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Abstract: A thermally grown oxide (TGO) layer is formed at the interface of bond coat/top coat. The TGO growth during thermal
exposure in air plays an important role in the spallation of the ceramic layer from the bond coat. High temperature oxidation
resistance of four types of atmospheric plasma sprayed TBCs was investigated. These coatings were oxidized at 1000 °C for 24, 48
and 120 h in a normal electric furnace under air atmosphere. Microstructural characterization showed that the growth of the TGO
layer in nano NiCrAlY/YSZ/mano Al,O; coating is much lower than in other coatings. Moreover, EDS and XRD analyses revealed
the formation of Ni(Cr,Al),O4 mixed oxides (as spinel) and NiO onto the Al,O; (TGO) layer. The formation of detrimental mixed
oxides (spinels) on the Al,O5; (TGO) layer of nano NiCrAlY/YSZ/nano Al,O; coating is much lower compared to that of other

coatings after 120 h of high temperature oxidation at 1000 °C.
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1 Introduction

Turbine blades are generally protected by thermal
barrier coatings (TBCs) at high temperatures [1,2]. A
normal TBC system consists of a ceramic top coat and a
metallic bond coat (MCrAlY) onto the nickel-based
superalloy as a substrate. MCrAlY (M=Ni, Co or mixture
of these two) layer can provide a good thermal expansion
match and adhesion between the ceramic top coat and the
substrate as well as protect the substrate from further
oxidation and hot corrosion [3].

The transfer of oxygen through the top coat towards
the bond coat can occur at elevated temperatures by
micro-cracks and interconnected pinholes inside the top
coat. Therefore, an oxidized scale can be formed on the
bond coat which is termed thermally grown oxide (TGO)
layer which is related to the oxidation of the bond coat.
The TGO layer plays an important role in the failure of
TBC due to the growth of the TGO layer during
oxidation [2,3].

The TGO thickness can increase during oxidation
process which is accompanied by evolution of stress at
the interface of bond coat/YSZ (yttria stabilized zirconia).
This stress causes the delamination of coating at the
interface of bond coat/YSZ [1,4]. It has been reported
that the stresses in TBC increase with a growing TGO
layer [5]. Hence, the thicker TGO layer has larger stress
than the thinner one [3,5]. It has been reported that
Ni(Cr,Al),0O4 (as spinel) and NiO were formed at the
Al O; layer/ceramic coating (YSZ) interface in TBC
systems with MCrAlY bond coat, during thermal
exposure at temperature high than 1000 °C [5,6]. These
two oxides were found to be preferred nucleation sites
for crack initiation, leading to premature top coat
separation from the bond coat. Therefore, the mixed
oxides have negative effect on the durability of TBC
systems because of the rapid local volume increase [5]
that generates stresses. The previous investigations
reported that the maximum radial stress of bi-layered
TGO (Al,Os/detrimental mixed oxides) is about
five times and the difference of maximum axial stress is
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about 10 times larger than those of the mono-layered
TGO (ALOs). It indicates that the bi-layered TGO has
larger stresses in comparison with the mono-layered
TGO [2,3].

(Cr,Al),05, Ni(Cr,Al),04 (spinel(CS)) and NiO are
termed as (Cr,Al),O5°Ni(Cr,Al),O4NiO, or abbreviated
as CSN (detrimental mixed oxides). CHEN et al [6]
reported that the formation of CSN is a result of
compositional inhomogeneity in the air-plasma sprayed
TBC system during thermal exposure in air. It has been
noted that it is impossible to completely eliminate
Ni(Cr,Al),O4 and NiO from the TGO (Al,03) layer
[3,5,6].

It was found that a continuous ALO; layer could
develop at the ceramic/bond coat interface in air
plasma-sprayed TBC systems under a low oxygen
pressure condition (with a minimum of oxygen activity)
[3]. This continuous and thin AL,O; (TGO) layer can act
as a diffusion barrier to suppress the formation of CSN
during later thermal exposure in service [6]. Therefore,
more research is required to find other techniques for
creation of a dense, continuous and thin Al,O; layer onto
the bond coat (NiCrAlY) during oxidation.

The presence of a dense Al,O; layer over the YSZ
coating reduces the oxygen permeation towards the bond
coat and improves the lifetime of TBCs during oxidation
[7,8]. Also, the existence of fine alumina particles as a
dense layer over the YSZ coating reduces the partial
pressure of oxygen at the bond coat/YSZ interface and

considerably decreases the TGO growth during oxidation.

