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The deposition rate plays an important role in determining the thickness, stress state, and physical
properties of plasma-sprayed coatings. In this article, the effect of the deposition rate on the stress
evolution during the deposition (named evolving stress) of yttria-stabilized zirconia coatings was sys-
tematically studied by varying the powder feed rate and the robot-scanning speed. The evolving stress
during the deposition tends to increase with the increased deposition rate, and this tendency was less
significant at a longer spray distance. In some cases, the powder feed rate had more significant influence
on the evolving stress than the robot speed. This tendency can be associated with a deviation of a local
deposition temperature at a place where sprayed particles are deposited from an average substrate
temperature. At a further higher deposition rate, the evolving stress was relieved by introduction of
macroscopic vertical cracks as well as horizontal branching cracks.
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1. Introduction

Plasma spraying is a versatile technology to produce
relatively thick coatings up to a few millimeters exhibiting
a diverse range of microstructures. Typical applications of
yttria-stabilized zirconia (YSZ) include highly porous
abradable coatings, conventional (CON) layered thermal
barrier coatings (TBCs), strain-tolerant TBCs with vertical
cracks, and dense electrolytes for solid oxide fuel cells, all
of which can be fabricated with a single plasma torch
(Ref 1-3). Tailoring these microstructures requires control
of porosity and crack architecture by process parameters.
This control can be achieved by manipulating non-particle
state parameters (NPSPs) such as the deposition temper-
ature and the deposition rate in addition to particle state
parameters (PSPs) such as the particle temperature and
velocity (Ref 4). The development of in-flight particle
diagnostics and advanced numerical simulations has
enabled the quantitative study of the effects of the PSPs
on coating microstructures (Ref 5-9). However, in contrast
to the PSPs, lack of in situ diagnostic tools for the NPSPs

has hindered a systematic study on the NPSPs. Recent
developments in robust in situ curvature monitoring dur-
ing thermal spraying along with analytical tools to extract
linear and nonlinear elastic properties (Ref 8, 10-13) give
us an opportunity to enhance our understanding regarding
the effects of NPSPs on stresses and coating architecture.

A process map method is an effective approach to cor-
relate process input parameters with coating microstruc-
tures and properties, which are the result of variations of
these input parameters in plasma spraying (Ref 2, 5, 8, 14).
In the process map method, the process input parameters
and the coating properties are correlated via PSPs with two-
step process maps: the first-order process map is to link the
process input parameters (namely, plasma forming gas mass
flow rate, primary/secondary gas ratio, and current) with the
PSPs such as particle temperature and velocity; the second-
order process map to link the PSPs and the coating prop-
erties (such as thermal conductivity and modulus of the
coatings). This methodology is also applicable to investi-
gate the effects of the NPSPs, and will be applied to our
research. Consideration of intrinsic NPSPs for the process
map is also the subject of this article.

In representing the NPSPs, we focus on the deposition
rate. Here, we use the mass of the powder injected per unit
length as the deposition rate Rd, and thus it is described by

Rd ¼
Rf

U
; ðEq 1Þ

where Rf is the powder feed rate and U is a relative speed
between the plasma torch and the substrate (equal to the
robot speed when the substrate is fixed). This term is also
called an application rate or spray rate. As the powder
feed rate is increased at constant power conditions, a
possible consequence is reduction in average particle
temperature and velocity due to quenching of the plasma
plume. However, prior work by the authors has indicated
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that such powder loading effects were not severe up to about
the powder feed rate Rf = 45-60 g/min for standard plasma
spray torches (~35 kW) with a single injector (Ref 4). For
such a range of operating conditions, the deposition rate will
be proportional to the thickness per pass of the coating. In
addition, the deposition rate can affect thermal history
during deposition and thus resultant stress evolutions
(Ref 15). Therefore, the deposition rate is considered to be
one of the important NPSPs to describe the deposition.

