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Abstract

In this work, we present the effect of the amount of CMAS infiltration into YSZ of Thermal barrier coatings (TBC) on the magnitude of
residual stresses. The (TBC) were deposited by thermal spraying of CoNiCrAlY (Bond Coat-BC) and YSZ (Top Coat-TC) powders. The
deposition of the BC was through the high velocity oxygen fuel (HVOF) system. The TC was deposited via an atmospheric plasma-
spraying gun (APS). The TBCs were heat treated at 1250 °C, with a CMAS attack at a concentration of 10 mg/cm?.The attack exposure
was for 2 and 4 hours respectively. In this evaluation, the measured parameter was the magnitude of the residual stress state in Yttria
Stabilized Zirconia (YSZ). The residual stress profiles were obtained using the Modified Layer Removal Method for Duplex Coatings
(MRCMRB) and the Noda equations. An increase of 26.446 MPa was determined for 2 hours of thermal treatment and 30.743 MPa for 4
hours.

Keywords: Thermal Barrier Coating (TBC); residual stress; thermal spraying; and Calcium—Magnesium—Alumino Silicates (CMAS).

Determinacion de esfuerzos residuales en un recubrimiento de
barrera térmica debido a la cantidad infiltrada de CMAS.

Resumen

Este trabajo muestra el efecto de la cantidad infiltrada de CMAS en el YSZ del TBC sobre la magnitud de los residuales. El
recubrimiento de barrera térmica (TBC) fue fabricado mediante rociado térmico de dos capas, CoNiCrAlY y zirconia estabilizada con
itria (YSZ). La capa metalica de enlace (BC) fue depositada mediante una pistola de rociado a alta velocidad por combustion de oxigeno
(HVOF), mientras que la ceramica (TC) mediante rociado por plasma atmosférico (APS). Los TBC’s fueron tratados térmicamente con
una temperatura de 1250 °C, con un ataque de CMAS con concentracion de 10 mg/cm’, durante 2 y 4 horas, respectivamente, con el fin
de evaluar el efecto de la cantidad infiltrada de CMAS sobre la magnitud del estado de esfuerzos residuales del TC (YSZ). El estado de
esfuerzos del recubrimiento fue determinado mediante el método de remocion de capa modificada para recubrimiento bicapa
(MRCMRB) vy las ecuaciones de Noda. Se determind un incremento de 26,446 MPa durante 2 horas de tratamiento térmico y 30,743
MPa durante 4 horas.

Palabras clave: Recubrimiento de Barrera Térmica (TBC); esfuerzos residuales; rociado térmico y silicatos de calcio; magnesio y
aluminio (CMAS).
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1. Introduction

The TBC are used in the hot sections of the blades of
aeronautic and terrestrial turbines. These TBCs reduce heat
transfer due to combustion gases, provide protection against
hot corrosion and oxidation of critical components, thus
increasing their service life [1]. Generally, a TBC consists
of two layers of different material, which are deposited on a
metal substrate. The outer layer is known as the top coat
(TC), and the other is a metal alloy named layer of linkage
(Bond Coat — BC). The TC is commonly made of yttria
stabilized zirconia (YSZ) and the BC is usually made from a
MCrAlY (M = Co, Ni, or Co+Ni) alloy, MCrAlY. TC is
applied more in TBC coatings because of its thermal
properties, such as low thermal conductivity, good thermal-
shock resistance and relatively low thermal expansion
coefficient [2]. The shape of this powder (TC) is spherical,
although there are some slightly deformed ones. The
spherical geometry ensures good flow through the powder
feed system [3]. The BC promotes good adhesion of the TC
to the substrate because it has a similar coefficient of
thermal expansion as the substrate [4]. This layer provides
protection against oxidation [2,5] and hot corrosion [5].
Thermal spray methods are normally used to make TBC due
to fast and inexpensive procedure [6]. Some researchers [7-
9] have shown that during deposition of thermal barrier
coatings (TBC), residual stresses are generated. These
stresses directly affect the mechanical properties of the
coating. Furthermore, they reduce the service life and the
component they cover. Thus, a deposition methodology to
reduce the residual stresses is paramount.

