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Abstract: Thermal barrier coatings (TBCs) are widely used 
in aerospace and aviation industries for materials required 
to withstand severe environments such as oxidation, 
hot-corrosion failure and CMAS (calcia–magnesia–
alumina–silica) attack or vermiculite corrosion. This is 
particularly apparent in vermiculite, which can penetrate 
sand, volcanic ash and is the most destructive damage 
mechanism in the TBC system. Impurities from the desert 
environment such as calcia–magnesia–alumina–silica 
(CMAS) cause degradation of TBCs. In this research, 
CoNiCrAlY metallic bond coatings were deposited on 
Inconel 718 nickel based superalloy substrates with a 
thickness of around 100 μm using a Cold Gas Dynamic 
Spray (CGDS) technique. Production of TBCs were carried 
out with deposition of YSZ ceramic top coating material 
using Electron Beam Physical Vapor Deposition (EB-PVD), 
with a thickness of around 200 μm. The effect of CMAS 
with spreading naturally-occurring mineral (vermiculite) 
on TBC samples were investigated using scanning electron 
microscopy (SEM), energy dispersive spectroscopy (EDS) 
analysis and X-ray diffraction (XRD). The microstructure 
evolution of YSZ and failure mechanism of TBC were 
evaluated.
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attack; Thermal Barrier Coatings (TBCs); Electron Beam 
Physical Vapor Deposition (EB-PVD); Cold Gas Dynamic 
Spray (CGDS).
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1  Introduction
Thermal barrier coatings (TBCs) are widely used in gas 
turbine engine parts exposed to high temperatures to 
increase the efficiency and reduce the fuel consumption in 
space and aviation industries [1-7]. TBCs provide thermal 
insulation on metallic parts of gas turbine engines 
(such as blades, valves and combustion chambers), 
providing significant resistance to corrosion, erosion 
and oxidation at high temperatures [8,9]. TBC systems 
consist of a superalloy metallic base, an oxidation-
resistant bond coating, and a high-dielectric top coating 
of insulating material to provide thermal insulation [10-
14]. Generally, the production of the TBC system takes 
place by atmospheric plasma spray (APS) and electron 
beam-physical vapour deposition (EB-PVD) [15,16]. The 
EB-PVD method is more preferred than the APS method 
to ensure the lifetime use of the TBCs. Because the bond 
strength of the EB-PVD method is higher than that of 
the APS method and the stress tolerance is better [17,18]. 
Stabilized zirconia (YSZ) with 6-8% by weight of Y2O3 
is used as a ceramic top covering insulation material. 
The thermal expansion, which is very similar to the low 
thermal conductivity and bond coating, allows YSZ to be 
the most preferred ceramic top coating material in TBC 
systems. The excellent mechanical properties of YSZ allow 
the surface temperature to increase up to 1200°C. In the 
production of oxidation-resistant bond coatings, MCrAIY 
(M = Ni, Co and combinations), which have a low affinity 
for oxygen, are used as a metallic binding layer to protect 
the substrate surface from corrosion and oxidation. 
Recently, studies have analysed the damage of theTBC. 
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Damage mechanisms such as oxidation, thermal shock, 
erosion, hot corrosion and CMAS (CaO, MgO, Al2O3, SiO2) 
effects play an active role in high temperature operating 
conditions in TBC systems [19,20]. Rich particles of Si, 
Ca, Mg and Al, such as sand and volcanic ash are seen as 
threats to the development of future generations and high 
efficiency aircraft engines operating at high temperatures 
[18-20]. These minerals and particles penetrate into the 
coating by melting and these minerals rich in silicon, 
which are transformed into an erosive glassy structure, 
solidify again when the temperature decreases and 
cause thermomechanical and chemical degradation 
of the coating. In this study, the effect of Vermiculite/
CMAS on YSZ samples were investigated using several 
metallographic methods.

2  Experimantal  

2.1  Substrate material and preparation of 
CoNiCrAlY bond and YSZ top coatings

Inconel 718 superalloy samples with a diameter of 25.4 
mm were used as substrates. Its chemical composition is 
given in Table 1. CoNiCrAlY metal powders were sprayed 
producing metallic bond coating by using the cold gas 
dynamic spray (CGDS) technique with a thickness of 
approximately 100 μm. Then spraying bond coating, 
deposition of ceramic top coatings were done with a 
thickness about 200 μm using ZrO2-8 wt.%Y2O3 (YSZ) 
ceramic powders by EB-PVD method. In this method, 
ceramic materials were used as ingots. The height of the 

ingots used in the coating procedure is approximately 
45-55mm. The substrate material is heated to 900 ± 25°С 
before the coating process. The deposition parameters of 
the CoNiCrAlY bond coats produced by CGDS technique 
and the deposition parameters of the YSZ top coats, 
produced by EB-PVD method, are shown in Table 2.

Ethical approval: The conducted research is not 
related to either human or animal use.

3  Results and Discussion

3.1  Examination of Vermiculite/CMAS 
powder

Vermiculite/CMAS powder was ground and eliminated. 
Then, this powder was subjected to EDS analysis. 
According to the results obtained from the EDS analysis, 
its chemical composition contained traces of Ca and K 
whilst also being rich in Si, Fe, Mg and Al. EDS data is 
shown in Figure 1. EDS analysis was carried out on the 
whole picture. This mineral is a hydrous silicate and 
its chemical composition is showed in detail in Table 3. 
Vermiculite powder has a monoclinic crystal system. Its 
cell parameters are a (0.53nm), b (0.92nm), c (2.87nm) and 
space group C2/c(15).

