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Abstract

Yttria-stabilized zirconia (YSZ) thermal barrier coatings (TBCs) with thicknesses of 200μm and 400μm were sprayed using supersonic plasma
spraying (SPS) on FeNi-based substrate and Ni-based substrate, respectively. Bonding strengths of FeNi-based substrate and Ni-based substrate
with different thicknesses of coatings were investigated. Bonding strength tests revealed different fracture mechanisms for the specimens with
thin topcoat and thick topcoat. Scanning electron microscope (SEM) and metallographic microscope observation of the crossing sections revealed
that the porosity of the thin coating was smaller than that of the thick coating, and the distribution of the porosity further determines the location
of the fracture zones. Thermally grown oxide (TGO) with different thicknesses grows on the interface of the bond coat (BC) and top ceramic
layer due to oxidation. Analysis validates that thickness of the topcoat plays an important role in the diffusion of oxygen and oxidation rate of the
TGO while the porosity has little effect on the oxidation rate.
& 2014 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Thermal barrier coatings (TBCs) are of great importance in
engineering applications, such as engine turbines, to improve the
performance of metallic substrates at high temperature [1–3].
Yttria-stabilized zirconia (YSZ) materials have been widely used
as the ceramic topcoat of TBC systems. The basic structure for
TBCs consists of three layers, namely, the bond coat (BC),
thermally grown oxide (TGO) and top ceramic layer [3,4]. The
low thermal conductivity of the top ceramic layer enables it to
protect the substrate from the outside high temperature gas and to
improve the durability of the turbine blades and extend the
service life of the turbine engines [3,5,6]. There have been
intensive studies on the fabrication, stress measuring and
structural design of coatings to improve the properties of TBCs
due to its importance [7–16]. However, the areas of mechanical
properties, failure mechanism and lifetime prediction are still
being widely studied. There are still continuous efforts dealing
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with nano-sized particle research[17], multi-layer composition
[18,19] and gradient design technique, etc. Meanwhile, new
material systems, for instance, rare earth La2Zr2O7 based TBCs or
La2(Zr1�xCex)2O7 based TBCs are still being developed[20].
As mentioned above, the top ceramics layer plays a very

important role in protecting the substrate. The microstructure and
thickness of the top ceramic layer have great influences on its
properties [21], such as the thermal conductivity and the oxygen
diffusion coefficient, which affect the growth rate of TGO forms
at the BC surface by reaction with the combustion gas. For TBC
fabrication, there are currently two main methods that are used,
namely, atmospheric plasma spraying (APS) [22] and electron
beam physical vapor deposition (EBPVD) [23]. The differences
in the microstructures of the coatings produced using the above
two methods cause different porosity percentages, thermal con-
ductivity coefficients and strain compliance effect when the
materials are subjected to high temperature [6].
However, for the top ceramic layer, there is a lack of research

focusing on the effect of its thickness on the microstructure and
diffusion properties, especially on the oxidation evolution process
of the TGO. In this work, we developed TBCs with different
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thicknesses (i.e. 200 μm and 400 μm, respectively) by using
supersonic plasma spraying (SPS) [24–26] on Ni-based substrate
and FeNi-based substrate, respectively. The effects due to the
different thicknesses on the properties of the TBC system were
comprehensively studied. The micro porosities in the top coatings
with two different thicknesses were measured and the influence
on the oxygen diffusion and the growth rate of TGO were also
investigated. An oxidation model was developed to study the
oxide growth rate with different thicknesses and porosity
percentage to validate the experimental results. Results in this
work are expected to provide guidance for the evaluation and
determination of the thickness of the top ceramic layer and also
provide information about the failure mechanism, especially for
the oxidation mechanism due to the thickness and porosity of the
top layer.
2. Experimental procedure

2.1. Preparation of specimens

Two categories of substrates (i.e. Fe-Ni-based substrate,
Ni-based substrate) were investigated. The substrates were cut
into plates with a thickness of 6 mm and a diameter of 30 mm and
then were polished to remove the remnant oil and oxide films.
Then the surfaces of the specimens were coarsened to increase the
contact area as well the adhesion properties between coatings and
substrates by using sand blasting with a pressure of 0.4 MPa. Then
the substrates were coated with NiCrCoAlY (mean particle size
45μm) as the adhesive layer with a thickness of approximately
50 μm. Finally, ceramic layers with thicknesses of about 200 μm
(thin layer) and 400 μm (thick layer) were coated by using SPS.
The velocities of the particles can be significantly increased and
are expected to form a more compact coating [24–26].

