels for the YAG powder. The injection
angle and offset are defined from the torch centerline (Fig. 2).
The disc speed is given in relative units and describes the rota-
tion rate of the powder feed track. A 16-run and 8-run full-
factorial matrix, plus one center point, was conducted for YSZ
and YAG, respectively, to study the effects of these four main
factors as well as the two-factor interactions on the particle po-
sition, velocity, and temperature in the flame. A full set of rep-
licates was conducted for both materials; however, the data for
the YAG replicate was averaged to increase the particle count
and to improve the statistics for each set of spraying conditions.
Three hundred particles, on average, were analyzed for each run.

2.2 Particle Diagnostics

A two-wavelength imaging pyrometer, Particle ThermaViz,
(Stratonics, Inc., Laguna Hills, CA [the ability to measure par-
ticle size accurately in thermal spray applications is currently
being developed]) was used to measure in-flight particle posi-
tion, surface temperature, and velocity.”” Surface temperature
will be referred to simply as “temperature” for the remainder of
the article. The system lies between what Fincke and Neisert?"!
have referred to as a single-particle system and an ensemble sys-
tem. While the temperature and velocity of single particles are
measured, due to the large field of view that captures the full
width of the flame, the particle properties can be correlated to a
position in the flame. Thus, particle temperature, velocity, and
spatial distributions can be efficiently determined. The rela-
tively small typical measurement volume requires the optics to
traverse the full spray pattern to map velocity and temperature
distributions. The temperature is determined from the intensity
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(b)

Fig. 1 SEM images of the starting powders: (a) YSZ powder, mean
particle size 12 um; and (b) YAG powder, mean particle size 23 um

Table 1 Particle Size Distributions for the YSZ and
YAG Starting Powders

Vol. % YSZ YAG
10 17.4 32.7
25 14.8 28.0
50 12.1 234
75 9.8 19.7
90 79 16.3

ratio of the long and short wavelength images. Using a ratio
avoids the need to collect an absolute intensity calibration or the
need to know the particle size.l*' The velocity is calculated from
the measured particle streak length and the known exposure time.

The camera was positioned perpendicular to the flame at a
typical spray distance of 6 cm from the nozzle exit (Fig. 2). The
gun remained stationary as particle measurements were col-
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Fig.2 Schematic drawing of SPPS gun and camera measurement win-
dow

Table 2 Factors and Levels Varied in Full-Factorial
Experiments

Parameters Levels
Injector angle, °© 30, 50
Injector offset (a), mm 8,11
Carrier gas flow, slm 5,7
Disc speed, rpm 0.1,0.3
(a) Only varied for YSZ.

lected. At each gun setting, approximately 300 frames were col-
lected with 5 us and 4 us exposure times, respectively, per frame
for YSZ and YAG. The pyrometer was calibrated with a tung-
sten filament lamp that produces an uncertainty of about 8 K.
The temperature and velocity resolution of the pyrometer are
approximately 0.4% and 1.5%, respectively.

Preliminary testing demonstrated that the diagnostic equip-
ment used in this study could not detect alumina particles of less
than 10 pm in diameter with increasing resolution to 30 pum.
Therefore, the equipment allowed the evaluation of the effect of
oversized large particles in the mantle and the modification of
processing parameters needed to improve coating quality for a
given particle size distribution. As the particle size distribution
analysis (Coulter Electronics Multisizer, Beckman Coulter Par-
ticle Characterization, Coulter Electronics, Miami, FL) in Table
1 indicates, 75 vol.% of the YSZ particles have a diameter
greater than 9.8 + 0.2 um. For the YAG powder, 90 vol.% of the
particles are larger than 19.7 + 0.2 um in diameter. Thus, the
camera detects and measures the majority of the particles in both
of the distributions.

2.3 Coating Property Measurements

Coating density was obtained using free-standing YSZ coat-
ings. YSZ coatings were initially plasma-sprayed on aluminum-
coated steel substrates. The aluminum was etched away using a
dilute solution of hydrochloric acid to obtain free-standing coat-
ings. An Archimedes’ immersion method based on ASTM
C-373 was used to measure the bulk coating density, which ac-
counts for the total porosity (open and closed) in the coating.
One sample from each spray condition was evaluated.

