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Structure of Plasma-Sprayed Zirconia Coatings

Tailored by Controlling the Temperature and
Velocity of the Sprayed Particles

Marc Prystay, Patrick Gougeon, and Christian Moreau
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(Submitted 15 January 1997; in revised form 7 June 2000)

The correlation between particle temperature and velocity with the structure of plasma-sprayed zirconia
coatings is studied to determine which parameter most strongly influences the coating structure. The particle
temperature and velocity are measured using an integrated optical monitoring system positioned normal to
the spraying axis. The total porosity, angular crack distribution, and thermal diffusivity are correlated with
the particle temperature and velocity. Results show that the temperature of the sprayed particles has a larger
effect on the coating properties than the velocity in the conditions investigated.

Keywords angular crack distribution, image analysis, thermal bar- 2. Particle Dlagnostlcs and Spray

rier coatings, thermal diffusivity, particle diagnostics, Conditions
zirconia

Particle temperature and velocity were monitored during
plasma spraying using an integrated optical monitoring system
1. Introduction the DPV-2000, commercialized by Tecnar Automation Ltd. A

detailed description of the monitoring system has been given i

In order to reliably engineer coatings with specific mechani- previous paperé This system detects thermal radiation emit-
cal and physical properties, critical process control parametersed by the hot particles as they pass in the measurement volum
must be identified. One approach to identify these parameters i$f the sensor head located near the plasma gun. When a part]
to study how operating parameters affect coating propértfes.  cle passes in this measurement volume, its image is formed o
A second approach is to develop on-line particle monitoring a two-slit mask fixed on the end of an optical fiber, which
systems to measure the temperature and velocity of particleguides light to the detection box located away from the plasma
in flight>*1 Thus, rather than controlling the operating condi- booth. The particle velocity is measured from the time of flight
tions of the torch, the properties of the sprayed particles are maof the particle image between the two slits, and the measure
nipulated. ment accuracy is better than 2%. Particle temperature is ob

Much of this research is performed on stabilized zirconia tained by two-color pyrometry. The precision of the absolute
coatings due to their wide application in the aerospace industry temperature measurement depends on the actual optical prope
The phase composition of zirconia coatings is affected by theties of the sprayed materials, which is estimated to be 100 tg
spraying conditions, and the phase structure influences the ther200 K. Furthermore, the diagnostic system allows measureme
mal properties and stresses in the codting! Moreover, the  on the spray jet in its globality by analyzing all the radiation of
presence of cracks in sprayed coatings was shown to have a sighe jet, which is received by a charge-coupled device (CCD)
nificant influence on the residual stress distribuio¥! In camera. From the analysis of this radiation profile, the diagnos
turn, cracks have been studied as a function of coating temperatic system finds the position of the spray jet axis relative to the
ture!” and the effect of cracks on thermal diffusivity has been torch.
investigated:®! In this work, particle diagnostics were achieved at 90 mm

The goal of this paper is twofold. First, the influence of the (3.5 in.) from the plasma torch during coating deposition at 100
torch operating parameters on the temperature and velocity olmm from the torch. The coating temperature was controlled be
the sprayed particles is investigated. Second, the relation between 50 and 10%C during deposition onto a copper substrate,
tween particle velocity and temperature and the structure ofwhich was sandblasted just before deposition. The plasma gu
plasma-sprayed zirconia coatings are studied. In particular, theyas of type SG-100 from Miller Thermal (Appleton, WI) and the
angular crack distribution, porosity, and thermal diffusivity are spraying powder was yttria partially stabilized zirconia (Amdry
examined in coatings prepared with particles sprayed at knowng643 fused and crushedi4+ 11 m). Particle diagnostics were
temperature and velocity. performed in the center of the spray jet by using information

from the CCD camera to achieve the measurement of velocit
and temperature of particles having the same average trajecto
Marc Prystay, Patrick Gougeon,and Christian Moreau, National The data presented here are the numerical average values on
Research Council Canada, Industrial Materials Institute, Boucherville, SPray axis, and no attempts to analyze statistical distributions g
PQ, Canada J4B 6Y4. Contact e-mail: christian.moreau@nrc.ca. parameters are presented. For each measurement, at least 9

