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Press Release 
Thermal barrier coatings (TBCs) are used to provide thermal resistance to hot section 
components in advanced gas turbines and diesel engines. By using TBCs, even at high 
temperature the durability and efficiency of the diesel engines and turbines can be 
improved. Yttria stabilized zirconia (YSZ) is being used as the top coat because of its low 
thermal conductivity and relatively high thermal expansion co-efficient. But, it has 
drawbacks of phase transformation at higher temperatures and also undergoes 
sintering. Due to this reason, search for new ceramic materials as the top coat in a TBC 
is being done. Pyrochlores such as gadolinium zirconate (Gd2Zr2O7) were found to be the 
best possible successors to YSZ due to their good phase stability at high temperature, 
low thermal conductivity and also good CMAS penetration resistance. However, it has 
also a drawback of lower toughness which results in the formation of cracks at low stress 
levels and premature failure of TBCs. Double layer and multi-layer coatings of 
Gd2Zr2O7/YSZ are being researched in order to take advantage of these materials and 
improve the durability of the gas turbine engines. 

This research work focused on the study of multi-layer (Gd2Zr2O7/YSZ) TBCs (Double 
layer Gd2Zr2O7/YSZ & Triple layer dense Gd2Zr2O7/Gd2Zr2O7/YSZ)) processed by 
suspension plasma spraying (SPS) and compared with the currently used industry 
standard single layer YSZ coatings in terms of microstructure & thermal cyclic fatigue 
life. It was found that the double layered (Gd2Zr2O7/YSZ) TBC systems performed better 
than the single layer YSZ due to the better oxygen penetration resistance of gadolinium 
zirconate. Further increase in TCF life compared to the double layer was observed in the 
case of triple layer TBC system due to its lower porosity content. 

It can be concluded that TBC systems with higher TCF life can be designed using a 
multilayered TBC approach. However, other important properties such as thermal 
conductivity, erosion resistance, CMAS resistance needs to be evaluated before 
implementing these multilayered TBCs for high temperature application. 
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Summary 
 

From many years YSZ is used as the top coat material for TBC’s, as it has good phase 
stability up to 1200°C, higher fracture toughness, lower thermal conductivity, erosion 
resistance & higher coefficient of thermal expansion. But, it has a drawbacks at high 
temperature such as sintering and transformation of phases. For this reason new 
ceramic materials with pyrochlores crystal structure such as Gd2Zr2O7 are being 
considered as it has high melting points, phase stability, lower thermal conductivity and 
CMAS resistance. But it has low fracture toughness when compared to YSZ. In order to 
take advantage of low thermal conductivity and high thermal stability of gadolinium 
zirconate and avoiding the drawbacks of low coefficient of thermal expansion and low 
toughness using YSZ, a double/multi-layer coatings approach is being used. Therefore, 
multi-layer TBCs are sprayed and compared with single layer coating in this work. These 
coatings are processed by suspension plasma spraying. For single layer coating YSZ is 
used, for double layer coating YSZ as the intermediate coating and Gd2Zr2O7 as the top 
coat is used. Additionally, a triple layer coating system comprising YSZ, Gd2Zr2O7 and 
dense Gd2Zr2O7 as top coat is also sprayed. The as sprayed coatings are characterized 
for microstructure analysis using optical microscope and scanning electron microscope 
(SEM), elemental analysis of TGO using Energy-Dispersive Spectrometer (EDS). XRD 
analysis was done to identify various phases in the coating. Porosity analysis using 
Archimedes principle was carried out. Thermal cyclic fatigue (TCF) test of the sprayed 
coatings was carried out at 1100°C. Failure analysis of the TCF specimens was carried 
out using SEM/EDS. TCF results showed that the triple layer coatings (dense 
Gd2Zr2O7/Gd2Zr2O7/YSZ) had higher thermal cyclic fatigue life and lower TGO thickness 
when compared to single layer (YSZ) and double layer (Gd2Zr2O7/YSZ) TBCs. 
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1 Introduction 
Thermal barrier coatings (TBCs) are mostly used in diesel engines and advanced gas 
turbines to insulate its hot section metal components at high temperatures [1] [25]. For 
providing great motivation of developing alternate and longer durability of engines and 
turbines there is a growing demand for higher energy efficiency. Energy efficiency of the 
engine is improved by allowing the engine to operate at high temperature and improving 
the durability can be achieved by using TBCs and these are used to decrease high 
temperature thermal conductivities [1]. 