There are two mechanisms for transferring oxygen
through the YSZ layer towards the bond coat at elevated
temperatures [1], i.e., ionic diffusion mechanism through
the crystalline structure of ZrO, and gas penetration
mechanism through porosities and micro-cracks. But, the
permeation of oxygen through the YSZ layer by gas
infiltration mechanism is much more than the infiltration
of oxygen by ionic diffusion mechanism at elevated
temperatures. In addition, the oxygen diffusivity from the
crystalline structure of ALO; is much lower in
comparison with that of ZrO, [1,8].

The nanostructured bond coat shows a better
oxidation behavior in comparison with the micro-
structured bond coat at elevated temperatures [9—11].
The main advantage of the nanostructured NiCrAlY
coatings is the acceleration of the formation of a
protective a-Al,O; (TGO) layer that can prevent the
further oxidation of the NiCrAlY layer [10—12]. Most of
the previous researches noted that the major failure
mechanisms of TBCs are mainly related to the growth of
TGO layer [13,14] and the formation of CSNs on the
AlLO; (TGO) [3,5-6].

It is worth to mention that there is a major problem
during the production of nanostructured ceramic coatings

from the nano ceramic powders. This problem is feeding
of the nano-powders into the plasma. The nano-powders
adhere to the walls of feeding system and it becomes
extremely difficult to move them towards the plasma
torch due to their high specific area and low mass [15].

The majority of previous studies described the
failure mechanism of TBCs due to TGO growth and
especially internal oxidation of the bond coat during
oxidation. Therefore, the main purpose of this research is
to obtain a novel coating (nano NiCrAlY/YSZ/nano
ALO3 as an outer layer), to reduce the growth of the
TGO layer and to diminish the formation and growth of
detrimental mixed oxides onto the Al,O; (TGO) layer
during high temperature oxidation.

2 Experimental

2.1 As-received materials

Nickel based superalloy (Inconel 738) squares with
dimensions of 25 mmx25 mmx6 mm, which were grit
blasted with alumina particles, were used as substrates.
Four types of commercial powders were selected: Amdry
962 (Ni—22Cr—10Al-1Y, 52-106 um in size) as bond
coat, Metco 204 NS—G (ZrO,—8%Y,0;, 11-106 pm in
size), Amdry 6062 (normal a-Al,O; with high purity,
15-80 pm in size) and Inframat LLC 0802 ( nano
a-AlL,O; with high purity, 80 nm in size) as TBC
(refractory ceramics).

2.2 Granulation of nano Al,O; powders

In order to overcome the problem related to using
nanoparticles described in introduction section,
reconstitution of the nano particles into micrometer sized
granules is very essential. Hence, the nano AlLO;
powders with average particle size of nominally less than
80 nm and poly vinyl alcohol (PVA) as a binder were
used as starting materials. In this method, 50 g of PVA
was dissolved in 80 mL of distilled water at 200 °C using
a magnetic stirrer. At the same time, the nano Al,O4
particles were dispersed in distilled water using an
ultrasonic machine for 30 min at 60 °C. Then, the
dispersed nano-Al,O; solution was added to PVA
solution using a magnetic stirrer at 250 °C for 45 min.
The water in the solution was removed using a
rotary-evaporator.

These granulated powders were dried using a
normal furnace at 200 °C for 145 min. Hence, these
agglomerated powders were sieved through 150 pm, 100
pm and finally through 50 pm meshes in order to obtain
adequate shape and size suitable for thermal spraying.
Finally, the size distribution of the granulated nano Al,O;
powders (spray-able powders) used for air plasma spray
was between 80 and 100 um. The most favorable size of
these granules was in the range of 10—110 pm [15].
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2.3 Synthesis of nanocrystalline NiCrAlY powders

The commercial NiCrAlY (Amdry 962) powders
were milled by a planetary ball mill (Retsch PM 400,
made in Germany) in order to obtain the nano-crystalline
NiCrAlY powders as bond coat in a TBC system. This
powder was milled at a rotation speed of 180 r/min for
36 h in an argon environment. The direction of
movement of the sun wheel was opposite to that of the
grinding jars in the ratio of 1:2. The stainless steel balls
with diameter of 8 mm were used, and the mass ratio of
the stainless steel mill balls to the powders was 10:1.

