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Yttria stabilized zirconia thick coatings were thermally sprayed from two different feedstock powders.
Coating characteristics such as density, crystalline phase composition, and microstructure were evalu-
ated. The thermal expansion coefficient and thermal diffusivity were measured as a function of tem-
perature up to 800 °C and analyzed in terms of the microstructural features. The ability of available
models to relate the measured thermal properties to the microstructural features as characterized by
readily available methods was assessed. The importance of pore shape and orientation on the thermal
conductivity was evidenced. The thermal contact resistance between the substrate and the coating in
these samples was estimated from the thermal diffusivity data, and found to change during cooling from

800 °C.

Keywords microstructure, plasma spray, thermal conductiv-
ity, thermal barrier coatings, zirconia

1. Introduction

Thermally sprayed yttria partially stabilized zirconia
(Y-PSZ) has been widely used as a thermal barrier coating
(TBC) to protect metallic parts exposed to the hot gas
stream in gas turbine engines used for aircraft propulsion
and power generation. The use of TBCs 100 to 500 pm
thick reduces the surface temperature of the metallic
components, providing good performance at temperatures
as high as 1000 °C (Ref 1-3). In the case of Diesel engines,
thermal barrier coatings have been pursued to increase the
working temperature in the combustion chamber from 400
to ~900 °C (Ref 4, 5). In this way, the thermal efficiency
of the Diesel process is improved, reducing the fuel con-
sumption and emissions of hazardous combustion prod-
ucts. In this application, significantly thicker coatings
(~1 mm) are required than for turbine blades.

The thermal conductivity of the TBCs greatly depends
on the material microstructure, which is characterized by
the existence of splats and pores of different shapes and
sizes. The size, shape, orientation, and relative amounts of
these features are directly related to the coating deposi-
tion technique, the process parameters, and the mor-
phology of the powder feedstock (Ref 6-8). The reduction
in thermal conductivity due to the presence of pores was
described by Maxwell for spherical noninteracting pores,
with the following expression (Ref 9):
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where P is the volume fraction of spherical porosity. In
most cases, the reduction in conductivity cannot be ade-
quately explained by this expression; the pore shape has to
be considered as well. Several models have been devel-
oped considering the pore shape (Ref 10-12). In thermal
sprayed coatings, three different types of pores are com-
monly found: thin horizontal pores parallel to the sub-
strate surface, thin vertical pores or cracks perpendicular
to the substrate surface, and rounded pores. The effect of
the thin horizontal pores can be estimated by the
expression of Kachanov et al. (Ref 13, 14):

kPorous 2-P h )
LlPn] = Kbome =1- < - > : (;)
where Py, is the volume fraction of horizontal pores and
“l/t” is their average aspect ratio. The effect of vertical
pores is often neglected as the heat flux typically runs par-
allel to those pores. If only the contributions of rounded
(P;) and thin horizontal pores (Py,) are considered and the
scattering of phonons and radiation by the pores is taken as

negligible (Ref 15, 16), the effective thermal conductivity of
the coatings may be described by the expression (Ref 17):
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(Eq 3)

where f; and f, represent the functions expressed by Eq. 1
and 2, respectively. This approach has been successfully
employed to account for different pore shapes in modeling
the thermal conductivity of plasma sprayed materials (Ref
17, 18). Other models include more detailed analysis of
the effects of pore shape on the thermal conductivity;
however, they require determination of specific micro-
structural parameters only measurable by techniques not
readily accessible to most laboratories (Ref 7, 8).

(Eq 2)
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Typically TBCs are separated from their substrate be-
fore measurement of the thermal diffusivity by grinding
away the substrate or dissolving the substrate in acidic or
caustic solutions. It would be convenient to be able to
characterize the coating while it was still attached to the
substrate, avoiding the difficult and time-consuming sep-
aration process and any damage to the coating that may
occur during separation. More importantly, the interface
between the thermal barrier and the metallic substrate is
important to both the thermal and the mechanical per-
formance of the TBC system. The flow of heat through the
layered samples would be affected by the nature of the
interface and any defects located there.