From the decades YSZ has been treated as a top coat of TBC’s as it has low thermal 
conductivity and high coefficient of thermal expansion (CTE) [2] [11] [20] [21]. In YSZ t΄-
phase is formed, instead of forming the equilibrium phase consisting of monoclinic and 
cubic zirconia. Even at high temperature of 1200 °C the t΄-phase does not change to 
cubic and monoclinic phase as it has high amount of yttria in its tetragonal phase [3]. At 
higher temperatures YSZ material undergoes phase transformation from t΄-phase to 
tetragonal and cubic phase [4]. Another drawback of YSZ is sintering which leads to 
reduction in the strain tolerance of the coatings along with increase of Young’s modulus 
& CMAS penetration [5]. For these reasons many efforts have been made to find new 
ceramic materials which have high thermal stability and better performance at higher 
temperatures [6]. 

Pyrochlores such as Gd2Zr2O7 is promising ceramic material as it has higher melting 
point, phase stability, lower thermal conductivity and CMAS resistance [7] [22] [23]. 
CMAS liquefies at higher temperature and infiltrates into the coating, which reduces the 
strain tolerance upon cooling. Penetration of the CMAS is hindered by Gd2Zr2O7, as it 
causes crystallization by reacting with silica [8]. But, the drawback with single layer 
Gd2Zr2O7 is that it has low toughness which results in the formation of crack at low 
stresses [10]. So, double layer coatings were proposed to take the advantage of low 
thermal conductivity and high thermal stability which avoids the drawbacks of low 
coefficient of thermal expansion and low toughness [9]. To increase the durability of TBC 
at high temperatures, pyrochlores such as Gd2Zr2O7 are introduced as the top layer and 
YSZ as the intermediate layer on the double layer coatings [10] [12]. Besides the coating 
chemical composition, coating microstructure also has impact on the thermal and 
mechanical properties of the TBCs [19].  
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1.1 Suspension plasma spraying 

In suspension plasma spraying very fine powder is injected into a plasma jet where they 
may undergo melting, sintering and then sprayed with a high impact on the substrate. 
In air plasma spraying (APS), feeding was done by direct solid powder which may many 
problems whereas in SPS by using suspension, very fine powders can be injected into 
the stream. To form a suspension these very fine powders must be mixed with a perfect 
ratio. Water and ethanol are the mostly used solvents. Using ethanol is expensive but it 
is having high benefits when compared to water and the heat required to vaporize 
ethanol is one third of water [14]. Suspension plasma spray process is shown in Figure 
1. 

 

Figure 1: Suspension plasma spraying (SPS) [18]. 

SPS has many advantages over many other spraying techniques. When compared to 
chemical or physical vapour deposition (CVD/PVD) coatings SPS has relatively low cost. 
Spraying by SPS offers the unique coating microstructure which has a finer 
microstructure with fine grains, vertical cracks, columns [15] [16]. 
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1.2 Aim 
The aim of this work is to experimentally investigate the thermal cyclic fatigue 
performance of double and triple layer coatings and compare with single layer coatings 
as it is the current standard which is being used by the gas turbine industries. These 
multi layered (dense Gd2Zr2O7/Gd2Zr2O7/YSZ) TBC’s are processed by suspension plasma 
spraying which has not been attempted before. Single layer coating comprises of YSZ as 
the ceramic top layer, while YSZ is the intermediate layer and Gd2Zr2O7 is the top layer 
in double layer coatings and triple layer coating has YSZ and Gd2Zr2O7 and a dense 
Gd2Zr2O7 layer on top. After the spraying, samples are characterized for microstructure 
analysis using Optical microscope and scanning electron microscope (SEM), elemental 
analysis of TGO using energy-dispersive spectrometer (EDS), XRD, porosity analysis using 
archimedes principle and thermal cyclic fatigue (TCF) test. 
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2 Experimental methods  

