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Thermal barrier coatings were produced using both Ar and N2 as the primary plasma gas. Various
aspects of the process and the coatings were investigated. It was found that higher in-flight particle
temperatures could be produced using N2, but particle velocities were lower. Deposition efficiencies
could be increased by a factor of two by using N2 as compared to Ar. Coatings having similar values of
porosity, hardness, Young�s modulus, and thermal diffusivity could be produced using the two primary
gases. The coatings exhibited similar changes (increased hardness, stiffness, and thermal diffusivity)
when heat-treated at 1400 �C. However, the N2-processed coatings tended to have lower values of
Young�s modulus and thermal diffusivity following such treatment. The results point to the potential
advantage, in terms of reduced powder consumption and increased production rate, of using N2 as
compared to Ar as the primary plasma gas for TBC deposition.
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1. Introduction

Thermal barrier coatings (TBCs) are widely used on
gas turbine components employed in both aerospace and
industrial gas turbine applications (Ref 1). The most
commonly employed composition for producing the
insulating ceramic top coat of these structures is a zirco-
nia-based material, containing 7-8 wt.% yttria (Y2O3) to
stabilize the phase structure. The coatings can be applied
by different routes, including air plasma spraying (APS),
where a wide range of spray systems and deposition con-
ditions can be employed.

As with most products, cost and quality are key issues at
all points along the manufacturing process for these coat-

ings. The goal is to minimize cost while producing coatings
that meet the requirements of the application. Quality also
includes the ability to consistently deposit coatings in a
reproducible manner to meet the design specifications.

The present study involved aspects relating to both
quality and cost. For producing TBCs by APS, two main
plasma gas mixtures are currently being employed: argon/
hydrogen (Ar/H2), which has been the traditional ap-
proach, and nitrogen/hydrogen (N2/H2). Once an APS
processing route has been established, many producers are
reluctant to make major changes to this accepted ap-
proach. The reasons for this are based on the potentially
high cost should the coatings produced using the new
approach fail in service.

Published work has shown the potential for obtaining
relatively high deposition efficiency (DE) using N2/H2 as
the plasma gas (Ref 2). Deposition efficiency is an
important parameter when calculating the coating cost:
increasing DE reduces powder consumption and can in-
crease the rate of production. In this paper, details of a
study that investigated aspects relating to the APS pro-
cessing of TBCs using N2/H2 as the plasma gas, charac-
terization of the microstructure of the resulting coatings,
and evaluation of various properties of the as-sprayed and
heat-treated coatings are reported. These results are
compared to those obtained for Ar/H2-processed TBCs.

2. Experimental Procedure

2.1 APS Processing and Particle Diagnostics

All experiments were performed using a commercially
available 8 wt.% yttria-stabilized zirconia (8YSZ) hollow
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spherical powder (HOSP) in the size range 45-75 lm
(204B-NS, Sulzer Metco Inc., Westbury, NY, USA).
Thermal spraying was carried out employing a plasma
torch (9MB, Sulzer Metco Inc., Westbury, NY, USA) and
a wide range of spray parameter settings. Experiments
were performed using both Ar/H2 and N2/H2 as the plas-
ma gas mixture. Because of the thermal properties and
viscosities of these gases, Ar/H2 plasmas tend to produce
particle jets that are cooler and faster than those arising
with N2/H2 plasmas.

Initially, the spray parameters were varied in order to
sample a large region of the temperature-velocity (T-V)
space for the in-flight particles. In the case of Ar/H2,
this involved mainly changes in the current, power,
hydrogen flow rate, spray distance, and powder feed
rate. For the N2/H2 plasma gas, the current, powder
feed rate, spray distance, hydrogen flow rate, and carrier
gas flow were the main variables for producing changes
in the in-flight particle characteristics. These changes
were monitored using diagnostic equipment (Accura-
spray-g3, Tecnar Automation Ltd., St. Bruno, Quebec,
Canada) to determine the average temperature and
velocity of particles at the selected standoff distance in
the thermal spray jet. Based on these initial measure-
ments, approximately ten sets of spray parameters were
selected for each of the two gas mixtures for coating
production and further investigation. The first step inv-
olved measuring the DE. This was determined for each
set of coating conditions by depositing on substrates of
the same composition (mild steel) as used in producing
samples. Deposition on these grit-blasted substrates of
known dimensions was performed using a pre-determined
powder feed rate, torch speed, and total number of
passes. The DE could be calculated by comparing the
weight of the substrate before and after the deposition
with respect to the powder feed rate. Coatings were
then produced for determining the hardness, thermal
diffusivity, and elastic properties and comparing the
microstructures and levels of porosity. From these re-
sults, several coatings were chosen for a thermal treat-
ment, followed by a re-evaluation of the various
properties mentioned above.