Journal of Thermal Spray Technology Volume 10(1) March 2061



g
S
2
S
)
@
P
o)
)
Q

3050 3050
#2
® [¢]
3000 |- T 3000 - 4 s _3000°C,
purrent y

2950 | increase 7, _ 2050
8 Ve %) 250 m/s
€ 2900 | ~ gas flow < 2900 -
o // increase / 4 .
2 2 i 2840°C
B 2850 // 5 2850 e —® 3
3 / £ 2800
£ R i
2 2800 / 2 200 m/s

2750 | // 2750 -

®
/ #5
2700 | 27001 o
#6
2650 1 L 1 1 2650 T T T T T T T T
220 240 260 280 300 320 140 160 180 200 220 240 260 280 300 320
Velocity (m/s) Velocity (m/s)

Fig. 1 Process control plot showing the effect of the arc current and Fig. 2 Average temperature vs average velocity of the sprayed parti-
arc gas flow rates on the particle temperature and velocity. The arc gacles for each coating studied in this work. Numbers correspond to the
is Ar with 33% He and the powder is zirconig@4 + 11 um) specific coatings in Table 1

Table 1 Conditions of deposition and properties of zirconia samples

Coating number 1 2 3 4 5 6 7
Current (A) 900 925 600 500 525 500 925
Primary flow rate Ar (L/min) 61 42 56 42 56 50 42
Auxiliary flow rate He (L/min) 30 19 28 21 28 8 21
Powder feed rate (kg/h) 0.6 1.1 0.6 0.6 1.1 11 0.6
Average temperaturé@) 2990 3010 2850 2830 2730 2690 3000
Average velocity (m/s) 305 255 245 205 200 165 255
Deposition rate(m/pass) 10 22 9 10 14 14 12
Porosity 15.3: 3.0 17.4+1.8 18.6+1.8 18.9+2.7 17.6+1.3 20.5+2.5 15.7+1.8
Thermal diffusivity €107 m?/s) 5.0+ 0.10 5.5+ 0.05 4.8+ 0.05 4.7+ 0.10 4.5+ 0.15 4.2+ 0.05 5.0+ 0.05

particles were analyzed, making the statistical error on the ve-polarized light at 500 magnification and the digital images

locity measurement lower than 2 m/s and on the temperaturestored to disk. Pullout caused by polishing was identified under

measurement lower thar’&. polarized light as dark regions when the coating appeared trans-
parent. These points were confirmed to be void of epoxy or ce-
ramic under scanning electron microscopy and then removed

3. Coating Characterization from the photos before processing using digital image subtrac-
tion techniques.

After the coatings cooled to room temperature, the copper Image analysis was performed on each photograph to mea-
substrates were etched away in 50% nitric acid heated to abousyre the sample porosity and angular crack distribution. The al-
40°C. Typically, 2 to 3 hours were required to remove all cop- gorithm developed treats each pore or crack as an individual
per. No visible or microscopic differences could be detected be-featyre of equal weighting. No results regarding the width are in-
tween the samples before and after. substrate removal. Coatingc|yded. The algorithm applied is summarized in Appendix A.
were measured to be 250 to 408 thick. Results presented in this work are the accumulated sum of six

flash method. Samples were coated on the front and back suryroduced the same results.

faces with a thin (about 0.5 to 1uén) coating of Au/Pd, which
rendered the samples opaque to laser heating and to the detect . .
wavelength. The calculation of thermal diffusivity followed the 4. Results and Discussion

method of Degiovannii?29 After therma! djffusivity measure- 4 1 Selection of Spray Conditions

ments were completed, samples were infiltrated with epoxy, cut

with a diamond saw, and polished following standard metallo- The thermal spray deposition conditions were chosen fol-
graphic techniques. Samples were photographed under crosselowing a preliminary study that examined how the gases and
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their mixture (pure argon, argenhelium, and argor hydro- 575
gen) influenced the spray particles. For each of these conditions
the powder carrier gas flow rate was adjusted to position the
spray jet axis at a constant angle of abdubéow the torch
axis.