2.1 Suspension Plasma Spraying 

A rectangular shaped (50 mm x 30 mm x 6 mm) Hastealloy-X was used as a substrate 
and was grit blasted by alumina (Al2O3) in order to get a surface roughness (Ra) of 3µm, 
to ensure better adhesion with the bond coat. AMDRY 9951 (NiCoCrAlY composition) 
was sprayed by HVAF on the sample as a bond coat by using M3 gun. Samples were grit 
blasted later for the second time to get a surface roughness (Ra) of 4.5 µm. Top coat was 
processed by suspension plasma spraying by using Axial III Mettech gun. The average 
particle size of YSZ and Gd2Zr2O7 sprayed on the sample was of 500 nm and a solid load 
of 25 wt% in the suspension. Three sets of TBC coatings produced for this work are 
shown in the Figure 2. The details about the suspension spray parameters are 
summarized in Table 1. 

 

 

Figure 2: Three TBCs; (a) single layer coating, (b) double layer coating, (c) triple layer 
coating 
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Table 1: Parameters of suspension plasma spraying 

 
 

Parameters 

Single 
layer 

Double layer Triple layer 

YSZ YSZ Gd2Zr2O7 YSZ Gd2Zr2O7 Gd2Zr2O7 
(Dense) 

Bond Coat 
thickness 

(µm) 
225 ± 5 225 ± 5 225 ± 5 

Ceramic 
layer 

thickness 
(µm) 

300 ± 10 60 ± 3 260 ± 5 60 ±3 230 ± 5 30 ± 3 

Feed rate 45 
ml/min 

45 
ml/min 

45 
ml/min 

45 
ml/min 

45 
ml/min 

45 
ml/min 

Nozzle 3/8 3/8 3/8 3/8 3/8 3/8 
Total gas 

flow 
245 

l/min 
245 

 l/min 
245 

l/min 
245 

l/min 
245 

l/min 
200 

l/min 
Argon 75 % 75 % 75 % 75 % 75 % 55 % 

Nitrogen 10 % 10 % 10 % 10 % 10 % 35 % 
Hydrogen 15 % 15 % 15 % 15 % 15 % 10 % 
Carrier gas 20 

 l/min 
20  

l/min 
20  

l/min 
20 

l/min 
20 

 l/min 
5 

 l/min 
Current 220 A 220 A 220 A 220 A 220 A 240 A 
Standoff 
distance 75 mm 75 mm 75 mm 75 mm 75 mm 75 mm 

2.2 Characterization of coatings 

2.2.1 Microstructural analysis 

2.2.1.1 Metallography 

1. Cutting or Sectioning of the sample or component: An abrasive cutoff machine was 
used to reduce the size of the sample before mounting the specimen and rotating disc 
was used for cutting the sample. 

2. Mounting: Mounting is done to make the metallography process easier. Here the 
samples are usually encapsulated in cylindrical polymeric mounts. Cold mounting was 
used in this case to avoid cracking. 

3. Polishing: Samples were cleaned before polishing and was carried out by using TBC’s 
polishing program. 
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2.2.1.2 Optical microscope 

Microstructural analysis of as sprayed TBCs was carried out after the metallographic 
preparation of the samples by using optical microscope (Olympus BX60M) equipped 
with Infinity analyzer software at different cross-sections of the samples with several 
magnifications (x100, x200, x500 and x1000).  

2.2.1.3 Scanning electron microscope (SEM) 

Samples were examined using scanning electron microscope (SEM) attached with an 
energy-dispersive spectrometer (EDS). Samples were gold sputtered in order to make 
the microstructure conductive. Sputtering was carried out in argon atmosphere. 
Scanning electron microscope (TM 3000 HITACHI) was used for the characterization of 
cross-sectional microstructure. Microstructural observation in SEM was performed on 
all across the cross section of the coating prepared for all the three types of coatings 
produced in this work and was observed at several magnifications (x250, x300, x500, 
x1000, x2000, x3000 and x5000). EDS was used for elemental analysis of TGO after the 
TCF test. 20 measurements were taken all across the coating at different magnification 
and measurement was taken at different cross section of the samples. Average of all the 
measurements was taken to get the accurate thickness for all the three types of 
coatings.  

