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Abstract

We present herein a characterization of the microstructure and thermal properties of thermal barrier coatings (TBCs), which we obtained via plasma
spraying of powder Gd,Zr,07. By using X-ray diffraction (XRD) and electron backscatter diffraction (EBSD), we evaluated the phase composition
of a ceramic layer and estimated the ceramic-layer stress state by the sin?{s method. The tests revealed that the TBC layer consisted of a single-phase
structure of Gd,Zr,07, namely, an Fd3m lattice. The thermal diffusivity of the outer ceramic layer was determined based on a bilayer model and
corrected with a factor to account for the presence of pores. The results reveal that the use of the standard parameters in a standard spraying process

gives good-quality Gd,Zr,O; TBCs with a thermal conductivity considerably lower than 8YSZ-type TBCs.

© 2011 Elsevier Ltd. All rights reserved.
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1. Introduction

Currently, the possibilities are very limited for further high-
temperature applications (i.e., above 1200 °C) of thermal barrier
coatings (TBC) with conventional outer ceramic ZrO; x 8Y,03
layers. On the one hand, this situation is due to the insur-
mountable barrier of the melting point of nickel superalloys,
which are critical materials in the hot sections of gas turbines.
On the other hand, the durability of ceramic TBCs is a diffi-
cult problem because their degradation rate increases at these
temperatures.'© Further modifications of the TBC structure
(e.g., gradient coatings with YSZ) and of the chemical com-
position of the base ceramics (e.g., modification of the ZrO,
oxide with RE>Oj3 rare earth oxides) has only a limited poten-
tial for increasing the outlet-gas temperature. To advance in this
area, we must apply new types of ceramic materials with prop-
erties superior to those of the standard material (8YSZ). Such
materials include those with a thermal conductivity coefficient
that is smaller than that of 8YSZ.7~!!

Thus, increasing the working temperature of gas turbines
elements requires applying a new type of TBC—one with a
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coefficient of thermal conductivity below that of the
ZrO; x 8Y,03 oxides. Such a material would lead not only
to an increase in the lifetime of critical engine elements (e.g.,
combustion chambers), but also to an increase in turbine oper-
ating temperatures. The most effective approach to meet this
need appears to be the use of low-thermal-conductivity materi-
als of type RE>Zr,O7 (where RE indicates a reactive element)
for the outer ceramic layer. The consequences would be reduced
temperatures in the insulated working areas with the concomi-
tant decrease in oxidation kinetics within the bondcoat and in
the generation of thermally grown oxides (TGOs), which are a
determinant factor for the lifetime of TBC systems.'>~!7

The most important role of TBCs is to reduce the temperature
of the metallic base in a stable manner and to thereby promote
safe and long-lasting operations. This goal is achievable for an
Al base by using (i) an effective insulating barrier in the form
of a thin ceramic layer with a low thermal conductivity coeffi-
cient and thermal—-chemical stability in the working atmosphere
and (ii) an bondcoat material in the TGO zone. The thermal
conductivity of these materials, which may be expressed by a
thermal conductivity coefficient or by the thermal diffusivity,
is a fundamental factor that determines if the charge materials
(i.e., powders thermally sprayed onto the outer ceramic layer of
the TBC) are appropriate. Thermal conductivity depends on the
efficiency with which the material scatters phonons at structural
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Fig. 1. General view of the Gd,Zr,O7 TBC layer (a) and details of the surface that are visible with 32x stereoscope macroscope magnification (b).

defects (e.g., vacancies, foreign atoms, grain boundaries, etc.),
which translates into a reduced mean-free path for phonons.
However, the inner structure of the ceramic layer (i.e., the archi-
tecture of cracks and pores) deposited by the spraying process
influences the thermal conductivity. Voids that are insulated from
other artifacts are particularly important because they determine
the effectiveness of a thermal insulation.'$-20

2. Experimental procedure

In this study, we evaluated the microstructure and thermal
properties of a TBC layer deposited by plasma spraying a
ceramic powder with chemical composition Gd,Zr,07. This
TBC was sprayed over a nickel AMS5599 superalloy precoated
with a sprayed-on NiCrAlY interlayer. The base alloy was 2 mm
thick and the NiCrAlY bondcoat was approximately 125 wm
thick. A bondcoat and an outer ceramic layer were then sprayed
over by APS with standard parameters.