Single splats were investigated by modifying the robot scan-
ning program. The gun rastering speed was increased to four

54—Volume 11(1) March 2002

times the nominal speed of 350 mm/s. The drop distance be-
tween passes was increased from 3 to 6 mm. A single scan was
made across a polished steel substrate to obtain a dusting of iso-
lated splats.

2.4 Multiple Regression Analysis

Multiple regression analysis was used to determine the sta-
tistically significant main factors and two-factor interactions af-
fecting the particle position, velocity, and temperature. The con-
structed regression models were used to predict the particle
properties for various spraying conditions. Confirmation runs
were conducted to check the model’s validity within 95% con-
fidence intervals.

The following statistical terms relevant to the analysis are
described below.

1) tratio is the ratio of the magnitude of a factor’s coefficient
to the SD of the coefficient, and magnitude indicates the
factor’s statistical significance on the response;

2) S,.,; is the sample variance describing the variability in
each run;

3) S, is the sample variance not explained by the model,

4) DOF is the number of degrees of freedom in the model;

5) R? is the goodness-of-fit parameter describing the per-
centage of variation in the data explained by the model;
and

6) adjusted R? is the goodness-of-fit parameter that accounts
for the variability in the test itself.

The following definitions and general guidelines were used
in designing the regression models (Multiple Correlation Soft-
ware, Harold S. Haller Corp., Cleveland, OH): (1) factors with ¢
ratios greater than 2.0 were brought into the model, with the
magnitude of the 7 ratio indicating the relative importance of the
factor on the measured response; (2) S, must be greater than
S.est» meaning that the model cannot explain the data better than
the equipment can measure it; and (3) the DOF must be greater
than three to avoid overfitting. In the regression equation, the
magnitude of the coefficient, relative to the intercept point, in-
dicates the variable’s significance on the response.

3. Results

3.1 General Trends

A plot of average particle temperature versus average veloc-
ity for all 17 YSZ runs is shown in Fig. 3. The particle tempera-
tures range from approximately 3000 to 3400 K, all of which are
greater than the melting temperature of 2975 K. The velocity
values range from approximately 175 to 275 m/s. The radial dis-
tance between the torch centerline and each measured particle
was determined and is referred to as the particle position. The
position values for all the particles in each run was averaged.
This quantity is referred to as the average particle position and is
labeled in millimeters for selected runs. The positive and nega-
tive values represent positions above and below the centerline,
respectively. Thus, a position of zero (mm) refers to the center-
line of the torch, which, for simplicity, is assumed to be the cen-
terline of the plume. All the particles spanned a spatial distribu-
tion from —4 to 3 mm. The absolute value of the SD of the
position values ranged from 2 to 3 mm.
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Fig.3 Plotofaverage YSZ particle temperature and velocity measure-
ments for all 16 runs. The data labels represent the particle position in
the flame, as given by the distance (in mm) from the flame centerline
(positive = above the centerline; negative = below the centerline).

Two overall trends can be seen in Fig. 3. First, temperature
and velocity were inversely related. The particles traveling
slower on impact were also hotter. Second, these hotter, slower
particles tended to travel in the upper portion of the flame,
whereas the cooler, faster particles traveled below the centerline.
It is clear that temperature and velocity are both strongly depen-
dent on the particle trajectory and, ultimately, on the particle’s
location in the flame at the time of impact with the substrate.

Figure 4 shows the average velocity versus average position
for the eight YAG runs. The range of position, velocity, and
temperature values for the YAG particles is relatively narrow
compared to the broad distributions observed with the YSZ par-
ticles. The full range of positions from — 0 to 3 mm — are located
at or above the torch centerline. Velocity values ranged from ~
230 to 300 m/s; the YAG particles in all of the runs traveled at
relatively high velocities compared to the YSZ particles. The
injection parameters varied in this study and did not affect par-
ticle temperature to a significant degree. The average particle
temperature was 2955 K with no statistical difference among the
temperatures in the eight runs. The temperatures were all higher
than the melting temperature of YAG (2245 K), however, they
also lie at the cooler end of the full range of temperatures ob-
served for YSZ. As observed with YSZ particles, the velocity
and position are inversely related (Fig. 4). The faster particles
reside near the flame centerline and the slower particles travel in
a higher location. The eight runs are largely divided into two
rather distinct groups, based on the carrier gas flow level. This
will be further discussed in the next few sections in which the
regression models are presented.