The stress state of a coating/substrate system can be
described by three stresses and the resultant residual stress.
The stress that can be accumulated during substrate prep-
aration such as grit blasting is compressive. This compres-
sive stress may be partially relieved by a heat input during
the deposition (Ref 16). The second category is stress
accumulated during the coating deposition. This stress is
generally tensile for low velocity processes such as plasma
spray, and was termed quenching stress by Kuroda and
Clyne (Ref 10) and describes the stress arising due to con-
strained cooling of the deposited material. Valarezo et al.
(Ref 17, 18) elaborated on this concept describing this
quantity as an evolving stress so as to capture relaxation
mechanisms as well as secondary factors such as peening
effects in high velocity deposition. In plasma spraying, the
evolving stress mainly consists of the tensile quenching
stress, with partial relief due to microcracking at the single
splat or multiple splat levels and splat sliding (Ref 10).
Finally, thermal stress is caused by a thermal expansion
mismatch between the coating and the substrate during
cooling from a deposition temperature (Ref 19). Among
these stresses, since the evolving stress represents the
deposition of the coating, it will be a key factor to link the
process conditions with coating properties.

In general, the evolving stress and coating modulus
increased and the porosity of the coatings decreased with
increased substrate temperature (Ref 20). Kuroda et al.
(Ref 20) explained that improved wetting by the temperature
increase caused better bonding of splats, resulting in a higher
evolving stress. This improved bonding by increasing a sub-
strate temperature was also confirmed by an increase in a
coating elastic modulus when deposited at higher substrate
temperatures (Ref 21). These studies suggest the importance of
the deposition temperature on the stress evolution of a coating
during deposition, which can be varied by the deposition rate.

In this article, we present a comprehensive set of
experiments on the effect of the deposition rate on the
stress evolution during the deposition of YSZ coatings by
plasma spraying. An in situ curvature sensor is utilized to
explore the NPSP effects systematically. In particular, the
effects of the powder feed rate and the robot speed are
examined by utilizing the process map method. The
importance of local deposition rate and local deposition
temperature is discussed.

2. Materials and Methods

An atmospheric dc plasma torch with an 8 mm diam-
eter nozzle and a swirl flow gas distribution ring (F4-MB,

Sulzer Metco Inc., Westbury, NY, USA) was used in this
study. Hollow spherical (HOSP) powder of 8 wt.% YSZ
(10-75 lm) (#204, Saint-Gobain Ceramic Materials, MA,
USA) was sprayed under a plasma condition shown in
Table 1. The powder was injected through an external
injector perpendicular to the spray axis. A constant plume
depth method (Ref 22) was utilized for optimization of
powder injection to increase the repeatability of the
experiments. A single particle-type diagnostics system
(DPV-2000, Tecnar Automation Ltd, Quebec, Canada)
was used to monitor the plume depth and in-flight particle
states such as temperature and velocity. The torch oper-
ating condition was kept constant, and only the robot-
scanning speed U and the powder feed rate Rf were varied.
Basically one set of the deposition rate experiment con-
sisted of 12 combinations = 3 robot speeds (U = 333, 500,
and 1000 mm/s) 9 4 powder feed rates (Rf = 15, 30, 45,
and 60 g/min), and additional runs were conducted if
needed. As introduced in section 1, the powder feed rate
was varied within a range where the powder loading effect
was not severe. Note that decreases in particle tempera-
ture due to the powder loading effect at a constant power
may be compensated by either an open loop or closed-
loop control using a process map (Ref 6, 23). However,
this adjustment was not conducted in this article, because
changing a plasma torch operating condition will also
change the heat flux from the plasma jet to the substrate,
resulting in evoking other issues to be considered. In order
to evaluate stress evolutions at further high deposition
rates with keeping the powder loading effect minimized, a
high-throughput (HTP) plasma torch (Triplex 200 Pro,
Sulzer Metco, Westbury, NY, USA) was utilized. The
input power of this torch was ~50 kW, much larger than
that of the CON plasma torch used in this study (~34 kW).

