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Summary
Conventional yttria stabilized zirconia (YSZ) are widely used in the gas turbine to protect
the substrate material from high temperature. But the common YSZ top coatings have
limitations at higher temperature (above 1200℃) due to significant phase transformation
and intensified sintering effect. Among the list of pyrochlores, gadolinium zirconate offer
very attractive properties like low thermal conductivity, high thermal expansion coefficient
and CMAS resistance. However, a lower fracture toughness than YSZ and tendency to
react with alumina (thermal grown oxide) can lead to lower lifetime. Therefore, multilayered thermal barrier coating approach was attempted and compared with single layer
system. Single layer (YSZ) was processed by suspension plasma spraying (SPS). Double
layer coating system comprising of YSZ as the bottom ceramic layer and gadolinium zirconate as the top ceramic coat was processed by SPS. Also, a triple layer coating system
with denser gadolinium zirconate on top of double layer system, was sprayed. Denser gadolinium zirchonate acts as the sealing layer and arrest the CMAS penetration. Isothermal
oxidation performance of the sprayed coating systems including bare substrate and substrate with bond coat were investigated for a time period of 10hr, 50hr and 100hr at 1150℃
in air environment. Weight gain was observed in all the systems investigated. Microstructural analysis was carried out using optical microscopy, SEM/EDS. Phase analysis was
done using X-ray diffraction (XRD). Porosity measurement was made by water impregnation method. It was observed that multi-layered thermal barrier coating systems of
YSZ/GZ and YSZ/GZ/GZ (dense) showed lower weight gain and TGO thickness than the
single layer YSZ for all exposure time (10hr, 50hr & 100hr). The triple layer system had
lower weight gain and TGO thickness compared to double layer system due to lower porosity content. Also, from the porosity measurement data, it could be seen that sintering
effect is more dominant at 10 hr. of oxidation for all the coatings systems.
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1 Introduction

1.1 YSZ and Multi-layered thermal barrier coatings
Thermal barrier coatings (TBCs) play an increasingly important role of protecting the hot
section components of gas turbines, such as blades, nozzles and combustion champers
from high temperatures [1]. The conventional TBCs are usually deposited over a MCrAlY
(where M indicates nickel, cobalt or combinations) bond coat as a low-thermal-conductivity
ceramic layer. The gas turbine industry has been evolving every decade with a desire to
achieve higher engine performance (thermal efficiency) by increasing the working temperature. But increase in operating temperature leads to enhanced thermal fatigue and severe
reduction in lifetime due to faster oxidation of the bondcoat [2]. Yttria-stabilized zirconia
(YSZ) ceramic material is the most widely used top coat in TBCs [3]. But the standard YSZ
top coating has some limitations at higher temperatures (> 1200℃). Above 1200OC, phase
transformation and intensified sintering of the YSZ have been reported and these have
detrimental effect on the microstructure, leading to higher thermal stress due to volume
expansion & decrease in porosity respectively. With high volume expansion, the cracks
increase and open up, leading to the degradation of lifetime of the coatings [4] [5] [6]. Also,
CMAS (calcium magnesium alumino silicates) infiltration has been a threat to the YSZ at
above 1200OC [7] [8] [9].
Within the last decade, search for new ceramic materials that are better than YSZ in terms
of thermal insulation, phase stability, sintering resistance and CMAS infiltration resistance
have been identified. Pyrochlores especially of the rare-earth zirconates compositions
(La2Zr2O 7, Gd2Zr2O 7), are widely investigated since they offer properties such as low thermal conductivity, phase stability and CMAS resistance [10] [11] [12] [13] [14] . But their
relatively low fracture toughness is detrimental to the lifetime of coatings. Some studies
demonstrated that low fracture toughness and the reaction of alumina (TGO) with Gd2O 3)
were the reasons for single gadolinium zirchonate ceramic layer having a shorter thermal
cycling lifetime than YSZ. Table 1lists the thermal & mechanical properties of new TBC
materials and YSZ as well. Double ceramic layers (DCL) based on the pyrochlore-type zirchonate on top of YSZ showed more promising results in terms of lifetime [15] [16] [17].
Also, some recent work have found that addition of nanostructured YSZ & Gd2Zr2O 7 layers can improve thermal shock resistance of the TBC system [18].
Table 1 Thermal properties of new TBC materials and YSZ
Material

