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Abstract
The erosion wear of the thermal barrier coating (TBC) application created by the ceramic topcoat effect on the substrate mate-
rial and the high-temperature resistance has been researched in the study. Solid particle erosion effect has an important role 
in high-temperature applications such as energy conversion plants, gas turbines, and jet engine blades. In these applications 
where the ambient temperature varies and high-temperature effect is important, the deformation resistance is an important 
criterion in TBC’s produced with atmospheric plasma spray (APS) and high-velocity oxy fuel (HVOF) methods as a result 
of the angular impact of the particles at certain velocities. In addition, its presence has an important impact in the adhesion 
effect between the substrate material and the ceramic top coating. In line with all these related criteria, the results of erosion 
wear in which the significance of the studies is gradually increasing will contribute to the fatigue failure of these coatings. 
To perform solid particle erosion experiments under high-temperature conditions (300 °C air temperature), experimental 
parameters were determined as three different erosive particle impact angles (30°, 60° and 90°) and fixed particle impact 
velocity (~ 50 m/s) with using constant particle size (200 µm Al2O3). As a result of the experiments, the erosion rates under 
the effect of temperature were determined depending on the angular and velocity variations of different coating methods. In 
the interpretation of the results, comments were made on the erosion rate variability using the effects of porosity, hardness, 
and surface roughness.
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Introduction

Thermal barrier coatings (TBCs) are protective coatings 
used in turbine blades to prevent materials exposed to high 
temperatures from being adversely affected by extreme 
temperatures. TBCs are especially used in the gas turbines 
intensively; it finds application in parts used as the aircraft 
engine, combustion chamber elements and power plants. 
Today, when the application area of gas turbines is expand-
ing, the need for TBCs continues to increase.

TBCs generally consist of three layers; ceramic topcoat, 
bond coat and oxide layer which is formed over time by the 
penetrating oxygen and heat effect between these two lay-
ers (Kumar and Kandasubramanian 2016; Mehboob et al. 
2020). The primary task of this oxide coating formed on 
the bond coating is to protect the substrate material from 
oxidation. The primary task of the ceramic top coating is 
to provide thermal insulation between the substrate mate-
rial and the coating surface (Clarke et al. 2012). This type 
of coating, which was first used in the 1960s, started in the 
1970s with the development of a two-layer TBC system by 
the National Aeronautics and Space Administration (NASA) 
Lewis Research Centre, and the TBC period that has been 
formed until today (Darolia 2013). As a result of using 6–8% 
of yttrium oxide weight in zirconia, TBCs with much better 
performance have been obtained by making the cubic phase 
in the top coating more stable (Stecura 1978; Miller 1997). 
In TBC coating method, atmospheric plasma spray (APS) 
and electron beam physical vapour deposition (EB-PVD) 
methods have been developed over time and have become 
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a commercial method for coating the TBC ceramic topcoat 
(Clarke 2018).

TBCs are complex systems that combine metallic and 
ceramic materials, developed to operate in extremely harsh 
thermal cycling conditions. The harmony between the metal-
lic substrate and the ceramic top coating is achieved by the 
metallic bond coating. It is an important task of the bond 
coating to eliminate the incompatibility caused by the dif-
ference in thermal expansion coefficient of the ceramic top 
coating and substrate material by showing ductile material 
properties (Curry 2014). Today, alloys used in bond coating 
are denoted by the symbol MCrAlY (M=Ni, Co) and gener-
ally consist of NiCrAlY and NiCoCrAlY alloys (Meng et al. 
2018; Song et al. 2008). The role of the elements used in the 
chemical composition of bond coatings is improving oxida-
tion (Ni, Al), corrosion (Co) and adhesion properties (Y) of 
TBCs (Novak 1994; Birks et al. 2006). In bond coating; APS 
(atmospheric plasma spray), EB-PVD (electron beam physi-
cal vapour deposition) or HVOF (high-speed oxy fuel spray) 
methods are used (Chen et al. 2008). Bond coating can have 
different microstructure and thermal properties depending 
on the coating method used. It can be said that the compat-
ibility of the bond coating with the ceramic top coating can 
determine the life of the TBC. This situation constituted the 
main motivation of this study. In this study, the adhesion 
properties of bond coatings which have the same ceramic top 
coating, but produced by different methods, have been tried 
to be determined by solid particle erosion wear experiments 
under high-temperature conditions.

Within the scope of this study, 8% yttria-stabilized zirco-
nia (8YSZ) ceramic top coating by APS method was applied 
on NiCrAlY and NiCoCrAlY bond coatings produced by 
APS and HVOF methods. By examining the erosion wear 
of TBCs with different bond coatings and the same ceramic 
topcoat under the same conditions, the adhesion strength 
of bond coatings produced by different methods has been 
examined.

