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bstract

he microstructure of following thermal barrier coatings (TBC) was characterised in this paper: monolayer coatings Nd2Zr2O7 and 8YSZ; a double
eramic layered (DCL) coating. Coatings were characterised by thicknesses that did not exceed 300 �m and porosities of approx. 5%. The chemical
nd phase composition analysis of the DCL layers revealed an external Nd2Zr2O7 ceramic layer approx. 80 �m thick, a transitional zone approx.
20 �m thick and an internal 8YSZ layer 100 �m thick. For the case of the monolayer coating, the Nd2Zr2O7 pyrochlore phase was the only
ne-phase component. The surface topography of both TBC systems was typical for plasma sprayed coatings, and compressive stress state had a

alue of approx. 5–10 MPa. Measurements of the thermal parameters, i.e., thermal diffusivity, point to considerably better insulative properties for
oth new types of layers when compared to the standard 8YSZ layers.

 2011 Elsevier Ltd. All rights reserved.
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.  Introduction

Thermal barrier coatings (so-called TBCs) are examples of
rotective coatings, such as used in gas turbines, and these coat-
ngs are the most advanced when considering their material
nd technological qualities. They are characterised by perfect
nsulating properties. The insulative behaviour lowers the tem-
erature of the part (approx. 170 ◦C), which is subjected to
reep due to the hot temperatures in certain engine section (e.g.,
ombustion chambers, guiding vanes and rotating vanes), to a
emperature range that promotes a long-lasting and safe service
ife under high operating temperatures. Application of such a
rotective coating extends the lives of the elements three or four
imes, while at the same time, reducing fuel consumption.1 Ther-

al barrier coatings have been used for approx. 40 years, and

hey are based on the formation of an outer ceramic layer, approx.
50 �m. This layer is usually composed of zirconium oxide
odified with yttrium oxide (8YSZ–ZrO2 ×  8Y2O3). Because
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he ceramic layer is prone to cracking and falling off, additional
rime layers of Ni(Co)CrAlY or NiAl(Pt) are applied.2

Although such layers have been used for several years, their
urability is still a fundamental problem. Because of this issue,
ntensive research has been carried out that aims to replace the
YSZ oxide with a new type of ceramic material that will sur-
ass it in properties and durability. The scope of most of the
esearch has concentrated on compositions based on the ZrO2
hase, modified with one or two rare earth element type oxides
RE2O3), but different from Y2O3. Rare earth zirconates with the
yrochlore-type structure and a general formula of RE2Zr2O7
re other types of materials that have been tested.

Several independent works3–16 led to a common conclu-
ion: rare earth zirconates with a general formula RE2Zr2O7,
hich crystallize with an ordered pyrochlore-type structure, are

 promising group of materials for use as TBC ceramic layers.
xperiments revealed that the La2Zr2O7 compound (poros-

ty 3%) demonstrated thermal conductivity on the order of
−1 −1
.6 Wm K , while the 8YSZ oxide (8.8% porosity) had a

alue of 2.5 Wm−1 K−1. The use of M2D2O7-type compounds
 where M stands for Gd, La, and Y; D stands for Hf, Ti, and Zr
 was proposed as well. A concept to apply a compound of the

http://www.sciencedirect.com/science/journal/09552219
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ig. 1. Macroscopic view of the TBC layer: type Nd2Zr2O7 (a), surface details
LC layer (c) and (d) and analogous to the Nd2Zr2O7 specimen, details of the 

imilar type also was proposed, but the M component comprises
lements of the lanthanide group from La to Yb.

. Experimental  procedure

The TBC was obtained through plasma spraying the
d2Zr2O7 ceramic powder as a monolayer and as a DCL layer
ith an additional 8YSZ ceramic layer (the zirconate layer) that

eparates it from the prime layer. A nickel superalloy (AMS
599) was used as the base alloy, and a NiCrAlY bondcoat was
prayed on its surface. The alloy base was 2 mm thick, and the
iCrAlY layer was approx. 125 �m. A prime layer and an outer

eramic layer were sprayed by the APS (atmospheric  plasma
praying) method at standard process parameters. Detailed
esults of the tests, which characterised the microstructure, tech-
ological properties and thermal properties of the prime and
eramic powders, are presented in those papers.17–19

The scope of tests comprised
 macroscopic visual inspection of sprayed flat samples;

able 1
esults from the quantitative roughness analysis of the TBC layers, Nd2Zr2O7

nd Nd2Zr2O7/8YSZ.