If measurements of heat flow through such a layered
system are interpreted by simply assuming that the ther-
mal properties are uniform throughout, an apparent ther-
mal diffusivity is obtained. The variation in the thermal
diffusivity from layer to layer can be accounted for by
using the following expression to describe the heat diffu-
sion through a two-layer sample:

8261'(2, l) . l%
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(Eq 4)
where o is the thermal diffusivity and 0; is the temperature
of the jth layer, and z is the distance from the interface.
Assuming there is no contact resistance at the interface
between the two layers (z =0), this equation can be solved
using the appropriate initial and boundary conditions
(Ref 19):
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where k; and k, are the thermal conductivities of layer 1
and layer 2, respectively. An analytical solution for a two-
layer medium with a thermal contact resistance, R, at the
interface can be obtained from Eq. 4 by including a
thermal contact resistance at the interface in the boundary
conditions. In this case the expression of the boundary
condition is:

(Eq 5)

0 g TR0 = 101(0.0) — 0:(0.0)
(Eq 6)

where c is a constant that depends on the known thermal
and physical properties of each layer. In this model, the
thermal current density across the interface is related to
the temperature drop across the interface. Both analytical
models are implemented in the software of the equipment,
and iterative computer routines have been used for eval-
uating the quality of the substrate/coating interface.

The influence of microstructural features on the ther-
mal properties of air plasma sprayed Y-PSZ coatings
deposited on mild steel substrates using two distinctive
types of commercially available powders was investigated
in this study. The use of the bond coat, typically employed
in TBC applications, has been avoided to simplify the
problem by modeling the thermal behavior of bi-layer
systems. Readily available techniques such as x-ray
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diffraction, thermal dilatometry, scanning electron
microscopy, and image analysis were used to characterize
the microstructures. The thermal diffusivities of two-layer
coating/substrate samples, freestanding coatings, and the
substrate were measured using the laser flash method. The
measured thermal conductivity of the coatings was com-
pared with predictions from Eq. 1 to 3 to assess the ability
of these models to describe the dependence of conduc-
tivity on porosity for these complex microstructures.
Given the thermal conductivity of the substrate, the
thermal conductivity of the coating can be obtained
without separating it from the substrate, provided that the
interfacial resistance was negligible or constant for a
specific coating-substrate combination. The interfacial
resistance for the samples investigated in this study was
estimated by comparing the measured apparent thermal
diffusivity of the steel/coating samples to an apparent
thermal diffusivity calculated from the measured thermal
properties of the coating and substrate.

2. Experimental

2.1 Sample Preparation

Two commercially available 6-8 wt.% Y,03-PSZ
powders were used to deposit coatings by air plasma
spraying with a SG-100 Miller plasma torch on carbon
steel substrates. The nanostructured powder was Nanox
S4007 from Inframat Corp. (Willington, CT). This powder
consists of agglomerated particles 15-150 pm in diameter
made up of grains on the order of 200 nm. The mor-
phology of the Nanox powder is shown in Fig. 1, with
noticeable porosity within the agglomerated particles
(Fig. 1 right).

The microstructure of the second powder used in this
work, a HOSP™ (hollow oven spherical powder) 204B-
NS powder (Sulzer Metco, NY, USA), is shown in Fig. 2.
It consists of hollow spherical particles in the range 45-
75 um with excellent flowability. This type of powder is
easy to melt during the plasma spray process due to the
small thickness and high density of the shell (Fig. 2, right).

The substrates employed were thick carbon steel plates
(4 mm thickness) to reduce the risk of deformation during
spraying. The surface of the substrates was grit blasted
before coating with alumina grit to an average roughness
of approximately 4 um as measured using a surfometer
from Precision Devices Inc. (MI, USA).

A DPV2000 system (Tecnar, QC, Canada) was em-
ployed to set the deposition parameters used in this work.
This device is an optical sensing instrument, which pro-
vides online monitoring of individual particle character-
istics in thermal spray plumes and is able to measure and
monitor temperature, size, and velocity distributions
providing mean values and standard deviation of in-flight
particles. The spraying parameters shown in Table 1 were
selected to obtain an average particle temperature high
enough to melt the Nanox powder, as the nanostructured
particles are harder to melt than the HOSP™ because
the intra-agglomerate nanoporosity limits the heat trans-
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Fig. 1 SEM micrographs of Nanox feedstock showing the nanostructured morphology of the agglomerated particles (left) and a

polished cross-sectional view of one particle (right)

20 pm

Fig. 2 SEM images of HOSP™ 204B-NS feedstock particles (left) and a cross-sectional view of one of those particles showing a dense

shell and hollow interior (right)