The stress evolution during deposition was monitored
by an in situ curvature method. An in situ coating property
(ICP) sensor was utilized to monitor the curvature of a
coating/substrate system as well as the substrate temper-
ature. The principle of the ICP sensor is described else-
where in detail (Ref 13), and briefly described here.
Aluminum beams (Al6061-T6) of length L = 228.6 mm
and width W = 25.4 mm were used as substrates. The
thickness of the substrates was hs = 1.6, 2.4, and 3.2 mm.
Both edges of the substrate were mounted to the ICP
sensor with springs. The displacement of the substrate at
the center was monitored from the backside of the

Table 1 Plasma spray conditions

Process parameters Values

Primary Ar gas flow rate (SLM) 47.5
Secondary H2 gas flow rate (SLM) 6.0
Current, A 550
Power, kW 34
Cooling jet, psi 40
Spray distance, x, mm 100, 150
Robot speed, U, mm/s 250, 333, 500, 1000
Powder feed rate, Rf, g/min 15, 30, 45, 60

SLM, standard liters per minute
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substrate with a laser displacement sensor having the
resolution of 1 lm. The sampling rate was set to be 10 Hz.
The curvature was calculated from the displacement. The
substrate temperature was monitored simultaneously
using two K-type thermocouples in contact with both sides
of the substrate backside. Figure 1 shows a typical result
of the curvature and substrate temperature evolutions
during the deposition. A positive curvature change cor-
responds to a tensile stress in the coating. Here, we have
introduced the concept of an evolving stress to evaluate
the degree of a stress accumulated during the deposition.
The evolving stress is defined as the gradient of the cur-
vature evolution when the curvature change is linearly
approximated. Thus, the evolving stress during the depo-
sition, rev, was calculated from the curvature data utilizing
Stoney�s formula as follows (Ref 8, 13, 17, 18, 24)

rev ¼
Esh

2
s

6 1� msð Þ
Dj
Dhc

ðEq 2Þ

where Es, ms, Dj, and Dhc are the substrate Young�s modulus,
substrate Poisson�s ratio, the curvature, and coating thick-
ness change at a calculated region, respectively. The value of
ms was set to 0.33 and Es was temperature-dependent as
follows (Ref 25) (Material Property Database, version 3.51,
JAHM Software, Inc., North Reading, MA, USA):

EsðTsÞ ¼ �2:65� 10�7T3
s þ 2:40� 10�4T2

s

� 9:21� 10�2Ts þ 85:2 ðGPa)

for 113 K<Ts � 573 K ðEq 3Þ

EsðTsÞ ¼ �1:73� 10�4T2
s þ 1:12� 10�1Ts þ 53:9 ðGPa)

for 573 K<Ts � 773 K ðEq 4Þ

The maximum substrate temperature during the deposition
stage Td

s was usually used as the substrate temperature

unless otherwise noted. The value of Dhc was given by
Dhc = hcDtcal/td, where hc, Dtcal, and td are the thickness of the
coating measured ex situ, a period of time used for the cal-
culation, and the total deposition time, respectively.

Our static test using a precise-temperature-controlled
furnace coupled with a finite element method estimated
the accuracy of the curvature measurement and the stress
to be 1% and ±3 MPa, respectively (Ref 26). During
deposition, although thermal gradients through thickness
and in plane can exist due to plasma and particle plumes
(Ref 26, 27), their effects on Dj are not significant. This is
because we measure real-time change in curvature and not
the absolute value. Under steady state temperature, the
temperature profile (albeit not uniform) at given time is
similar between passes. This means that the temperature
gradient effects are subtracted from pass to pass. Many
recent studies also reported that Stoney�s formula could
eventually be applied to thick films, even though it was
intended to be applied to thin films (Ref 28). Indeed for
hs = 3.2 mm and hc = 0.32 mm, the moment inertia by a
correct bimaterial formula was ~13% more than that
estimated from Stoney�s formula. However, for computing
stress (Ref 26, 27), the difference was only 3-5%.

The cross section of the YSZ coatings was observed
with a scanning electron microscope (SEM). The porosity
of the coatings, q, was calculated from backscattered
electron images of the cross sections obtained at a mag-
nification of 2000 by an image analysis using a software
(ImagePro Plus J6.1, Media Cybernetics, Bethesda, MD,
USA). The deposition efficiency g was determined by a
weight ratio of the coating to injected powder onto the
substrate. The detailed definition can be found elsewhere
(Ref 4).

