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Effect of nano-structuration and compounding of YSZ APS TBCs investigated on
coating behavior in thermal shock conditions. The coatings were applied on
Inconel 738 discs with three different thickness per powder. In order to harmonize
the results from the samples, performance factor is defined as a criterion that in
the starting of the activity has an amount of about 100 and is reduced after the
damage begins. The results revealed that the growth of damage in the YSZ class
is almost linear, and this behavior is observed in all samples. The thick TGO in
this class shows its high oxygen permeability, and the type of damage indicates
that its location is near the TGO region. The nano-structured YSZ class has a very
good performance and through an interesting phenomenon, the slope of the
damage growth diagrams is decreasing with time. The obvious thing about the
CSZ class microstructure is the presence of horizontal and vertical cracks and its
dense structure. In this class, the main location of damage is through the coating
and after the beginning of damage, its curve has grown with a high rate. The best
performance among all samples belongs to the nano-structured YSZ, which due to
the presence of nano-zones, has a higher toughness and ability to endure more

cycles.

1. Introduction

The presence of thermal barrier coatings on high-temperature
components can lead to working at higher temperature and
durability in complex conditions created at high temperatures.
Some of the results of using TBCs include: increasing component
life and working temperature, reducing fuel consumption,
increasing resistance to external particle damage and reducing
fatigue and creep in parts. In general, the use of these coatings
can increase the overall efficiency [1-5]. The main requirements
for the development of turbines are their ability to operate more
reliable at higher temperatures, and one of the tools to achieve
this goals is using of TBCs [6-10].

TBCs have a multi-layered structure that apply on nickel or

cobalt base super alloys substrate and main features of different

layers are [11-16]:

e Bondcoat (BC): common composition of this layer is
MCrAlY (m=metal, Cr: chrome, Al: aluminum and
Y=yttrium) and hade thickness in range 50-150 pm. This
layer has properties between ceramic (topcoat) and metal

(substrate) and is rich in Al. Bondcoat protect the substrate

from oxidation and hot corrosion.

e Topcoat (TC): topcoat is the outer layer of TBC system and

most common material for this layer is Yttria Stabilized
Zirconia (YSZ). Thickness of TC according to the working
condition and environmental situation change in range 250-
600 pm. Topcoat has low thermal conductivity and high
thermal expansion coefficient (CTE); also its resistance to
sintering and phase stability at the high temperatures is high.
Normally TC reduce temperature 100-200 K.

e Thermally grown oxide (TGO): this layer forms between BC

and TC and thicken with time. Main composition of TGO is
a-AlbOs and its thickness is in range of 0.1-10 pm. TGO
needs Al and O for growing that Al comes from BC and
oxygen penetrates from atmosphere. CTE mismatch with the
upper and lower layers causes a high compressive residual
stresses within the coating. Researches shows that amount of

damage is directly related to the thickness of this layer.
Y'SZ has unique properties, including high CTE (close to metals)
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and low thermal conductivity, and therefore is the main choice
for using in TBCs. But this material has weaknesses such as
phase change and sintering at temperatures above 1200°C and
high oxygen permeability, and its performance in thermal shock
conditions is also normal [17-20].

One way to improve YSZ properties is to add some compounds
to it. One of these combinations is the CeO,, whose addition to
the YSZ creates Ceria-yttria co-Stabilized Zirconia (CSZ). The
characteristics of resulting compounds include lower thermal
conductivity, better resistance to hot corrosion and higher CTE
than YSZ, but the use of it will increase the rate of sintering [6,
21].

Nano-structuration of TBCs is one of the methods proposed to
improve its properties. Previous studies have shown that
nanostructured coatings exhibit more creep and thermal shock
resistance, and have lower thermal diffusivity. To create a
nanoscale coating, powders with size less than 100 nanometers
should be used, which, due to their very low mass, cannot
accelerate in plasma stream during spraying. Therefore,
nanoparticles must be agglomerated before spraying operation.
To create a nano-structured coating, the parameters must be
selected in such a way that a portion of the nano-sized particles
be melted and create a good bonding and others remains non-
melted. If the all of the nano-particles melted, the coating would
be micro-structured [22-24].