2.4 Production of TBCs

The atmospheric plasma spraying was carried out
using a Sulzer-Metco 3MB (Westbury L.ILN.Y) plasma
spray system. Four types of coatings were generated by
atmospheric plasma spray (APS) method, which included:
1) normal NiCrAlY/YSZ, 2) nano NiCrAlY/YSZ, 3)
normal NiCrAlY/YSZ/normal Al,O; as an outer layer
and 4) nano NiCrAlY/YSZ/nano Al,O;as an outer layer
coatings. Table 1 exhibits the thickness of the as-sprayed
coatings. The parameters of atmospheric plasma spraying
are shown in Table 2.

2.5 Isothermal high temperature oxidation test and

microstructural characterization

The as-sprayed coatings were heated in a normal
electric furnace under air atmosphere at 1000 °C for 24,
48 and 120 h and then cooled to ambient temperature
inside the furnace (Fig. 1). The microstructural
characterization of the coatings before and after
oxidation was carried out using scanning electron
microscopy (SEM, Philips XL-40), field emission
scanning electron microscopy (FESEM, Hitachi S-4160)
equipped with energy dispersive spectrometer (EDS). In

Table 1 Types of TBCs and thickness of layers

order to determine the type of oxide phases on the bond
coat, XRD was conducted (Siemens—D500) by using Cu
K, line generated at 40 kV and 35 mA.

1200
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Fig. 1 Isothermal oxidation cycle of TBCs (heating and cooling

in furnace media)
3 Results

3.1 Microstructural characterization of as-sprayed

TBCs

Figure 2 shows the cross section of as-sprayed
coatings. It can be seen that the YSZ and normal Al,O4
layers have formed a composite layer of YSZ/normal
Al O; coating (Fig. 2(a)). On the other hand, YSZ and
nano ALOj; layers have formed a composite layer of
YSZ/mano AlLO; coating (Fig. 2(b)). The lamellar
structure as one of the characteristics of plasma sprayed
depositions was seen in all the coatings after atmospheric
plasma spraying. This structure was also observed for
normal NiCrAlY/YSZ and nano NiCrAlY/YSZ coatings,
as shown in Figs. 2(c) and (d), respectively.

Thickness/um
Type of TBC Normal Nano vsz* Normal  Granulated Abbreviation
NiCrAlY NiCrAlY Al,O; nano Al,O4
Usual - 203.6+5.2 410.5+12.2 - - Nano NiCrAlY/YSZ
Usual 207.3£3.2 - 392.9+11.8 - - Normal NiCrAlY/YSZ
Normal-layer composite ~ 237.2+9.6 - 256.3£11.2 89.3+2.4 - Normal NiCrAlY/YSZ/Normal Al,O;
Nano-layer composite - 216.5¢6.3  215.445.1 - 102.8+4.5 Nano NiCrAlY/YSZ/Nano Al,04

Table 2 Optimized parameters of air plasma spraying method

TBC Current/  Voltage/  Primary gas t]?w Secondary ga‘lsifllow Powder feej rate/ 4 Spray
A \Y (Ar)/(L'min ) (H,)/(L'min ) (g'min ) distance/cm
Normal NiCrAlY 450 50 85 15 15 15
Nano NiCrAlY 400 50 85 15 8 10
YSZ 550 70 38 17 35 7.5
Normal Al,O; 500 70 38 17 30 9
Granulated nano Al,O3 500 50 85 15 25 10
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Fig. 2 SEM micrographs of cross section of as-sprayed TBCs: (a) Normal NiCrAlY/YSZ/normal Al,O; coating; (b) Nano
NiCrAlY/YSZ/mano Al,O; coating; (c) Normal NiCrAlY/YSZ coating; (d) Nano NiCrAlY/YSZ coating

Figure 3 shows FESEM images of the surface of
as-sprayed nanostructured Al,O; and NiCrAlY layers.
The average grain sizes of the as-sprayed nanostructured
AlLO; and NiCrAlY layers are estimated to be
(92.8+12.4) and (55.1£15.7) nm, respectively.

Figure 4 demonstrates FESEM images of the
surface of as-sprayed microstructured YSZ, Al,O; and
NiCrAlY layers in high magnification. The average grain
sizes of the as-sprayed microstructured YSZ, Al,O; and
NiCrAlY layers are estimated to be (1.06+£0.22),
(0.45%0.09) and (0.58+0.16) um, respectively.