2.2 Thermal Treatment

Thermal treatments were performed on coatings to
determine the effect of temperature on the properties
and microstructure. These treatments were carried out
on free-standing coatings that had been removed from
the mild steel substrates by dissolving the metal base.
The thickness of the coatings ranged from �350 lm to
�550 lm, depending on what measurements were to be
performed using a given sample. Heating was accom-
plished in air in a box furnace by commencing at room
temperature and increasing to 1400 �C over a 60-90 min
period. Samples were left at this temperature for dwell
times of 1, 5, and 20 h, following which they were re-
moved from the furnace and allowed to cool. Initial
cooling was very rapid and, typically, room temperature
was reached within 30 min.

2.3 Analysis and Characterization of the Coatings

2.3.1 Microstructure. Samples of as-sprayed and heat-
treated coatings were mounted in epoxy resin using vac-
uum impregnation and then sectioned. The cross sections
were polished using standard metallographic techniques.
Samples were studied under a scanning electron micro-
scope (SEM) (Model S4700, Hitachi Instruments Inc.,
Tokyo, Japan) to observe the microstructure. The level of
porosity was determined with the aid of image analysis
software (NIH Image, public domain software, National
Institutes of Health (NIH), USA) on images obtained (at
a magnification of 500·) using a scanning electron
microscope (JSM-6100, JEOL, Tokyo, Japan) in the
backscattered mode under conditions of contrast to en-
hance the appearance of pores. An average value of
porosity was determined for each coating from the results
of separate analyses from ten regions within the cross
section.

2.3.2 Hardness. Two different hardness values were
measured for the coatings. For these tests, coatings were
deposited to a thickness >500 lm. The Rockwell superfi-
cial hardness value (HR15N) of as-sprayed coatings was
determined by indenting the top surface with a diamond
cone under a total mass of 15 kg (force = 147.1 N). Results
from five such indentations were used to calculate an
average HR15N value for each coating. No such mea-
surements could be made on coatings removed from the
substrate because the free-standing samples fractured
under the indenter.

The Vickers microhardness number (HV0.3) was
determined using a microhardness tester (Micromet II,
Buehler, Lake Bluff, IL, USA). Average values of the
microhardness number on the cross section of as-sprayed
and heat-treated coatings were calculated using data from
ten indentations made under a 300 g load. It should be
noted that because the porosity in the coatings was infil-
trated with epoxy, the microhardness number is that of the
composite epoxy/coating material. Therefore, the values
should be used simply for ranking the different coatings
and providing a basis for identifying changes in the rela-
tive microhardness caused by heat treatment.

2.3.3 Thermal Diffusivity. The thermal diffusivity of
the coatings was determined by the laser flash method
using an experimental set-up described elsewhere (Ref 3).
Measurements were made on coatings having a thickness
of �400 lm that had been removed from the substrate.

2.3.4 Elastic Properties. The elastic properties were
investigated using laser ultrasonic measurements on free-
standing coatings having a length of 51 mm, a width of
25 mm, and a thickness in the range of 500-600 lm. The
technique, which was similar to that employed in earlier
work on WC-Co coatings (Ref 4), involved the generation
of ultrasonic waves by a Nd:YAG (third harmonic:
355 nm) laser pulse focused in a line (�200 lm · 5 mm) in
the coating surface. The waves were detected about 6 mm
away in the same surface by a long pulse Nd:YAG
(1064 nm) also focused in a line geometry. The scattered
detection light was demodulated by a GaAs photorefrac-
tive interferometer. By measuring the time arrival of the
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fundamental symmetric wave mode (S0), the elastic con-
stant could be calculated. This approach was employed to
determine the Young�s modulus (E) value for coatings
both before and following thermal treatment. It should be
noted that the values of Young�s modulus reported here
should not be taken as absolute; rather, the data allows
comparison of the different coatings and provides a basis
for determining the relative effect of the various heat
treatments on the elastic properties.