Coefficient of thermal
expansion, 10-6/k

Fracture
Mpa1/2

YSZ

11,5

2

2,12

La2Zr 2O7

9,1

1,1

1,56

Gd2Zr 2O7

10,4

1,02±0,11

1,6

Substrate / Bond coat

15

/

/

1

toughness,

Thermal conductivity, W/mK
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1.2 Plasma spray processes
Air plasma spraying (APS) and electron-beam physical-vapor deposition are the two main
attractive thermal barrier coating deposition methods used by the gas turbine industries due
to their unique microstructural characteristics. Air plasma sprayed coatings have a considerable amount of porosity (15 to 20 vol %) and cracks that are parallel to the interface between bond coat and top coat which are responsible for their lower thermal conductivity.
Also, its low cost and high deposition rates makes it more readily acceptable by the gas
turbine industry. But the relatively lower toughness of interface and micro-cracks can lead
APS TBCs to shorter thermal-cycling lives than EB-PVD TBCs. TBCs generated by EBPVD have columnar structure microstructures with vertical cracks, which help in imparting
strain tolerance to the coating system. But the coatings produced by EB-PVD are relatively
more expensive and also the deposition rates are slower than APS process [19] [20] [21].
Suspension plasma spray, a recently developed process, which combines the benefits of
both APS & EB-PVD such as columnar microstructure with higher deposition rates and
more economical than the EB-PVD would be a better choice for processing TBCs [22] [23]
[24] [25]. The suspension plasma spray process photograph is shown in Figure 1.

1.3 Aim
Literature review showed that so far no work has been reported on spraying gadolinium
zirchonate / YSZ multilayer coatings using the suspension plasma spray process and the
changes in topcoat microstructure and TGO growth in isothermal heat exposure have not
been studied in detail, nor clearly explained. This study attempts to suspension plasma
spray sub-micron sized standard 8YSZ single layer (SCL) and compare its isothermal oxidation performance with submicron sized double layer GZ/YSZ coating (DCL) which is also
processed by SPS. In addition to this, a triple layer system (TCL) with denser gadolinium
zirchonate on top of the double layer system, is also sprayed using SPS. The three coating
systems along with substrate coated with only bond coat and bare substrate will also be
subjected to high temperature isothermal oxidation test (1150℃) for different time intervals (10hr, 50hr & 100hr) and then characterized by weight gain studies, microstructure &
porosity content and XRD.

Figure 1 Axial Suspension Plasma Spraying process
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2 Experimental Methods and Materials
2.1 Materials

Geometry of the substrates used were 25.4 mm in diameter and 6.3 mm in thickness
(round button). Substrates were grit blasted with alumina of grit size 220 to obtain a surface
roughness profile of 3µm (Ra) in order to obtain a better adhesion with the bond coat.
Bond coat AMDRY 9951 (NiCoCrAlY composition) was sprayed by HVAF using the M3
gun. The ceramic top coat was processed by SPS using Axial III Mettech gun. Gadolinium
zirchonate & YSZ powders of particle size D50 = 500 nm were suspended in alcohol and
were used as the liquid feedstock for spraying. The solid content of suspension was 25 wt
%. Three different variations in the ceramic coating systems comprising of SCL, DCL &
triple layer TCL, as shown in Figure 2, were sprayed. The spray parameters of different
TBC systems are listed in Table 2.
Table 2 Spray parameters of different TBC systems

Figure 2 Spray parameters of different TBC systems; (a) SCL, (b) DCL, (c) TCL

3

Degree Project for Master of Science with a major in Mechanical Engineering
Isothermal Oxidation Study of Multi-Layered Thermal Barrier Coatings

Figure 3 Samples after 10hr. of exposure (a) bare substrate, (b) substrate with only bond
coat, (c) SCL with bond coat & substrate, (d) DCL with bond coat & substrate, (e) TCL
with bond coat & substrate

2.2 Isothermal oxidation test conditions
The specimens were set in an electric furnace (Lab Star) for various lengths of times (10, 50
and 100 hours) at a temperature of 1150℃. There were two samples for bare substrate, sub-

strate with only bond coat, SCL with bond coat & substrate, DCL with bond coat & substrate, TCL
with bond coat & substrate in each time of exposure. Temperature of 1150℃ was chosen

because the YSZ undergoes phase transformation and significant sintering at above 1200℃
[16, 17]
. After the isothermal oxidation test, the samples were allowed to cool down to ambient temperature inside the furnace in order to avoid thermal shock to the samples. The
photograph after 10hr. of exposure is shown in the Figure 3

2.3 Weight Gain/Loss
Weights of all the samples were measured before setting them into the furnace using the
weighting apparatus (PCE AB-100). After removing the samples, final weight after oxidation test were measured.

