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The influence of secondary hydrogen and current on the deposition efficiency (DE) and microstructure of
yttria-stabilized zirconia (YSZ) coatings was evaluated. To better understand the influence of the spray
process on coating consistency, a YSZ powder, −125 +44 µm, was sprayed with nitrogen/hydrogen param-
eters and a 9 MB plasma gun from Sulzer Metco. DE and coating porosity, which were produced using two
different spray gun conditions yielding the same input power, were compared. Amperage was allowed to
vary between 500 and 560 A, and hydrogen was adjusted to maintain constant power, while nitrogen flow was
kept at a fixed level. Several power conditions, ranging from 32 to 39 kW, were tested. Different injection
geometries (i.e., radial with and without a backward component) were also compared. The latter was found
to produce higher in-flight temperatures due to a longer residence time of the powder particles in the hotter
portion of the plasma. Porosity was based on cross-sectional micrographs. In-flight particle temperature and
velocity measurements were also carried out with a special sensor for each condition. Test results showed that
DE and coating density could vary significantly when a different hydrogen flow rate was used to maintain
constant input power. On the other hand, DE was found to correlate very well with the temperature of the
in-flight particles. Therefore, to obtain more consistent and reproducible DE and microstructures, it is pref-
erable to maintain the in-flight particle temperature around a constant value instead of keeping a constant
input power by adjusting the secondary hydrogen flow rate.
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1. Introduction

Improving the consistency of thermal barrier coatings
(TBCs) is an important goal for the industry. Indeed, TBCs are
used today in increasingly demanding and critical applications
requiring highly reliable and consistent coating properties.
Combustion liners and transition pieces are examples of parts
currently protected by plasma-sprayed TBCs for ensuring a safe
and reliable use of gas turbine components (Fig. 1). Short-term
(Ref 1, 2) and long-term (Ref 3, 4) plasma gun instabilities aris-
ing from anode wear are among the various factors that contrib-
ute to coating degradation. These instabilities result in a varia-
tion in coating microstructure and deposition efficiency (DE).
Indeed, anode wear is known to cause power drifts in the plasma
gun, which implies varying heat and kinetic energy transfers to
the injected particles (Ref 5, 6).

Several strategies can be used to compensate for changes in
the spray conditions arising from the wear of the electrodes

(Ref 7). Maintaining some key in-flight parameters, such as the
average in-flight temperature and velocity (Ref 8), has proven
to be a very effective control approach, but, up to now, only a
limited number of spray booths have been equipped with sensors
that can measure such in-flight particle parameters. Hence, other
control approaches, consisting of maintaining fixed values for
some spray gun parameters that are correlated with the tempera-
ture and velocity of the particle jet, and that are more readily
measured than the in-flight parameters, have been used. The in-
put power and the net power (i.e., the fraction of the input power
that goes into the plasma flame) are two spray gun variables
that are known to correlate with the in-flight particle charac-
teristics and that can be readily measured using commercial
plasma spray consoles. Both can easily be controlled. For in-
stance, adjusting the input current or the secondary gas (e.g., the
hydrogen flow) can compensate for any drift in the input pow-
er. Both approaches are used in industry. Some gun manufactur-
ers have recognized these process instabilities and have pre-
viously developed spray parameters with fixed secondary gas
conditions to maintain a constant particle or flame temperature.
Closed-loop controllers have also been engineered to allow in-
put power, and primary and secondary gas levels to be fixed.
However, the emergence of sensor technologies in thermal
spraying has made it possible to better understand the sensi-
tivity of secondary gas levels on particle temperature, and
its impact on yttria-stabilized zirconia (YSZ) microstructure
and DE.

This study aimed at evaluating a control strategy, consisting
of maintaining the input power, to ensure a consistent TBC mi-
crostructure and DE. First, the YSZ powder feedstock used dur-
ing these experiments is described. Then, the spray conditions
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selected to perform this work are presented. Next, the experi-
mental procedure used to perform in-flight particle diagnostics
is described. Particle diagnostics were performed to understand
the variations in the coating porosity and DE observed at con-
stant input power. In-flight particle diagnostics were performed
with the DPV-2000 sensor (Tecnar Automation Ltd., St-Bruno,
Canada) to relate changes in the coating to changes in the in-
flight particle physical parameters (i.e., the particle velocity and
temperature). Finally, the results in DE and coating porosity are
presented. Differences are interpreted based on the in-flight di-
agnostic results.