The basis of the creation of TBCs is the melting ceramic
particles and applying them to the surface, and according to the
high melting point of ceramics (about 2800 °C), few methods are
capable of doing this. In industry, air plasma spraying (APS) and
electron beam physical vapor deposition (EBPVD) are
commonly used, that former being more applicable in power
plants due to lower costs and the defected structure of created
coating [3, 18]. In the structure of APS coatings, there are defects
such as porosity and micro-cracks, which reduces the thermal
conductivity of the coating and cause better strain tolerability,
and hence these defects are considered as an advantage for
coating activity [12, 19, 25].

The main reasons for the failure of the TBCs during activity can
be the formation of cracks in the BC/TGO or TGO/TC interface,
thermal mismatch of TC with the substrate and BC, or
occurrence of cracks among the TC structure [7, 11, 12, 26].

The occurrence of thermal shock in coating activity is inevitable,
but during it, at a very short time, the coating temperature is
reduced about 1000 k; therefore, thermal shock can be the source
of many damages in the coating. The furnace method in which
the sample is heated inside the furnace to a temperature of about
1100 °C and then quenched in water is one of the best
simulations for the thermal shock conditions of the coating [26-
28].

In this paper, effect of structure nanonization and compositing
on thermal shock behavior of APS YSZ are investigated. In
addition, in each case, three different thicknesses have been
tested with furnace method to determine the thickness change
effect in each case.

2. Materials and methods

2.1. Materials

In order to check the performance of coatings, 30 mm diameter
and 3 mm thick Inconel 738 discs were produced. On the surface
of all samples, an Amperit415.006 CoNiCrAlY bondcoat was
applied in a thickness of 150 um. The selected powders to
produce the samples’ coating are: 8YSZ (Metco 234A-8 %),
CYSZ (Metco 205NS) and YSZ-nano (Inframat Sprayable
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Nanox™ S4007). All coatings, including topcoat and bondcoat
were manufactured using the APS method and Metco 3MB series

gun.

2.2. Air plasma spraying

Before carrying out spraying process, to increase mechanical
bonds between coating and sample, surface of samples blasted
with Al,O;3 (25 grain mesh). Preheating at 250°C is the next step
and then air plasma spraying done with argon and hydrogen as a
primary and secondary gases. Detailed parameter of APS process
shown in Table 1.

Table 1 plasma spray parameters

Parameter Unit YSZ YSZ-N CSZ
Current A 600 600 600
Voltage \Y 55 55 55

Primary gas flow (Ar) Nipm*® 40 42 35
Secondary gas flow
(H>) nlpm 9 9 9
Carrier gas flow (Ar) nlpm 2.5 2.5 2.5
Powder feed rate gr/min 50 40 50
Spray distance mm 150 150 100
rotation speed RPM 120 120 120
0.6
0.67 0.67
Surface roughness pm 7:;0. +0.1 +0.1
Preheat and afterheat oC 200 200 200

temperature
*: normal liter per minute

Nano-structured and agglomerated YSZ powders need special
a range of parameter sets to create nano-structured coating. This
range calculated with critical plasma spray parameters (CPSP —
Eq. (1)) factor and must be between 780 and 1080 [29, 30].

CPSP= [Voltage (V) xCurrent (A)] / [0.93 xPrimary Argon Gas
Flow Rate (nlpm)] (D

After preparing and applying bondcoat to samples, topcoats
according to Table 2 created:

Table 2 specification of samples

class i‘l:gzt Thickness (pm)
YSZ (Y) D1 300
Traditional D4 450
D7 600
YSZ-N (YN) D10 300
Nano-structured D13 450
YSZ D16 600
CSZ(C) D19 300
Compounded YSZ D22 450
D25 600

2.3. Thermal shock test

Simulation of thermal shock situations was done with the
furnace test. The procedure of this test includes: reaching furnace
temperature to 1100°C, placing samples into the furnace and
waiting for 25min, quenching samples in 20°C water for Smin.
The volume of the water is such that its temperature does not
change much before and after the quenching. The test is repeated
70 times for all samples unless the sample before the 70th cycle
reaches more than 30% of the damage to the coating.
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2.4. Coating characterization

At the end of each cycle, photographs were taken from the
surface of all samples to determine the amount of degradations of
the coating. In addition, before and after the test, Scanning
Electron Microscope (SEM) images and Energy-Dispersive
Spectrometer (EDS) analysis is taken from the section of samples
to check structural changes.