2.4 Microstructure Analysis
Metallographic preparations to obtain the cross-section microscopic features included cutting, mounting, grinding and polishing. The specimens were cold mounted before cutting
by using 5:1 ratio of epoxy resin and hardener. Then they were cut into two pieces by a
diamond cutting blade (Struers secotom-10 machine). The specimens were again cold
mounted and finally polished using the Buehler Power Pro 5000 equipment.
For analyzing the cross sectional microstructure of TBC specimens, optical microscope
(OLYMPUS BX60M) and scanning electron microscopy (SEM, Hitachi model TM3000)
were used. Energy dispersive spectroscopy (EDS, Bruker) was used for elemental analysis
of the thermal grown oxidation layer in all the three coating systems after the isothermal
oxidation study for different exposure times.
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2.5 XRD Analysis
X-ray diffraction of the as sprayed TBC systems was carried out using SEIFERT-TT 3003
equipment. Cu Kα of 1.541 A◦ wavelength was used and a step size of 0.01℃ with 10 seconds for each step was carried out in order to avoid noise in the diffraction pattern. JCPDS
standard was used to identify the peaks.

2.6 Porosity Measurement
Water intrusion porosimetry was used to estimate the open porosity content since water
cannot penetrate the closed and isolated pores. The volume fraction of porosity (𝜀𝜀) can be
defined as the fraction of void space (𝑉𝑉𝑣𝑣 ) relative to the apparent total bulk volume (𝑉𝑉𝑇𝑇 ) of
the sample (equation 1) [26].
Vv
VT

ε=

(1)

Free standing coatings were obtained by dissolving the TBCs in a solution of HNO3 and
HCl. Dry weight of the free standing coatings was measured and then they were immersed
in a water containing beaker and then vacuumed several times to remove the air entrapped
in the pores and allow water to infiltrate the pores.
So the aforementioned equation can be changed as the follows:

ε=

Vw
Vw + Vc

(2)

Where 𝑉𝑉𝑤𝑤 is the volume of liquid (approximately to void space), 𝑉𝑉𝑐𝑐 represents the the volume of coatings.
The volume can be calculated by the equation 3.
V=

m

(3)

ρ

Where m is abbreviation of mass, ρ is density of materials that was shown in the Table 3.
The limitation of water intrusion method is that closed pores cannot be accessed by water.
This method estimates only open porosity of top coat.

Table 3 Density of different materials
Material

YSZ

GZ

GZ+YSZ

GZ(dense)+GZ+GZ

Density
(bulk
g/c.c)

6.1

6.32

6.27

6.29
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3 Results and Discussion
3.1 Weight gain/loss studies
Five different systems comprising of single layer YSZ with bond coat & substrate, double
layer GZ+YSZ with bond coat & substrate, triple layer GZ (dense) +GZ+YSZ with bond
coat & substrate, bare substrate and substrate with only bond coat were investigated for the
weight gain studies. Weight gain results obtained after calculating the difference between
original weight of as-sprayed TBCs from the ones which were exposed to 1150OC for different time (10h, 50h, and 100h) intervals are shown in Figure 4 (a). It was found that the
bare substrate had a highest weight gain among the five systems investigated due to the
absence of protective or a passive oxide layer. The bond coated substrate also had a higher
weight gain compared to the single, double & triple layer systems but lower than the bare
substrate due to the presence of oxide forming elements (Al & Cr) in the top surface. In
the case of single, double & triple layer systems, the SCL (YSZ) had a higher weight gain
comparatively followed by the double layer and then the triple layer system. The same
trend was observed at all the time intervals i.e. 10 hr, 50hr & 100 hr. The reason for improvement in the oxidation behaviour of the DCL compared to the SCL can be attributed
towards the presence of stable frenkel defects in the crystal structure of gadolinium zirchonate [27] [28] . These frenkel defects help in improving the oxygen penetration resistance
of the gadolinium zirchonate layer. However, in the case of TCL, further improvement in
oxygen penetration resistance was observed due to almost 15 % lower porosity in the entire
system compared to DCL system because the top dense layer block penetration. Lower
porosity content in the ceramic coating system helps in reducing the oxygen access to the
bond coat. Also, the oxidation rates of all the five systems can be seen in the Figure 4b.
The results indicate that the oxidation rates of all the five systems had a parabolic behaviour, which is needed to avoid faster weight gain. Among all the systems, TCL showed the
lowest oxidation rate due to the reasons explained above.
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Figure 4 (a) Weight gain after isothermal oxidation at 1150OC for 10hr, 50hr & 100 hr,
(b) the oxidation rate of all the five system