3.2 Particle Position

The regression coefficients and the 7 ratios of the factors for
Y SZ particle position are shown in Table 3. Based on their high
coefficients and 7 values, it is clear that the carrier gas flow rate
and the injector angle, as well as their interaction, most signifi-
cantly affected the particle position in the flame. All the other
factors that entered the model (i.e., offset, disc speed, and angle-

Journal of Thermal Spray Technology

---------- centetline H

Position (mm)

o
IIIIIIIIIIIIIIlIIII|IIII|IIII|III|||III

b i b

200 220 240 260 280 300
Velocity (m/s)

Fig. 4 Plot of average YAG particle position vs velocity for all eight
runs

Table 3 Regression Model for Radial Position of YSZ
and YAG Particles in Flame

Factor Coefficient t ratio
YSZ position (a)
Intercept —0.02
Carrier gas -2.14 —37.30
Angle 0.97 16.82
Disc speed 0.21 3.67
Offset 0.19 3.37
Angle x carrier 0.28 4.81
Angle x offset —-0.15 —2.65
YAG position (b)
Intercept 1.74
Carrier gas -1.3 —47.12
Angle 0.12 435
Angle x carrier 0.17 5.95

() S,,, = 0.325; S,,,, = 0.031; DOF = 9; R* = 98.6%; Adj R> = 99.9%.
(b) DOF = 4; R? = 99.8%.

offset interaction) played a less significant role. The high R
value (98.6%) and the large number of DOF (9) indicate that the
model describes the majority of the data without overfitting. The
average variance in the test is relatively low (S,,,, = 0.031 mm)
compared to the full range of position values that was measured.
Thus, the adjusted R* value is also high at 99.9%. Confirmation
runs were conducted at four points in the parameter space to
check model validity. The factors and their respective levels are
shown in Table 4. The actual experimental values, along with the
predicted values, are plotted in Fig. 5. The experimental values
fall close to the predicted values, within the 95% confidence
intervals.

The regression model for the YAG particle position is shown
in Table 3. The three most significant factors affecting the YSZ
particle position (i.e., carrier gas flow, angle, and their interac-
tion) also largely determined the YAG particle position. Al-
though it is a statistically significant variable, the angle has a
much lower effect on the YAG particle position compared to that
of YSZ particle position, as shown by the order of magnitude of
the difference in their ¢ values. This is consistent with the ob-
served two-group division in the data, which is based largely on
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Fig. 5 Plot of particle position vs velocity for YSZ and YAG confir-
mation runs. ((J = experimental YSZ; B = predicted YSZ; O = experi-
mental YAG; @ = predicted YAG values)

Table 4 Confirmation Runs Conducted for YSZ and
YAG Models

Offset, Carrier Disc Speed,

Run Angle, ° mm Gas, slm Relative
YSZ confirmation runs

YSZ-2 30 8 7 3

YSZ-3 30 11 3 3

YSz-7 50 3 3

YSZ-12 50 7 1
YAG confirmation runs

YAG-4 30 8 7 1

YAG-7 50 8 3 1

carrier gas flow. The high R? (99.8%) and the sufficient DOF (4)
indicate that the model explains the experimental data well. Fig-
ure 5 shows two confirmation runs that were conducted with
their respective predicted values. The model predicts the actual
position within the 95% confidence intervals.

3.3 Particle Velocity and Temperature

Table 5 shows the coefficients and ¢ ratios for YSZ particle
velocity. Once again, carrier gas flow and injector angle are the
two most significant main factors. However, the offset, disc
speed, angle-carrier interaction, and angle-disc interaction also
affect velocity. The model possesses a high R? value (93%) and
a large number of DOF (9). Because the variance in the test is
relatively low (S,.,, = 8.1 m/s) compared to the full range of ob-
served velocities, the adjusted R? is also high at 98.0%. The con-
firmation runs (Fig. 5) indicate that the model predicts velocity
values within the 95% confidence intervals.