Table 1 Spraying parameters used for the Nanox
feedstock

Parameters

Power, kW 32.5
Current, A 740
Recorded voltage, V 44
Ar gas flow rate, | min™! 40
H, gas flow rate, | min™" 2
Ar carrier gas, | min~! 8
Distance, cm 7
Mean velocity, m s~! 226
Mean temperature, °C 2633

fer from the plasma to the powder. Due to this fact
together with the bigger size of Nanox powders, it is
expected to obtain coatings formed by less melted or
spreaded splats. The values of the average temperature
and velocity of the nanostructured powder obtained with
the set of parameters given in Table 1 were 2633 °C and
226 m s, respectively. The HOSP™ 204B-NS powder
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was deposited with the same process parameters to
compare the properties and microstructure of both coat-
ings. Additional information about this type of coatings
can be found in a previous paper published by the authors
(Ref 20).

Freestanding coatings were obtained by immersing the
specimens in a 40% HNO; solution for 1 h. The acid at-
tacked the carbon steel/coating interface detaching the
coating from the substrate.

2.2 Characterization

Phase analyses of powders and coatings were carried
out by X-ray diffraction using a Philips model PW2273
diffractometer. The powders and coatings were examined
by low voltage scanning electron microscopy (Hitachi
S-4500). Quantitative image analysis was performed on
SEM images (at least 10 micrographs per coating at 1000x
magnification) using the image-analysis software LEICA
QWIN (Leica Microsystem, Weztlar, Germany). The
density of the freestanding coatings was measured by the
Archimedes method using a high precision balance.
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The linear thermal expansion coefficient was measured
on bars of 3 mm in length machined from freestanding
coatings in the direction perpendicular to the spraying axis
using a vertical dilatometer (Setsys 16/18 Setaram Scien-
tific & Industrial Equipment, Caluire, France).

The thermal diffusivity (o) was measured by the laser
flash method (Ref 21) on 9 mm x 9 mm x 1 mm square
samples. Layered samples (1 mm steel/l mm coating),
freestanding coatings, and the mild steel substrate were
cut and machined from the original thick samples with a
precision grinding wheel (Accutom-50, Struess, Germany)
to accurately control the thickness. Data were taken from
room temperature (RT) up to 800 °C, the maximum
temperature expected in the diesel engine combustion
chamber, (up to 600 °C for layered samples and the steel
substrate), during both the heating and cooling cycle,
using a Thermaflash 2200 system (Holometrix-Micromet,
now Netzsch, Inc. Bedford, USA). Specimens were coated
with a thin carbon layer before testing to prevent the
direct transmission of the laser beam and to enhance
absorption/emission at the specimen surface. The coeffi-
cient of variation of the thermal diffusivity measurement
for a given coating by this laser flash technique was
reported to be 6% (Ref 22). The thermal conductivity k
was then calculated by the following expression:

k=oa-p-c (Eq 7)

where p is the measured density and c is the specific heat
taken from the literature (Ref 23). The thermal conduc-
tivities of the coatings and substrate derived from the
measured diffusivities were used to predict an apparent
thermal diffusivity for the coating/substrate-layered
system. This value was compared with the apparent
thermal diffusivity measured for the layered sample. The
difference between the predicted and measured apparent
diffusivities was attributed to the interfacial resistance.

3. Results and Discussion

Both coatings showed good mechanical integrity
with no signs of macrocracking or debonding from the
substrates. Diffraction patterns of Nanox and HOSP™
powders and coatings are shown in Fig. 3. Nanox powder
and coating were completely tetragonal. No peak broad-
ening is observed in the pattern of the Nanox powder as
the particles forming the powder agglomerates were not
small enough to evidence that effect. The XRD pattern of
the HOSP™ powder showed a small amount of mono-
clinic phase, which disappeared after spraying.

The thermal expansion coefficients of the Nanox
and HOSP™ samples were constant in the measured
temperature range (25-1000 °C), being 10.3 x 107° and
9.2 x 1075 °C~!, respectively. Both coatings were entirely
tetragonal as sprayed and had essentially the same
chemical composition; therefore, the difference in the
thermal expansion behavior must be related to differences
in porosity, which is a little bit higher in the case of the
HOSP™ material.
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Fig. 3 X-ray diffraction patterns of Nanox (a) and HOSP™ (b)
powders and coatings

The microstructure of the coatings was analyzed at
different levels. In Fig. 4, polished cross sections of Nanox
(Fig. 4a) and HOSP™ (Fig 4b) coatings are shown. Three
different features that may affect the thermal conductivity
in different ways can be distinguished: thin horizontal
pores (h) oriented parallel to the coating surface, thin
vertical pores (v) oriented perpendicular to the surface,
and rounded pores (r). We take a pore as rounded when
the length/thickness ratio is lower than 4 (//t < 4). It
should also be pointed out that in the Nanox coating some
nonmelted particles were found (n). As these particles
account for only 1.5-1.6% of the total cross-sectional area,
their effect on the thermal conductivity can be neglected.
The SEM micrographs were digitalized to quantify the
microstructural features by image analysis methods.