2.5. Calculating coating parameters

In order to quantify the coating behavior, after each cycle, the
amount of damage to the coating is determined from its
photograph with Digimizer software and shown in Eq. (2).

% D= (damaged area/whole disc area) <100 )]

The best way to compare the performance of different samples
in the same cycle is to use a performance factor (PF) that is
determined in each cycle using the amount of damage of sample
and cycle number (Eq. (3)). The design of this factor is such that

= B

6}-— bondcoat
.)f: RN *’“§~
.fs"« =]

\ -wc-‘@ & m._. ‘-‘~'Ab.

its amount in the initial cycles is around 100 and decreases with
the increasing damage of the coating. Since the coating actually
operates with 100% of the performance in the starting of
application and after damaging, its performance is reduced, so the
PF is in good agreement with reality.

PF=10x In ((end cycle number /%D) x100) 3)

One of the most important factors on coating performance is
the thickness of the TGO layer. Since some of the samples are
degraded by more than 30% damage before the 70th cycle, in
order to compare all the samples, the approximate TGO thickness
for all samples in the 70th cycle is calculated. The basis of this
calculation is the relation of TGO growth with square root of
time [29, 30] and its equation shown in Eq. (4).

TGOp=TGO0gs X,/ ?D/‘ES 4)

Where TGOy is the estimated TGO thickness in 70" cycle,
ES is the end cycle, and TGOgs is TGO thickness in the end
cycle.

B ol

substrate

(a)

()

Fig. 1 (a) different layers of a TBC system with YSZ as a topcoat, (b) higher magnification of BC/TC interface and various type of defects and (c¢) EDS analysis
of BC layer and rich area of Al

3. Results and discussion

In APS coatings, porosity plays an important role in coating
performance in thermal cycles and some of its types are shown in
the Fig.1. There are several methods for calculating porosity,
which one of them is to convert the cross-sectional image of
coating to the binary and calculate the proportion of black pixels
to all pixels. Converted image of each class shown in Fig. 2 and
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porosity of YSZ, YSZ-N and CSZ are 15.6%, 12.9% and 8.32%
respectively. Black pixels represent a variety of imperfections in
the coating structure, such as voids, cracks and micro-cracks and
so on. YSZ has the highest porosity, but their dispersion is not
uniform. Nano-structured YSZ despite its lower porosity, has a
more uniform section. Although the CSZ has the least porosity,
the horizontal and vertical cracks in its structure are more evident
than two other.
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Fig. 2 SEM image and converted to binary format of samples’ cross-section

3.1. Traditional YSZ

All three samples in the YSZ class endure until the 70th cycle,
and their percentage of damage in different cycles was shown in
Fig. 3. All curves follow a nearly identical behavior, and they can
be seen in three stages:

o Stage One: From the starting of damage to around the 45th

cycle where the growth rate is low.

e Stage two: from 45th cycle to around 55th cycle and with a

moderate growth rate

e Stage Three: from 55th to 70th cycle and with high growth

rates

12

10

Percentage of Damage
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Fig. 3 damage growth diagram for YSZ class

The specific point about these coatings is that with increasing
the thickness, the amount of damage decreases and PF increased,
that is due to the prolongation of the penetration path of oxygen
through the coating defects to BC/TC interface- where the TGO
forms. In fact, the TGO needs oxygen for the growth that is
supplied from the atmosphere, hence increasing the thickness
cause more barriers to oxygen that result is delaying the TGO
growth.

Table 3 Details of YSZ class performance

crass SPOXIC wp  sc EC T(iz;" PF
DI s o0 654'
‘(KS)Z DA 86 2 70 28 67
D7 7m0 271 %

The performance information about this class is given in the
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Table 3; the TGO thickness indicates that the majority of the
damage occurred within the TGO area. Fig. 4 shows the starting
and development of damage in D7. As it can be seen, after the
appearance of a vertical crack, the outer part of the coating is
completely detached, and any part of the coating is not left on the
surface. This behavior, which results from the combination of
TGO- and vertical cracks, reveals the role of TGO in damage to
Y'SZ coatings, which is itself due to the high oxygen permeability
of this coating.