The outer layer surfaces of the as-sprayed coatings
are shown in Fig. 5. Some cracks and pinholes are
observed on the surface of YSZ and normal Al,O; layers.
Whereas, the surface of nano Al,O; layer shows the
lower pinholes and micro-cracks in comparison with the
normal Al,O3 and YSZ layers.

3.2 Microstructural characterization of TBCs after
oxidation at 1000 °C
Figure 6 shows the cross section of coatings after
oxidation at 1000 °C for 120 h. It can be seen that an
oxide scale (TGO) has been formed at the bond
coat/YSZ interface of all the coatings after oxidation, due

Fig. 3 FESEM images of surface of as-sprayed nanostructured
Al,O3 (a) and NiCrAlY (b) layers

to oxygen diffusion through the ceramic layer towards
the bond coat. Moreover, the internal oxidation of
the bond coat occurred during oxidation, due to oxygen



1326 Mohammadreza DAROONPARVAR, et al/Trans. Nonferrous Met. Soc. China 23(2013) 13221333

Fig. 4 FESEM images of surface of as-sprayed layers: (a) Fig. 5 Morphologies of surface of as-sprayed coatings: (a) YSZ
Microstructured YSZ layer; (b) Microstructured Al,O; layer; layer; (b) Normal AlLO; layer; (c) Nanostructured AlO;

(c) Microstructured NiCrAlY layer layer

Nano NiCrAlY

Inconel 738

o3

SR _ e J

Fig. 6 SEM micrographs of cross section of coatings after oxidation at 1000 °C for 120 h: (a) Normal NiCrAlY/YSZ coating;
(b) Nano NiCrAlY/YSZ coating; (c) Normal NiCrAlY/YSZ/normal Al,O; coating; (d) Nano NiCrAlY/YSZ/nano Al,O; coatings
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infiltration through the porosities of the bond coat and
micro-cracks of TGO layer into the bond coat during
oxidation at elevated temperatures. It is worth to mention
that the oxidized areas (dark regions) within the bond
coat of nano NiCrAlY/YSZ/mano Al,O; coating are less
compared to that of other coatings.

Figure 7 exhibits the TGO layer of four types of
TBCs in high magnification after oxidation at 1000 °C
for 120 h. It can be seen that a dense and continuous
TGO layer has been formed on the nanostructured
NiCrAlY layer of nano NiCrAlY/YSZ and nano
NiCrAlY/YSZ/mano AlL,O; coatings, as shown in
Figs. 6(b), 7(b) and 6(d). However, TGO thickness in
nano NiCrAlY/YSZ/mano Al,O; coating is lower in
comparison with that in the nano NiCrAlY/YSZ coating,
because of the presence of nanostructured Al,O; top
layer over the YSZ coating. On the other hand, the TGO
thickness in nano NiCrAlY/YSZ/mano Al,O; coating is
much lower than that in other coatings specially in
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normal NiCrAlY/YSZ coating (Fig. 7(a)).

The chemical composition of TGO (ALO;) layer
was detected by EDS analysis, which shows higher
content of oxygen and aluminum and lower content of
nickel and chromium (Fig. 8).

On the other hand, some protrusions are observed at
the interface of TGO/YSZ as marked by arrows in
Fig. 9(a). It was reported that the summit of these
protrusions is an appropriate place for stress
concentration [16] which leads to micro-crack formation
and nucleation at TGO/YSZ interface (see Fig. 9(b)).

The rate of TGO growth after isothermal oxidation
at 1000 °C for 24, 48 and 120 h was determined by
measuring the thickness of TGO layer. TGO thickness
was measured on each cross-sectional SEM micrograph
at more than 10 different locations and the average value
was reported as TGO thickness. The variations of TGO
thickness as a function of oxidation time are plotted
in Fig. 10. As can be seen, the thickness of TGO layer

YSZ layer
T st

Thicker TGO layer

Qr

Fig. 7 TGO layer of TBCs after oxidation at 1000 °C for 120 h in high magnification: (a) Normal NiCrAlY/YSZ coating; (b) Nano
NiCrAlY/YSZ coating; (c) Normal NiCrAlY/YSZ/normal Al,0O5 coating; (d) Nano NiCrAlY/YSZ/nano Al,O5 coating

(b) Al Element Mass fraction/% Mole fraction/%
0] 42.58 56.23
Al 4491 39.35
Cr 2,74 1.06
Ni 9.79 3.36
Total 100.00 100.00
(0]
Cr
Ni Cr Ni o
E:LJ L.A L I\ 1 J.lm Er . IN] 1