Experimental

The test samples were exposed to erosion wear at 30°, 60° 
and 90° erosive particle impact angle in a specially designed 
high-temperature solid particle erosion (HTSPE) test rig 
(Demirci and Bagci 2021). The experiments were carried 
out at temperatures of 21 °C and 300 °C. With the help of 
thermocouples in the test rig, it was ensured that the samples 
were tested under the same thermal conditions by measuring 
the temperature in the heating system and over the nozzle. 
Besides, the heating temperature of the sample was deter-
mined during the experiment with the help of a thermocou-
ple attached to the back of the sample.

In the test rig, the erosive particle impact velocity can 
be adjusted between 10 m/s and 150 m/s. The double disc 
method was used in the measurement of the impact veloc-
ity (Ruff and Ives 1975) and erosion tests were carried out 
according to the distance between the nozzle and the sample 
measured with this method. In the double disc method, the 
time (t) required for a particle to pass through the distance 
(L) between two discs at an average velocity (ϑ) is expressed 
as L/ϑ from the linear motion equations. Based on the for-
mula of arc length in a circle, the distance (S) between two 
tracks formed on the lower disc is found as specified in Eq. 1 
where θ refers to the angle (radians) between the tracks, r 
refers to the trace radius (mm):

Equation (1) becomes Eq. 2 when ω × t is written instead 
of θ angle using rotational equations of motion:

In Eq. (2), instead of ω angular velocity (radian/s) expres-
sion, the definition depending on the motor rotation speed 
(n) is written and if L/ϑ is substituted for t time, an Eq. (3) 
is obtained according to the known parameters in measuring 
the particle velocity:

When this equation is adjusted to determine the impact 
velocity, Eq.  4 expressing the erosive particle velocity 
results. 3D drawings of the discs used in the double disc 
method are shown in Fig. 1. The position of the produced 
discs in velocity measurement and the traces formed on the 
discs after the double disc method are given in Fig. 2:

Samples

Inconel 718 was used as the substrate material in the test 
samples. Test samples were obtained in four groups. In the 
first group of samples, the bond coating consists of NiCrAlY 
(Amdry 962, Oerlikon Metco) powders obtained as a stand-
ard and these powders are coated on the surface with the 
APS method. Later, ceramic topcoat was made by APS 
method from 8YSZ (204 N, Oerlikon Metco) powder on 
this coating. Ceramic topcoat is applied in the same way in 
all sample groups. The second group of samples consists 
of NiCrAlY (Amdry 962, Oerlikon Metco) powders, which 
are obtained as a standard bond coating, and these powders 
are coated on the surface with the HVOF method to observe 
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Fig. 1   3D drawing of double 
disc method discs: a upper disc, 
b lower disc and c assembly 
side view (Demirci 2020)

a) b)

Upper disk

Lower diskc)

Nozzle

Upper disk

Lower disk

Actuator

r

a)

b)

Fig. 2   Positioning of discs and formation of tracks: a driving the double disc by actuator, b the traces formed after wear on the lower disc 
(Demirci 2020)



3412	 Applied Nanoscience (2022) 12:3409–3415

1 3

the method difference. In the third group of samples, the 
bond coating consists of NiCoCrAlY (Amdry 365, Oer-
likon Metco) powders were obtained as standard and these 
powders were coated on the surface by APS method. In the 
fourth sample group, NiCoCrAlY (Amdry 365, Oerlikon 
Metco) powders were used as bond coating powder, but it 
was coated on the surface with the HVOF method.

The porosity measurement of the samples was made with 
the “Mercury Porosimeter” (Micromeritics, USA). Mercury 
porosimeter is a widely used method in the literature to find 
the porosity diameter and distribution (Siebert et al. 1999; 
Vaßen et al. 2004; Curry et al. 2015). The working principle 
is based on the use of the high surface tension feature of the 
mercury, which does not react chemically with the surface 
of the material and does not wet the surface of the material 
(Mikijelj and Varela 1991). Since mercury does not spon-
taneously penetrate the pores by capillary action, it must be 
forced into the pores by applying external pressure. In this 
case, a pressure (P) must be applied so that the mercury 
can penetrate the pores, with the pores being accepted as 
cylindrical. This pressure is inversely proportional to the 
pore diameter (r) and is balanced by the surface tension (γ) 
of the mercury. This situation is expressed by the Washburn 
Eq. (5) (Diamond 2000):

Here, θ refers to the contact angle between the material 
surface and mercury. Knowing the applied pressure and the 
material constants γ and θ values, the pore diameter (r) can 
be measured. Moreover, by knowing the volume of mercury 
penetrating the pore at each pressure change, the pore vol-
ume can be found depending on the pore diameter.