2. Evaluation of the Feedstock Material

The powder used in this work is a homogeneous oven spheri-
cal particle (HOSP) partially stabilized yttria-zirconia material,

with a relatively coarse (120-325 mesh) particle size distribu-
tion. The particle size distribution, obtained using Microtrac
(Microtrac, Inc., Montgomeryville, PA) analysis, ranges from
20 to 120 µm, as shown in Fig. 2. An inductively coupled plasma
technique was used for the elemental analysis of powder
samples. The results are shown in Table 1. Scanning electron
microscopy (SEM) using secondary electrons was used to ex-
amine the surface and the cross section of powder particles. As
seen in Fig. 3, they consist of spherical plasma-densified par-
ticles. The cross sections of the particles were obtained by cast-
ing a powder sample into a standard mounting epoxy, followed
by polishing. An examination of particle cross sections enabled
an evaluation of the powder density and the extent of particle
sintering during manufacturing. As shown in Fig. 4 and 5, most
of the particles were almost completely remelted during the sin-
tering phase of the manufacturing process except for some
coarser particles, of which the core is still in the agglomerated
form. This property reduces the probability that a particle breaks
apart during its interaction with the plasma flame. Moreover, the
rounded shape of the feedstock material favors a better flow
(called flowability) in the injection line.

Table 1 Quantitative elemental analysis of the HOSP
powder using inductively coupled plasma

Elements wt.%

A1 0.02
Ca 0.04
Ce 0.01
Fe 0.01
HF 1.48
Mg <0.01
Na 0.07
Si 0.14
Th 0.009
Ti 0.02
U 0.021
Y 5.96
Zr 66.66
Organic solids 0.05

Fig. 1 Robotic application of TBC by plasma spraying in (a) the tran-
sition piece and (b) the combustion liner. (Photo permission of Jim
Clare, General Electric, Beaumont, TX)

Fig. 2 Cumulative particle size distribution in volumetric percentage
obtained by employing the Microtrac method
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3. Experimental Procedure

3.1 Spray Conditions

The YZP HOSP powder was sprayed using a 9 MB plasma
gun from Sulzer Metco (Westbury, NY). Nitrogen and hydrogen
were used as the plasma gas mixture. Two different powder feed
ports were used. The P-injection port provides perpendicular
(vertical) injection of the particles into the plasma, whereas the
B-injection port has a backward injection component that allows
the particles to remain for a longer period of time in the hotter
part of the plasma. The backward angle is around 8°. With the
P-injection port, three power conditions were used (36, 37.5, and
39 kW), whereas two power conditions (32 and 39 kW) were
tested with the B-injection port. Each power level was achieved
using two sets of spray conditions having different levels of cur-
rent and hydrogen flow rate (i.e., high-hydrogen/low-current
and low-hydrogen/high-current). Spraying conditions are sum-
marized in Table 2. All other spraying parameters were kept
constant throughout this work.

During spraying, the samples were continuously cooled
down with an air jet to maintain the surface temperature at be-
tween 125 and 175 °C. The steady-state substrate temperature
was measured using pyrometric measurements with a Micron
pyrometer, which is sensitive in the wavelength region of 8
to 14 µm. The samples were 7.5 cm2 coupons. The trans-
verse gun speed was 75 cm/s with a vertical jump of 3.2 mm after
each horizontal scan to deposit a thickness of about 25 µm per
pass.

Both the input power and net plasma power were measured
for each spraying condition. The input power is taken as the
product of the current and voltage in a specific spray condition.
The net power is obtained by subtracting the input power from
the thermal losses. Thermal losses are estimated by measuring
the temperature difference between the cooling water flowing in
and out of the torch and by using the specific heat and flow rate
of the cooling water. This yields the amount of enthalpy flowing
out of the plasma plume.

3.2 In-Flight Diagnostics

Before spraying the coatings, in-flight particle diagnostics
were performed using the DPV-2000 sensor (Ref 9, 10). This
sensor enables in-flight measurements of the temperature, ve-

Table 2 Spraying conditions

Condition
Current

(I), A H2, L/min
Input

power, kW
Powder

feed port

1 530 7.1 39 P
2 530 2.8 36 P
3 520 7.1 37.5 P
4 550 2.8 37.5 P
5 530 4.7 36 P
6 560 4.7 39 P
7 530 6.2 38 B
8 430 6.2 32 B
9 475 1.9 32 B

10 560 2.0 38 B

Note: The nitrogen and the powder carrier gas flow rates were maintained at
41.5 and 4 L/min, respectively.