The microstructure and technological and thermal properties
of the base powder and ceramic powder are characterized in
detail elsewhere.2!~23 Briefly, these characterizations include the
following:

1. Visual inspection of outer surface of flat sprayed samples.

2. Macroscopic surface tests via stereoscope microscopy
(8ZX9, Olympus) with a magnification from 6.3 x to 40x).

3. Topography measurements of outer ceramic layer with an
analysis of the geometrical surface parameters (MicroProf
contactless optical profilometer, Fries Research and Tech-
nology GmbH).

4. Surface evaluation by scanning electron microscopy (SEM,
Hitachi model S-3400N).

5. Definition of phase composition and estimation of ceramic-
layer stress state by the sin?> W method with the JEOL JDX-7S
Roentgen diffraction instrument and electron backscatter
diffraction (EBSD) detection (coupled with the Hitachi
SEM).

6. Evaluation of TBC microstructure together with the charac-
terization of its thickness and the quantity and quality of
porosity. These measurements were done with an optical
microscope (Olympus DP70) and a field-emission scanning
electron microscope (FE-SEM, Hitachi S-4200) with cold
field emission. The quality and quantity evaluations were

done with in-house software that automatically analyzed the
“Metllo” image (J. Szala, Silesian University of Technology).

7. Microanalysis of chemical composition done via energy dis-
persive spectrometry (EDS) piloted by software produced
by the Thermo Scientific System Seven Company (Hitachi
S-4200).

8. Laser-flash (LF) thermal diffusivity tests of the TBC provid-
ing a direct measurement of the thermal diffusivity (model
LFA 427, Netzsch). These measurements were done in a tem-
perature range from 20 to 1100 °C in an argon atmosphere
on 10 x 10 x 2mm?> samples. Layered materials consisting
of the base, base+bondcoat, and base + bondcoat + outer
ceramic layer were all tested. Cowan’s model was used to
determine the thermal diffusivity of the whole TBC system.
Next, a bilayer model was used to determine the interlayer
thermal diffusivity (at the known thermal diffusivity of the
AMSS5599 base material). A bilayer model was also used
to determine the ceramic-layer thermal diffusivity with the
thermal diffusivity of base plus bilayer serving as a reference.

9. Determination of the coefficient of thermal diffusivity of
charge powders as a function of temperature. The determi-
nation was based on measurements of thermal diffusivity
and known values of specific heat and coefficient of linear
extension.?!~23

3. Results and discussion

The first stage of measurements involved visual evalua-
tion of samples with TBCs. The TBCs, which were based
on the Gd»Zr,07 phase, were plasma sprayed onto the sam-
ples. The purpose of these measurements was to determine
the macroscopic quality of the resulting layers. We particularly
concentrated on the homogeneity in layer thickness and con-
trolled for the possible presence of shoulders, delaminations, or
cracks. These controls were done, for example, during measure-
ments with the stereoscope microscope. Typical results of these
macroscopic tests for the GdyZr,O7 TBC layer are presented
in Fig. 1. The macroscopic visual inspection revealed a good
quality layer both in its core and within the sample area. The
dark uncoated area of the sample is where it was held during the
plasma-spraying process [Fig. 1(a)]. Visual inspection revealed
no visible defects such as shoulders, delaminations, or cracks
that would indicate an incorrect plasma-spraying process. The
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Fig. 2. Geometrical shape of surface of Gd,Zr,O;7 TBC layer in the form of (a) 2D isometric image of surface, (b) 3D topography of surface, and (c) roughness

profile.

surface of the outer ceramic layer is characterized by roughness,
which is obtained by the APS method [Fig. 1(b)].