3.2 Porosity Measurement
Porosity measurements of as sprayed coatings and after the oxidation studies for different
time intervals (10, 50 & 100 hr.) were obtained using the archimedes principle and plotted
in fig. 5. In the case of as sprayed coatings it was found that the DCL coatings had highest
porosity content of 20.5 % whereas the TCL had a porosity content of 17.4% and SCL had
the lowest porosity content of 17%. After the isothermal oxidation test for 10 hr, porosity
content of all the coating systems decreased due to sintering, which causes the closure of
pores as densification of grains of the coating occur. It can be seen from Figure 5 that as
the time of exposure increases from 10 hr. to 100 hr. The porosity content is further reduced due to increased sintering of the ceramic coating systems. Also, it can be noted that

7
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Figure 5 Change of porosity value of SCL, DCL and TCL after isothermal oxidation test
for 10h, 50h & 100h

in all the coating systems investigated, the decrease in porosity content is very high at 10 hr.
of exposure than the one at 50 hr. & 100 hr. indicating that sintering effect is more dominant at 10 hr. of exposure.

3.3 Microstructural Analysis
3.3.1 As Sprayed Microstructures
The as sprayed coatings cross sectional microstructures are shown in the Figure 6. In the
case of SCL (YSZ) coating microstructure (Figure 6a), columnar structure with pores &
vertical cracks were observed. These vertical cracks in the microstructure are highly desirable as they can release the thermal expansion mismatch between the ceramic & base material and help in improving strain tolerance of the coatings [28] [29]. The average thickness
of the YSZ layer was found to be 300±10 µm. The average vertical crack density was found
to be 16 vertical cracks/mm and the average column width was found to be approximately
53 µm. In the case of double layered (DCL) coating microstructure, vertical cracks with
columns originating within the YSZ layers and continuing through the GZ layers were observed Figure 6b. The average total thickness of ceramic coating system was 320±10 µm
which included 260±5 µm gadolinium zirchonate and 60±5 µm YSZ layer. The average
column width from was approx. 54 µm and the vertical crack density was 14 vertical
cracks/mm. In the case of triple layer (TCL) microstructure, the sealing layer had inter pass
porosities at higher magnifications, as seen in Figure 6d. At lower magnifications it is difficult to identify the denser sealing layer as seen in Figure 6c. It can be also be seen that the
columns end at the double layer (DCL) and do not continue in the top denser sealing layer.
However, the average vertical crack density of underlying DCL layer was found to be 14
vertical cracks/mm and the average column width was 51 µm. The average ceramic coating
thickness was 320±10 µm thick comprising of 30 µm denser gadolinium zirchonate & 230
micron gadolinium zirchonate and 60 µm YSZ layer. The column width and vertical crack
density of SCL, DCL and TCL are shown in the Table 4.

8

Degree Project for Master of Science with a major in Mechanical Engineering
Isothermal Oxidation Study of Multi-Layered Thermal Barrier Coatings

Figure 6 The cross-section of SPS coatings (a) SCL, (b) DCL, and (c) TCL, (d)
microstructure of ultrafine splats of TCL

Table 4 Column width and vertical crack density of SCL, DCL and TCL
Coatings

Column width (um)

Vertical crack density (No./mm)

SCL

53

16

DCL

54

14

TCL

51

14

3.3.2 Microstructures after Oxidation
The cross sectional SEM micrographs of single, double & triple layer systems (a,c,e) &
their corresponding EDX analysis of thermally grown oxide layers after isothermal oxidation (b,d,f) for 10h at 1150℃ are shown in the Figure 7. It can be seen that the all the ceramic top coats in three systems investigated show no signs of cracks in their microstructures at 10 hr. of exposure and their corresponding thermally grown oxide (TGO) can be
seen at higher magnifications. The single layer coating system had a TGO of thickness 2.86
µm and the double layer system had TGO thickness of 2.78 µm whereas the triple layer
system had a TGO of 2.72 µm. The reason for a lower TGO thickness of double layer system can be attributed towards the better oxygen penetration resistance of gadolinium zirchonate than YSZ due to the presence of stable oxygen anion frenkel pairs in its crystal
structure. The triple layer had the lowest TGO thickness due to the presence of a denser
gadolinium zirchonate which helps in further preventing oxygen from gaining access to the
bond coat.