The ceramics layers were deposited by using nano size YSZ
(7%Wt Y2O3) powders (mean particle size 50–100 nm), which
were reprocessed to form micro granules with mean sizes in
the range of 30–50 μm for a better spraying quality of the
coatings [27].
Fig. 1. SEM morphologies
2.2. Characterization and mechanical tests

The surface of the prepared specimens was analyzed by
scanning electron microscope (SEM). The bonding strength of
the top ceramic coatings on the prepared substrates was tested by
using bonding strength test based on ASTM C633-79 standard.
The average diameter of the specimens is 25.0 mm. Both surfaces
of the specimens were firmly attached to the fixtures (stainless
steel rods) at both ends by using engineering glue. The test results
and metallographic observation for top ceramic coat with two
different thicknesses on FeNi-based substrate and Ni-based
substrate were compared. The results are shown below in the
analysis part.
2.3. Isothermal oxidation

TBC systems were exposed to high temperature environment
and oxidation is among one of the most serious problems. The
thickening of the highly stressed TGO has a crucial influence on
the stability and durability of the TBC system [3,4,28–30]. Thus
it is of great necessity to study the oxidation evolution of the
TGO in the TBC system with different top coat thicknesses. In
what follows we compared the oxide growth rate for coatings
with different thicknesses on the FeNi-based substrates. The
specimens were placed in a furnace at temperature of 1000 1C.
The thicknesses of the TGO were measured and compared by
using metallographic observation on the cross-section of the
specimen after the experiment. Furthermore, a theoretical model
for oxidation was carried out taking into account the influence of
the thickness and porosity of the top ceramic layer to compare the
predicted data with the experimental results.
3. Results and analysis

3.1. SEM observation of the top ceramics layer

As shown in Fig. 1, the top coat layer has a rough surface. In
Fig. 1 (b) the surface morphology exhibits clearly a melted
feature. This is due to the high temperature in the supersonic
of the surface.



Table 1
Results of bonding strenght tests.

Maximum tensile load/KN Bonding strength/MPa Dominant fracture mechanisms

FeNi substrate þ thin coating(200μm) 20.465 10.853 Interface spallation between adhesive layer and top ceramic layer
FeNi substrate þ thick coating(400μm) 20.423 10.830 Internal fracture within the top ceramics layer
Ni substrate þ thick coating(400μm) 10.021 8.820 Internal fracture within the top ceramics layer

Fig. 2. Surface of specimens after bonding test: (a) FeNi substrate and thin coating; (b) FeNi substrate and thick coating; (c) Ni substrate and thick coating.
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spraying process on the surface, which could be as high as
3100 1C [24]. As indicated in the experiment part, the particles
of the ceramic layer were made of micro-size particle, which
are granules originally from nano-size particles [27].

3.2. Bonding strength test: Macroscopic observation of the
fracture surface

Results of the bonding strength tests in Table 1 show that the
bonding strengths are almost same for FeNi-based substrate
sprayed with thin coating and thick coating. However, the
locations of the fracture zones are different for two types of
coatings. For the specimens with thin coating, the fracture occurs
mainly on the interface between the adhesive layer and the top
ceramic layer, while for the specimens with thick coating, the
fracture occurs mainly within the top ceramic layer itself, as
illustrated in Fig. 2. The results for FeNi-based and Ni-based
specimens with thick coatings show consistently this phenom-
enon. This difference of the fracture mechanism is analyzed later.