The YAG particle velocity model is shown in Table 5. In this
case, carrier gas flow and disc speed explained the majority of
the data. The model containing only these two main effects pos-
sesses a high R of 97.1% with reasonable DOF (5). As in the
case of position, the carrier gas flow has the largest effect on
velocity. The effect of the angle was not found to be statistically
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Table 5 Regression Model for Velocity of YSZ and YAG
Particles in Flame

Factor Coefficient t ratio
YSZ velocity (a)
Intercept 218
Carrier gas 242 14.47
Angle -15.9 -9.53
Disc speed 4.16 2.49
Offset -3.34 -2.00
Angle x carrier 5.59 3.35
Angle x offset —-5.03 -3.01
YAG velocity (b)
Intercept 261
Carrier gas 21.4 12.85
Disc speed 3.38 2.03

(a) S, . =9.44; S,,,, = 8.07; DOF = 9; R*> = 93.0%; Adj R* = 98.0%.

est

(b) DOF = 5; R = 97.1%.

Table 6 Regression Model for Temperature of YSZ
Particles in Flame

Factor Coefficient t ratio
YSZ temperature (a)
Intercept 3250
Carrier gas =71.03 —4.40
Angle 59.03 3.66
Disc speed —40.28 -2.50

(@) S, = 91.33; S,

est

=77.67; DOF = 12; R* = 58.2%; Adj R* = 82.6%.

significant. The experimental and predicted velocity values for
the two confirmation runs are shown in Fig. 5. The model pre-
dicts the actual velocities within the 95% confidence intervals.
The coefficients and ¢ ratios for YSZ particle temperature are
shown in Table 6. Since the average variance in each run was
relatively high compared to the full range of observed tempera-
tures, the R* value (58%) for this model is relatively low. How-
ever, using a goodness-of-fit parameter the calculation of which
accounts for the high test variance, the model predicts most of
the data as seen by the adjusted R* of 82.6%. As seen in Fig. 6,
the model does predict the experimental confirmation runs quite
well. Nonetheless, the 95% confidence intervals are rather large
due to the high variability in the measurements for each run.

3.4 Effect of Injector Angle

The effect of the SPPS injector versus a conventional straight
injector on the YSZ particle temperature and velocity is shown
in Fig. 7. In the three runs shown, the 30° and 50° runs were
selected from the original full factorial. The other three main
factors were held constant at the following levels: radial offset =
11 mm; carrier gas flow = 3 slm; and disc speed = 0.3 rpm. It is
clear that the particles are cooler and travel faster when injected
straight into the core of the flame. They obtain higher tempera-
tures and lower velocities as the angle is increased and the in-
jection location is moved further from the plasma core.

3.5 Coating Microstructure and Density

Full YSZ coatings were fabricated using the spray param-
eters from the confirmation runs. Cross-sections of the YSZ
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Fig.7 Plot of temperature versus velocity showing the effect of injec-
tor angle on YSZ powder

coatings, as seen in high and low magnification in the SEM, are
shown in Fig. 8. Microstructural differences in the coatings are
difficult to discern on this scale, and the coatings appear to be
somewhat similar. However, density measurements reveal a
measurable difference in the percentage of porosity. Plots of
coating density versus particle velocity and temperature are
given in Fig. 9, with the density given as a percentage of the
theoretical bulk density (6.08 g/cm?). There is a strong correla-
tion among particle position, velocity, and temperature, as coat-
ings formed by slower, hotter particles are more porous than
those built up by faster, cooler particles.

4. Discussion

4.1 Temperature and Velocity Relationship

The temperature and velocity values measured in this study
are typical for plasma-sprayed ceramics. Prystay et al.l'l re-
ported similar values for internally injected plasma-sprayed
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YSZ. The inverse relationship between YSZ temperature and
velocity, and the overall lower temperatures and higher veloci-
ties for YAG can be understood in terms of dwell-time. Various
researchers have discussed the importance of residence time in
the flame on particle temperature.[**! Particle temperature rises
due to heat transfer from the plasma flame to the particle surface
and interior. Increasing the particle residence time in the hot
zone of the flame enhances the heat-transfer process. Assuming
a negligible difference in travel distance, the dwell-time for a
higher velocity particle will be shorter than that for a lower ve-
locity particle. From this standpoint, the inverse relationship ob-
served between the YSZ particle temperature and velocity is ex-
pected. The lower overall particle temperatures observed for the
significantly larger YAG particles are likely due to their higher
velocities and insufficient dwell-time in the flame.?*! Particle
size also plays a role in heat transfer and is further discussed
below.