2.2.2 XRD analysis 

XRD analysis of the coatings was done by using SEIFERT TT 3003 equipment to examine 
the phases in the top coat of the as sprayed TBCs. The parameters used for the analysis 
were Cu Kα with a wavelength of 1.541 Å and a step size of 0.01° and the time per step 
was 10 seconds. 

 

2.2.3 Porosity 
Porosity measurement was performed on each samples by using archimedes principle. 
The failed sample was taken and immersed in a solution of HNO3 to HCL at a ratio of 1:3. 
Dry weight of the free standing coating was measured and dipped into the water to 
remove the air from the pores using vacuum chamber. Same step was repeated for 3 
times for the better results. Density was calculated using theory of mixtures. 

The calculation of porosity was calculated using the following mathematical relation: 

𝜌𝜌 =
𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀

𝑉𝑉(𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐)
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𝑉𝑉(𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐) =
𝐷𝐷𝐷𝐷𝐷𝐷 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤ℎ𝑡𝑡

𝜌𝜌  

𝑉𝑉(𝑊𝑊) =
𝑊𝑊𝑤𝑤𝑤𝑤𝑤𝑤ℎ𝑡𝑡 𝑜𝑜𝑜𝑜 𝑡𝑡ℎ𝑤𝑤 𝑤𝑤𝑀𝑀𝑡𝑡𝑤𝑤𝐷𝐷
𝐷𝐷𝑤𝑤𝐷𝐷𝑀𝑀𝑤𝑤𝑡𝑡𝐷𝐷 𝑜𝑜𝑜𝑜 𝑤𝑤𝑀𝑀𝑡𝑡𝑤𝑤𝐷𝐷

 

Where, 

𝑊𝑊𝑤𝑤𝑤𝑤𝑤𝑤ℎ𝑡𝑡 𝑜𝑜𝑜𝑜 𝑤𝑤𝑀𝑀𝑡𝑡𝑤𝑤𝐷𝐷 = 𝑊𝑊𝑤𝑤𝑡𝑡 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤ℎ𝑡𝑡 − 𝐷𝐷𝐷𝐷𝐷𝐷 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤ℎ𝑡𝑡 

𝑃𝑃𝑜𝑜𝐷𝐷𝑜𝑜𝑀𝑀𝑤𝑤𝑡𝑡𝐷𝐷(𝑣𝑣𝑐𝑐𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣) =
𝑉𝑉(𝑤𝑤)

𝑉𝑉(𝑤𝑤) + 𝑉𝑉(𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐)
 

Here, Vw, Vcoating, 𝜌𝜌 are volume of water, volume of coating and density of coatings 
respectively. Density of water is assumed as 1 gram per cc. Density of YSZ, 
(Gd2Zr2O7/YSZ) and (dense Gd2Zr2O7/Gd2Zr2O7/YSZ) is 6.1 g/cc, 6.27 g/cc and 6.27 g/cc. 

2.2.4 Thermal cyclic fatigue test (TCF) 
Thermal cyclic fatigue study was carried out in a furnace to determine the TBC fatigue 
life. A full 70 minutes thermal cycle consists of heating the specimen at 1100° C and 
holding at that temperature for about 60 minutes, followed by cooling at a room 
temperature for about 10 minutes. A sample was considered to be failed when the 
failure area of TBC reached ~20% of the total area. The specimen was then removed 
from the furnace and the number of thermal cycles at which the specimen failed was 
noted. 
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3 Results and Discussion 

3.1 Microstructure analysis of as-sprayed samples 
 

 

 

 
 

 

 

 

 

 

 

 

 

 