To improve on the visual evaluation and produce a more
detailed characterization, we used a contactless optical pro-
filometer to describe the surface topography and evaluated the
numerous parameters that characterize the ceramic-layer state.
Fig. 2(a) and (c) shows the geometrical shape of a selected
fragment of a tested surface (1.0 x 1.0mm?) in the form of
an isometric two-dimensional (2D) image, a three-dimensional
(3D) surface topography, and a roughness profile, respectively.
We conclude from the surface maps, which quantitatively
describes the surface geometry that the evaluated GdyZr,O7
layer is characterized by a structure, typical for ceramic lay-
ers, which results from plasma spraying. We measured randomly
selected areas including central zones and zones near the sample
edges. The quantitative results for the geometrical parameters
reveal no significant differences, which agree with the homoge-
nous structure found in the macroscopic measurements. These
quantitative results, which characterize the ceramic-layer sur-
face geometry, are presented in Table 1.

The topography and surface roughness of a ceramic layer
only partially characterize the real state of a sprayed surface.
Although these measurements characterize in a precise quanti-
tative manner some effects of the plasma-spraying process of
ceramic powder and also provide information on the average
state of the surface, they do not give detailed information regard-
ing layer quality. Thus, a more in-depth evaluation of the layer
morphology is essential and must consider the presence and
structure of cracks, which are perpendicular to the base surface
and form a lattice. A typical SEM image (Fig. 3) shows the

surface of the topmost GdzZr,O7 ceramic layer. The GdyZr, 07
TBC is characterized by a structure that is typical for plasma-
sprayed ceramic powders [Fig. 3(a)]. We observe “droplets,”
which are particles of powder congealed on the sprayed sur-
face. The flattened shape of the droplets is the result the impact
of the liquid drop on the solid ceramic phase. This system of
congealed drops forms the TBC layers, which are lamellar in
structure [Fig. 3(b)].

The very fast congealing of the ceramic material generates
strong stresses in the ceramic layer, which manifests itself by a
loss of coherence and a tendency for cracking in a lattice pattern.

Next, by using the XRD and EBSD techniques, we studied
the phase composition of the outer ceramic layer. These methods
allowed us to assess the phase composition in micro-areas; the
results are presented in Fig. 4.

The “macro” assessment (by XRD) and micro assessment
of phase composition revealed the single-phase nature of the
GdZr,O7 layer with a pyrochlore (Fd3m) lattice, which is a

Table 1

Quantitative results for roughness of Gd,Zr,O7 TBC layers. Rz is the maximum
height of the roughness profile, Ra is the mean arithmetic deviation in roughness,
and Rq is the mean square deviation in roughness.

Left edge Core I Core 11 Right edge
Rz [wm] 34.20 36.14 35.00 34.76
Ra [pm] 7.92 6.94 6.52 6.23
Rq [pm] 9.16 8.72 8.12 7.92

Rz, max height of profile of roughness; Ra, mean arithmetic deviation of profile
of roughness; Rq, mean square deviation of profile of roughness.
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Fig. 3. Surface morphology of TBC Gd,Zr,O7layers. (a) General view of a ceramic layer. (b) Details of surface showing droplets and lattice of cracks.

very advantageous phenomenon (considering the fact that the 1.

powder in its initial state is characterized by the presence of

gadolinium oxides and zirconium oxide >%). The single-phase 2.

nature of this layer, which results from plasma spraying, is also

an extraordinarily essential feature because it leads to the con- 3.

clusion of negligible influence of possible phase transformations
on TBC lifetime under high-temperature operations.

The XRD tests also allowed us to evaluate the stresses that
occur in a ceramic layer. Three fundamental factors influence
the residual stresses in the TBC layers>27:

Stress related to variations in the lattice dimensions of com-
ponent phases of the TBC layers.

Stress that result from intense cooling of liquid drops in
sprayed ceramic material.

Stress resulting from differences in the thermal coefficient of
linear extension between a ceramic layer and a prime layer
or base material.