Fig. 4 (a) Starting and growth of damage in the YSZ class and (b) Schematic
representation of location and how damage occurred

3.2. Nano-structured YSZ

Choosing the right parameters at the spraying time of
agglomerated nano-particles caused the non-melted and semi-
melted particles will remain in the coating and will be integrated
into areas known as nano-zones and their image and more
magnifications are shown in Fig. 5. Fairly uniform dispersion of
nano-zones at the coating surface indicates proper preparation
and right selection of spraying parameters. Since the nano-zones
are the only difference of nano- and micro-structured coatings,
their behavioral differences can be related to these areas. Nano-
zones play different roles in changing the microstructure of the
coating, as shown some of them in Fig. 5. Some cracks stop
when they reach these areas; some divide into two or more
cracks, some attenuate with pass through the nano-zones; some
will have to go a longer way, and some will be controlled by
these areas. All of these roles (stopping, dividing, dampening,
prolonging and controlling) cause closure or prolongation the
passage of oxygen through the structure of the coating that
resulting in a significant reduction in the thickness of TGO.
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Damage growth diagram for samples of this class is shown in
Fig. 6. In all curves, after the beginning of damage, the graph
moves exponentially and with the inclining slope, but around the
cycle 52, there is a turning point, and then the slope of the curves
is reduced. This is an exceptional behavior that is due to the
presence of nano-zones, because in microstructure coatings after
the damage occurs, the slope of its progress increases and the
operating conditions constantly become worse. Another
difference in this class is that with increasing the thickness of the
coating its damage became more.

Percentage of Damage

C1 €5 C5 C13C17C€21C25C29C33C37C41C45C49C53C57C61C65C69

cycle Number

=10 e—D13 D16

Fig. 6 damage growth diagram for YSZ-N class

In the YSZ-N class samples, with decreasing the coating
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Tpm

(d)
Fig. 5 SEM image of YSZ-N micro-structure, (a) various activities done by the nano-zones: (1) stopping, (2) dividing, (3) dampening, (4) prolonging and (5)
controlling, (b), (¢) and (d) nano-zone and highesr magnification

thickness, TGO has increased. This is due to the reduction of the
oxygen path from the surface of the coating to the BC/TC
interface. Damage in D10 is started in cycle 16, with the removal
of a small piece from the edge of the coating, which indicates the
growth of crack in the TGO region, but after then it retains its
integrity and has not seen any further damage. In the other two
cases, the damage type is the same, but the loss of growth has
occurred after more damage. Details of YSZ-N class performance
shown in Table 4.

Table 4 Details of YSZ-N class performance
SHORT E TGOz(

0,
CLASS CODE %D SC C um) PF
D10 0.9 16 g 1.2 89.6
YSZ- 7
N (YN) D13 3.6 27 0 1.1 75.9
D16 5.5 31 g 1 71.5

Nano-zones act such as springs in the coating structure and
increase the coating's toughness. As a result, reducing the
thickness of the coating will increase the toughness and improve
the performance of the thermal cycles. Due to the creation of a
0.5-1.0 °C/um thermal gradient by topcoat, and the ability to
withstand against hot corrosion and oxidation, the reduction in
thickness of nano-structured coatings is subject to limitations.
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33. CSZ

CSZ has a much denser structure than the other two coatings,
with mainly horizontal and vertical cracks in its structure, while
the dominant defect in microstructures of YSZ coatings is hollow
spaces. Another feature of this coating is the presence of
horizontal cracks in different sections, which some of them are
shown in the Fig. 7. These cracks during the thermal cycles have
the potential to grow, interconnect and form a large horizontal
crack, in which case the upper part of the coating is separated and
the underside of it, remains on the disk surface. In CSZ coatings,
unlike YSZ that damage develops in the TGO region, damage
mainly grows through the coating and examples shown in the

PY v

Fig. 8 Samples with CSZ coating after damage

Damage growth diagram for samples with CSZ coating is
quite exponentially and after several cycles, the damage is
developed with a very high rate that shown in Fig. 9. In this class,
similar to the YSZ class, the coating life has been more with
increasing the thickness. Regarding the type of damage that is
growing horizontal cracks through the coating, it can be
concluded that in the initial cycles and during strain tolerances,
the horizontal and vertical cracks developed and by joining
horizontal and vertical cracks, large parts of the coating are
detached.