Nd2Zr2O7 Nd2Zr2O7/8YSZ

z [�m] 46.2 41.6
a [�m] 8.87 7.58
q [�m] 10.9 9.32

z: max height of profile of roughness, Ra: mean arithmetic deviation of profile
f roughness, Rq: mean square deviation of profile of roughness.
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isible with a stereo microscope – magnification 32×  (b), the Nd2Zr2O7/8YSZ
e are visible through the stereo microscope – magnification 32×.

 macroscopic examination of the surface with a stereo micro-
scope (SZX9, produced by the Olympus Company, in a
magnification range from 6.3×  to 40×);

 characterisation of the surface and analysis of the geometri-
cal surface parameters to analyse the topography of the outer
ceramic layer (MicroProf contactless optical profilometer,
produced by the FRT Company);

 evaluation of the surface with a scanning electron microscope
SEM (Hitachi model S-3400 N);

 determination of the phase composition and estimation of the
stress state in the ceramic layer by the sin2�  method cou-
pled by XRD (X-ray  diffraction) method with a Roentgen
diffraction instrument (JEOL JDX-7S) and an EBSD (elec-
tron backscatter  diffraction) detector, which was attached to
the Hitachi S-3400 N microscope;

 evaluation of the microstructure of the TBC system as well
as with the thickness characteristics, quantitative and qualita-
tive characteristics and porosity characteristics of the ceramic
layer. Observations were performed on a digital camera sys-

tem (Olympus DP70) and a scanning electron microscope
(Hitachi S-4200). Qualitative and quantitative evaluations
were carried out with a program that provided for the

able 2
hickness measurement results for the prime and ceramic layers in the TBC
ystem.

hickness [�m] NiCrAlY Nd2Zr2O7 Nd2Zr2O7/8YSZ

verage value 125 240 300
ax. value 156 277 321
in. value 110 189 287

tandard dev. 7 12 14
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ig. 2. Geometrical surface configuration of the TBC layer types Nd2Zr2O7 an
b) and distribution of the roughness (c).

automatic analysis of the “MetIlo” image (J. Szala – Silesian
University of Technology);
determination of the chemical composition by microanaly-
sis through the EDS (energy-dispersive  spectroscopy) method
with a software program (produced by the Thermo Scientific
System Seven Company) on the Hitachi S-4200;
 determination of the thermal diffusivity of the TBC lay-
ers was conducted by the L-F (laser-flash) method on
an LFA 427 (Netzsch Company). This method directly

Fig. 3. Surface morphologies of the TBC layers, ty
Zr2O7/8YSZ represented by a 2D isometric image (a), 3D topographical map

measured the thermal diffusivity in a temperature range of
20–1100 ◦C under an argon atmosphere on square samples
10 mm × 10 mm × 2 mm. The base material, base material
with a bondcoat and the base material with both a bond-
coat and an outer ceramic layer were the subjects of the tests.
To calculate the thermal diffusivity value of the whole TBC

system, Cowan’s model was used. Then, the bilayer model
was used to determine the thermal diffusivity of the bondcoat
(at known thermal diffusivity of the AMS5599 base material)

pes Nd2Zr2O7 (a) and Nd2Zr2O7/8YSZ (b).
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Fig. 4. Phase composition results, carried out on the surface

and the ceramic layer; the thermal diffusivity for the base plus
bilayer was taken as a reference parameter; and
determination of an analytical value of the coefficient of
thermal diffusivity, as a function of temperature, based on
the thermal diffusivity measurement results and the specific
heat and coefficient of linear expansion values for the charge
powders.17–19

.  Results  and  discussion

The macroscopic visual inspection of both sprayed TBC lay-
rs revealed that the applied APS process parameters enabled
he formation of a coating of satisfactory quality. The outer
eramic layer was homogeneous in thickness, and defect free.
he appearance of the outer ceramic surface is typical for these
ypes of coatings. The olive green colour of both coatings was
ue to the olive green colour of the charge powder. Example
mages, showing Nd2Zr2O7 and Nd2Zr2O7/8YSZ TBC layers,
re presented in Fig. 1.

s
l
c

Fig. 5. Macroscopic view of the TBC layers, 
e TBC layer types Nd2Zr2O7 (a) and Nd2Zr2O7/8YSZ (b).

