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Performance of thermal barrier coatings (TBCs) with mixed composite top coat (MCC) were investigated in thermal shock
conditions. To produce MCCs, firstly, the powders are mixed with the specified weight ratio, and then the prepared mixture is
fed to the plasma stream of the atmospheric plasma spray (APS) machine. Ceria-yttria stabilized zirconia (CSZ) and micro-
and nano-structured yttria stabilized zirconia (YSZ and YSZ-N) were used to produce coating samples. The coatings were
grouped in Y-C and YN-C classes, and each class was produced with two different weight ratios and two different thicknesses.
The results show that the presence of YSZ-N plays an important role in increasing the life of the samples and decreasing the

thickness of the thermally grown oxide layer.
INTRODUCTION

Nowadays, TBCs are used in high-temperature
components for purposes such as increasing resistance to
creep, fatigue and external particle damage, increasing
operating temperatures and decreasing fuel consumption
[1-6]. Moreover, TBCs increase the efficiency and reli-
ability of the components, which are the characteristics
of the next generation of coatings [6, 7].

TBCs are typically applied on substrates made
from nickel-base superalloys. This layer has limitation
in work temperature and vulnerability in fatigue, creep,
oxidation, corrosion, etc. conditions [8]. On top of the
substrate, there is the bond coat (BC) that is known as
MCrAlY, and M contains elements such as Ni and Co.
The thickness of this layer is in the range of 50-150 um
and is rich in Al [1]. The ceramic top coat (TC) with the
thickness of 200 to 500 is the last layer and has features
such as low thermal conductivity and high-temperature
phase stability. This multi-layer structure causes a gradual
change from metal to ceramics and better compatibility
of coatings in thermal strains [9].

Nomenclature

APS air plasma spray
TBC it thermal barrier coating
YSZ (Y)eiooioieiieieeieeeeeeeeeeeie s yttria stabilized zirconia
CSZ (C) v ceria-yttria stabilized zirconia

YSZ-N (YN) .nano-structured yttria stabilized zirconia
MCC ..ot mixed composite coating
BC s bond coat
TC e top coat
SEM ..ot scanning electron microscope
EDS oo energy dispersive spectrometer

thermally grown oxide
normal liter per minute

There is another layer in the TBCs that is formed
after a while of coating operation, and becomes thicker
over time (thickness in range of 0.1 - 10 um); this layer is
called thermally grown oxide (TGO) and forms between
the BC and TC. The composition of this layer is usually
a-Al,O,, in which the required aluminum is provided
from the BC and oxygen diffuses from the outside
atmosphere through the coating structure. TGO protects
the substrate against hot corrosion and oxidation, but due
to its mechanical and thermal properties, it causes a lot
of compressive residual stresses in the coating; hence,
many of coating damage occurs around this layer [7-11].

One of the challenges posed by TBC studies is
the selection of the right coating material and many
options have been nominated for it, each having its own
advantages and disadvantages, but it can be said that the
use of YSZ revolutionized this field. Some features of
YSZ include high thermal shock resistance, low ther-
mal conductivity, high coefficient of thermal expansion
(CTE) and high phase stability, but it has weaknesses
such as phase change at temperatures higher than 1170°C
and high permeability to oxygen [12-15]. Adding CeO,
to YSZ creates a combination with the name of CSZ and
eliminates some of its weaknesses [16]. Higher CTE,
more resistance to hot corrosion and lower permeability
to oxygen are some of the superiorities of CSZ compared
to YSZ, however, CSZ has a weaker performance in
thermal shock conditions [2].

One of the ways to improve the performance of
TBCs is using nanostructured top coats that have been
shown to have lower thermal conductivity and better
thermal shock resistance [17, 18].

In industrial applications, the APS method is usually
used to apply top coats [3, 15]. In the structure of the
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coating created with this method, there are defects such
as hollow spaces, cracks, etc., which reduce the thermal
conductivity and also increases the strain tolerance [14].
The basis of this method is feeding the ceramic powder
into the plasma stream and spraying the high-speed melt
powder on the surface [9, 10].