Fig. 7 SEM image of CSZ micro-structure, red arrows shows location of horizontal cracks
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Fig. 9 damage growth diagram for CSZ class

The thickness of TGO in CSZ is less than YSZ (Table 5) and
more than YSZ-N. Therefore, the addition of CeO, to the YSZ
can improve the resistance to oxygen penetration, but the dense
structure and horizontal and vertical cracks in this coating have
caused other types of damage. The end cycle and the thickness of
the TGO in D25, represent the important role of coating
thickness on the formation of TGO, but another case in this
sample is the starting of damage before other samples. The
reason behind this phenomenon is that as coating thickening and
with reduction of its toughness, the horizontal cracks grow more
rapidly in the middle of the coating, and after joining to a vertical
crack, the upper part of the coating is detached.
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Table 5 Details of CSZ class performance

TGO
SHOR o

CLASS TCODE %D SC EC 70(;lm PF
D19 30.1 24 40 2.3 498'

CSZ
D22 32.1 33 43 2.2 49
© 49
D25 34.3 19 48 1.9 4 ‘

3.4. Comparison of classes

The starting cycle of damage, sample’s conditions in one of the
mid-damage cycles and the state of the samples in the end-cycle

c23 C64 C70

c22

are shown in Fig. 10. The damage type for micro- and nano-
structured YSZ is almost similar, and in both classes, there is a
good adhesion between the coating and sample surface, but the
damage type in the CSZ class is different. In CSZ samples, part
of the coating is completely detached from the disk surface, and
in some other areas, parts of the coating remain on the surface.

The PF diagram in various cycles is shown in Fig. 11. PF for
all samples were nearly 100 before the starting and development
of damage, and then the YSZ class was linearly reduced and the
reduction in YSZ-N and CSZ classes is exponentially. In the
YSZ-N class, the PF of samples in the end cycles is almost
constant that is a remarkable behavior, and on the other hand, in
the CSZ class, the falling of PF in the end cycles is intense.

60 c70
D7

c21

nano

56 c70
D16
24 38 ca0 33 a2 ca3 19 cas
D19 D22 D25

Fig. 10 starting cycle of damage, one of mid-damage cycles and end-cycle of damage for all samples
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Fig. 11 Performance factor diagram

The results obtained in this study are consistent with previous
studies; for example, Liang [31], Wang [32] and Di Girolamo
[33] were showed that the durability of nano-structured YSZ
coatings in thermal shock conditions is more than three times the
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conventional YSZ coating. In some other references such as [34]
[35] [36], the properties of CSZ in TBCs have been investigated,
whose results are in good agreement with the results of this

paper.
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4. Conclusions

The performance of YSZ based thermal barrier coatings,
conventional microstructure YSZ, nano-structured YSZ and
compounded YSZ (CSZ) in thermal shock conditions has been
investigated. In each class, samples with thickness of 300, 450
and 600 pm was produced; the furnace method was used for
thermal shock testing, and test was repeated 70 times. The results
showed that behavior of conventional YSZ is almost linear and
its damage mainly occurs throughout the TGO region. In these
samples, the thickness of TGO is high, which indicates the high
oxygen permeability of this material. In addition, with the
increase in thickness of this class, performance has improved.
Nano-structured YSZ coatings exhibit the best performance, and
the amount of damage and thickness of TGO are very low.
Furthermore, in these samples, with increasing the damage, the
slope of grows has decreased, which is a significant
phenomenon. In this class, the lower thickness has shown better
performance. CSZ class coatings have a denser structure than two
other classes, and in their microstructure, there are many
horizontal cracks that lead development of damage among the
topcoat and then separating its upper part. In general, CSZ
coatings did not provide acceptable behavior, but its performance
with increasing thickness slightly improved.
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