1 2 3 4 5 6 7 8 9 10
ElkeV

Fig. 8 EDS analysis of TGO layer after oxidation at 1000 °C for 48 h



1328 Mohammadreza DAROONPARVAR, et al/Trans. Nonferrous Met. Soc. China 23(2013) 13221333

Fig. 9 FESEM images of TGO layer of normal TBCs after oxidation at 1000 °C for 120 h: (a) Several protrusions at interface of

TGO/YSZ; (b) Micro-crack nucleation within YSZ layer

3.6

3.2
228+
a
=) 24 [
S 20f
e 7 - Nano NiCrAlY/YSZ
s 1of iy --- Normal NiCrAlY/YSZ
§ 12k j.i --- Normal NiCrAlY/YSZ/
£ F normal Al,O,
2 08k — Nano NiCrAlY/YSZ/
= Instantaneous nano Al,O,

0.4+f TGO growth

1 L L 1 1
0 20 40 60 80 100 120

Oxidation time/h

Fig. 10 TGO thickness vs oxidation time at 1000 °C for four
types of TBCs

increases with increasing oxidation time up to 120 h for
all the samples. In addition, the rate of TGO growth in
normal NiCrAlY/YSZ coating is higher than that in other
coatings. The maximum growth rate of TGO layer
belongs to normal NiCrAlY/YSZ coating and the
minimum growth rate of TGO layer belongs to nano
NiCrAlY/YSZ/mano Al,O; coating after oxidation at
1000 °C for 120 h. The decrease in TGO thickness of
nano NiCrAlY/YSZ/nano AL,O; coating is about 62% in
comparison with the normal NiCrAlY/YSZ coating.

According to Fig. 11, TGO layer consists of two
layers: the outer layer (gray layer in point 4) and the
inner layer (darker layer in point B).

The EDS analysis of bi-layered TGO showed large
amounts of Ni, Cr, Al, and O in the outer layer of TGO
(Figs. 12(a)—(e)), while a high concentration of Al and O
was observed in the inner layer of TGO, as shown in
Fig. 12(f). CHEN et al [6] found that the outer layer of
TGO contained 15%—45% Ni, 8%—24% Cr and 2%—
30% Al (mole fraction). This chemical composition (Fig.
12(a)) identified a mixture (CSN) of chromia
((Cr,Al),03), spinel or CS (Ni(Cr,Al),04), and nickel
oxide (NiO). These detrimental mixed oxides had been

.

"Nor_mal Nl(,rAlY ]aycr
i B B 3um

o

YSZ Iaycr
(Cr, AI}:O;

Fig. 11 FESEM images of bi-layered TGO in usual TBC after
oxidation at 1000 °C for 120 h: (a) Normal NiCrAlY/YSZ
coating; (b) Normal NiCrAlY/YSZ/mormal Al,O; coating; (c)
Nano NiCrAlY/YSZ coating

reported by other researchers [17,18]. Based on CHEN et
al’s studies [5,6], NiO usually had a granular shape (Fig.
11(a)). This oxide was easily detected by EDS because of
high concentration of Ni (Fig. 12(b)). When a Ni unit
cell is transformed to NiO, an increase of ~67% in
volume can be expected at TGO/YSZ interface [19] and
also NiO includes outward growth. So, this oxide can
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easily grow inside the ceramic coating and finally lead to
TBC delamination during extended thermal exposure in
air [20]. It is difficult to realize (Cr,Al),O; from
Ni(Cr,Al),O4 by EDS. But, CHEN et al [6] recognized
that oxides containing <8% Ni (mole fraction) and >35%
(AI+Cr) were (Cr,Al)O; (Fig. 12(c)), as NiALO,
contained 13%—16% Ni and 27%-30% Al (Fig. 12(d)).
On the other hand, the oxides comprising 8%—16% Ni
and >35% (Al+Cr) can be recognized as Ni(Cr,Al),O4
(spinel) , as shown in Fig. 12(e).