Coating damage and destruction can have many
reasons; one of them is the thermal shock. Under these
conditions, the temperature of the coating will be
dropped about 1000°C over a very short period of time,
and therefore, there will be a large amount of tension
in the coating structure [10, 19]. In scientific research,
two methods of laboratory burner rig and furnace test are
used to measure the coating performance under thermal
shock conditions, while the furnace method, which is
more consuming, has better adaptation with the actual
operation conditions [20, 21].

In this study, performance of MCC coatings with
top coat produced from mixed powders of CSZ and
micro- and nano-structures YSZ, under thermal shock
conditions, is checked. The APS and furnace method is
used to produce and investigate the coating behavior,
respectively.

EXPERIMENTAL

Materials

The substrates of the samples were made of
IN738LC disks with dimensions of 30 x 3 mm. Ampe-
rit 415.006 CoNiCrAlY was used for BC and 8YSZ
(Metco 234A-8 %), CYSZ (Metco 205NS) and YSZ-
NANO (Inframat Sprayable Nanox™ S4007) powders
were used for TC. Details of these powders are given in
the Table 1. Bond coat and top coat were applied by APS

Europe and the room temperature is its reference point
for temperature and pressure. The related parameters are
shown in Table 2.

Table 2. Plasma spray parameters.

Parameter Unit  Y-Cclass  YN-C class
Current A 600 600
Voltage A% 55 55
Primary gas flow (Ar) nlpm 40 35
Secondary gas flow (H,)  nlpm 9 9
Carrier gas flow (Ar) nlpm 2.5 2.5
Powder feed rate g min™! 50 50
Spray distance mm 150 100
rotation speed RPM 120 120
Surface roughness pum 0.67+0.1  0.67+0.1
Preheat and afterheat oC 200 200

temperature

To create a nano-structured coating, spraying para-
meters must be selected in a manner that the critical
plasma spray parameters (CPSP — Equation. 1) falls in
the range of 780 to 1080 [22].

CPSP = [voltage (V) x current (A)] / 1
/10.93 x primary argon gas flow rate (nlpm)]

In all samples, CoNiCrAlY bond coat was applied
with the thickness of 150 um and then specimens were
coated according to Table 3.

. Table 3. Coatings specification.
method with a Metco 3MB gun. £
Family Short N Thickness C Y YN
name code ame (um) (%) (%) (%)
Air plasma spraying D111 K(YC)250 250 50 50 0
v.C D113 K(YC)350 350 50 50 0
Before spraying process to increase mechanical ) D117  K(Y2C)250 250 33 67 0
bonds of coating, surface of disks were sand blasted by D119  K(Y2C)350 350 33 67 0
25 gorain mesh A1203' particles. Samples were preheated Fo D120 K(YNC)250 250 0 0 50
200°C before spraying and then the process was done in
. D131 K(YNC)350 350 50 0 50
atmosphere. Argon and hydrogen were used for primary  YN-C
and secondary plasma gases. The unit of gas flow is D135 K(YN2C)250 250 3067
normal liter per minute (nlpm) that is common in the D137 K(YN2C)350 350 33 0 67
Table 1. Powders specification.
Locati Densit Si . ..
Name Producer gﬁisl? ( gegzi?; (Hl:ne) Chemical composition
CoNiCrAlY  H.C. STARCK bond coat - 45-125 Co, Ni 32 %, Cr 21 %, A1 8 %, Y 0.5 %
YSZ Oerlikon Metco top coat 1.8-2.4 40-50 Zr0O, 89-91 %, Y,0; 7-9 %, other 2 %
CSzZ Oerlikon Metco top coat 2.2+0.1 40-60 Zr0, 70-73 %, CeO, 24-26 %, Y,0; 2-3 %, other 1 %
YSZ-N Inframat top coat 14-1.7 15-150 Zr0O, 90-91 %, Y,0; 7-8 %, other 2 %
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Thermal shock test

Performance of samples was checked by a furnace
thermal shock test with procedure of placing samples in
furnace after reaching temperature to 1100°C, keeping
for 25 min in the furnace and quenching in 20°C water.
The volume of the water container is so enough that its
temperature does not change much before and after the
quenching. This process was repeated for each sample
and stopped after reaching more than 30 % delamination.
Tests were repeated three times for each case.