Residual stresses are always present in thermal spray
coatings. They are produced by two known mechanisms: 1)
the quenching of splats after impact on the substrate and the
restricted contraction of the splats by adhesion to the
substrate; and ii) the differential thermal expansion of the
coating and the substrate during cooling.

According to Widjaja et al. [9], the end-stress state of a
TBC is influenced not only by splats quenching and thermal
mismatch but also by phase transformation during coating
deposition.

Atmospheric Plasma Spraying (APS) projects molten
particles at low speed. In this process, the gun has a copper
cathode with a tungsten tip and a copper ring anode, both
cooled by water flowing in an internal circuit. A high
voltage electric arc is generated between the cathodes.
When the gases pass through this high potential, the gases
ionize, raising the temperature and producing the plasma.
The ionization is obtained as a result of collisions between
neutral gas molecules and the interaction with the electric
arc. The plasma protrudes from the space between the
electrodes in the form of a flame at the exit of the gun. The
feed material in these systems is dust that is quantified and
feed directly into the plasma flame. The dust on contact
with plasma absorbs thermal and kinetic energy and is
projected onto the substrate. The APS can reach a gas
temperature of 12000 to 16000 ° C [10], so it is possible to
melt ceramic materials.
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In the HVOF process, the particles projected onto the
substrate reach high speeds, and do so at lower temperatures
than those measured in the APS process. This APS process
generates a low velocity and high temperature plume, which
is suitable for the deposition of ceramic powders. Despite
these differences between HVOF and APS, the deposition
of coatings to manufacture a TBC trough these processes is
recommended. In both methods, the impact of the particles
on the substrate generates residual compressive stresses
[12], which reduce the tensile stresses that eventually cause
the delamination of a coating in operation [13].

Improved TBC deposition technology can lead to gas
turbines operating at high temperatures (about 1200° C),

higher efficiency and better fuel performance of
consumption [14], which reduces the generation of
greenhouse gases [15]. However, due to the high

temperatures at which the turbines operate, the TBCs are
exposed to thermal and mechanical loads. In addition to a
corrosive and oxidizing atmosphere, which can cause
detachment of the ceramic layer [16]. In addition, the TBC
are susceptible to degradation due to the molten oxides of
calcium, magnesium, aluminum and silicate (CMAS). This
CMAS resulting from the ingestion of siliceous mineral
residues (dust, sand, ashes) that reach the turbine from the
combustion chamber [17]. The mechanism produces
catastrophic TBCs failure in engine components that are
exposed to corrosive gases and extreme temperatures [18].
During the last decade, different techniques have been
proposed to study the ultimate stress state of TBCs, for
example bending [19], finite element simulation [20] and
material removal [21], however, there are no studies that
show the effect of the relationship between the amount of
CMAS infiltrated and the magnitude of the residual stress
profile. This relationship is paramount because help us to
determine the critical stated of the TBC before
delamination, detachment or even a total destruction of the
TBC. In this study, the residual stress profile of the ceramic
layer (TC) of a thermal barrier coating due to CMAS
infiltration was determined using the Modified Layer
Removal Method [22] and the method of Noda et al [23].
We show the effect of the relationship between the amount
of CMAS infiltrated and the magnitude of the residual stress
profile. This effect was measured on the TBC after it had
been subjected to a temperature of 1250 ° C for 2 and 4
hours, respectively. We determine an increase of 26.446
MPa for 2 hours of thermal treatment and 30.743 MPa for 4
hours. In addition, it was observed that the formation of
TGO (usually formed by Al>O3) is related to the increase in
the magnitude of the residual stresses in the YSZ.

2. Experimental Procedure

2.1. TBC deposition

TBCs were deposited on AISI 304 stainless steel
substrates of size 25.4 mm X 25.4 mm X 6.35 mm. The BC
and TC were obtained by deposition of powders of a
CoNiCrAlY (AMDRY 9954, Co32Ni21Cr8A10.5Y), and
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Table 1. Table 3.
Pressure and flow rate of the gases. Physical properties of TBC materials.
HVOF Pressure (bar) Flow (SLPM) Property CoNiCrA Y AISI- C
Oxygen 10 154 1Y SZ 304] MAS
Propane 8.9 38 Young 7 84.
Air 6.8 294 modulus (GPa) 200 0 200 3
APS Pressure (bar) Flow (SLPM) Poisson 030 0 0.29 0.2
Argon 5.2 42 coefficient ’ 23 ' 6
Hydrogen 34 7 Thermal p 93
Source: The Authors. expansion coefficient 13.6 6 17.3 5 :
(10%°C) )

yttria stabilized zirconia (NS-204, YSZ) alloy, respectively:
both from Sulzer Metco. Then, the substrates were then
cleaned with acetone and grit blasted by an air stream
carrying alumina particles that impacted at a 45° angle at a
distance of 200 mm, they were then re-cleaned with acetone;
the surface roughness (Ra) ranged from 3 to 7 pm.