3. Results

Figure 2 describes the evolving stress as a function of
the deposition rate. In general, a higher deposition rate
tends to have given a higher evolving stress. The evolving
stress was lower when samples were deposited at a longer
spray distance (x = 150 mm) compared to a CON spray
distance (x = 100 mm). The dependence of the evolving
stress on the deposition rate was also less significant at a
longer spray distance.

Figure 3 shows the microstructure of the YSZ coatings
at two spray distances (x = 100 and 150 mm) when the
powder feed rate was varied. More pores were apparently
observed at x = 150 mm (Fig. 3e, f) than at x = 100 mm
(Fig. 3a to d). The porosity of the coatings quantitatively
confirmed this tendency, as shown in Fig. 4(a). Although
the porosity tends to have increased at the highest powder
feed rate of Rf = 60 g/min, the effect of the powder loading
on the porosity was not significant up to Rf = 45 g/min.
Figure 4(b) shows the effect of the powder feed rate on
the deposition efficiency of the coatings at two spray dis-
tances. No significant dependencies of the porosity and the
deposition efficiency of the coatings on the robot speed
were observed, so these values were averaged ones for
different robot speeds. The deposition efficiency of

Fig. 1 Evolutions of substrate curvature j and substrate tem-
perature Ts during the deposition of an YSZ coating by plasma
spraying. These evolutions are monitored with an ICP sensor.
The maximum substrate temperature during the deposition stage,
Td
s is used as a representative of the substrate temperature (Color

online)
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x = 150 mm was about half that of x = 100 mm. The
deposition efficiency at x = 100 mm tends to have
decreased slightly with the powder feed rate, while that at
x = 150 mm was less dependent on it.

Figure 5 re-plotted the evolving stress shown in Fig. 2
against the substrate temperature. The evolving stress
tends to have monotonically increased with the substrate
temperature. This tendency suggests that the effect of the
deposition rate on the stress evolution can be explained
mainly by an increase of the substrate temperature with
the deposition rate. Note that no distinct gap in the values
of the evolving stresses can be found at the substrate
temperature of ~250 �C between the spray distances of
x = 150 mm and 100 mm in contrast to Fig. 2. This fact is
somewhat surprising because the microstructure of the
coatings sprayed at x = 150 mm clearly showed a higher
porosity than those at x = 100 mm. The higher porosity
could result in a further drop in the evolving stress, which
might have lead to a gap in the data between two spray
distances. Therefore, the effect of deposition temperature
on the stress evolution is considerably large to hinder the
effect of particle state change.

Figure 6 shows the effect of substrate thickness on the
stress evolution. The evolving stress of thinner substrates
had a steeper gradient against the deposition rate. A
smaller heat content of substrates at thinner substrates
was considered to be a primary reason for this fact.

In order to see the effect of the deposition rate in
detail, the thickness per pass, the substrate temperature,
and the evolving stress were plotted as a function of the
powder feed rate and the inverse of the robot speed in the
form of a two-dimensional map (Fig. 7). As the deposition

rate is given by a product of the powder feed rate and the
inverse of the robot speed, the right top side of the figures
corresponds to a higher deposition rate. As expected, the
thickness per pass increased with the increased powder
feed rate or with the decreased raster speed (Fig. 7a).
Within the range of this study, the effects of the feed rate
and the inverse of the robot speed were equivalent in
terms of the thickness per pass. This fact does not conflict
with a weak dependence of the deposition efficiency on
the powder feed rate shown in Fig. 4. The substrate tem-
perature also tends to have increased with the powder
feed rate and the inverse of the robot speed (Fig. 7b). The
robot speed had more influence on the substrate temper-
ature than the powder feed rate. On the contrary, Fig. 7(c)
shows that the powder feed rate had a more significant
effect on the evolving stress compared to the robot speed.
Since the substrate temperature also depends on other
factors such as the geometry of the substrate and the
robot-scanning program, the results shown above cannot
be simply applied to all the cases, but in many cases, the
powder feed rate seems to have more significant effect
than the robot speed on the evolving stress, which will be
further discussed in section 4.1.