Furthermore, the detrimental mixed oxides such as
Ni(Cr,Al),04 (spinel(CS)), NiO, NiAl,O4 were detected
in addition to AlLOs;, y/y’ and f phases by X-ray
diffraction analyses of oxide phases on the NiCrAlY
layer after oxidation at 1000 °C for 120 h (Fig. 13) . It
should be mentioned that the spinel was formed via solid
phase reactions between ALO; (or Cr,Os;) and NiO
[17,18].
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4 Discussion

According to Fig. 4, the nano Al,O; layer has the
lowest pinholes and micro-cracks in comparison with the
normal Al,O; and YSZ layers. In this condition, the nano
Al,O; layer can prevent the infiltration of oxygen into
the YSZ layer, resulting in significantly reducing the
TGO growth at the bond coat/YSZ interface, as shown in
Fig. 6(d) and Fig. 7(d).

During the isothermal oxidation, the TGO layer was
formed at the bond coat/YSZ interface for all the
coatings due to high affinity of Al for reaction with O, as
follows:

2A1+(3/2)0,—> ALO; (1)

So, outward infiltration of Al and inward diffusion
of O lead to the formation of Al,Os on the bond coat. The

CSN=(Cr, AT),05-NiO-Ni(CF, AD),O40Cr Ni
1
Cr, .
JE | P
O.. Zr NiO Cr Ni )
CriNi Al,‘\ A Cr Ni (b)
0] Cr
(Ct, Al),0, .
Cr T{ J (c)
NiALO, _
2 N
AC AN @
Cr .
Q A1 Ni(Cr, AD,O,0r CS Ni
SO A A A ©
Al T
Q ALO,
Cr C Ni .
Ni . , _ Lr Cr A Ni (D
| 2 3 4 5 6 7 8 9 10
ElkeV

Fig. 12 EDS analyses of bi-layered TGO: (a), (b), (¢), (d), (¢) Outer layer of TGO; (f) Inner layer of TGO

v Al

. — Q'Ale}

v — Ni(Cr, Al),0, (spinel or CS)
4 — NiO

= — »(Ni)/y’(Ni;Al)

+ — f-AINi

s — Cry)04

(=]

— NiAlLO, (spinel)

10 20 30 40

50

26/(°)

Fig. 13 XRD pattern of oxide phases on NiCrAlY layer after 120 h of oxidation
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EDS analysis of the TGO layer showed higher
percentage of O and Al and lower percentage of Ni and
Cr, as shown in Fig. 8. It means that TGO layer is mainly
combined with AL, Os.

Several protrusions were observed at the interface
of TGO/YSZ after oxidation. The nucleation of
micro-cracks and the spallation of the ceramic layer
occur at the summit of protrusions which are appropriate
place for stress concentration. TGO usually consists of
large residual compressive stresses when the temperature
of TGO layer decreases to environment temperature,
because of its thermal expansion mismatch with substrate
[8]. During the subsequent thermal exposure in air, the
stress relieving occurs, which is accompanied with
tensile stress parallel to TGO/ceramic layer interface that
leads to the formation of cracks and separation at
interface.

The above mentioned phenomenon in plasma
sprayed TBCs during thermal exposure in air can be
explained by the following steps:

1) The growth of the TGO layer can lead to the
vertical tensile stresses at the interface of TGO/YSZ and
within the YSZ layer (see Fig. 14(a)).

2) The progress of horizontal micro-cracks in the
ceramic layer during thermal exposure is due to those
stresses on the interface of TGO/YSZ layers, as shown in
Fig. 14.

3) The spallation of the ceramic layer from the bond
coat occurs when the length of lateral micro-cracks
reaches to the length of critical crack. The horizontal
micro-cracks cannot penetrate into the NiCrAlY layer at
high temperatures because of their ductility. In addition,
there are many cavities at the interface of NiCrAlY/YSZ
which can resist the growth of micro-cracks into the
NiCrAlY layer during oxidation [11].

Thinner TGO layer can be also seen in Figs. 7(d)
and Fig. 10. The layer can predict an increase in the
lifetime of TBCs at elevated temperatures. Moreover,
finite-element analyses showed that the stresses in a TBC
system increase with a growing TGO layer [5].

The rate of TGO growth is very fast during the first
24 h of oxidation, as shown by arrows in Fig. 10 (an
instantaneous TGO growth). This case is due to the
inward diffusion of oxygen and outward penetration of
aluminium. Then, the Al,O; layer is formed on the bond
coat and the diffusion of oxygen towards the bond coat is
decreased, so the rate of TGO growth becomes slow after
24 h. Furthermore, it should be mentioned that the
growth of the TGO layer approximately follows a
parabolic manner.