The BC was deposited by a HVOF system, model
DJH2700 by Sulzer, with a powder feed rate of 38 g/min and
a distance of 203 mm. The mean thickness of this layer was
3007 pm. On the other hand, the TC was deposited by an
APS system, model 9MB by Sulzer, with a powder feed rate
of 45 g/min and a distance of 90 mm. The voltage and current
of the gun were set at 67 V and 600 A, respectively [23]. The
mean thickness of this layer was 180+5 pm. Each layer was
formed by applying 16 times at a gun lateral displacement
speed of 1.5 m/s. Table 1 shows the pressures (bar) and flow
rates (SLPM, Standard Liters per Minute) of the gases used.

2.2. Thermal treatment of the coatings with CMAS attack
in TBC's

After depositing the TBC on the AISI 304 stainless steel
substrate, the thermal treatment of the TBCs was carry out
in a SWGL-1600x tubular furnace, at a temperature of 1250
° C. These TBCs were grouped in pairs for testing with a
replica, samples 6H-CC1 and 6H-CC2. During the heat
treatment, they were subjected to a CMAS attack, which
was placed on the coated surface, with a concentration of
approximately 10 mg/cm?. The heating rate was 10 C°/min
to a temperature of 1250°C, the cooling ramp 6 C°/ min
with a vacuum of 10> mm Hg. The chemical composition of
the Mordenite is shown in Table 2.

2.3. Residual stress determination
To calculate the residual stresses on the coatings, the

physical properties of the materials were used (AISI 304),
BC (CoNiCrAlY) y TC (YSZ), shown in Table 3.

Table 2.
Chemical composition of CMAS (Mordenite).
Composition SiO, ALO MgO CaO
3
% mol. 66.0 12.3 0.36 3.02
6 2
o Naz
Composition o K,O H,0+ H,0-
% mol. 3.86 0.50 9.19 4.68

Source: The Authors.
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Source: The Authors.

The profile of the residual stress in the TBCs was
determined by the technique MRCMRB [22] and Noda
Equations [23].

According to the method modified by Yanez et al [22],
the mathematical analysis of the stress was performed using
the following equation:

& = & + Kyp¥Ey = €50 + ky, (€8]

Where k,, and k,, are sample curvatures. For a plain
stress state, the stress-deformation equation is given by:

=21 dsd

Where E' is a relationship that involves the Young
modulus and v the Poisson ratio of the materials E; is the
Young modulus of the substrate, E;. of the BC, and E;, of
the TC:

O-X
Oy

€x

2

gy

EBC ETC

B o _Fe O
A —vpe)” TC (1 —vre)

=2,
S_(l_vs), Be

Where E; is the overall Young modulus of the TBC:

Ep = Epc + Eq¢ 4)
If Zh > th, then, E:FC = O, but lfzh > h'TC + hBC then
Ere = Eg:.=0.

The Noda equations [23] were taken as the basis for
determining residual stresses due to the difference between
thermal expansion coefficients between TC, BC and
substrate (Thermal Stress), as shown below.

E; (&)
0 = 5 [Ty = TDE? + (a,T, — aTE?
+ 7(6{1’[‘1 - ale - Zal‘Ti)ElEz
y
- 12%E1E2(Q1T1 - ale)]
i=12
Where.
D= (E1 + Ez)z + 12E1E2 (6)

Equation (5) is reduced to.
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o5 = E‘;)E“ (2o — o) (7B, + Ea + IZ%ES) 7] ”
oy = _E;E“ (e = ) (7B + Es - 12%Ea) 7] ®

Where o is the residual stress of the BC; E and «a; are
the Young's modulus and the coefficient of thermal
expansion of the BC, respectively. o, is the residual stress
of the TC; E. y a, are the Young's modulus and the
coefficient of thermal expansion of the TC respectively. The
thickness of the coating h is the total thickness; and T is the
deposition temperature of the coating.