´ 

Figure 3: Cross-sectional SEM images of as-sprayed samples (a) YSZ, (b) 
YSZ+Gd2Zr2O7, (c) dense Gd2Zr2O7/Gd2Zr2O7/YSZ and (d) Top layer dense Gd2Zr2O7 

Figure 3 shows the cross-sectional scanning electron microstructure of as-sprayed 
samples. Figure 3(a) shows the microstructure of as-sprayed YSZ as it has a column like 
structure having some microstructural features like pores, vertical cracks in the top coat. 
The average thickness of the top coat and bond coat is about 320µm and 220µm. The 
average vertical crack density is found to be 8 cracks/mm and average columnar width 
is 73.57 µm. From Figure 3(b), it was observed that the double layer coating of YSZ and 
Gd2Zr2O7 also had a similar microstructure as like single layer YSZ. Vertical cracks started 
at YSZ and continued through Gd2Zr2O7. The average thickness of top coat YSZ and 
Gd2Zr2O7 in this double coating layer is about 60µm and 260µm and the average 
thickness of bond coat is about 220µm. The average columnar width is 109.28 µm and 
vertical crack density is 9 cracks/mm. Triple layer coatings also have similar type of 
microstructure as like single layer and double layer coatings with cracks and pores. It 
was difficult to identify the dense Gd2Zr2O7 at lower magnification as the columns end 
at the double layer instead of ending at the top denser layer as observed from the Figure 

a b 

c d 
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3(c). The dense layer has inter-pass porosities at higher magnifications as seen in Figure 
3(d). The average thickness of top coat YSZ, Gd2Zr2O7 and dense Gd2Zr2O7 is about 60µm, 
230µm and 30µm and average bond coat thickness of about 220µm. The average 
columnar width is 110.67 µm and vertical crack density is 9 cracks/mm. 

3.2 Thermal Cyclic life 

 
Figure 4: Graph of Number of cycles at which samples are failed in TCF testing 

 

The results of TCF testing was shown in the above Figure 4 and the standard deviation 
between each samples was shown by error bars and it can be observed that there is a 
difference between each sample, single layered TBCs (YSZ) had low thermal cyclic life of 
173 cycles whereas the double layered TBCs (Gd2Zr2O7/YSZ) had life of 218 cycles which 
was better than the single layered TBCs (YSZ) by 45 cycles. Triple layered TBCs (dense 
Gd2Zr2O7/Gd2Zr2O7/YSZ) has the most thermal cyclic life of 243 cycles when compared 
to both single layered TBCs (YSZ) and double layered TBCs (Gd2Zr2O7/YSZ). Improvement 
in thermal cyclic life of triple layer TBCs when compared to double layer was because of 
the presence of denser Gd2Zr2O7 in the top coat. The reason for the improvement of life 
of the double layer TBCS and triple layer TBCs when compared to single layer TBCs was 
due to the presence of stable oxygen anion frenkel pairs in the crystal structure of 
Gd2Zr2O7, which results in reducing oxygen entering into the coating system [25] [24]. 
The failed TBC samples after finishing of TCF test is shown in the below Figure 5. 

  

0

50

100

150

200

250

300

YSZ YSZ+GZ YSZ+GZ+GZ

N
um

be
r o

f C
yc

le
s

Sample Materials

Cyclic Life

Number of Cycles

 9 



Degree Project for Master of Science with a major in Manufacturing Engineering 
Thermal cyclic fatigue study of Gd2Zr2O7/ YSZ multi- layered thermal barrier coatings 

 

 
 

 

 

 

 

  

 

 

 

 

 

 

 

Figure 5: Failed samples after TCF testing (a) single layer, (b) double layer and (c) 
triple layer 

 