Fig. 3 Surface of HOSP powder particles

Fig. 4 Cross section of YSZ HOSP powder particles

Fig. 5 Cross section of YSZ HOSP powder particles. Some large par-
ticles were not fully molten during processing.
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locity, and diameter of the individual sprayed particles. Diag-
nostics were performed at the same standoff distance (10 cm) as
that used to spray the coatings. The measurements provided
herein were obtained in the middle of the particle jet, where the
particle flow rate was found to be maximum. In fact, an analysis
of two-dimensional scans in the particle jet indicated that the
average value obtained at the center of the particle jet was almost
identical to the average value of the whole particle jet. This was
the case because the particle flow rate dropped rapidly away
from the center before any significant changes in velocity or
temperature were noticed. To reduce powder consumption, low
powder feed rates was used for diagnostics (5-10 g/min). The
loading effect was evaluated beforehand and was found to in-
duce drops of 75 °C and 5 to 10 m/s, respectively, in the in-flight
temperature and velocity when the feed rate was increased to
45 g/min.

4. Results and Discussion

4.1 Deposition Efficiency

DE is plotted as a function of input power in Fig. 6. The data
are scattered and only moderately correlated with the input
power, as conditions having similar power levels were some-
times found to display very different DEs. A higher correlation

was obtained with the net power (Fig. 7), especially when the
P-injection port was used. This higher correlation likely arises
from the fact that the variations in DE that were observed at
similar input power (e.g., conditions 1-4, 2-3, 5-8, and 6-7) were
due to the higher thermal efficiencies (� = net power/input
power) observed for spray conditions using higher H2 flow and
lower current values (Ref 11). A higher enthalpy in the plasma
flame will likely produce a larger fraction of melted particles
and, generally, a higher DE. The thermal efficiency values are
shown in Table 3. However, note that the net power does not
track the effect of changes in the injection conditions, which
could be caused, for example, by injector wear (Ref 12). This is
illustrated by the higher DE, which was obtained for the exact
same spray gun parameters, when the P-injection port was re-
placed by the B-injection port.

With the backward injection (B-injection port), the correla-
tion between DE and net power is quite poor. DEs were signifi-
cantly higher when high hydrogen flow rates were used (i.e.,
conditions 7 and 8). This is likely related to the better heat trans-
fer to the particles associated with the higher thermal conductiv-
ity of hydrogen-rich plasmas (Ref 13). This effect is probably
more important when using backward injection instead of radial
injection because the particles travel in hotter plasma regions in
the former case.

Table 3 Summary of the diagnostic results and DE for all the tested conditions and thermal efficiency

Condition
Powder

feed port
Current

(I), A H2, L/min Voltage, V Input, kW Net, kW
Gun

efficiency (�), %
Temperature

(T), °C
Velocity
(V), m/s DE, %

1 P 530 7.1 72.9 38.6 22.5 0.560 2665 98 74
2 P 530 2.8 67.7 35.9 20.1 0.580 2541 90 48
3 P 520 7.1 72.1 37.5 21.8 0.550 2686 94 73
4 P 550 2.8 68.0 37.4 20.7 0.565 2550 92 50
5 P 530 4.7 68.9 36.5 20.6 0.560 2640 98 62
6 P 560 4.7 69.1 38.7 21.6 0.605 2628 99 65
7 B 530 6.2 73.6 38.0 23.6 0.620 2840 92 84
8 B 430 6.2 74.4 32.0 19.8 0.595 2804 82 83
9 B 475 1.9 67.3 32.0 19.0 0.560 2624 78 58

10 B 560 2.0 67.9 38.0 21.3 0.580 2651 86 67

Note: �, ratio of net power to input power. Better � is favored by higher hydrogen flow and lower current.

Fig. 6 Deposition efficiency versus input power. The error on the DE
values was ±3%.