It is worth to mention that in nano NiCrAlY/
YSZ/nano AL,Os coating, when a continuous oxide layer
(ALO; or mono-layered TGO) is formed at the ceramic/
bond coat interface, the oxygen partial pressure at the

eS8 Horizontal
ayer, micro-cragk

C—— -

- 2 . . - ol e |
Verncal.tensﬂe stresses’|
L - S |

» ¥, F .:.‘ ‘.m‘_%‘.“" 'ﬂ-“'”‘l
TNICrAlY layer” 18 .oa

PP e .Y

Horizontal

. ‘ Vertical tensile
micro-cracks

| stresses

NiCrAlY as bond coat 1 lalyer

Fig. 14 Spallation of ceramic layer occuring at summit of
protrusions and progress of horizontal micro-cracks in ceramic
layer during thermal cyclings due to vertical tensile stresses
onto interface of TGO/YSZ layers

oxide/metal interface would be decreased to the
formation pressure of Al,Oz;, which is the lowest value
among the various species present, making AlL,O; the
most favorable oxide product. Since ALO; is a
stoichiometric oxide, the permeability of oxygen ions
from Al,Oj; particles is much less in comparison with that
from ZrO, particles [8]. As mentioned in introduction
section, the diffusion of oxygen through the ceramic
layer by gas penetration mechanism through porosities
and micro-cracks is much more than the penetration of
oxygen by ionic diffusion mechanism through crystalline
structure of the ceramic layer at elevated temperatures.
Therefore, the oxygen diffusivity from the crystalline
structure of nano Al,O; is much lower compared to that
of ZrO,. Indeed, the better oxidation behavior of nano
NiCrAlY/YSZ/nano Al,O; coating is mainly attributed to:
1) the existence of a dense nanostructured ceramic layer
with less interconnected pinholes and micro-cracks on
the YSZ coating, and 2) utilizing the nanostructured
NiCrAlY as bond coat in a nano TBC system,
simultaneously (see Fig. 2(b)).

The formation of a uniform, dense and continuous
AlLO; (TGO) layer on the nanostructured bond coat is
seen in Figs. 6(b) and (d). This behavior is due to the
accelerated Al,O; (TGO) growth during the initial
exposure of the nanostructured bond coating at high
temperatures. This accelerated growth may be attributed
to the increased Al transport through the higher level of
grain boundaries of the nanostructured bond coating at
elevated temperatures [21] as observed in Fig. 10 for
nano NiCrAlY/YSZ coating.
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With regard to the presence of TGO layer at
NiCrAlY/YSZ interface, the infiltration of oxygen into
the bond coat can be explained by the following factors:

1) The existence of interconnected porosities which
are related to the characteristics of plasma sprayed
coatings;

2) The diffusion of oxygen through porosities of
YSZ layer towards the TGO and NiCrAlY layers at
elevated temperatures;

3) The formation of micro-cracks in TGO layer due
to the TGO thickness increasing.

The above mentioned parameters can provide
narrow pathways for infiltration of oxygen into the
NiCrAlY layer at elevated temperatures. In this regard,
nano ALO; as outer layer of YSZ/nano Al,O; coating
suppresses the penetration of oxygen into the YSZ layer
during isothermal oxidation. It has been noted that
normal Al,O; top layer over the YSZ coating reduced the
oxygen activity at NiCrAlY/YSZ interface [8].

With regard to the previous report [6] and the
chemical compositions identified by EDS (Fig. 12) in
this research, it can be inferred that the outer layer of
TGO is mainly composed of NiO, (Cr,Al),O;, and
Ni(ALCr),0;4 (spinel or CS), and the inner layer of TGO
is composed of Al,O;. The formation of these
compounds during isothermal oxidation is also
confirmed with XRD result.

The ALO;, NiO, and Cr,O; oxides can be
simultaneously formed at the interface of NiCrAlY/YSZ
during oxidation. However, due to the fact that Al,O; is
the most thermodynamically stable oxide, and only
Al,O; can continue to grow after a continuous TGO is
developed. Moreover, the formation of NiO and Cr,04
oxides is due to the depletion of Al at NiCrAlY/TGO
interface and reaction of Ni, Cr with oxygen during
oxidation (reactions (2) and (3)). Then, according to
reactions (4) and (5), Ni(Al,Cr),04 spinels will be
eventually formed on the TGO (AL,O3) layer, which are
mainly attributed to the reaction of NiO with Al,O; and
Cr,0;. On the other hand, this NiAL,O4 (spinel) can be
formed at Al,O;/YSZ interface during thermal exposure
in air according to reactions (6) and (7). On the other
hand, NiO can be created by reaction (8).