After the chemical analysis, particle size distributions 
were used for obtain average particle size of CMAS powder. 
Malvern Mastersizer 3000 particle size analyzer was used. 
The average particle size distribution was found about 
66.3 μm. It is shown that in Figure 2.

Table 1:  Chemical composition of Inconel 718.

% Chemical Composition of Inconel-718

Ni Cr Nb Mo Ti Al Co Si

53.55 18.0 5.31 3.03 0.96 0.56 0.27 0.09

Cu Mn C Ta P B S Fe

0.06 0.06 0.03 0.01 0.007 0.004 0.001 Balance

Table 2:  Bond and top coating parameters for TBC materials.

Bond coat Spray pressure (bar) Gas temperature (°C) Working gas (slpm) Spray distance (mm) Gun speed (mm/s)

CoNiCrAlY 30 600 Helium(1000) 15 20

Top coat Voltage (kV) Temperature (°C) Vacuum (Torr) Rotation speed (rpm) Condensation ratio 
(μm/min)

YSZ 20 kV 800 ± 25 °C 5 × 10−5 – 1 × 10−4 25 4,5
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According to the results obtained from the Hitachi 
STA 7300 DSC analysis the melting temperature of this 
vermiculite powder is approximately 1163°C and its glass 
transition temperature is about 983°C. This DSC analyzer 
can perform thermal analysis up to 1400°C. The DSC result 
is shown in Figure 3a and the XRD result of vermiculite/
CMAS powder shown in Figure 3b, where it can be seen 
that the vermiculite/CMAS powder consist of only one 
phase.

3.2  Vermiculite/ CMAS (CaO-MgO-Al2O3-SiO2) 
corrosion tests

The YSZ ceramic top coated TBC samples were subjected 
to the CMAS corrosion tests. Vermiculite corrosion powder 
was sprinkled on the TBC samples in the amount of 10 
mg/cm2. TBC samples were sprinkled with vermiculite 
corrosion salt, placed in an electric furnace with an air 
atmosphere under a maximum temperature of 1200°C for 
6 hours. After 2 hours of testing at 1200°C, the samples 
were allowed to cool down inside the furnace, and then 
the coatings were inspected using scanning electron 
microscopy (SEM). The samples were then recoated with 
the vermiculite salt powders. Test cycles were repeated on 
each sample until a 50% deterioration was observed on 

Table 3:  Chemical composition (wt.%) of Vermiculite/CMAS powder.

Element Weight (%) Vermiculite

O 41,5

Si 18,4

Fe 15,1

Mg 8,8

Al 8,7

K 3,6

Ca 2,2

Ti 1,7

Figure 1:  Chemical composition (wt.%) of Vermiculite/CMAS 
powder, obtained from EDS data.

Figure 2:  Particle size distributions of Vermiculite/CMAS powder.

Figure 3: (a) Differential scanning calorimetry figure of Vermiculite/
CMAS and (b) X-ray diffraction figure of Vermiculite/CMAS.
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the sample surfaces. The morphology and microstructure 
of the as-sprayed coatings and the coatings after the 
vermiculite/CMAS tests were examined using field 
emission scanning electron microscopy.

After the Vermiculite/CMAS corrosion test, the 
phase structure of the colonic YSZ coating changed [17-
20]. The YSZ, which was stable in the tetragonal phase, 
was damaged after the corrosion test. It is clear that this 
damage is caused by the CMAS molten powders, which 
have diffused into the YSZ coating. The melted glassy 
CMAS structure at 1200ᵒC caused a volume increase in 
the coating during cooling and caused the coating to 
be damaged. The solubility of the melted CMAS in YSZ 
depends on the amount of CaO. The damage formation 
in YSZ also occurs by the conversion of monoclinic phase 
from tetragonal phase [20-22].

4  Conclusion
In this study, columnar TBCs were prepared by EB-PVD 
method. Used vermiculite mineral as the CMAS type 
corrosion powder for investigation of corrosion effect on 
TBC samples. The characterization of vermiculite powder 
and the CMAS effect of this powder at 1200°C on TBC 
samples were investigated. Vermiculite caused a CMAS 
effect on the TBC sample due to the chemical composition 
of the powder. The melted vermiculite interacted with the 
YSZ and occurred a thermo-mechanical CMAS damage to 
the top coating. Vermiculite penetrated into the columnar 
gaps on the TBC sample and the phase transformation 
from tetragonal Zirconia (t′-ZrO2) to monoclinic Zirconia 
m-ZrO2 occurred. After the CMAS tests, results indicated 
that phase transformation occur on the top coating. Test 
results show that phase transformation and volume 

Figure 4:  EB-PVD TBCs with cold sprayed CoNiCrAlY bond coat’s SEM image a) cross section image before CMAS corrosion test, b) cross 
section image after CMAS corrosion test, c) surface image before CMAS corrosion test, d) surface image after CMAS corrosion test.
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expansion (CMAS effect on TBCs) are very dangerous 
during the operation on turbines. In further studies, the 
CMAS effect generated by vermiculite will be tested on 
new generation TBC materials and alternative materials 
will be investigated for the aerospace industry.
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