3. Results and Discussion

Fig. 1 shows the micrograph and a comparison profile
between the residual stress and the infiltrated amount of
CMAS in the YSZ (TC) of the TBC. This procedure was
subjected to heat treatment (1250°C), and CMAS attack
(10 mg/cm?) for 2 hours (RS-2H). In Table 4 shows the
quantification in weight percent of the TC elements. The
measurement was performed by EDS in the scanning
electron microscope (SEM). It can be seen that the
magnitude of the compression residual stress about 30
pm of the surface of the TC is 1.9 MPa and the weight
percentage of Si and Ca are 0.45 and 2.76, respectively.
Approximately 60-um of depth from the surface of the
TC, the values of the weight percentage of the Si and Ca
decrease to 0.34 and 2.46 respectively, and the
compressive residual stress was increased to 5,956 MPa.
At 90 pum, the values of the weight percentage of Si and
Ca are 0.21 and 1.98 respectively, and the compressive
residual stress increases to 14,417 MPa. At 120 pum, the
values of the weight percentage of Si and Ca are 0.07 and
1.37, respectively and the residual compressive stress
increases to 16,771 MPa. At an approximate depth of
165um, near of the BC, the amount of Si and Ca
decreases 0.07 and 1.15 respectively, at this depth the
compressive residual stress is increased to a value of
26,416 MPa. To enter the interface with the BC the stress
undergoes a slight increase to compression of 24,026
MPa, and the weight percentage of Ca and Si decreased
to 0.02 and 0.43, respectively (Fig. 1 and Table 2). With
these results, we can mention the following argument:
more depth of the CMAS infiltrated in the TC, more
amount of the CMAS, and more magnitude of
compressive residual stresses. In addition, exists a
decrement of the weight percentage of the Y and
increment of the weight percentage of the Zr. This is
because YSZ might tends to dissolve and precipitate with
a different composition (lower Y) due to the CMAS
attack.

Fig. 2 shows the micrograph and the relationship between
the residual stress profile and the infiltrated amount of
CMAS in the YSZ (TC) of the coated samples. This
experimental procedure was as following: the samples were

79

+=RS-2H

Ytria Stabilized Zirconia (YSZ)
5 70
N

-20

Residual Stress (MPa)

Weight %

-25

-30

0 30 60 20 120 150 180
Distance from TC surface (um)
b)
Figure 1. a) Relationship between residual stresses and the weight percent
amount, and b) the micrograph of the RS-2H sample.
Source: The Authors.

Table 4.
Percentage of weight of the elements in the RS-2H sample.
Element
Distance Residu
from TC 6] Al Si Y Zr Ca al
surface Stress
(um) (MPa)
15 27.3 0.38 0.48 6i8 62 3.03 1.367
30 27.4 0.28 0.45 657 622‘3 2.76 - 1.900
45 275'5 011 0.39 656 625'4 285 - 1534
60 265‘9 0.83 0.34 6i6 621‘8 2.46 - 5.956
27.6 0.05 6.5 63.3
75 2 5 0.27 - 5 2.17 - 7.061
90 76 0P om0 G0 ieg iaan
105 271‘7 0.01 0.22 6.4 6?1‘9 1.75 -14.313
120 2;‘6 0"(‘)3 0.07 653 64.5 1.37 -16.771
0.04 0.07 6.7 64.6
135 27.1 4 5 6 5 1.26 -25.192
0.05 0.06 6.7 64.6
150 27.1 3 7 3 3 1.32 -26.446
165 27.2 0'28 0.07 6.8 6‘;‘4 1.15 -26.416
180 1.31 4.09 0.02 0.4 0.23 0.42 -24.026