A process control plot showing the effect of the arc current @ 5.25 -
and arc gas flow rate on the particle temperature and velocity is
shown in Fig. 1. An increase in current increases both the tem-_
perature and velocity of the particles, whereas an increase in the 'g
gas flow rate increases the velocity but decreases the tempere
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temperature and velocity may be obtained by carefully regulat- @
ing both the arc current and gas flow rates. From this study, it £ 4.50
was decided to form coatings with ArHe plasma gas and '
mainly with 33% He in the mixture.

A summary of the deposition conditions and coating charac- ~ 4.25 $
teristics is presented in Table 1. The measured temperature an
velocity of the sprayed particles are plotted in Fig. 2. In general, 4 oo 1 : : : : | : .
the particle temperature and velocity are coupled; thus, as the
particle velocity increases, so does the particle temperature. Ir 140 160 180 200 220 240 260 280 300 320
addition, without changing the plasma torch configuration, it is Particle velocity {(m/s)
difficult _to obtain condltlons of high veloqlty and low tempera- Fig. 3 Thermal diffusivity vs particle velocity. The solid line is the lin-
ture orvice V_erSaWh'Ch are represented in the. tF’P left and. bot- ear regression for all data points and the dashed line connects sampl
tom right regions of the graph. Subsequently, itis not feasible tosprayed with the same particle temperature
design simple studies that vary temperature or velocity over
wide ranges independently in order to study their impact on the
coating structure.

The velocity and temperature effects can be decoupled by sequality of the contact between the lamellae within the coat-
lecting operating parameters to generate data points that faling.[82-26IThe temperature of the surface on which the particles
along a staircase pattern. For example, the influence of particlimpinge depends on many parameters. With a high depositio
velocity at about 3000C is seen by comparing coatings 1 and rate per pass, the proportion of particles impinging on a hot su
7. (The average temperature between the particle temperatureface is higher, as they impinge on the surface of lamellae de
of samples 1 and 7 is used. Other values shown on the graplposited in the same pass and these lamellae are still at a relativd
were determined in the same manner.) The effect of velocity athigh temperature. In these conditions, it is expected that the me
particle temperatures of 284Q is seen by comparing samples chanical contact between the lamellae deposited in one pass
3 and 4. The results of changing particle temperature for fixedbetter (lower interlamellar porosity), resulting, globally, in a
particle velocities are obtained by comparing sample 4 with 5 lower thermal resistance between the lamellae and, consg
(200 m/s) and sample 3 with 7 (250 m/s). For completeness, it isquently, in a higher thermal diffusivity of the coatitfg!
noted in Table 1 that coating 6 was sprayed using an auxiliary  Plots of thermal diffusivity versus the particle velocity and
gas content of 14% He, whereas all others were spray with a gatemperature are illustrated in Fig. 3 and 4, respectively. Sampl
content of about 33% He. This was required to obtain the low 2 deposited using a higher deposition rate is indicated in the fig
temperature and velocity value with the SG100 plasma torch. ure. The linear regression for all data (temperature and velocit

As indicated in Table 1, the powder feed rate was adjustedcoupled) is presented only to help visualize the trends. Fro
between 0.6 to 1.1 kg per hour in an attempt to have a similarthese data, it can be seen that the thermal diffusivity generall
coating thickness deposited per pass. Indeed, the deposition eiincreases with both the particle velocity and particle tempera
ficiency varies significantly according to the actual spray condi- ture. The points connected by the dotted lines represent the d
tions. The obtained deposition rates were in the range of 9 to 14coupled trends. When these data are examined, it is clear that t
pum per pass for all samples except for coating 2, where iteffect of velocity is minimal for a constant temperature (Fig. 3)
reached 22um per pass. In fact, coating 2 was sprayed in the and the effect of temperature is more pronounced at constal
same particle conditions as coating 7 but with a higher powderspraying velocities (Fig. 4). To relate this information to the
feed rate, resulting in a deposition rate ofiB2per pass as com-  coating structure, it is necessary to perform a metallographic ex