The total stress in the TBCs is a sum of these three com-

ponents (note that stress resulting from possible phase changes
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Fig. 4. XRD and EBSD results giving phase composition of Gd,Zr,O7 layer.
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Table 2 Table 3

Thickness of a prime layer and a ceramic layer in the TBC system. Characteristics of architecture of cracks and pores for TBC layer.

Thickness [pm] NiCrAlY GdyZr, 07 GdyZr, 07

Mean value 125 190 Total porosity [%] 4.69

Max value 156 227 Participation of vertical pores [%] 0.18

Min value 110 174 Participation of horizontal pores [%] 1.79

Standard deviation 7 6 Participation of spherical pores [%] 2.73
Mean length of horizontal pores [pm] 7.78
Mean thickness of horizontal pores [m] 2.78
Value of ratio of length to thickness of horizontal pores 2.80

is considered to be negligibly small 2°). Moreover, a certain
level of stress in the sandy base material is essential and was
given in Ref.?> to be 200 MPa and to be compressive. A lot
of data are available in the literature regarding stress in TBC
layers, but these data are very widely scattered because they
depend on the measurement method, the type of sprayed layer,
and the layer microstructure. Nevertheless, the most prevalent
results for stress in TBC coatings directly after plasma spraying
fall within 20 to 50 MPa and, depending on the publication, the
stress may be either compressive or tensile. For these measure-
ments, the ceramic-layer thickness was also essential. 2835 In the
present case, we estimate the stress by the sin” s method to be
—15MPa.

This parameter is extraordinary essential from a point of view
of durability of the TBC layers. Stresses resulting from the mis-
match of linear extension coefficients and oxidation tend to form
a TGO zone, which works to separate the base from the ceramic
layer. Additional stresses result from creeping and plastic strains.
All these stresses have strong influence on this parameter.3®

Thickness is a fundamental parameter for thermally sprayed
layers, including TBCs. In the present case, we have flat sam-
ples, so we measured the relevant thickness in randomly selected
areas. Considering the stochastic nature of thermal spraying for
coatings of this type, we expect a certain scatter in the results,
which is expressed by the minimum and maximum thicknesses
and the standard deviation. The results, which characterize the
thickness of the NiCrAlY bondcoat and the GdyZr,O7 ceramic
layer, are presented in Table 2, and a general view of the spray-
applied TBC is shown in Fig. 5. Because layer thickness depends
on the parameters of the spraying process, the thickness may
be a priori determined. In a case of TBC layers, the thick-
ness of each layer usually does not exceed 300 pwm. This limit
results from the fact stresses in ceramic layers change with
increasing in thickness, a state of stresses in a ceramic layer
changes consequently, while in a case of thick layers, a value
adopts positive values, what is equivalent to tensile stresses.
Under normal operating conditions, this effect can shorten the
lifetime of such systems unless the ceramic-layer porosity is
increased.

The porosity of a ceramic layer is the next, very essen-
tial, parameter to analyze and is usually defined in terms of
the quantity of participating pores and the presence of so-
called mass porosity, which is a very unfavorable phenomenon.
However, current design techniques based on mathematical
modeling emphasize the microstructure of ceramic layers and,
in particular, their thermal insulation capacity and the detailed
characteristics of the so-called architecture of cracks and pores.
From the quantitative and qualitative characteristics of voids that

are present in the microstructure, it is possible to precisely model
heat-transport phenomena and thereby to define the optimal
parameters for the spraying process.

The characteristics of the architecture of analyzed voids are
presented in Table 3. Pore participation does not exceed 6%
total porosity, and the participation of individual types of pores
is fairly homogeneous. The quantitative and qualitative char-
acteristics of pores demonstrate a predominant participation of
spherical and horizontal pores, which is favorable to improve the
thermal properties of a layer. The participation of vertical pores
is negligibly small. The values given in Table 3 are typical of
ceramic layers that are plasma sprayed with standard spraying
parameters, as may be confirmed by comparing with published
results for TBC 8YSZ layers (see, e.g., Ref. 37). However, no data
is available for layers based on the GdyZr,O7 phase. An anal-
ysis of the microstructure also revealed the presence of sample
regions characterized by mass porosity. A view of the GdyZr,O7
layer is presented in Fig. 6.