Compared to the density of 5.07 gecm ™ for the
HOSP™ the density of 5.38 g cm ™ measured for the
Nanox coating is slightly higher. Table 2 shows the volume
fraction of porosity in the Nanox and HOSP™ samples
calculated considering that the density of the fully dense
7Y-PSZ is 6.07 g cm®. The precision of the density mea-
surement was approximately +0.05 g cm®, which corre-
sponds to an uncertainty in the volume fraction of £0.01.
The total porosity volume fraction and the volume frac-
tion of each of the three types of pores, along with other
parameters measured by image analysis, are given in
Table 2. The uncertainty in the image analysis results was
also approximately +1%. The porosity as measured by
image analysis is lower than the porosity measured by the
immersion method in both coatings. This difference can be
attributed to the presence of small pores, which could not
be resolved in the images used for image analysis. The
porosity of the HOSP™ coating is marginally, but con-
sistently, higher than the Nanox coating. The total
porosity is not the only factor that affects the thermal
conductivity, and a detailed analysis of the pore shape and
size should be considered (Ref 7, 8). Of note is that the
average length of the thin horizontal pores along the splat
boundaries is larger in the HOSP™ coatings, a feature of
HOSP™ coatings that has previously been identified
(Ref 7, 8).
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Fig. 4 SEM micrographs of polished cross section of Nanox (a) and HOS

vertical pores, (r) rounded pores, and (n) nonmelted particle

Table 2 Quantitative microstructural features from
image analysis characterization of the coatings

Microstructural parameter Symbol Nanox HOSP™

Water immersion porosity fraction Py 0.11 0.16
Total porosity fraction (Image Analysis) P 0.09 0.11
Porosity fraction for horizontal pores Py 0.03 0.04
Porosity fraction for vertical pores P, 0.03 0.03
Porosity fraction for spherical pores P, 0.03 0.04
Length of horizontal pores (um) L 5.8 6.5
Thickness of horizontal pores (um) T 0.3 0.3
Average aspect ratio of horizontal pores I/t 19 22

Figure 5 shows the thermal diffusivity of Nanox,
HOSP™, and mild steel specimens as a function of tem-
perature. The thermal diffusivity values obtained on
heating and cooling agree within the accuracy of the
technique, indicating that there was no densification up to
800 °C. This result was expected as densification of Y-PSZ
plasma sprayed coatings has been reported not to occur at
temperatures below 900 °C (Ref 24).

The thermal conductivity data calculated from Eq. 4,
averaging the thermal diffusivity values obtained in the
heating and cooling cycles, are plotted in Fig. 6. The
thermal conductivity of a dense 7Y-PSZ sample measured
in a previous work (Ref 25) is also plotted for comparison.
The thermal conductivity of both coatings is almost
independent of temperature, 1.45 and 0.95 Wm ™ K" for
Nanox and HOSP™ specimens, respectively. These val-
ues are in the same range as for conventional plasma
sprayed TBCs reported in the literature (Ref 25-29). In
the same graph, the thermal conductivity of both coatings
calculated using Eq. 1 is also plotted with dashed lines.
These values represent the Maxwell model that considers
rounded pores and are quite far from the experimental
data. Therefore, the thermal conductivities were calcu-
lated from Eq. 3 using the microstructural parameters in
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Fig. 5 Thermal diffusivity of Nanox, HOSP™, and Steel sam-
ples for different temperatures

Table 2. The rounded porosity (//t < 4) has been consid-
ered as spherical to simplify the calculation. The porosity
due to small pores not quantified by image analysis has
been estimated as the difference between the porosities
obtained by water immersion method and image analysis.
This porosity has also been considered as spherical.
Although the vertical cracks/pores have not been
accounted for, many of them are not totally parallel to the
heat flux and may exert some influence on the flux. To
simplify calculations, the effects of radiation and the
thermal conductivity of the gas that fills the closed pores
(assumed to be Argon) have not been considered. These
assumptions imply that the values of thermal conductivity
obtained with this model are underestimated (Ref 30)
over the whole temperature range. The two solid lines
in Fig. 6 represent the values obtained with the above
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considerations. These values are in good agreement with
the experimental data and fit better to the HOSP™ than
to the Nanox data at room temperature probably because
the porosity is underestimated in the latter due to its
nanostructured nature.