(5)P =
−2�cos�

r

Tests conditions

Solid particle erosion wear experiments were performed 
at two different temperatures (21 °C and 300 °C), three 
different angles (30°, 60° and 90°) and fixed impact veloc-
ity (50 m/s). In solid particle erosion tests, when high 
temperatures are reached, a corrosion or oxidation film 
begins to form on the material surface. This affects the 
erosion phenomenon. For this reason, a temperature of 
300 °C, which will remain within the Regime 2 interval, 
where the erosion intensity will be high, was chosen as 
the experimental parameter (Birks et al. 2006). As erosive 
particles, non-spherical alumina (Al2O3) powders were 
used in 200 µm dimensions. These particles: due to its 
hardness, wear resistance and stability at high tempera-
tures up to 2000 °C, it has been widely preferred by other 
researchers (Cernuschi et al. 2016; Schmitt et al. 2015; 
Wang et al. 2012, 2014) in the SPE wear experiments of 
materials with ceramic coating process. The SEM image 
and general properties of alumina powders used in SPE 
experiments are given in Fig. 3 and Table 1, respectively.

Solid particle erosion experiments can be carried out 
for samples of different sizes in the high-temperature solid 
particle erosion test rig. For this reason, the sample sizes 
were 20 × 40 × 2 mm3. All experimental parameters are 
given in Table 2.

Results and discussion

The hardness, roughness and porosity measurement results 
of the test samples are given in Table 3. When we look at 
the hardness values of ceramic top coatings, since all sur-
faces are coated with the same material and the same method 

Fig. 3   SEM image of erosive particles (alumina)

Table 1   Properties of erosive 
particles (alumina) Density (g/cm3) 3,9 – 4,1

Hardness (Mohs) 9
Melting point (°C) 2050

Table 2   High-temperature SPE test conditions

Test parameters NiCrAlY/NiCoCrAlY
(APS/HVOF)

Co composition (wt. %) 0/20
Erodent Alumina (Al2O3)
Erodent size (µm) ≈200
Erodent shape Angular
Impact angle, α (°) 30–60-90
Impact velocity (m/s) ≈50
Test temperature ( °C) 21 and 300
Nozzle diameter (mm) 5
Air pressure (bar) 1
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(APS), only small changes occurred in the hardness values 
due to the porosity that occurs during the coating process. 
Similarly, the roughness and porosity values of the ceramic 
top coatings were found to be close to each other. This can 
be interpreted as surfaces with similar mechanical properties 
show the same wear when subjected to solid particle ero-
sion. However, since there are two coatings on the substrate 
and these coatings have different adhesion strengths between 
each other, the solid particle erosion test results differ. In this 
case, the study has revealed the difference in the adhesion 
strength between the coatings.

Impingement angle effect on the erosion rate

When the results of the erosion wear tests of ceramic top 
coated samples were examined in general, it was determined 
that the erosion rate increased due to the angle increase. This 
situation describes the erosion wear of brittle materials in 
the literature (Hutchings and Shipway 2017; Kleis and Kulu 
2007). With this study, results compatible with the stud-
ies on ceramic top coatings in the literature have emerged 
(Cernuschi et al. 2016, 2011; Wang et al. 2012). In brittle 
materials, the most erosion wear occurs when the erosive 
particle impacts the surface at right angles (80°–90°). Since 
the material surface is ceramic and porous, erosive particles 
impacting at right angles facilitate crack propagation and, in 
this case, cause an increase in wear.

As a result of the experiments performed at room temper-
ature depending on the impact angle, when Fig. 4 that gives 
the erosion rate is examined, the most erosion wear occurred 
in ceramic top coatings with cobalt-based bond coat-
ing (HVOF method). This situation showed that the same 
ceramic top coatings with similar mechanical properties 
exhibited different erosion rates under the same erosion test 
conditions due to different bond coating structures. Look-
ing at the graph, the least erosion rate at 90° impingement 
angle where the most erosion wear occurs, again occurred 
in ceramic top coatings on which cobalt-based bond coating 
was applied. But the difference of these samples is that the 
bond coatings were coated with the APS method. Since the 
APS method creates a more porous structure than the HVOF 
method, the ceramic coating powders were better able to 
penetrate the surface space of the bond coatings coated with 

the APS method and a higher strength adhesion occurred at 
the bond coating–ceramic top coating interface. Based on 
these results, it can be said that the coating method plays an 
important role in erosion resistance. Interestingly, the least 
erosion at 30° impact angle also occurred in samples with a 
cobalt-based bond coating. When the sample erosion rates 
occurring at the 30° impact angle and the sample erosion 
rates occurring at the 90° impact angle were compared, more 
differences were found in the 90° impact angle. In other 
words, the difference between the erosion rates of the test 
samples has increased as the test samples wear more. When 
the two (NiCrAlY + 8YSZ) TBC groups without cobalt-
based bond coating are examined among themselves, it 
is seen that there is not much significant wear difference 
between them compared to whether the coating method is 
APS or HVOF. The samples with the bond coating produced 
by the HVOF method at an impact angle of 60° exhibited an 
almost similar wear condition. When we compare the coat-
ing methods according to the angle variability in general, 
we can conclude that the HVOF method is more sensitive 
to angle variability.