2Cr+(3/2)0,—>Cr,05 (2)
Ni+(1/2)0,—>NiO 3)
NiO+Cr,03+Al,03—>Ni(AlCr),0, (spinel) 4)
NiO+AL,O;—>NiAL O, (spinel) 5)
Ni+2Al+20,—>NiAL,O4 (6)
3Ni+4A1,0;—>3NiALO,+2Al (7
3Ni+NiALO,—>4NiO+2Al (®)

It was suggested that Ni infiltrates through the
micro-cracks across the Al,O3 scale (TGO) and can form
Ni-rich regions at the interface of Al,Os/ceramic layer

during oxidation [3,6]. Lower concentration of Al in the
nickel-rich regions (oxides) leads to movement of Al
from the Al,O;area into the (Cr,Al),O; region and then
eventually to the Ni(Cr,Al),O4 /NiO area. Cr,0O; oxides
are usually located in matrix of NiO oxide and then
NiCr,04 spinel will be formed by the following reaction
[19]:

NiO+Cr,03;—>NiCr,0, (spinel) )

It can be said that the higher TGO growth rate
promotes the onset of undesirable fast-growing non
alumina oxides that form protrusions and accelerate the
TBC failure mechanisms. In this work, the higher TGO
growth rate in the normal TBC system can be mostly
attributed to the spinels (CS) formed at the ceramic/bond
coat interface since diffusion through chromia
((Cr,Al),0O3) is faster than through Al,O; (TGO layer)
[22—24]. The lower TGO growth rate in the nano TBC
system can be mainly related to the slow diffusion
through the AlL,O; (TGO) before the initially formed
Al,O; is completely transformed to chromia+spinel (CS),
which prolongs the slow TGO growth, as marked by
arrow in Fig. 10. This case is primarily due to the
formation of a nearly continuous and thin TGO layer at the
ceramic/bond coat interface of YSZ/mano Al,O; coating
during isothermal oxidation at elevated temperatures.

As mentioned, the growth of the TGO layer
(particularly bi-layered TGO) can lead to the vertical
tensile stresses at the interface of TGO/YSZ and within
the YSZ layer. In this work, the creating of micro-cracks
at the interface of TGO/YSZ can be mainly attributed to
TGO growth which can impose excessive stresses to the
zirconia layer during oxidation. It can be said that the
nanostructured Al,O; top layer over the YSZ coating can
act as a strong barrier for oxygen infiltration by gas
penetration mechanism and subsequently reduce TGO
growth and oxidation of the bond coat with the aid of the
nanostructured NiCrAlY layer.

The CSN as outer layer of TGO plays an important
role in the premature failure of TBCs. The formation and
growth of detrimental mixed oxides (specifically spinels)
can be considerably suppressed using the nanostructured
AlL)O5 as outer layer of nano NiCrAlY/YSZ/mano Al,O;
coating. This case is attributed to the packness of
nanostructure and the absence of micro-cracks and
pinholes in the nanostructured Al,O; layer [25]. Thus,
detrimental oxides could not be extensively formed
(Fig. 15) owing to the fact that they need more oxygen to
be produced on the Al,O; (TGO) layer. It can be deduced
that the lower TGO thickness and minimum of CSN
formation in nano NiCrAlY/YSZ/nano Al,O; coating are
responsible for the better oxidation behavior of this
coating in comparison with that of other mentioned
coatings.
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Fig. 15 FESEM image of TGO layer of nano NiCrAlY/
Y SZ/nano Al,O5 coating after oxidation at 1000 °C for 120 h

5 Conclusions

1) TGO thickness in nano NiCrAlY/YSZ/nano
Al,O; coating was much lower than that in other coatings
after oxidation.

2) Detrimental mixed oxides could not be widely
formed at the Al,O3(TGO)/YSZ interface of nano TBC
system after 120 h of oxidation. It can be due to higher
density of the nanostructured Al,O; top coat and the
presence of a continuous and thin Al,O; layer on the
nanostructured bond coat.

3) The rate of TGO growth was reduced by using
nano AlL,O; as an outer layer on the YSZ coating and
nano NiCrAlY as bond coat in a TBC system, which lead
to less stresses at TGO/YSZ interface. Therefore, this
system can cause the improvement of lifetime of air
plasma sprayed coatings during service at elevated
temperatures.
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