3. Results and Discussion

3.1 Particle Diagnostics and APS Process
Parameter Selection

Plots showing the relatively large region of T-V space
sampled by varying the spray parameters are shown in
Fig. 1 for both plasma gas mixtures. These plots indicate
that conditions resulting in the lowest heating of the par-
ticles produced similar temperatures (2400-2500 �C) for
both gas mixtures. However, for the hottest spray condi-
tions it was possible to reach temperatures �300 �C higher
by using N2 as the primary gas (�3100 �C) as compared to
Ar (�2800 �C). It is also evident that for a given tem-
perature, significantly higher values of particle velocity
could be achieved by using Ar. This difference was �50 m/
s. In fact, the highest velocity of �120 m/s achieved using
N2 occurred at a temperature of �3100 �C. When using
Ar, particle velocities were all above this value for tem-
peratures >2600 �C.

These results can be explained using the properties of
the two primary gases. At the plasma temperature, the
thermal conductivity of N2 is 2-3 times higher than that of
Ar (Ref 5). Therefore, employing N2 results in more
effective heat transfer to the 8YSZ particles (and higher
particle temperatures) than when Ar is the primary plas-
ma gas. However, the viscosity is higher for Ar (Ref 5)
and, in these experiments (as is normally the case when
using these gases), the total plasma gas flow was greater

than when using N2. This contributes to the particles
attaining a higher velocity with Ar plasmas.

Using this data, the parameter sets identified in
Tables 1 and 2 were chosen for further work. Results of
particle diagnostics for these conditions are shown in
Fig. 2. The set numbers are indicated in this and sub-
sequent figures to enable comparison and cross-referenc-
ing between the various graphs and tables.

3.2 Characterization of As-Sprayed Coatings

Graphs showing the values of DE for the conditions
listed in Tables 1 and 2 and of the porosity level and
Rockwell superficial hardness of the coatings as a function
of the in-flight particle temperature are shown in Fig. 3, 4,
and 5. As seen in Fig. 3, the DE tends to increase with the
in-flight particle temperature. This is true for both primary
plasma gases. The graph shows that for temperatures
above �2800 �C (achievable using N2 as the primary gas),
the DE tends to reach a plateau at values in the range of
60-70%. This plateau occurs because the melting point of
the zirconia-based material is �2700 �C (Ref 6), so when
the average particle surface temperature being measured

Fig. 1 Region of T-V space sampled using a range of APS
conditions and Ar and N2 as primary plasma gases

Table 1 Spraying conditions used with the Ar/H2 plasma
gas

Set H2, L/min I, A P, kW Feed rate, g/min SD, mm

1A 7.6 500 32.5 30 110
2A 7.6 500 32.5 60 170
3A 9.0 500 35.0 45 140
4A 11.8 500 37.5 30 110
5A 11.8 500 37.5 60 170
6A 9.9 450 31.5 30 110
7A 9.9 450 31.5 45 110
8A 9.9 550 37.7 30 140
9A 9.9 600 41.0 30 110
10A 9.9 600 41.0 60 170

H2, secondary plasma gas; I, current; P, input power calculated using
voltage measured at the power supply; SD, standoff distance. Fixed
parameters: primary gas (Ar) flow rate = 43 L/min, carrier gas (Ar)
flow rate = 5.2 L/min (optimum trajectory observed for all conditions)

Table 2 Spraying conditions used with the N2/H2 plasma
gas

Set
N2,

L/min
H2,

L/min
CGF, N2,

L/min
I,
A

P,
kW

Feed rate,
g/min

SD,
mm

1 34.0 0 5.0 500 32.5 30 110
2 34.0 0 5.0 500 32.5 45 140
3 34.0 0 5.0 500 32.5 60 170
4 34.0 2.4 5.5 500 35.5 30 110
5 34.0 2.4 5.0 500 35.5 45 140
6 34.0 2.4 5.0 500 35.5 60 170
7 34.0 7.1 5.0 450 35.1 30 110
8 34.0 7.1 5.0 450 35.1 45 140
9 34.0 7.1 6.0 450 35.1 60 170
10 34.0 7.1 6.0 600 48.0 30 110
11 35.4 6.6 5.2 460 35.0 92 114
12 35.4 8.0 5.2 500 39.3 46 114