At a further high deposition rate without a significant
powder loading effect, the behavior of the stress evolution
can be different from what was shown above. Figure 8
shows the evolving stress of YSZ coatings deposited with a
HTP plasma torch. On the contrary to those with a CON
plasma torch as discussed above, the evolving stress was
not accumulated during deposition (rev £ 5 MPa) at a
high deposition rate (Rd = 4.5 g/m). In such a coating,
vertical cracks as well as horizontal branching cracks were
observed, as shown in Fig. 9(a). Conversely, by decreasing
the deposition rate via increasing the robot speed, cracks
can be suppressed as shown in Fig. 9(b). Crack initiations
are likely attributed to a high tensile stress during depo-
sition at a high deposition rate.

4. Discussion

4.1 Local Deposition Temperature and Local
Deposition Rate

Introduction of a local deposition temperature and a
local deposition rate can be useful to explain the observed
experimental results. According to Kuroda et al. (Ref 20),
the higher the deposition temperature is, the higher the
quenching stress is. Our results also generally followed
this tendency. A better bonding of splat interfaces due to
an enhanced wettability at a higher deposition tempera-
ture is considered to be responsible on this tendency
(Ref 20, 29); therefore, the main source of the evolving
stress came from the quenching stress as described in
section 1. In plasma spraying, the coating formation is
localized and dependent on the spray torch positioning,
unlike other methods such as electron beam physical
vapor deposition where the coating growth is more uni-
form. Deposit lines referred to as beads are formed by
successive impact of individual particles, as shown in

Fig. 2 Effect of deposition rate Rd on evolving stress rev. Two
spray distances: standard (x = 100 mm) and a longer one
(x = 150 mm) are examined. Hollow spherical powder of YSZ
(10-75 lm) was sprayed onto Al beams 2.4 mm thick at 34 kW
(Color online)
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Fig. 10 (Ref 30). As the splat bonding occurs during this
bead formation, the surface temperature where the par-
ticle plume is impinging (referred to as the local deposi-
tion temperature) is more descriptive of the phenomena
involved than the macroscopic average substrate temper-
ature. The local deposition temperature is expected to be
much higher than the measured substrate temperature. At
a higher deposition rate, heat input from the particle
plume per unit area per unit time will also become larger,
resulting in a higher local deposition temperature.

For simplicity, an equivalent thickness that is equal to
the average thickness of the bead, heq, is introduced
instead of considering the shape of the bead. This heq can
be calculated by

heq ¼
Rfg

PUWz
; ðEq 5Þ

where P and Wz are the coating density and the particle
plume width perpendicular to the robot-scanning direc-
tion, respectively. The time to move by the width of the

Fig. 3 Backscattered electron images of the cross sections of YSZ coatings deposited at the powder feed rate Rf of (a) 15 g/min,
(b) 30 g/min, (c) 45 g/min, and (d) 60 g/min at the standard spray distance x = 100 mm. Those of Rf (e) 15 g/min and (f) 60 g/min at a
longer spray distance x = 150 mm are also shown. Hollow spherical powder of YSZ (10-75 lm) was sprayed onto Al beams at 34 kW
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particle plume along the robot-scanning direction (Wy),
Dt, is given by

Dt ¼Wy

U
: ðEq 6Þ

Therefore, a deposition rate at a specific location (named
a local deposition rate), RLD, is given by

RLD ¼
heq

Dt
¼ g

Wy �Wz � P
Rf: ðEq 7Þ

An interval between successive depositions of splats at a
same location, namely, a splat deposit interval Dtsp can be
calculated from RLD by

Dtsp ¼
hsp

RLD
; ðEq 8Þ

where hsp is the average thickness of splats. As the splat
deposit interval is shorter, a subsequent splat will form on
a previously deposited splat which will increase the local
temperature. This number can thus be used as an indicator
to represent the local deposition temperature.