When we look at Fig. 5 in which the variation of the 
impact angle–erosion rate is given under high-temperature 
conditions (300 °C), again, the most erosion wear occurred 
in the test samples with cobalt-based bond coating and bond 
coating produced by HVOF method. Comparing the ero-
sion rates at high temperature and room temperature at 90° 
impact angle, the samples generally exhibited less erosion 
rate at higher temperatures, albeit slightly. This situation 

Table 3   Mechanical properties 
of test samples

Average hardness (HR 
15 N)

Average roughness value 
(Ra, µm)

Porosity
(%)

NiCrAlY + 8YSZ (APS) 69.2 ± 1.99 10.5 ± 0.44 3.464
NiCoCrAlY + 8YSZ (APS) 73.8 ± 1.40 10.3 ± 0.6 3.831
NiCrAlY + 8YSZ (HVOF) 71.3 ± 2.15 11.1 ± 0.83 3.22
NiCoCrAlY + 8YSZ (HVOF) 72.4 ± 0.78 10.7 ± 0.1 3.55

Fig. 4   Impact angle–erosion rate relationship of 8YSZ TBCs at 21 °C
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can be explained by the fact that the oxide layer formed on 
the surface with the increase of the temperature reaches a 
certain thickness and the impact velocity is low. As a result 
of the studies, it has been found that the oxide layer formed 
on the surface has a protective effect against erosive particles 
in the case that the erosive particle impact velocity is low 
in metals exposed to solid particle erosion at high tempera-
tures (Birks et al. 2006). The decrease in erosion rate with 
temperature increase is explained in this way at low impact 
velocities. Similarly, when the erosion rates occurring at 
300 °C were examined, the most angular change occurred 
in the test samples with bond coating coated with HVOF 
method. The most striking situation here is the increase in 
the erosion rate shown by the test samples with bond coating 
(NiCrAlY + 8YSZ) coated with APS method at right angles.

High‑temperature effect on erosion rate

When Fig. 6, which compares the erosion rates exhibited 
by each experimental sample group at room temperature 
and at high temperatures, is examined, it is seen that the 

temperature variation significantly changes the erosion rates. 
In addition, the temperature increases and decrease in ero-
sion rates are clearly seen in three of the four test sample 
groups. Since only the bond coatings of the test samples with 
the same bond coating and ceramic top coating alloy are 
coated with a different method, the surface strength variabil-
ity is clearly shown in the erosion rate graphs. When looking 
at this graph, an interpretation can be made as follows: it 
should be known which coating method exhibits better ero-
sion resistance compared to the coating alloy. In addition, 
coating methods can be advantageous or disadvantageous 
in solid particle erosion wear depending on the alloy status. 
Wang, Liu, Mao, He and Feng (Wang et al. 2010) investi-
gated the effect of temperature on solid particle erosion in 
the coatings used in steam turbines and as a result deter-
mined that the effect of temperature changes depending on 
the bond coating between the substrate and the top coating.

Conclusions

In this study, NiCrAlY and NiCoCrAlY bond coatings were 
deposited separately on the substrate material with differ-
ent methods in order to produce TBC. 8% yttria-stabilized 
zirconia (8YSZ) ceramic top coating was applied on these 
bond coatings by APS method, resulting in the production of 
TBCs with different properties. The following results were 
obtained by performing erosion wear tests at different tem-
peratures on these different TBCs produced.

1.	 NiCrAlY + 8YSZ and NiCoCrAlY + 8YSZ TBSs 
showed brittle material behaviour. The most erosion rate 
occurred at 90° impact angle.

2.	  TBCs with different bond coating forms but with the 
same ceramic topcoat composition showed different ero-
sion rate changes at different temperature values under 
the same erosion test conditions. This situation revealed 
the importance of bond coatings in TBC materials.

3.	  NiCoCrAlY + 8YSZ TBCs with coated APS method 
performed more erosion resistance than HVOF method 
produced TBCs. The most erosion rate occurred at 
NiCoCrAlY + 8YSZ TBCs with coated HVOF method.

4.	  It was concluded that the particle impact variability 
creates more difference in the HVOF method due to the 
angular impact. In other words, the change in erosion 
resistance at 30° and 90° impact angles is less in coat-
ings produced with the HVOF method compared to the 
APS method. This situation will cause to determine the 
preference priority for turbine components having aero-
dynamic form.

Fig. 5   Impact angle–erosion rate relationship of 8YSZ TBCs at 
300 °C

Fig. 6   Erosion rates change according to temperature variability at 
90° impact angle
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