N2, primary plasma gas; H2, secondary plasma gas; CGF, carrier gas
(N2) flow; I, current; P, input power calculated using voltage
measured at the power supply; SD, standoff distance
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by the diagnostic system reaches �2800 �C it can be
assumed that most of the particle cores are molten and
additional heating has little effect on the degree of melt-
ing. (It should be noted that the diagnostic system pro-
vides an average surface temperature value produced by
sampling the surface temperatures of a majority of the
particle population. Therefore, the cores of these particles
(particularly larger particles) are not necessarily molten
when the average surface temperature is at the melting
point; hence, in some cases, superheating of the particles
may be required to bring about complete particle melt-
ing.) It is also apparent that much higher DE values can be
attained when using N2 as the plasma gas. The DE can be
doubled from 30-35% (Ar) to 60-70% (N2). This sub-
stantial increase has obvious cost (reduction) implications
for TBC production.

Figures 4 and 5 show that, as expected, the level of
porosity decreases and the hardness increases with

increasing in-flight particle temperature. Both of these
characteristics are affected by particle velocity, which as
shown in Fig. 2, is lower when using N2 as the primary gas.
The graphs indicate that similar porosity and hardness
levels can be produced using the two primary gases. In the
case of Ar for coatings produced at temperatures above
�2700 �C, the porosity level is 5-6% and the Rockwell
superficial hardness is 73-79. For coatings deposited at
temperatures above �2800 �C using N2, the porosity levels
and hardness values are 3.5-7.5% and 69-76%, respec-
tively. However, as noted above, the DE values for pro-
ducing these coatings was a factor of two higher for N2.

3.3 Effect of Thermal Treatment

Graphs showing the changes in various properties fol-
lowing the thermal treatment at 1400 �C are presented in
Fig. 6, 7, and 8. The changes in the (relative) Vickers

Fig. 2 Conditions for which DE values were measured and, in
some cases, for which coatings were produced. The numbers by
the data points refer to parameter sets (see Tables 1 and 2)

Fig. 3 Deposition efficiency values for APS deposition of 8YSZ
using the parameter sets shown in Tables 1 and 2

Fig. 5 Hardness values for 8YSZ coatings produced using the
parameter sets shown in Tables 1 and 2

Fig. 4 Porosity level in 8YSZ coatings as a function of in-flight
particle temperature for two plasma gases. The standard devia-
tion on the porosity values was ±1-2%
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hardness number (Fig. 6) appear to occur in the first 1-5 h
of heat treatment for most coatings. The range of initial
HV0.3 values for the as-sprayed coatings was �625-725.
Following 20 h at 1400 �C, the HV0.3 values were in the
range �835-935. No pronounced differences were noted
between the coatings produced using N2 as compared to
Ar as primary plasma gas.

The results for Young�s modulus (Fig. 7) indicated a
similar trend as observed for hardness. The main increases
in E occurred during the initial 1-5 h of exposure at
1400 �C; subsequent increases were more gradual. It is
worth noting that, in general, the final values of E were
lower for coatings produced using N2 as primary plasma
gas as compared to those deposited using Ar. These lower
values could indicate more compliant coatings better able
to withstand the strains and stresses of high temperature
exposure and thermal cycling.

The results for thermal diffusivity (Fig. 8) also show an
initial increase after 1-5 h of thermal treatment, followed
by a more gradual change. The increases for the coatings
produced using N2 are less than for those deposited using
Ar.