4.2 Temperature/Position and Velocity/Position
Relationships

The direct relationship between temperature and position and
the indirect relationship between velocity and position is likely
due to aerodynamic particle-sizing effects. The cooler, faster
YSZ particles that travel in the lower part of the flame already
have passed through the plasma centerline. In this process, the
smallest particles in the distribution are not entrained into the
lower flame. This can be attributed either to vaporization in the
corel'? (the hottest, fastest portion of the plume) or the lack of
momentum required to further penetrate the flame.!'''3!61 It is
then feasible that the YSZ particles in the lower flame are pri-
marily larger particles. In the upper part of the flame, presum-
ably the majority of the particles in the distribution are present
since the particles do not experience conditions sufficient for
vaporization. Cetegen and Yu''® have observed similar size
separation in the flame while plasma-spraying YSZ. They found
that larger particles have a greater tendency to penetrate further
into the flame, whereas smaller particles are more easily carried
away by the momentum of'the plasma jet and remain in the upper
portion of the flame. Fincke et al.l'""'*! also observed a spatial
size distribution of internally injected Ni-Al particles in which
larger particles were detected farther from the centerline. This
concept of aerodynamic size segregation leads to the following
question: why are the smaller particles in the upper flame hotter
and slower?

Heat transfer occurs by convection between the flame and the
particle surface and by conduction between the particle interior
and its surface. A temperature gradient exists over the distance
L, equal to the particle’s volume divided by its surface area. For
a spherical particle, L = R/3, where R is the radius. The ratio of
the conduction resistance to the convection resistance defines
the Biot number, Bi = hL/k, where h is the heat transfer coeffi-
cient and k is the thermal conductivity of the solid particle.!**!
Particles with a large Bi can display significant temperature gra-
dients within the particle.*'! Because / and & will not change
with particle size, there will be a factor of 4 difference in the Biot
number between the largest (20 um for the YSZ) and smallest (5
um for the YSZ) particles of a given material. In other words, the
interior of the largest particle is four times more resistant to heat-
ing than that of the smallest particles. Michin et al.[*>! observed
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Fig.8 Cross-sectional SEM images of coatings formed using the confirmation run spray settings. The particle temperature decreases, particle velocity

increases, and coating density increases from (a) to (d).

a 100 K difference in the surface temperature of alumina par-
ticles with a factor of 2.5 difference in the Biot number. Accord-
ing to Zaat,'® heat transfer to the particles is predominately gov-
erned by conduction through the solid particle. This would
further enhance the resistance of larger particles to interior heat-
ing. Thus, if mainly larger particles reside in the lower portion of
the flame, it is not surprising that they have a lower average
temperature than the dominating smaller particles in the upper
portion of the flame.

The larger particles found in the lower portion of the flame
travel at higher velocities due to velocity distributions within the
flame itself. The highest flame velocities are present in the
core.l'>??] As the larger particles penetrate the core of the flame,
they are accelerated by the increased momentum of the flame
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and, thus, travel with a higher average velocity. In addition,
larger particles tend to retain more of their momentum as they
travel through the flame. This can result in larger particles pos-
sessing higher velocities farther downstream.!'!

4.3 Parameter Main Effects and Interactions

The carrier gas flow rate, injector angle, and disc speed were
the most significant factors affecting all three measured re-
sponses (i.e., position, velocity, and temperature). Increasing
carrier gas flow, decreasing the angle, and increasing disc speed
result in a lower flame position and lower temperature. And,
except for disc speed, these same trends result in a higher veloc-
ity. The carrier gas flow determines the initial powder injection
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velocity and serves to cool the flame. With a higher gas flow,
particles are injected faster and are able to penetrate farther into
the flame, potentially passing through the core, as well as travel
with a faster average velocity. Also, a cooler flame has less heat
available to transfer to the particles, producing lower particle
temperatures. Furthermore, the carrier gas flow rate and disc
speed control the powder feed rate. Increasing both factors re-
sults in a higher feed rate and, thus, higher particle loading. The
more powder present in the flame, the less heat each individual
particle receives, and the lower the average particle temperature.

The injector angle mainly affects the initial injection position
of the particles and their subsequent trajectory in the flame. A
higher angle allows the powder to be gradually entrained into the
flame, enabling particles to reside in the upper periphery of the
flame. Lowering the angle and injecting the powder directly into
the core of the flame result in greater difficulty for the smaller
particles in the distribution to become entrained in the flame.
This leads to the size-segregation effects discussed earlier. Us-
ing a steeper angle enables the smaller particles to be sprayed
more effectively as their trajectory bypasses the core. Because
the YAG powder does not contain small enough particles that
are more difficult to entrain in the core of the plasma, the YAG
particles were less sensitive to the change in injector angle than
are the YSZ particles. Nonetheless, the position regression mod-
els indicate that both powders travel higher in the flame when a
steeper angle is used.