The failed samples taken out before actual lifetime by seeing the photographs taken by 
camera after each cycle, due to the failure of 20% is occurred on the samples which is 
the industry standard [18]. By looking at the microstructure of failed YSZ sample, failure 
occurred at the interface of bond coat and top coat. In case of double layered coatings 
(Gd2Zr2O7/YSZ) and triple layer coatings (dense Gd2Zr2O7/Gd2Zr2O7/YSZ) the failure was 
occurred at the interface of YSZ and Gd2Zr2O7 layer because Gd2Zr2O7 has lower 
toughness when compared to the YSZ. From the Figure 5, failure was started from the 
edges. 
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3.2.1 Microstructural analysis of TCF failed samples 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6: Cross-sectional SEM and EDS images of failed single layer, double layer and 
triple layer coating systems (a) single layer, (b) single layer with EDS, (c) double layer, 

(d) double layer with EDS, (e) triple layer and (f) triple layer with EDS 

The cross-sectional SEM images of failed single layer (YSZ) samples were shown in the 
figure 6(a), it was observed that failure occurred at the interface of TGO and top coat 
(YSZ), and the cracks are propagated between the interface of thermally grown oxide 
(TGO) layer and top coat (YSZ). Double layer coatings (Gd2Zr2O7/YSZ) was also having a 
columnar microstructure with some vertical and horizontal cracks, vertical columns as 
observed from Figure 6(c). Gd2Zr2O7 has lower toughness value when compared to YSZ 

d 

f 

c 

e 

a b 
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which leads to the propagation of cracks at low stress levels. This results in the high 
thermal cyclic performance when compared to YSZ, by taking the advantage of high 
thermal stability and low conductivity of these materials and avoid the drawbacks such 
as low coefficient of thermal expansion and toughness [26]. Failure was taken place at 
the interface of YSZ and Gd2Zr2O7 due to the mismatch of coefficient of thermal 
expansion [10] [27]. Due to the stresses associated with the mismatch of coefficient of 
thermal expansion (CTE) and TGO interface, it will provide high toughness. Failure also 
occurred due to higher Young’s modulus in Gd2Zr2O7 which leads to higher energy 
release rates [10]. It was also having denser microstructure because of the lower melting 
temperature of Gd2Zr2O7 which shows the higher degree of melting of Gd2Zr2O7 particles 
when compared to YSZ. Failure may also occur due to the inter-pass porosity [18]. From 
figure 6(e), triple layer coating (dense Gd2Zr2O7/Gd2Zr2O7/YSZ) was having the columnar 
microstructure, horizontal cracks which is occurring in YSZ itself which is unusual. 
However, the reason for the occurrence of horizontal cracks is not clear. Here using 
dense Gd2Zr2O7 as the third layer for top coat has improved the cyclic life of TBC and 
decreased the porosity content which helps in reducing the oxygen entering into the 
coating system and also arrests the CMAS penetration. 

 

Figure 7: Graph of TGO thickness 

TGO plays a very important role in metal/oxide adhesion [28] [29].  TGO layer will form 
at the interface of top coat and bond coat due to the oxidation of bond coat at higher 
temperatures [31]. The main failure of the TBC was due to the cause of oxidation of the 
bond coat which leads to the separation of top coat from the substrate [32]. From the 
figures 6(b), 6(d) and 6(f) the TGO was occurred at the interface of top coat and bond 
coat as it was mentioned in many articles. In this work TBC was subjected to thermal 
cycling so that, the TGO undergoes a displacement instability [30]. TGO occurs on the 
top of the bond coat due to the oxygen diffusion in the top coat [33]. The TGO also 
increases by length and thickness. EDS images was used to calculate the thickness of 
TGO. Number of images were taken at different magnification at different cross-sections 
and the average value was taken as the TGO thickness of the sample. From the graph 
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shown in the above Figure 7, the triple layer (dense Gd2Zr2O7/Gd2Zr2O7/YSZ) has less 
thickness of 4.23 µm when compared to single layer coating (YSZ) of 4.7 µm and double 
layer coating (Gd2Zr2O7/YSZ) of 4.94 µm. The triple layer coating (dense 
Gd2Zr2O7/Gd2Zr2O7/YSZ) has lower TGO thickness due to the presence of dense Gd2Zr2O7 
layer which helps in gaining access to the bond coat by preventing oxygen. I. Spitsberg 
och K. More et al., [30] stated that 25% oxide lengthening is observed at failure with a 
constant thickness of 5-6 µm. As TGO occurs at the interface of top coat and bond coat, 
more growth of TGO will increase the stress build-up between the two layers so that 
volume starts increasing which leads to the failure of TBC [34]. 
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3.3 XRD Analysis 
 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8: XRD analysis of the samples 