As expected, a more detailed description of the surface
opography was obtained with a contactless optical profilo-
raph where quantitative parameters, which characterise the
opography of the outer ceramic layer, were obtained as well.
he geometrical shape of a selected section of the tested
urface (1.0 mm ×  1.0 mm) is represented by a 2D isomet-
ic image, a 3D topographical map and a distribution of the
oughness for both types of layers, as shown in Fig. 2(a), (b)
nd (c), respectively. Results of the quantitative tests, which
haracterised the surface geometry of the ceramic layer, are
resented in Table 1. From the surface configuration maps
nd results, one can conclude that the estimated Nd2Zr2O7
nd Nd2Zr2O7/8YSZ layers are characterised by a struc-
ure that is typical for ceramic layers fabricated by plasma
praying.

In order to obtain a more complete evaluation, the surface

tate of the TBC sprayed layers and the morphology of the top
ayer must be characterised as well. The structure and presence of
racks, which are perpendicular to the base surface, also should

types Nd2Zr2O7 and Nd2Zr2O7/8YSZ.
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Fig. 6. Details of the structure of the TBC in

e considered, as these cracks are visible along grain bound-
ries. Example photos, taken by the SEM method, from the top
eramic Nd2Zr2O7 and Nd2Zr2O7/8YSZ coating layer surfaces
re presented in Fig. 3.

Both TBCs were characterised by a structure that is typical

or plasma sprayed ceramic powders. The presence of so-called
roplets  is visible, where the droplets are powder particles that
ave congealed on the sprayed surface, and these droplets have

(
m
n

ig. 7. Results from the thermal diffusivity measurements of the TBC layers, types
ystem.
yer, types Nd2Zr2O7 and Nd2Zr2O7/8YSZ.

 flattened shape, due to impact with a liquid drop of a ceramic
hase.

The phase composition of the layers was evaluated by the
RD and EBSD methods. These techniques complemented

ach other and did not affect the structure of the TBC layers

Fig. 4). The “macro” assessment (XRD) and micro assess-
ent (EBSD) of the phase composition revealed the one-phase

ature of the obtained layer, based on the Nd2Zr2O7 phase with a

 8YSZ, Nd2Zr2O7 and Nd2Zr2O7/8YSZ, which is measured as a monolithic
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Fig. 8. Thermal diffusivity of ceramic top coat of 8YSZ, Nd2Zr2O7 and N

yrochlore-type lattice (Fd3m), which is an advantageous phe-
omenon. The one-phase nature of the plasma sprayed layer is
n extraordinary and essential feature and allows the possibil-
ty that phase transformations have a negligibly small influence
n the durability of the TBC layers subjected to high operating
emperatures.

The stresses occurring in the ceramic layer can be estimated
rom the XRD tests. Using the sin2�  method to analyse the
tresses, values of −15 MPa and −12 MPa were estimated for
he Gd2Zr2O7 monolayer and DCL coating, respectively.

The thickness of a particular layer is a fundamental parameter
nd is important to determine for thermally sprayed lay-
rs and thermal barrier coatings. The thickness measurement

esults for the NiCrAlY prime layer and the Nd2Zr2O7 and
d2Zr2O7/8YSZ ceramic layers are presented in Table 2, and a
eneral view of the TBC layers is shown in Fig. 5. The thickness

Q
p
b

ig. 9. Thermal conductivity of ceramic top coat of 8YSZ, Nd2Zr2O7 and Nd2Zr2O7/8
easured as a monolithic system.
2O7/8YSZ types obtained from two-layers model with contact resistance.

f both layers did not exceed 300 �m, and the homogeneous
ayer was approx. 60 �m thinner. Measurements were carried
ut on randomly selected images in different places on a flat
ample. A number of measurements were 50, which warrants
tatistic corrections to the results.

Characterising the porosity of the ceramic layer was the last
tage in evaluating the microstructure. Quantitative calculations
f the amount of pores and cracks and the presence of so-called
ass porosity, which is an unfavourable phenomenon, is usu-

lly seen. The void characteristics of the analysed layers are
iven in Table 3. The percentage of pores does not exceed 4.5%
f the total porosity, and the percentages of individual types of
ores have similar results. The DCL layers have similar values.

uantitative and qualitative pore characteristics demonstrate the
redominance of spherical and horizontal pores, which favours
etter thermal properties of this layer. The effect of vertical

YSZ types. Thermal diffusivity results for the TBC layers 8YSZ and Nd2Zr2O7,



G. Moskal et al. / Journal of the European C

Table 3
Results from the evaluation of the structure of cracks and pores in the TBC
layers.