Tparticle=3000 °C

Tpart|c|e=284o OC

pared to 12um per pass for coating 2. amination of the coating cross section.
Trends in total porosity with particle velocity and tempera-
4.2 Coating Thermal Diffusivity and Porosity ture are presented in Fig. 5 and 6. The coupled data suggest t

increased particle velocity and increased temperature creaf

The higher deposition rate of sample 2 has a significant in-denser coatings, as indicated by the linear regression fit (soli
fluence on the coating diffusivity, as seen when comparing sam-line). The decoupled data (dashed lines) show that there may
ple 2 with sample 7 in Table 1. Itis now well established that the a weak tendency toward denser coatings for higher patrticle ve
temperature of the surface on which the particles impinge has éocities (Fig. 5), but porosity values for both temperature mea
dramatic influence on the flattening of the particles and on thesurements fall within the same range when the error bars a
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Fig. 4 Thermal diffusivity vs particle temperature. The solid line is the
linear regression for all data points and the dashed line connects samFig. 6 Coating porosity vs particle temperature. The solid line is the
ples sprayed with the same particle velocity linear regression for all data points and the dashed line connects sam-
ples sprayed with the same particle temperature
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Fig. 5 Coating porosity vs average particle velocity. The solid line is gy 7 in [OSi hermal diffusivity. Each number corre-
the linear regression for all data points and the dashed line connects sal '9- Coating porosity vs thermal diffusivity. Each number corre

ples sprayed with the same particle temperature "$ponds to the samples in Table 1 and Fig. 2

considered. Similarly, the decoupled data for constant veloci- magnification. To study the influence on porosity more care-
ties of 200 and 250 m/s show relatively constant porosity for fully, coatings with larger porosity variations need to be sprayed
higher particle temperatures (Fig. 6). The inconclusive natureor results from significantly more micrographs need to be
of the porosity correlation might be due to the small variations averaged.

in the total porosity between coatings (15 to 19% porosity inthe A plot of thermal diffusivity versus porosity of plasma-
coatings with decoupled temperature and velocity) and the errorsprayed zirconia coatings generally increases with decreasing
bars due to variations seen locally under the microscope at 500 coating porosity (Fig. 7). While the trend agrees with earlier
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Fig.8 Angularcrackdistribution in two coatings from particles sprayed Fig.9 Angular crack distribution in two coatings from particles sprayed
at 2840°C and @) 245 m/s or )205 m/s. Cracks parallel to the surface  at 3000°C and @) 305 m/s or &) 255 m/s. Cracks parallel to the surface
are at 0, while cracks perpendicular to the surface are aithe plot are at 0, while cracks perpendicular to the surface are &i€he plot

findings?”! no clear correlation between the two values was At particle temperatures near 284D, there is no significant
measured in our data. For example, if the diffusivity value of difference in the coating structure between particles sprayed §
coating 2 (5.5¢ 1077 m¥s) is ignored, the other six points forma 245 and 205 m/s (Fig. 8). Both coatings contain primarily hori-
strong tendency between diffusivity and porosity. However, if zontal cracks and there are relatively few vertical cracks. Thq
the diffusivity value of coating 6 (4.2 107 m?/s) is ignored, differences in the curves are within experimental error. Particleg
there appears to be no correlation between diffusivity and poros-sprayed at a higher temperature, 3000exhibit a difference in
ity. It is noted that coating 6 was sprayed with an arc gas com-the horizontal crack distribution with spray velocity (Fig. 9).
position of 14% He, whereas all other coatings were sprayedCoatings sprayed with particles at 255 m/s have similar hori
with a composition of approximately 33% He. zontal and vertical structures, while coatings sprayed with parti

It is not clear if the change in diffusivity is a coincidence or cles at 305 m/s have increased numbers or longer horizontg
if the change in arc gas content affects the coating. Furthermorecracks. The effect of higher spray velocities may be a physica
no clear tendencies were seen in the decoupled data. This sudengthening of the horizontal cracks or the particles forming
gests that the diffusivity of the sample is not regulated by the thinner splats. For the latter, the horizontal crack increase woulg
total porosity alone. Rather, other factors such as the shape of thbe due to an increase in the number of cracks rather than t
porosity and the relative phase content in the coating must alsccrack length. However, in either case, results suggest that t
be considered. largest influence of the spray velocity is on horizontal cracks
rather than on vertical cracks.