Beyond the physical interpretations, plots of particle tem-
perature versus velocity, such as that shown in Fig. 7, provide a
useful guide for optimizing the angle required to sufficiently
melt particles under a given set of spraying conditions. By alter-
ing the base set of spraying conditions, a particle temperature-
velocity field map can be generated for a more complete under-
standing of the system capabilities.

It is not surprising that the angle was found to interact with
the carrier gas flow and the radial offset (Tables 3 and 5). Due to
the injector geometry and the position with respect to the flame,
various combinations of angle/offset or angle/carrier gas flow
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canresult in an identical particle injection location. For example,
based on trigonometry, powder is injected at a horizontal dis-
tance of 6.4 mm from the nozzle exit while using a 30° angle/11
mm offset, as well as a 40° angle/8 mm offset (Fig. 2). The re-
lationship between angle and carrier gas flow can be thought of
in a similar manner.

4.4 Coating Density and Splat Geometry

The effect of particle temperature and velocity on coating
density can be understood by looking at single splats. Figure 10
reveals typical splat morphologies for the four YSZ confirma-
tion runs. In the case of YSZ, because all the particle tempera-
tures are higher than the melting temperature and there is an
insignificant fraction of unmelted particles, we can speculate
that the particle velocity dominates the spreading behavior on
impact. All of the splats appear to be well melted and spread to
varying degrees. After the initial impact, the splat edges of the
slower particles retracted, as indicated by the raised perimeter
that is visible in Fig. 10(a). This indicates that the slower par-
ticles were afforded a longer solidification time and a slower
quenching rate. This is likely due to the presence of porosity
beneath the splats, which reduces the rate of heat transfer from
the particle to the substrate or previously applied splat.**! The
presence of more intrasplat porosity on impact of the slower par-
ticles is evident in Fig. 10(a). This is consistent with the density
versus velocity trends presented in Fig. 9.

As the impact velocity increases, the splats exhibit a greater
degree of spreading and improved contact with the substrate.
They have a greater tendency to form “fingers” and to produce
string-like debris on impact, compared to their slower counter-
parts (Fig. 10b). As the velocity is raised further, the splats ex-
hibit more of an explosive pattern, the fingers begin to break off,
and debris of various shapes randomly scatters (Fig. 10c). How-
ever, at extremely high velocities the debris falls back on the
splat from which it originated (Fig. 10d).

Although the melting temperature of YAG is less than the
observed particle temperatures, a large fraction of unmelted or
partially melted particles was observed in the single-splat study
(Fig. 11a). This is likely due to the large particle size and high
Biot number, as discussed previously. However, there is still a
distinct difference between the splats of the two confirmation
runs due to the variation in velocity. Consistent with the YSZ
observations, the faster particles exhibited increasing flattening
and finger formation (Fig. 11b and c). Based on the YSZ trends,
it is expected that the slower moving particles shown in Fig.
11(b) would form a more porous coating.

5. Conclusions

YSZ and YAG powders sprayed by SPPS were investigated
using a two-wavelength imaging pyrometer. Particle position,
velocity, and temperature were measured in flight at a typical
spray distance. Carrier gas flow, injector angle, and powder
feeder disc speed had a significant effect on all three properties.
A lower carrier gas flow, a higher angle, and a lower powder
feeder disc speed resulted in a lower particle temperature and a
higher velocity. Due to aerodynamic particle sizing within the
flame, particle temperature and velocity were a function of the
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melted particles, (b) low-velocity confirmation run, and (c) high-
velocity confirmation run

particle trajectory and position in the flame. Larger particles
traveled in the lower portion of the flame with a higher velocity
and possessed a lower temperature due to less residence time in
the flame and a higher Biot number. Smaller particles travel in
the upper portion of the plume with a lower velocity and reach
higher temperatures. The use of a beveled injection tip does in
fact permit more effective spraying of smaller particles. The dif-
ferences in temperature and velocity are reflected in the coating
density and splat formation. Lower density coatings are formed
by splats of slower, hotter particles that possess a larger fraction
of intrasplat and intersplat porosity.
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