Nd2Zr2O7 Nd2Zr2O7/8YSZ

Total porosity [%] 4.55 4.92
Vertical pores [%] 0.19 0.23
Horizontal pores[%] 1.83 2.01
Spherical pores [%] 2.53 2.68
Av. length of horizontal pores [�m] 7.33 8.11
Av. thickness of horizontal pores [�m] 2.34 2.94
Ratio of length to thickness of
h

3.13 2.76
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orizon. pores

ores is negligibly small. These values are typical for ceramic
ayers that are plasma sprayed at standard process parameters.
n analysis of the microstructure also revealed areas that have
ass porosity. Example exemplary microstructures of both types

f layers are presented in Fig. 6.
The typical microstructure of plasma sprayed barrier coat-

ng layers consists of flattened particles that are parallel to the
ase; interparticle voids, oriented perpendicularly to the direc-
ion of heat stream flow; and interparticle cracks, formed during
he cooling process of the sprayed particles. These microcracks
ropagate perpendicularly to the base. Considering questions
hat arise due to porosity in the ceramic layer, one can state that
he reduction in thermal conductivity is mainly related to the
olume percentages and sizes of the pores.20 The thermal con-
uctivity of the gases found in the barrier layer coating pores
s close to the thermal conductivity of free gases. The value in
ir is approx. 0.025 Wm−1 K−1 and points to the fact that the
izes of the pores are much bigger than the mean free path. If
he pore size is less than the mean free path, then the value
f the thermal conductivity drops below the typical free gas
alue, and this behaviour is related exclusively to Knudsen’s
onductivity. The sizes of the pores (and grains as well) also are
mportant for radiational heat transport because grain boundaries
nd similar microstructural elements have the ability to scatter
he radiational component. Fine-grained structures and fine-pore
tructures reveal a strong tendency to scatter the heat stream and
educe the ability to emit infrared radiation.20 Grain boundaries
re the second microstructural element that determine the insula-
ive properties of the sprayed layers. Scattering of phonons at the
rain boundaries can lower the thermal conductivity at low tem-
eratures by reducing the phonon mean free path in the sprayed
ayer. This effect is stable, even at high temperatures.21,22

Thermal diffusivity test results for the analysed materials are
resented in Fig. 7.

Applying an outer ceramic layer of both types, i.e., Nd2Zr2O7
nd Nd2Zr2O7/8YSZ, lowered the thermal diffusivity value of
he AMS5599-NiCrAlY bisystem. These results demonstrate
hat the best effect was obtained for the 8YSZ conventional coat-
ng. However, these results do not consider the real thickness of
he ceramic layer. In order to account for this thickness, it is nec-
ssary to determine the thermal diffusivity of the ceramic layers

lone with the use of proper mathematical models; this method
akes the results independent of the thickness of the analysed

ayer. The Proteus program was applied for this purpose, and
eramic Society 32 (2012) 2035–2042 2041

he calculated data yielded thickness values of the tested
ayers as 240 and 300 �m for the Nd2Zr2O7 and
d2Zr2O7/8YSZ coatings, respectively. A conventional

ayer is 300 �m thick. The bilayer model was used to calculate
he thermal diffusivity of the ceramic layers, while the base
aterial coupled with an interlayer was treated as the base
aterial, and the outer ceramic layer was treated as an unknown
aterial. The thermal diffusivity results, shown in Fig. 8, point

o a lower value for the DCL Nd2Zr2O7/8YSZ coating, and this
ehaviour is due to the properties of the charge material, the
icrostructure of the layer (porosity) and, the boundary that

eveloped between the 8YSZ and Nd2Zr2O7 phases.
Using the results of measurements of thermal diffusivity of

ayers and measurements of specific heat, density and coeffi-
ient of linear extension for the feedstock powders, a value of

 coefficient of thermal diffusivity of analysed ceramic layers,
as calculated18–20 (Fig. 9).
These calculations point to a lower thermal diffusivity for the

BC layers obtained from powders based on neodymium zir-
onate of both types. Together with an increase in temperature,
he DCL–Nd2Zr2O7/8YSZ–TBC is the best solution.

. Conclusion

In conclusion, the TBC layers based on neodymium zir-
onates could be an alternative to conventional 8YSZ layers.
ased on the evaluation of the microstructure, the applica-

ion of standard plasma spraying process parameters enabled
ttaining good quality Nd2Zr2O7 and homogeneous DLC
Nd2Zr2O7/8YSZ) ceramic layers. The porosity of both coat-
ngs did not exceed 5%. Thermal diffusivity tests revealed, as
ell, that the insulative properties of the zirconate layers were
etter compared to those of the standard coating based on the
YSZ oxide. Moreover, due to a developed interphase boundary
n the DLC, phonon scattering effects were amplified because of

 grain boundary-related component that is usually negligible.
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