The angular distributions of cracks as a function of particle
temperature are plotted for two spraying velocities in Fig. 10 ang

The angular crack distributions for different particle condi- 11. At velocities of 200 m/s (Fig. 10), the effect of increased
tions provide insight into how porosity can be controlled. The temperature is increased cracking in both the horizontal and ve
coating crack distributions from different particle velocities at tical planes. At particle velocities of 250 m/s (Fig. 11), the in-
temperatures of 284 and 3000C are plotted in Fig. 8 and  crease in temperature has the effect of sharply decreasing t
9, respectively. The axis parallel to the substrate is considerecnumber of horizontal cracks and increasing the vertical cracking
as 0 and vertical cracks that propagate perpendicular to theln fact, particles sprayed at 250 m/s and 3WO@xhibit only a
substrate are at 9@n the plots. It is once again noted that the weak preferred angular crack orientation. As mentioned previ
pixel counts represent the total length of the cracks and contairously, the quality of the mechanical contact between the lamel
no information about the crack widths or location. With the lae influences the thermal diffusivity of the sprayed coatings,
magnification used in this study, the pixel width corresponds Indeed, extremely thin pores or cracks having a thickness of
to a distance of about O in the coating cross-sectional few tenths of a micron are located at the interface between th
plan. lamellae?*+22 In the present study, these fine horizontal cracks

4.3 Crack Distribution and Microstructure

Journal of Thermal Spray Technology Volume 10(1) March 2001
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Fig. 10 Angular crack distribution in two coatings from particles
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Fig. 12 Angular crack distribution in two coatings from particles
sprayed at 250 m/s and 30W with deposition rates o®)] 22 um/pass
or (W) 12pm/pass

Figure 12 shows that there is no significant difference be-
tween the crack distributions of the two coatings deposited with
the same particle conditions but different deposition rates per
pass (coatings 2 and 7). As mentioned previously, the higher
thermal diffusivity of coating 2 is likely attributed to a better av-
erage thermal contact between the lamellae resulting from the
higher deposition rate.

Images of coating 2 (255 m/s and 3C0%) and coating 3
(245 m/s and 285¢8C) are presented in Fig. 13 and 14, respec-
tively. Visually, it appears that coating 2 contains less orienta-
tion of the cracks than coating 3, which has cracks oriented
primarily in the horizontal plane. Quantification of the differ-
ences in microstructure is difficult without a suitable image pro-
cessing algorithm such as the one presented in Appendix A.

5. Future Work

The goal of this analysis was to study the influence of tem-
perature and velocity of sprayed particles on coatings. It is un-
derstood that not all of the parameters that govern the coating
structure have been taken into account. In particular, the stress
in the coating may have been altered by removing it from the
substrate, thereby relaxing the coating structure and changing
the effect of the crack network on thermal diffusivity. Second,
the phase distribution of the zirconia and the interlamellar poros-

are not taken into account, as they are too small to be observeity were not characterized and correlated to parameters such as
under optical microscope while they can be detected by small-thermal diffusivity. Nevertheless, the work presented here shows

angle neutron scatterifi§l This is likely one of reason why

that the structure and angular crack network of the coating may

there is no direct correlation observed between the total lengthbe engineered by control of the temperature and velocity of the
of the horizontal cracks (Fig. 8 to 12) and the thermal diffusiv- sprayed particles. This allows some control over the structure

ity (Table 1).

72—Volume 10(1) March 2001
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500< magpnification Fig. A1 A pictorial representation of a binary image. Details provided
in text

Fig. 13 Optical micrograph of coating 2 (255 m/s and 30C) at

temperature and velocity may be obtained by carefully regulat
ing both the arc current and gas flow rates. To study the effect
of temperature and velocity, the two parameters should be de
coupled by selecting conditions that generate a “staircase” plo
where one parameter is held constant while the other is varie
(asin Fig. 2).