The fundamental changes in the coatings during ther-
mal treatment that gave rise to the observed evolution in
coating properties were not investigated in detail. Results
for porosity levels of the coatings generally indicated little
difference between the as-sprayed coatings and those he-
ated for 20 h at 1400 �C. Of course the image analysis
technique would not detect the removal of very small
pores. It is believed that the observed results of increased
hardness, Young�s modulus and thermal diffusivity arise
due to improved inter-splat bonding and the disappear-
ance of fine inter-splat pores produced by material diffu-
sion at 1400 �C. The smaller increases of Young�s modulus
and thermal diffusivity after heat treatment for N2-
processed coatings may be related to the higher deposition
temperatures used for these coatings. These higher tem-
peratures may have led to a greater extent of reaction of
impurities, such that they were less active during the
subsequent thermal treatment and played a lesser role in

contributing to enhanced inter-splat bonding. A second
factor could be differences in localized stress relaxation
during thermal treatment. The closure effects (reduced
inter-splat distance and increased contact) caused by this
relaxation may be less for the N2-processed coatings
where in-flight particle velocities were lower and splat
thicknesses likely greater than for the Ar-deposited coat-
ings. Other changes in the coating could also be contrib-
uting to produce the observed effects. For example, the
phase composition of the coatings has not been investi-
gated in this study. It is known that phase changes can
occur in these types of coatings at the thermal treatment
temperature employed in this work (Ref 7, 8). Phase
changes can be disruptive to the coating structure and
affect the properties. It is possible that the differences in
the processing conditions resulted in coatings that

Fig. 6 Vickers hardness numbers of epoxy-infiltrated 8YSZ
coatings after various stages of heat treatment at 1400 �C. The
legend identifies the parameter sets shown in Tables 1 and 2

Fig. 8 Effect of thermal treatment at 1400 �C on the thermal
diffusivity of coatings produced using the parameter sets shown
in Tables 1 and 2

Fig. 7 Effect of thermal treatment at 1400 �C on the Young�s
modulus of coatings produced using the parameter sets shown in
Tables 1 and 2
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behaved differently with regard to phase stability (and
rate of phase change) at elevated temperatures.

Therefore, a number of possible explanations exist for
the observed differences in the properties between the two
series of coatings. Further analyses are required to
determine if one of the aspects suggested above is causing
the differences, if a combination of these factors is
involved or if other mechanisms are giving rise to the
observed changes in behaviour.

3.4 Microstructure

Micrographs of coatings produced using the two pri-
mary plasma gases are shown in Fig. 9 and 10 in both the
as-sprayed state and following a 20 h thermal treatment at
1400 �C. The conditions used for depositing these coatings
were considered to be typical of those currently employed
for these two primary gases. The coatings had similar
hardness values; however, the Young�s modulus and
thermal diffusivity following heat treatment were lower
for the coating produced using N2. The porosity level, as

determined by image analysis, was �5% in both coatings
in the heat-treated state. As well, the DE value for the
N2-sprayed coating was more than twice that for the
Ar-sprayed coating. Although further testing in simulated
operating conditions is required, these results indicate the
potential for improving the DE while producing good
quality coatings by using N2. The research also suggests
that for users who are currently employing Ar as the pri-
mary plasma gas there is merit in exploring the possibility
of using nitrogen as an alternate processing route.

4. Conclusions

This research has shown that when producing TBCs
with an N2/H2 plasma gas mixture, higher in-flight parti-
cle temperatures and lower particle velocities are pro-
duced as compared with Ar/H2 plasmas. Coatings having
similar values of porosity, hardness, Young�s modulus,

Fig. 9 Microstructure of a coating produced using spray
parameter Set 1A (Ar, see Table 1) in the as-sprayed state (a)
and following 20 h at 1400 �C (b)

Fig. 10 Microstructure of a coating deposited using spray
parameter Set 12 (N2, see Table 2) in the as-sprayed state (a) and
following 20 h at 1400 �C (b)
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and thermal diffusivity can be produced using the two
primary gases. Thermal treatments at 1400 �C produced a
hardening and stiffening of the coatings and an increase
in the thermal conductivity, particularly in the earlier
stages of heat treatment. These changes were attributed
to enhanced inter-splat contact/bonding. Results also
indicated that coatings produced using N2 might undergo
less stiffening and smaller increases in thermal conduc-
tivity during the heat treatment. The substantial increase
(2·) in DE that can be achieved by using N2 as the pri-
mary plasma gas, together with the possibility of pro-
ducing coatings having similar (or improved) properties,
provides a compelling case (based on powder consump-
tion and production rate) for using nitrogen as the pri-
mary plasma gas for TBC deposition.
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