XRD profiles of single layered, double layered and triple layered TBCs was shown in the 
above Figure 8. By using JCPDS standard the peaks of the samples were identified and 
labelled. This profile indicates that double layered TBCs and triple layered TBCs having 
the same peak and same angle because of the same compositions and the same cubic 
crystal structure in the coatings. During the spraying of Gd2Zr2O7 there was no change 
in the stoichiometry. In the tetragonal phase it has high amount of yttria so that t΄ phase 
does not change to monoclinic and cubic phase even at high temperatures [3].  
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3.4 Porosity 

 

Figure 9: Graph of Porosity Content of the TBC samples before and after TCF testing 

 

Porosity content of the free standing coatings was measured using archimedes 
experimental setup which includes a beaker with water, vacuum chamber and weighing 
machine. This method calculates the open porosity content of the free standing coatings 
as water cannot penetrate into the pores which are very closely shaped. From the Figure 
9, it can be observed that single layered yttria stabilized zirconia (YSZ) has the lowest 
porosity content of 11 % where double layered yttria stabilized zirconia (YSZ) and 
gadolinium zirconate (Gd2Zr2O7) has the highest porosity content of 16.6% followed by 
triple layered yttria stabilized zirconia (YSZ), gadolinium zirconate (Gd2Zr2O7) and dense 
gadolinium zirconate (Gd2Zr2O7) of 13.34% respectively. The porosity content of triple 
layer coatings will be low when compared to double layer coating as expected because 
of the denser gadolinium zirconate (Gd2Zr2O7) on the top layer as it has the better 
oxygen penetration which helps in reducing the oxygen entering into the system. The 
reason for the high porosity in double layered coatings is not clear. 
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4 Conclusions 
Thermal cyclic fatigue results showed that the double layered (Gd2Zr2O7/YSZ) TBC 
performed better than the single layered (YSZ) TBC due to the better oxygen 
penetration resistance of gadolinium zirconate as it has stable oxygen anion frenkel 
defects in its crystal structure. Further increase in TCF life compared to the double 
layered (Gd2Zr2O7/YSZ) TBCs was observed in the case of triple layered (dense 
Gd2Zr2O7/Gd2Zr2O7/YSZ) TBCs due to its lower porosity content. Therefore, multi 
layered approach can be used for designing TBCs for high temperature applications 
as it is showing promising results in terms of TCF life compared to the currently used 
industry standard single layered (YSZ) TBCs. However, other properties such as 
thermal conductivity, erosion resistance, and CMAS infiltration resistance need to 
be evaluated before implementing them in gas turbines for high temperature 
applications. 

4.1 Future Recommendations  
This work investigated the thermal cyclic life of single layered, double layered and 
triple layered thermal barrier coatings. As-sprayed samples showed that the 
bonding between top coat and bond coat was not good due to the absence of 
preheating before spraying the top coat. The possible recommendation for the 
future work is to pre heat the samples before spraying top coat. The reason for pre 
heating is to obtain good bonding between top coat and bond coat. The other 
reason for the failure is the grit blasting of bond coat as it was an extra step which 
can be avoided for the future work as it may lead to the sticking of alumina particles 
onto the bond coat and also results in the poor adhesion of top coat and bond coat. 
In future, for the top denser layer in triple layer coatings better spray parameters 
or a different spray process has to be identified as it was very difficult to identify 
the denser layer in this work. 
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Appendix 

Symbols and Glossary 
TBC   Thermal barrier coating 

YSZ   Yttria stabilised zirconia 

Gd2Zr2O7 (GZ)  Gadolinium zirconate 

SPS   Suspension plasma spraying 

TGO   Thermally grown oxide 

SEM   Scanning electron microscope 

EDS   Energy dispersive spectrometer 
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