Note that the local deposition rate does not contain a
term related to the robot speed; i.e., the local deposition

rate is mainly determined by the powder feed rate and
independent of the robot speed. Figure 11 shows the splat
deposit interval that was calculated from Eq 8. Here,
Wy = Wz = 20 mm and hsp = 1 lm were assumed. The val-
ues of g and R were post-determined from coating weight

Fig. 4 Effect of the powder feed rate Rf on (a) the porosity q
and (b) the deposition efficiency g of YSZ coatings deposited at
the spray distances x = 100 and 150 mm. The value of q is cal-
culated from backscattered electron images of cross sections of
the coatings using an image analysis. The error bars for q at
x = 100 mm are the standard deviation of six images; those for g
at x = 100 mm are the standard deviation of six samples, while
those at x = 150 mm that of 4-5 samples. Hollow spherical powder
of YSZ (10-75 lm) was sprayed onto Al beams at 34 kW (Color
online)

Fig. 5 Effect of substrate temperature Ts on evolving stress rev.
Data at two spray distances: standard (x = 100 mm) and longer
ones (x = 150 mm) are plotted. Hollow spherical powder of YSZ
(10-75 lm) was sprayed onto Al beams 2.4 mm thick at 34 kW
(Color online)

Fig. 6 Effect of substrate thickness hs on evolving stress rev.
Hollow spherical powder of YSZ (10-75 lm) was sprayed at
34 kW on Al beams of which thickness was hs at the spray dis-
tance of x = 100 mm (Color online)
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and thickness by definitions used in our previous work
(Ref 4). Figure 11 clearly shows that the splat deposit
interval is mainly governed by the powder feed rate.

Finally, the evolving stress is re-plotted against the
substrate temperature and the local deposition rate in
Fig. 12. The evolving stress tends to have increased with
the increased substrate temperature and local deposition
rate. Assuming that the effect of the local deposition rate
on the evolving stress is attributed to a rise in the local

deposition temperature, it can be estimated that the local
deposition temperature within a range of this study was
50-100 �C higher than the substrate temperature.
Figure 12 suggests the importance of the local deposition
rate (inversely proportional to the splat deposit interval)
on the evolving stress. Thus, these parameters will be good
candidates to describe a process map for NPSPs.

Although the robot speed is not included in the local
deposition rate, a ‘‘quiet’’ period emerging as the result of
the robot-scanning pattern related to the sample geometry
is worth to be mentioned. As the spray torch is not always
on the specimen during deposition, a quiet period at which
a bead is not formed can appear between and/or within
spray passes. For example, when a beam such as ICP
beams in this study is coated, as the robot-scanning length
is usually taken longer than the beam length, the quiet
period can go up to 70% of the spray time, resulting in
cooling effects to the specimen. Meanwhile, when a
cylindrical specimen is coated, the spray torch can always
be on the specimen. In this case, the quiet period is zero,
which can lead to a higher deposition temperature.
Therefore, the resulting microstructure can be different
despite of the same deposition rate. This concept is actu-
ally taken into account in our simulation previously
reported (Ref 27), but is a subject of further experimental
investigation.

4.2 Two Regimes for Stress Evolutions
and Applicable Limitations

The decrease in the particle temperature and velocity
at higher feed rates at constant power conditions due to
the powder loading effect usually causes an increase in the
coating porosity and/or poor bonding of splats. Thus, it is

Fig. 7 Two-dimensional maps of (a) thickness per pass, hp,
(b) substrate temperature Ts, and (c) evolving stress rev in
powder feed rate Rf-robot speed U space. Hollow spherical
powder of YSZ (10-75 lm) was sprayed onto Al beams 1.6 mm
thick at 34 kW at the spray distance of x = 100 mm. The data of
hp are interpolated with that of 2.4 mm beams (Color online)

Fig. 8 Evolving stress of YSZ coatings deposited with a HTP
plasma torch. Hollow spherical powder (10-75 lm) is sprayed
onto a Ni-base superalloy beam 1.6 mm thick at 50 kW. Two
spray distances x = 100 and 150 mm are shown. The powder feed
rate was 90-135 g/min. For comparison, that with a CON plasma
torch (re-plot of a data set of a spray distance of 100 mm in
Fig. 2) is also shown (Color online)
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expected that the evolving stress becomes lower in terms
of decreases in particle temperature and velocity with the
powder feed rate. However, the evolving stress increased

with the powder feed rate within a range of this study. This
fact implies that the evolving stress could be significantly
higher if the powder feed rate were increased with keeping
the particle temperature the same. Therefore, the intrinsic
effect of the powder feed rate on the stress evolution will
be stronger than the result shown in this study if the
powder loading effect could be negligible. When the
powder feed rate reaches a level of saturation (beyond a
range of this study) in which the deposition efficiency will
decrease significantly because of the powder loading
rate, the evolving stress will experience a concomitant
reduction.