As for porosity, other TBC-layer microstructure elements that
require evaluation (i.e., concerning a ceramic layer and a prime
NiCrAlY layer as well) can be taken as correct. An analysis of
the structure of the TBC system within the area in contact with
the metallic base did not reveal any delaminations, impurities,
or other artifacts due to the surface-preparation process. Within
the bondcoat itself, no cracks were apparent and its structure
was typical for the vacuum plasma spraying (VPS) method for
MCrAlY powder. There are no visible indications that oxidation
of the bondcoat occurs during the spraying process. In addi-
tion, the structure of the ceramic layer is also correct. Single
spherically shaped spores are visible and interlamellar cracks,
which developed as the flattened drops of the ceramic phase
cooled, are also visible. The typical microstructure is presented
in Fig. 7.

An analysis of the surface distribution of fundamental com-
ponents indicates a new type of TBC layers has formed.
Phase-composition tests (not included in this paper) demon-
strated that the prime layer consists of nickel-rich phases [Ni(Cr)
and NizAl]. This layer contains particles of Al,O3 oxides that
were created in the core of the layer during the spraying process;
however, they can also occur locally on the surface of an inter-
layer. Typical distributions are presented in Fig. 8. A detailed
image of the microstructure, particularly within the interlayer
zone between the ceramic layer and the prime layer, did not
reveal the presence of oxides in the TGO zone, which may be
attributed to the high temperature during the thermal-spraying
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Fig. 6. GdyZr,0O7 ceramic layer with visible pores and cracks.

process. This question is one of the most essential problems in
the research of TBC layers. Typical images of microstructure
for this zone are shown in Fig. 9.

For TBC deposited by plasma spraying, the typical
microstructure consists of particles remelted in the plasma and
of ceramic particles that flatten when they hit the sample sur-
face as a result of the energy acquired in an arch. A typical
microstructure is presented in Fig. 7. Thus, the system consists
of flattened particles oriented parallel to the base, of interparti-
cle voids orientated perpendicular to the direction of heat flow,
and of interparticle cracks that form perpendicular to the base

when the sprayed particles cool. Moreover, the microstructure
contains pores of different shapes and sizes. These microstruc-
tural features of the ceramic layers result in a low single-level
thermal conductivity of approximately 1 W/mK. Note that this
effect is related only to a geometrical component (thickness)
and to the volume participation of pores and cracks. From the
point of view of mechanical properties, these microstructural
properties lead to a low rigidity (£ =20 GPa) and to a reduction
in stress, which are consequences of a cyclic change of temper-
ature and the differences in linear extension between base and
coating.8

Fig. 7. Details of inner structure of TBC Gd,Zr,O7layer.
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Fig. 9. Surface distribution of components in TBC Gd,Zr,O7 layer in interface zone between a ceramic layer and the NiCrAlY prime layer.
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Fig. 10. Thermal diffusivity of TBC 8YSZ and Gd;Zr,0O7 layers, measured as
a monolithic system.

From the point of view of porosity of a ceramic layer, the
reduction in thermal conductivity is mainly related to the volume
participation of pores and their sizes. The thermal conductivity
of gas contained in the pores of the TBC layers is close to that
of free gases (approximately 0.025 W/mK for air), which indi-
cates that the pore sizes are much bigger on average than the
mean-free path of the gas molecules. If the pore sizes fall sig-
nificantly below the gas mean-free path length, then the thermal
conductivity drops below the typical value for free gases and
becomes related exclusively with Knudsen’s conductivity. Pore
sizes (and grain sizes as well) are also meaningful from the point
of view of radiative heat transport, because grain boundaries
and similar microstructural elements can scatter the radiative
heat-transfer component. Fine-grained structure and fine pores
strongly scatter the heat stream and reduce emission of infrared
radiation.8