Source: The Authors.
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subjected to thermal treatment (1250 ° C) with CMAS
attack (10 mg / cm?) for 4 hours (RS-4H). This evaluation
suggests a higher residual stress when the TBC is exposed
during a longer time. Table 5 shows the quantification in
weight percent of the TC elements. The quantification was
performed by EDS in the scanning electron microscope
(SEM). It can be seen that the magnitude of the compression
residual stress about 30 um from the surface of the TC is
3.675 MPa and the weight percentage of Si and Ca are 0.02
y 4.27, respectively (Fig. 2 and Table 5). At approximately
60 pm from the surface of the TC the values of the weight
percentage of the Si and Ca are 0.02 y 3.97, respectively,
the residual stress at this depth decreases slightly to 3,595
MPa. Around 90 pm the values of the weight percentage of
the Si and Ca are of 0.02 and 3.72, respectively, and the
compression residual stress increases to 16.775 MPa. At the
depth of 120 pm, the values of the weight percentage of the
Si and Ca are of 0.1 and 3.25, respectively, in this depth
compression residual stress increases to 19.479 MPa. At a
depth of 180um, near of the BC, the amount of Si increases
to 0.48, the Ca percentage decreases to 2.78, and the
compression residual stress increases to 30.456 MPa. At an
approximate depth of 190 um, within the BC, a residual
tensile stress of 30.743 MPa was measured, and the weight
percentage of Ca and Si decrease to 0.27 and 0.83,
respectively. With these results, we can mention the
following argument: In the same way as in Fig. 1 y Table 2
(RS-2H sample), one can observe increment in the
magnitude of the compressive residual stresses, when
increases the depth infiltration of CMAS as mention in first
evaluation. In addition, a clear difference with the previous
procedure, we note that the infiltration of Si, Ca and
compression residual stresses were increased.

The samples were subjected to thermal treatment (1250 © C)
with CMAS attack (10 mg / cm?) for 2 hours (RS-2H) and 4
hours (RS-4H), respectively. In both cases (RS-2 H and RS-
4 H), it can be observed that the residual stress profile
increases gradually, due to increase of the depth of CMAS

e=g=RS-4H

o]

-5 Ytria Stabilized Zirconia (YSZ)
T 70
§ -10
=3 60
g -1 — O
:'\; 50 ?_E Al
E -20 P ye—
2 7]
s 25 - 30 3 ey
= — 71

-30 20

-35

0 15 30 45 60 75 90 105 120 135 150 165 180
Distance from TC surface {um)

b)

Figure 2. a) Relationship between residual stresses and the weight percent
amount, and b) the micrograph of RS-4H sample.

Source: The Authors.

Table 5.
Percentage of weight of the elements in the RS-4H sample.
Element
Distance Residu
from TC O Al Si Y Zr Ca al
surface Stress
(um) (MPa)
33.1 03 00 58
15 4 6 5 3 56.11 448 - 228
33.1 05 00 57
30 5 7 5 5 56.24 4.27 - 3.67
329 04 00 58
45 4 3 5 5 56.61 4.18 - 423
325 04 00
60 5 7 5 59 57.07 3.97 - 359
324 05 00 6.0
75 3 5 5 3 57.33 3.67 - 7.89
05 00 6.1
90 33.2 4 5 5 57.37 3.72 - 16.77
323 05 00 6.0
105 5 9 5 P 57.46 3.53 - 17.80
120 B0 o1 O sies 325 - 1947
327 04 02 6.1
135 5 3 3 3 57.16 3.28 - 2720
32.1 04 03 62
150 5 1 5 P 57.7 3.17 - 2892
319 03 04 63
165 5 7 3 5 57.87 3.01 - 30.57
180 039 37 02 03 0.16 0.83 - 30.74

1 7 9

Source: The Authors.