Fig. 7 Deposition efficiency versus net power. Numbers indicated for
the backward injection correspond to the spray conditions given in
Table 3. The error on the DE values was ±3%.
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A plot of DE versus average in-flight particle temperature is
shown in Fig. 8. The observed correlation between the average
in-flight particle temperature and DE indicates that the higher
DE obtained with the B-injection port arises mainly from the
higher average particle temperature that can be reached using
this injector. Indeed, all of the data points seem to fall on a single
curve with very little data scattering, regardless of which injec-
tor was used. Below 2700 °C, DE is found to increase by 20% for
a 100 °C temperature step. Above 2700 °C, the variation of DE
with temperature becomes less pronounced. As illustrated in
Fig. 9, a similar trend was observed with another zirconia pow-
der having a lower density, confirming that the DE is strongly
linked to the actual temperature of the in-flight particles (Ref 14).

The correlation between DE and in-flight temperature is bet-
ter than with the net power. Moreover, the influence of injection
on DE is well accounted for by the in-flight temperature.

4.2 Microstructure and Porosity

The microstructure of the coatings can be interpreted with
respect to the in-flight particle characteristics, in particular the
in-flight temperature. Coatings produced at similar input power
with different current-hydrogen combinations were found to be
very different. SEM photographs of cross sections of two coat-
ings produced at 38 kW at high (condition 7, Fig. 10) and low
(condition 10, Fig. 11) hydrogen flow rates clearly show that the
coating produced at a higher hydrogen concentration is signifi-
cantly denser than the other coating. The denser coating corre-
sponds to higher in-flight temperature (2840 versus 2650 °C). At
2840 °C, most particles are melted, so that each splat covers
more easily the surface topography onto which it flattens. More-
over, at that higher in-flight temperature there is normally a
lower number of unmolten or partially molten particles embed-
ded in the coating. These two factors favor the deposition of
low-porosity coatings. However, at 2650 °C, many particles are
unmolten or partially molten, so that some of the initial porosity
of the feedstock can be retained in the coating. Moreover, the
impinging particles do not flatten as well, which leaves some air
trapped underneath the splat. Note that using the P-injection port
(condition 1, Fig. 12) instead of the B-injection port (condition

7, Fig. 11) at similar spray gun parameters yielded a more porous
coating for a similar reason (P-injection port 2665 °C; B-
injection port 2840 °C).

5. Conclusion

The influence of secondary hydrogen and current on the DE
and microstructure of YSZ coatings was evaluated. A YSZ pow-
der was sprayed with nitrogen/hydrogen parameters using a Sul-
zer Metco 9 MB gun. DE and coating porosity produced using
different spray gun conditions yielding a similar input power
were compared. Similar values of input power could be obtained by
compensating for a rise in current by decreasing the hydrogen flow.

Significant discrepancies in porosity and DE were sometimes
found in coatings produced with different spray parameters
yielding similar input powers. The higher hydrogen flow condi-
tion was found to produce higher DE and a denser coating mi-

Fig. 8 Deposition efficiency as a function of in-flight temperature.
The error on the DE values was ±3%.

Fig. 9 Deposition efficiency as a function of in-flight temperature for
two different zirconia powders. The values shown near each data point
are the average in-flight velocity. LD, low-density powder; HD, high-
density powder. The error on the DE values was ±3%. Based on data
from Ref 14

Fig. 10 Cross section of the coating obtained at 38 kW with high hy-
drogen (condition 7) with the B-injection port
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crostructure. Differences in DE and porosity were linked to the
higher plasma enthalpy and heat transfer to the particles that
could be achieved at a higher hydrogen-lower current condition.
Hence, a better correlation was found between the coating DE
and the net power in the plasma.

Moreover, changing the injection conditions by using back-
ward injection instead of vertical injection was found to produce
significant changes in DE and microstructure. These results il-
lustrate that the net power cannot follow eventual changes in the
injection conditions due to injector erosion.

The average in-flight particle temperature was found to cor-
relate very well with DE, regardless of the particular choice of
hydrogen-current combination or of the way particles were in-
jected into the plasma.

In view of these results, the control of a plasma spray process
by maintaining the input power does not seem to be the best
approach to ensure consistency in the coating DE and micro-

structure. Maintaining the net power is a better approach, but this
approach does not track the eventual changes in the injection
conditions. The control of the physical characteristics of the par-
ticle jet, such as the in-flight temperature and velocity, seems to
be the most effective approach to ensure consistency for the pro-
duction of TBCs.
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