Coating characterization

Scanning electron microscope (SEM) image of
coating cross section and an energy dispersive spectro-
meter (EDS) analysis were performed before and after
the thermal shock test.

Calculating coating parameters

At the end of each cycle, damage (% D) of samples
was determined with Digimizer commercial software by
calculating the ratio of the damage area to the whole area
(Equation. 2).

% D = (edge damaged area / whole disc area) X100 (2)

TGO thickness was determined after the thermal
shock test and destroying more than 30 % of coating,
from cross-sectional SEM image. Since TGO growth
rates related to the square root of time [23], the thickness
of TGO in the cycle 60, is determined by the equation. 3:

TGO = TGO x V(60/EC) 3)

where TGOy, is the estimated TGO thickness in cycle
60 and TGOy is TGO thickness in the end cycle. The
reason for transferring all values to cycle 60, is that the
highest durability of the samples has been up to this
cycle.

RESULTS AND DISCUSSION

In the structure of APS coatings, defects such as
cracks and micro cracks, layer boundaries, etc. play
an important role in strain compatibility. To calculate
coating porosity, the cross-sectional image of coating
was converted to binary using Adobe Photoshop and then
the ratio of black pixels to total pixels was calculated.
Binary images of conventional single-layer YSZ, YSZ-N
and CSZ coatings are shown in Figure 1 and their cal-
culated porosities are 18.44 %, 14.24 % and 9.61 %;
however, this does not mean that the porosity of mixed
composite coating (MCC) can be determined from these
values. In MCCs, because of the differences in materials
properties, some pores and voids are filled and more
dense structures are created. Calculated porosity for YC

(D111 and D113), Y2C (D117 and D119), YNC (D129
and D131) and YN2C (D135 and D137) coatings is 11.2,
14.9, 9.9 and 11.4, respectively.

Figure 1. Binary image of coatings: a) YSZ, b) YSZ-N and
¢) CSZ.

Cross section SEM image of conventional coating
shown in Figure 2 YSZ has more porosity than the other
two and its performance in thermal shock conditions
is acceptable. The main disadvantage of this coating
can be noted as the high oxygen permeability and poor
performance (in comparison with other of its properties)
in conditions of hot corrosion. Cracks grow vertically in
the structure of YSZ and horizontal cracks are usually
not observed; and voids and other structural defects if
larger than cracks can resist against their growth.

YSZ YSZ-N

CSZ

Figure 2. SEM microstructure of conventional coatings
(top — thickness: 300 um) and samples after thermal shock test
(bottom).

Structure of YSZ-N coating is similar to YSZ
except that the nano-zones can be seen in its structure.
In these zones, a large number of semi-molten nano-
YSZ particles are located within the context of the fully
melted particles (Figure 3a). Nano-zones play two major
roles in the performance of the coating: (1) restrain the
cracks and (2) increase strain tolerance adaptation. The
first effect can operate through different mechanisms
such as changing the crack path, weakening the crack
or splitting crack to two or more weaker ones. The
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10 um
+— 20 ym

Figure 3. Nano-zones in coating a) and different roles of nano-zones b): 1 — redirecting the cracks, 2 — weakening the cracks and

(3) splitting to two or more weaker cracks.

latter effect can be justified with explanation of springy
behavior of nano-zones. Implication of springy behavior
is to the nano-zones which act like a spring and are
capable to expand and contract in thermal cycles.

CSZ coating has more dense structure than micro-
and nano-YSZ. Unlike the previous two, horizontal
cracks can be seen in the structure of this coating
(Figure 4). Therefore, usually in the CSZ coatings, after
several thermal cycles, large horizontal crack grows
in the middle of the top coat. Subsequently, horizontal
crack joins vertical cracks and top section of the coating
delaminates. Characteristic of this coating after the
thermal cycle and occurrences of damage is remaining
part of the coating on the surface of the disc (Figure 2).

Before examining the behavior of Y-C class, to
ensure uniformity of MCC structure, composition of
single- layer YSZ and CSZ was determined using

path and b) joining horizontal and vertical cracks.