On the other hand, the discrepancy in the thermal
conductivity temperature dependence between the
experimental data and the model cannot be ignored. This
discrepancy can be related to the effects of the radiation
(Ref 31) and the thermal conductivity of the gas (Argon)
that have not been considered in the present model. This

é

different trend leads to an increasing underestimation of
the modeled thermal conductivity with temperature ob-
served in Fig. 6.

In Fig. 7, the measured apparent thermal diffusivities
of the steel/coating assemblies are compared with the
apparent thermal diffusivities calculated, in the way ex-
plained above, from the values for the coatings and the
metallic substrate shown in Fig 5. The apparent thermal
diffusivities can be compared because the thicknesses of
steel and coating layers do not differ by more than ~1%.

The differences between the calculated and measured
values range from ~7% to ~12%, compared with the
coefficient of variation for the measurement technique of

E‘p 6%, and so we infer the presence of a thermal resistance
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Fig. 6 Thermal Conductivity of Nanox and HOSP™ samples at
different temperatures. The solid symbols represent the values
obtained using Eq. 4 and the solid lines are the values obtained
by Eq 3. Thermal conductivity of dense 7Y-PSZ (Ref 15) and the
thermal conductivity obtained with the Maxwell model are also
shown for comparison

Temperature (°C)

Fig. 8 Calculated thermal resistance coefficient versus temper-
ature for both assemblies. Full symbols are related to the heating
cycle and hollow symbols represent the cooling
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Fig. 7 Calculated and experimental (Exp.) values of apparent thermal diffusivity of layered samples as a function of temperature for
Metal/Nanox (a) and Metal/HOSP™ (b) layered structures
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between the layers. Figure 8 presents the thermal contact
resistance coefficients, as defined in Eq. 6 (Ref 19), cal-
culated for the steel/coating interface as a function of
temperature for the heating and cooling ramps. It is of
particular interest that the values obtained for the two
types of samples during heating are nearly the same. This
suggests that the nature of the as-sprayed interface for
both coatings is very similar. During the cooling ramp, the
thermal contact resistance coefficients increase, especially
in the case of the coating produced with the HOSP™
powder, whose thermal contact resistance coefficient at
room temperature increases by close to 100%. As diffu-
sivity of the freestanding coatings does not change on
cooling (see Fig.5), no significant alterations in their
microstructures are expected. This suggests a change in
the nature of the substrate/coating interface. A loss of
cohesion between the coating and the substrate may occur
due to the residual stresses generated on cooling associ-
ated to the mismatch in thermal expansion coefficients, as
the value for the steel substrate (11 x 107° °C™') is higher
than those of the coatings. In fact, the sample with the
lowest thermal expansion coefficient and, therefore, with
the highest mismatch exhibits the largest change in inter-
facial thermal resistance after the thermal cycle. The
increase of thermal resistance could be good for thermal
insulating properties of the TBC system but it would
negatively affect the coating adhesion. Moreover, the
presence of a significant and variable interfacial thermal
resistance precludes reliable characterization of the ther-
mal properties of the coating while attached to the sub-
strate. However, the thermal diffusivity testing of layered
systems could be considered as a tool to analyze the
delamination behavior during thermal cycling.

4. Conclusions

Thick Y-PSZ thermal barrier coatings free of macro-
cracks were air plasma sprayed from two types of com-
mercially available powder. The reduction in the thermal
conductivity compared to a dense Y-PSZ is explained only
if the shape and size of the pores are accounted for in
addition to the volume fraction of porosity. Evaluation of
the thermal contact resistance in layered samples suggests
that defects may be generated at the coating/substrate
interface during thermal cycling. The increase in the
thermal contact resistance observed after one thermal
cycle depends on the coating thermal expansion coeffi-
cient and, therefore, is associated to the stresses developed
due to the thermal expansion mismatch between coating
and substrate.
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