9
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The cross sectional SEM micrographs of all the three systems as shown in the Figure 8
(a,c,e) at 50 hour of exposure showed signs of vertical cracks opening up due to stresses
developed by the growth of TGO. Their EDX analysis as shown in the Figure 8 (b,d,f)
showed the presence of oxides of aluminum & chromium. The TGO thickness observed in
single, double & triple layer systems were approximately 5.93 µm, 5.57 µm and 4.6 µm.
Again a similar trend of triple layer system having a lower TGO thickness than double &
single layer was observed. The same reason as stated in the case of 10 hour exposure holds
true for the trend observed in 50 hour samples.
In the case of 100 hour exposed samples, the cross sectional micrographs as seen in the
Figure 9 (a,c,e), a combination of both vertical & horizontal cracks in the ceramic coating
system can be seen. Double layer & triple system showed horizontal cracks in the gadolinium zirchonate layer whereas the YSZ layer did not have any horizontal cracks. The reason
for horizontal cracks seen only in the gadolinium zirchonate layers is due to the fact that
gadolinium zirchonate has a lower fracture toughness than YSZ. Therefore, gadolinium
zirchonate cracks before YSZ. From the EDX analysis, oxides of aluminum & chromium
were confirmed. The TGO thickness of single, double & triple layer were 8.5 µm, 8.3 µm
and 7.8 µm respectively. Again a similar trend of triple layer system having the lowest TGO
thickness could be seen in the Figure 10.
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Figure 7 SEM cross-sections of the SCL, DCL and TCL system with EDS after isothermal

oxidation test for 10hr, (a) SCL, (b) SCL with EDS, (c) DCL, (d) DCL with EDS, (e) TCL,
(f) TCL with EDS
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Figure 8 SEM cross-sections of the SCL, DCL and TCL system with EDS after isothermal
oxidation test for 50hr, (a) SCL, (b) SCL with EDS, (c) DCL, (d) DCL with EDS, (e) TCL,
(f) TCL with EDS
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Figure 9 SEM cross-sections of the SCL, DCL and TCL system with EDS after isothermal
oxidation test for 100hr, (a) SCL, (b) SCL with EDS, (c) DCL, (d) DCL with EDS, (e) TCL,
(f) TCL with EDS
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Figure 10 the thickness of TGO after isothermal oxidation test for 10hr, 50hr and 100hr

3.4 The phase analysis
The x-ray diffraction patterns for as-sprayed SCL, DCL and TCL are shown in the Figure
11. The peaks revealed that as-sprayed SCL consisted of tetragonal t′ phase of ZrO2
without the presence of monoclinic zirconia. Some studies confirmed that t′ phase can
transform into tetragonal and cubic phase during the prolonged exposure to high temperature [5]. Then the tetragonal phase transforms to monoclinic phase accompanied with volume increase during the cooling, which eventually result in the top coat damage [17] [18] .
But t′ phase is favourable for toughness of SCL coating. Meanwhile both DCL and TCL
showed the same cubic phase. Cubic phase of Gd2Zr2O 7 is stable up to its melting temperature range.
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Figure 11 XRD patterns of as-sprayed YSZ, GZ+YSZ, GZ (dense) +GZ+GZ coating
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4 Conclusion

(1) Multi-layered thermal barrier coating YSZ/GZ and YSZ/GZ/GZ (dense) showed lower
weight gain and TGO thickness than the single layer YSZ for all exposure time (10hr,
50hr & 100hr).

(2) Reasons for improvement in oxidation resistance can be attributed towards the presence of stable oxygen anion frenkel defect in the crystal structure of gadolinium zirchonate.
(3) The triple layer system had lower weight gain and TGO thickness compared to double
layer system due to lower porosity content.
(4) Porosity results after oxidation study showed that sintering effect is more dominant at
10 hr. of exposure in all the three coatings systems.
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5 Future work and Research

This work investigated the isothermal oxidation performance of single, double & triple
layer systems for different time intervals at 1150 OC. Spallation of the top ceramic coat from
the bond coat was observed at 100 hour of exposure. Two possible reasons for such an
early spallation are identified. It was observed from the as sprayed coating microstructures
that the bonding between bondcoat and top coat was not very good due to the absence of
preheating while spraying the ceramic top coat. Also, the grit blasting of bond coat with
220 micron alumina particles might have led to sticking of the alumina particles on the
bond coat. Later, when the top coat was sprayed, these grit blasted particles stuck on the
bond coat leading to poor adhesion of the top coat with the bond coat. These could possibly be the two main reasons why the coatings have completely spalled at as early as 100
hour exposure. For the future sprayings, it can be said that the a more controlled grit blasting of bond coat with better surface clean-up is required and the substrates need to be preheated before spraying the top coats for a better adhesion of the bondcoat and ceramic
coat. Also, in future, the top sealing denser layer in the case of triple layer system can be
improved by using water based suspensions or by changing the spray process to APS, as in
this study, it is very difficult to differentiate the denser layer.
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