EDS analysis and compared with the result of mixed
coating. This comparison is shown in the Figure 5a, and
according to the random selection of areas in each of the
coatings, and the values obtained for different elements,
it implies that YSZ and CSZ is uniformly dispersed in
the MCC structure. Furthermore, the uniformity of the
TC structure is quite clear on the Figure 5Sb map.

In spite of the proper dispersion of the powders in
the macro-structure of coating, SEM micro-structure
image of MCCs shows that some areas are rich in CSZ
and some other areas are rich in YSZ (-N). Line scan
data across the thickness of D117 are shown in Figure
6 and different regions are highlighted in it. In the CSZ
region labelled 1, the curves of Ce show peaks and Y
and Zr show valleys; and vice versa in the YSZ region
(shown with 3). In porous regions, all intensities are zero
(shown with 2); and in some areas, all elements are well
dispersed (an example of it is marked with 4).

The difference in the performance of the Y-C and
YN-C classes in the damage curves diagram which is
shown in Figure 7, is quite clear. In Y-C class, while the
curves are very close together, the performance of the
Y2C composites (with higher ceria content) is better.
Furthermore, in Y-C class, coatings with a less thickness
are more durable than those with a similar composition
but lower thickness but increasing the thickness in the
YN-C class has a nearly inverse effect. In the YN-C
class, the difference in the behavior of the samples is
more evident, but like Y-C class, the YN2C composites
and the more thickness are better. Among of all samples,
the damage propagation rate in the YN2C compounds
was the lowest.

With a close look to the curves, it is observed that
almost all samples have exponential behavior, while the
performance of single layer YSZ and YSZ-N is almost
linear, which means that increasing of damage does not
aggravate the degradation. Hence, it can be concluded
that after the destruction begins, damage from CSZ-rich
locations extends. According to the presence of YN-C
class curves between the single-layer YSZ-N and CSZ
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Figure 5. EDS analysis of conventional and mixed YSZ and CSZ coatings a) and element map from D137 top coat b).

curves, it can be deduced that in the YN-C mixture, none
of the powders are dominant, but the performance of the
Y-C class is weaker than the single layer YSZ and CSZ,
so the mixture of these two materials is not compatible
with each other. Cross section SEM images of D111 and
D117 from Y-C class and rich regions of YSZ and CSZ
are shown in Figure 8. In YC composition, the path of
horizontal cracks often traverses from the border of YSZ
and CSZ regions, however in Y2C, horizontal cracks
are controlled by YSZ regions and porosities. The YSZ
regions, despite having high resistance to the growth of
horizontal cracks, pass vertical cracks more easily.

Damage progress of all samples, in different cycles,
shown in Figure 9. The damage in cycle 43, for all
members of the YN-C class is lower than Y-C class in
the last cycle of activity. The image of the last cycle of
samples activity indicates that in the D111, D113, D129
and D131 (with YC or YNC composition), after the test,
parts of coating remain on the disk surface, but in other
samples, this state is not observed. Un-damaged coating,
complete detached coating and remained part of coating
on disk (white region in damaged area) are shown in
Figure 9b, c.
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CSZ has the most potential for growing the
horizontal cracks; therefore, in the above mentioned
samples, the CSZ regions are such that a continuous
horizontal crack can pass through them. But in other
samples, in which CSZ has a lower percentage, there are
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Figure 6. Changing elements along the thickness in D117,
1 - CSZ, 2 —porosity, 3 — YSZ and 4 — CSZ-YSZ.
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many obstacles to the growth of horizontal cracks, and
thus, the cracks usually grow vertically to reach the BC/
TC interface and in there, move horizontally. Figure 10a
depicts one of the predicted paths to form a continuous
crack; and in Figure 10b, the role of nano-zones and YSZ
regions in limiting the crack path, is well seen.