Grain boundaries are another microstructural element that
contribute to determining the thermal insulation properties of
sprayed layers. The scattering of phonons from grain boundaries
can lower thermal conductivity in the low-temperature range by
reducing the phonon mean-free path in a sprayed layer. And this
effect is stable, even at high temperatures.>**? As for phonon
scattering from grain boundaries, the introduction of significant-
size inclusions will further shorten the phonon mean-free path
in the microstructure of a layer. In this case, the effect depends
on the radius of the inclusion. This aspect was stated exper-
imentally, and it was shown that that smaller inclusions and
higher-volume participation of inclusions results in a noticeable
drop in thermal conductivity.3*40

The thermal diffusivity of the materials analyzed is presented
in Fig. 10. The curve for the AMS5599 alloy is typical for metal
alloys, with the thermal diffusivity increasing with temperature.
In this case, heat transport is dominated by the electron mecha-
nism and the phonon mechanism is not significant. The thermal
diffusivity curve for an alloy of the base material, with a sprayed
NiCrAl layer, is similar. A stronger overall increase in diffusiv-
ity for a binary system can be seen and indicates the increased
influence of the interlayer at higher temperature. Applying an
outer ceramic GdZr,O7 layer type decreased the thermal diffu-
sivity of the AMS5599-NiCrAlY binary system. At 1100 °C, the
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Fig. 11. Thermal diffusivity of ceramic top coat of 8YSZ and Gd,Zr,O7 types
obtained from two-layers model with contact resistance.

drop in diffusivity is almost a factor of two. To put the results
in perspective, we also show the diffusivity of a conventional
8YSZ layer.

The lowest thermal diffusivity of the whole system is for
a conventional coating based on the 8YSZ powder. However,
these results are not authoritative, because they do not take into
account the real thickness of the ceramic layers. To do so would
require determining the thermal diffusivity of the ceramic layers
via mathematical models, which would render the results inde-
pendent of layer thickness. Thus, in addition to measured data,
we used the PROTEUS package for this purpose. The thickness
of the measured layers was 300 and 190 wm for the 8YSZ and
Gd,Zr, 07 coatings, respectively.

We applied a bilayer model to calculate the thermal diffusivity
of the ceramic layers in both TBC systems. The base material
plus bondcoat was treated as the base material and the outer
ceramic layer was treated as an unknown material. The results,
presented in Fig. 11, indicate a thermal diffusivity inversely
proportional to temperature (typical for polycrystalline materi-
als) over the range from ambient temperature to approximately
800 °C. Athigher temperatures, the observed increase in thermal
diffusivity to 1100 °C is attributed to radiative heat transport. It
is clear that the Gd,Zr,O7 coating is characterized by a lower
thermal diffusivity, which we attribute to the properties of the
charge material itself and to the microstructure of the deposited
layer (porosity). However, the porosity results demonstrate that
the thermal diffusivity of the GdyZr,O7 layer is slightly larger
(~5%) than that of the TBC 8YSZ layer.

Based on the measurements of the thermal diffusivity of the
layers and on the specific heat, density, and coefficient of linear
extension, we calculated the coefficient of thermal diffusivity for
the analyzed ceramic layers of feedstock powders??>~2# (Fig. 12).

The results of these calculations indicate a lower thermal
diffusivity for the TBC layers, which were obtained from
gadolinium—zirconate-based powders. This difference decreases
slightly with increasing temperature, but the proposed layer is
still characterized by a thermal diffusivity approximately 20%
less than that of conventional layers.
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Fig. 12. Thermal conductivity of ceramic top coat of 8YSZ and Gd,Zr, O7 types.
4. Conclusion

Our measurements revealed that using gadolinium-—
zirconate-based powder leads to a TBC coating characterized by
significantly improved thermal insulation properties—at a sig-
nificantly lower outer-ceramic-layer thickness—compared with
conventional layers based on 8YSZ powders. In addition, the
microstructure, inner structure, and geometrical parameters of
the proposed layer based on Gd,Zr,O7 powder (deposited with
standard plasma-spraying parameters) are comparable to those
of conventional layers.
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