infiltrated in the TC. In addition, a higher residual stress
profile is observed in the sample (RS-4H), which was
subjected to a longer thermal treatment. This may be related
to the amount of Si and Ca infiltrated. In the RS-2H sample,
we can observe that near of the TC the weight percentage of
the infiltrated amount of Ca to a depth of 15 um is greater
than the infiltrated amount of Ca in the sample RS-4H. This
similar trend is present along the depth of the TC, which
indicate that the amount of Ca influences the magnitude of
the residual stress profile. Another element that could also
influence the magnitude of the residual stress profile is Si.
We can be observed that near the TC surface of the sample
RS-2H the Si has its greatest amount infiltrated in
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percentage of weight, is of 0.48. As it approaches the BC
interface, the infiltrated quantity decreases to a minimum of
0.02. In the case of the sample RS-4H, close to the TC
surface (15 pm) the infiltrated amount of Si is the smallest
(0.02). From this smallest depth, a gradual increase of the
infiltrated quantity of Si up to a depth of 165 um, observing
a value of 0.48 of weight percentage of the quantity
infiltrated, which may indicate that when the infiltrated
amount of Si is greater near the BC, the magnitude of the
residual stress profile is increased. It can also be observed
that the increase in compressive residual stress is related to
increased stiffness of the TC (YSZ), which agrees with Wu
et al [24]. They say that the infiltration of Si and Ca led to
an accelerated sintering of YSZ coating. Sintering usually
leads to shrinkage at the surface of a TBC. The sintering
effect decreases gradually from the surface to the bond coat.
This leads to an increase in Young’s Modulus, which
decreases strain tolerance capability of the coating, and
increases topcoat stresses [24].

Not only the infiltration of Si and Ca can be considered
in increasing the magnitude of the residual stresses, but also
the formation of TGO (Generally formed by Al,O3) in the
interface of the TC and BC. Table 4 and 5 shows that the
amount of Al increased to 180 um of the TC surface, for the
sample RS-2H is 4.09 and for the sample RS-4H is 3.71.
Such behavior has also previously been reported by other
authors [25, 26], who comment in their work, that the
growth of the TGO provides compression residual stress,
because its growth is impeded by the substrate. Other
authors such as Busso et al [27] comment, that when the
thermally grown oxide increases, residual stress increases.
Ahrens et al [28], in their research work analyzed the TC
(YSZ) deposited by APS, They could observe, that during
cooling after a heat treatment, the TC and BC developed a
greater contraction than the thermally grown oxide (TGO).
This results in a state of compression residual stress in the
TC and BC, because the coefficient of thermal expansion of
the TGO is smaller than the coefficients of thermal
expansion of the TC and BC.

In Fig. 3 shows diffraction patterns of the samples RS-
2H and RS-4H, the patterns were obtained with X-ray
Diffractometer (XRD), The Rigaku DMax 2100 equipment
was used, with a sweep range from 10 to 90 ° in 20, with a
step of 0.02 °, incidence angle of 1 °, with a Cu tube at 30
kV and 20 mA. It can be seen that the diffraction patterns of
the RS-2H and RS-4H samples are similar to the pattern of
the YSZ layer (PDF # 48-0224 Yttrium Zirconium Oxide),
therefore it can be said that there is no phase change. Due to
the low concentration of CMAS (10 mg / cm?) used on the
YSZ surface, the effect of sintering caused by infiltrated Ca
and Si could be reduced. Therefore, a tetragonal to a
monoclinic phase change was avoided, eliminating the
possibility of formation of horizontal cracks of the TBC.
Control degradation of the ceramic layer, allowed to
determine the magnitude of the residual stresses due to the
attack by CMAS.
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Figure 3. X-ray diffraction patterns of the RS-2H and RS-4H samples.

Source: The Authors.

4. Conclusions

The residual stress state at the TC (YSZ) that was
deposited by thermal spraying was obtained by the
modified layer removal method for duplex coatings
(MLRMDC). This method resulted in residual stress
profiles similar to those obtained by MLRM. This is a
procedure regularly reported in the literature for
determining residual stresses of thermally sprayed
coatings. Residual stresses are beneficial to the durability
of the coating to some extent. We perform a deposition of
the TBC on the stainless steel substrates, which were heat-
treated at 1250 °C, with a CMAS attack at a concentration
of 10 mg/cm?. The attack exposure was for 2 hours (RS-
2H) and 4 hours (RS-4H), respectively. It was observed
that, in both samples, the infiltration of Si and Ca into the
YSZ increased the magnitude of the residual stress profile
of compression. This, up to a certain magnitude, is
beneficial for the durability of the lining. Furthermore, it
was observed that in the sample with the longest exposure
time to high temperature (4 hours at 1250 ° C) the amount
infiltrated by CMAS was greater and that the magnitude of
the residual stress profile was greater than the sample
exposed to the shortest heat treatment time (2 hours at
1250 ° C). In addition, it was observed that the TGO
formation is related to the increase in the magnitude of the
residual stress profile of compression at the YSZ.
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