The general information about the performance of
the samples is shown in the Table 4. The beginnings of
damage in all samples have occurred around the 20th
cycle, but, the longevity of the YN-C class is about 20
cycles greater than the Y-C class. The thickness of the

Figure 8. Different types of cracks in Y-C class and important
role of CSZ-rich zones in growing horizontal cracks.
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Figure 7. Damage curves for Y-C and YN-C class; damage curve for single layer YSZ, YSZ-N and CSZ (thickness: 350 pum)

plotted as a reference for comparison.
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TGO follows different behavior in two classes, which,
due to the commonality of CSZ in both compounds,
arises from the different behavior of YSZ and YSZ-N.
In Y-C class, augmentation of YSZ, has increased the
thickness of TGO, however in YN-C class, increasing
the amount of YSZ-N has an inverse effect. Therefore,
it can be concluded that the resistance of YSZ-N against

Table 4. Performance data for Y-C class.

oxygen penetration is greater than that of CSZ, but YSZ
has less resistance. This behavior is due to this fact that
the nano-zones do not allow oxygen to pass through, and
oxygen must pass between these areas, which reduces
the width of the path and increases the path length. In
both classes, increasing the thickness of the coating
reduces the thickness of the TGO layer.

Short Damage Starting cycle End cycle
Class code Name (%) of damage of damage TGO
D111 K(C-Y)250 21.6 27 36 2.3
v.C D113 K(C-Y)350 22.2 24 35 1.9
D117 K(C1-Y2)250 21.4 19 38 2.5
D119 K(C1-Y2)350 21.7 18 35 22
D129 K(C-YN)250 24.4 24 49 1.8
YN-C D131 K(C-YN)350 23.6 23 53 1.7
D135 K(C1-YN2)250 23.8 22 60 1.6
D137 K(C1-YN2)350 21.8 26 59 1.4
@
Cc27 C30 C33
s
c24 Cc30 C34 C36
D117 :
Cc19
ci8 c22 C59
Y-C a)
remained
disk coating on disc un-damaged
coating

surface

un-damaged
coating

substrate

b)

disk
surface

©)

Figure 9. Damage progress in Y-C and YN-C classes a), higher magnification of D131 and D137 b) and c), and schematic

representation of how to damage the coating.
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Figure 10. A predicted path to form a continuous crack among TC a) and limitation of horizontal cracks with (1) nano-zones and
(2) nano-zones and YSZ regions b).
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Figure 11. Elements change around the TGO layer: a) presence of BC elements in TC, note that Al is used to form TGO and
therefore does not penetrate in BC, and b) distribute TC elements, note to increase the amount of oxygen near the TGO, which
provides the conditions for thickening of the TGO.
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Figure 12. Dispersion of elements after thermal shock test (D137).

Elements change across the coating thickness and
especially around the TGO layer, as shown in Figure 11.
The formed TGO layer is thin but conditions for
thickening, which is existence of enough oxygen and
aluminum, are provided. Figure 1la shows that main
elements of BC, such as Cr, Co and Ni, penetrate in TC
and their density around the TGO is low. But Al shows
different behavior; it is concentrated below the TGO and
does not pass through it. Region B in Figure 11b shows
high levels of oxygen near the TGO. The regions shown
with C are two examples of coating porosity.

SEM image of D137 after thermal shock test and
its elements dispersion shown in Figure 12. Horizontal
cracks are seen in parts of the coating, but they are
controlled by nano-zones or porosities, therefore, the
critical area of coating destruction has been shifted to
the BC/TC interface. According to this figure, after
intensifying the damage and widening of the horizontal
crack in the interface, parts of the TC that are located in
the BC valleys, remain on the BC. The presence of TGO
at the top of BC, throughout the coating, can clearly
illustrate the role of this layer in resistance to crack
passage. Due to the high lifetime of this coating, the
penetration depth of the BC elements in TC is relatively
high, although this behavior is observed for Al to a lesser
degree.

CONCLUSIONS

Performance of mixed composite TBCs with yttria-
and ceria-stabilized zirconia in thermal shock conditions
were investigate with a furnace test. Samples were

classified in Y-C and YN-C classes (with micro- and
nano-structured YSZ and CSZ) with two weight ratios
and two different thicknesses. The results showed that
the life of the YN-C class is about 20 cycles greater than
the Y-C class. In both classes, with increasing the topcoat
thickness, TGO thickness has decreased, while in the Y-C
class with increasing the amount of YSZ, TGO thickness
decreases but this behavior is vice versa in YN-C class.
Best performance was observed for the nano-structures
YSZ mixed with 33 % of CSZ.
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