Metallographic analysis suggests that the particle tempera
ture has a greater effect on the crack network and thermal diff
sivity than does the velocity for the conditions used in this study
In general, higher velocities increased horizontal cracking, had
no effect on vertical cracking, and had little or no effect on the
coating diffusivity. On the other hand, higher particle spraying
temperatures increase vertical cracking, might decrease hor
zontal cracking, and increase coating diffusivity. No clear cor-
relation was found between thermal diffusivity and total
porosity, suggesting other factors such as the shape of the porg
Fig. 14 Optical micrograph of coating 3 (245 m/s and 2869 at ity and the relative phase content in the coating must also be co

500x magnification. The microstructure contains more horizontal crack- Sidered important.
ing that coating 2 shown in Fig. 12

Appendix A: Image Processing Algorithm

Itis clear that work in this field is important in identifying key Samples were photographed under crossed-polarized lig
process control parameters for the thermal spray industry. How-2nd the digital images stored to disk. Pullout caused by polish
ever, there remains significant effort ahead. For example, theind Was identified under polarized light as dark regions when thg
powder size, substrate temperature, stand-off distance, and papolanzers were adjusted so that the coating appeared transpd

geometry also directly affect the crack distribution and phase €Nt- Either photographs were taken in areas without pullout o
content of the coatings. This information will have to be col- Pullout was removed from the image using digital image sub

lected and correlated to burner rig tests to determine optimalfraction techniques. _ .
spraying parameters. Careful attention was accorded to uniform lighting. Correc-

tions for minor nonuniformities in lighting were made with a
high pass filter. A threshold was applied to the image and the b
6. Conclusions nary representations were saved to disk. Due to the high contra
obtained under polarized light, only the finest cracks are difficult
Particle temperature and velocity are key operating parame-to threshold accurately. In such instances, the thresholding ma
ters that can be monitored in real time using an integrated opti-result in some minor noise on the image. The most significant ef
cal approach. The conditions for spraying particles at a specificfect is a slight overestimation of the porosity in the coating. We

Journal of Thermal Spray Technology Volume 10(1) March 2003
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Fig. A2 Skeletonization of the image results in all cracks and pores
being weighted by their length not their width
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Fig. A3 The algorithm breaks all intersecting cracks into small cracks
each having their own direction. In order to filter out noise in the image,

only features with crack lengths greater than seven pixels are identified

and analyzed

estimate a maximum absolute error of approximately 1 to 2%.
However, as all images were processed following the same cri-
teria, the relative error should be less.

A pictorial representation of a binary image is presented in
Fig. Al. A large wide crack is depicted in the top left corner, a
horizontal crack perceived to be chopped due to the propagatior
outside of the plane of polishing is in the bottom left corner, a
pore is shown in the bottom right corner, and a fine crack net-
work is shown in the top right corner. The dots and small cracks
represent noise in the image that may accompany thresholding
the fine crack network.

Using the binary image, pores and cracks are skeletonized st
that they are one pixel wide (Fig. A2). As a result, pores and fine

74—\Volume 10(1) March 2001

cracks are all weighted according to their length. Round pores
with no directionality are reduced to a single pixel. Next, all in-
tersecting cracks are identified and broken at the intersection.
This gives the net effect of having several single cracks moving
in specific directions rather than one large crack network (Fig.
A3). Individual cracks are then identified, and their length, major
axis, minor axis, and angle of propagation are recorded. By lim-
iting the analysis to cracks over, say, seven pixels, the back-
ground noise in the image is filtered out. This filtering of small
features is not found to distort the results, as the noise has little
or no directionality.

For the purpose of this work, the cracks were binned from 0
(parallel to the substrate surface) t¢ g@erpendicular to the
substrate surface) irf Steps. The graphs presented here are the
accumulated sum of six independent images. Further informa-
tion about the crack shapes is available by comparing the crack
length to the major axis or plotting the histogram of the crack
major axis divided by the minor axis length. We use similar
analysis techniques to analyze pore size and shape distributions.
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