We showed a concept of the local deposition rate (or
the splat deposit interval), but the model shown above can
be improved by taking PSPs into account. The proposed
concept is based on values such as the deposition effi-
ciency, the coating density, and the plume width used to
calculate the local deposition rate. These post-determined

Fig. 9 Backscattered electron images of the cross sections of
YSZ coatings deposited with a HTP plasma torch (a) at a high
deposition rate Rd = 4.5 g/m and a spray distance x = 100 mm and
(b) at a CON deposition rate Rd = 1.5 g/m and x = 150 mm.
Hollow spherical powder (10-120 lm) was sprayed onto a
Ni-base superalloy beam 1.6 mm thick at 50 kW. The evolving
stress of these coatings is shown in Fig. 8

Fig. 10 Schematic of coating formation in plasma spraying to
explain the concept of local deposition rate (Color online)

Fig. 11 Splat deposit interval Dtsp as a function of powder feed
rate Rf and robot speed U. Hollow spherical powder of YSZ
(10-75 lm) was sprayed onto Al beams at 34 kW (Color online)

Fig. 12 Two-dimensional mapping of evolving stress (rev) in
substrate temperature (Ts)-local deposition rate (RLD) space.
Splat deposit interval (Dtsp) is also shown, assuming the average
splat thickness of 1 lm. Hollow spherical powder of YSZ
(10-75 lm) was sprayed onto Al beams 1.6 mm thick at 34 kW
(Color online)
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values can be refined by the inclusion of additional
information from other models such as the melting index
and splash criterion and/or by numerical simulations
(Ref 31-36), making the calculation more precise and robust.

Summarizing this study, it will be possible to classify
the stress evolutions in the plasma-sprayed brittle ceramic
coatings such as YSZ into two regimes, as shown in
Fig. 13. One is a microscopic-balancing regime in which
the evolving stress increases with the deposition temper-
ature. This local deposition temperature can be varied
with the deposition rate. Here, the quenching stress is
relieved in part by microcracking of individual splats,
which causes the evolving stress to be lower compared to
that of ductile metallic coatings as reported by Kuroda
et al. (Ref 20). Above a certain threshold, coatings tend to
have macroscopic vertical cracks as well as branching
cracks to relief the stress (macroscopic-balancing regime).
This is in contrast to the case of metallic coatings in which
the stress relief occurred by creeping or plastic deforma-
tion above a softening point (Ref 20). More experimental
data including other ceramic materials will be needed for
quantitative understandings of this transition.

5. Conclusion

In this article, we have studied the effect of the depo-
sition rate on the stress evolution of plasma-sprayed YSZ
coatings by varying the powder feed rate and the robot-
scanning speed. The main conclusions of this study are
derived as follows:

(1) The evolving stress increases with the deposition rate,
i.e., with the powder feed rate or with the inverse of

the robot-scanning speed within a range in which the
powder loading effect is not significant. This tendency
is more obvious at a shorter spray distance. An
increase in the deposition temperature with the
deposition rate is a primary factor to the effect of the
deposition rate. At a further high deposition rate using
a HTP plasma torch, vertical cracks as well as
branching cracks can be induced, resulting in lowering
of the evolving stress.

(2) The effect of the powder feed rate on the stress evo-
lution tends to be greater than that of the robot-
scanning speed. This phenomenon can be explained
by an introduction of the local deposition rate and the
local deposition temperature. Impact intervals of
successive splat particles (the inverse of the local
deposition rate) become shorter with the powder feed
rate, but are independent of the robot-scanning speed.
Therefore, the local deposition temperature where the
particle plume is impinging can be increased more
with the increased powder feed rate than with the
decreased robot-scanning speed, resulting in genera-
tion of a higher evolving stress.

(3) The local deposition rate and deposition temperature
can be representative parameters of the NPSPs. By
coupling these parameters to the PSPs such as particle
temperature and velocity (or melting index and the
Reynolds number at impact), a more robust process
map method will be available.
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