3.3. Metallographic observation of the cross-sections

The cross-sectional metallographic images of FeNi-based
specimens and Ni-based specimens are presented in Figs. 3
and 4, respectively. The percentage of defects and porosity in
Figs. 3 and 4 are averagely much higher for thick coatings (for
both FeNi-based specimens and Ni-based specimens) than
those of thin coatings. For the thick coatings in Fig. 3(a) and
Fig. 4(a), the porosity density increases as it approaches the
surface of the topcoat. Near the BC and the substrate, as
indicated in Fig. 3(a) and Fig. 4(a), where it is above the blue
line, the structure and porosity density of the thick top ceramic
layer is similar to those of the thin top layer, which is shown
consistent for both types of specimens. Above the blue line
approaching the BC and substrate, the porosity in the coating
is rather low. And it is also observed that the distance from the
blue line to the BC for thick coatings is almost the same as the
thickness of the thin top coat, which is approximately 200μm.
Whilst below the blue line, the porosity in the thick coating
increases sharply and more defects are observed. The con-
sequences of such a structure in the thick coatings, as shown in
Fig. 3(a) and Fig. 4(a), is that with thermal cycling the defects
in the thick top coatings could coalescence with each other and
form defects with a width at the scale of tens of micrometer or
even larger[31], which can be catastrophic for the rupture of
the BC, as verified by the fracture observation and bonding
strength in the above bonding strength tests. The following
analysis in Section 3.4 reveals that this structure and porosity
distribution cause the fracture zone to distribute differently for
thick and thin coatings.
3.4. SEM morphologies of the fracture surface: within the
coating ceramic layer

As shown in Fig. 5, with the red ellipses and arrows
indicating the facture surfaces and cavities respectively within
the fracture zone, the crack surfaces are perpendicular to the
loading direction. The loading direction was perpendicular to
the surface of the topcoat, namely, the loading direction is
parallel to the particle spraying direction. Meanwhile, the crack
surfaces observed are smooth, which indicates that this type of
crack surfaces originate from these porosities existed during
the praying process in the thick coatings, where small cracks
propagate and coalesce to form larger cracks [29]. Although
the porosity can help to improve the lateral strain compliance
of the coating at high temperature and maintain the stability of



Fig. 3. Crossssectional metallographic images of FeNi-based specimens: (a) thick topcoat; (b) thin topcoat.

Fig. 4. Cross-sectional metallographic images of Ni-based specimens: (a) thick topcoat; (b) thin topcoat.

Fig. 5. SEM morphologies of the fracture surface: within the top ceramic layer.
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the coating [3], the evidence in Figs. 3 and 4 shows that
defects and porosities are the major resources for cracks, which
further lead to the fracture of the coating system under certain
conditions.

3.5. Oxidation study

As shown in Fig. 6, the cross-sectional images of FeNi-
based specimens after oxidation show a typical three layer of
the TBC system at high temperature, namely, the top ceramic
layer, the TGO and BC (the adhesive layer). The average TGO
thickness for thin topcoat and thick topcoat is about 18 μm and
12 μm, respectively. Though a bit thicker, still it is near the
typical range of TGO thickness [29]. As can be noticed, due to
the surface roughness of the BC, the thickness of the TGO is
not equally distributed along the interface of the topcoat and
BC. Moreover, based on the above observations of the
different distribution of the porosities within the thick and
thin top ceramic layers, it is yet unclear how the existence of
this porosity as well as the thickness of the ceramic layer
would affect the diffusion coefficient of the oxygen and the
growth rate of the oxide.
In order to validate this explanation, we propose a model in

what follows to demonstrate the influence of the porosity and
thickness on the oxide growth rate.
Assume that the oxidation is mainly controlled by the

diffusion of oxygen and the interfaces are smooth under an
ideal condition. The TGO (indicated as “b” in Fig. 7) grows at
the interface of the top ceramic layer (indicated as “a” in
Fig. 7) and BC (indicated as “a” in Fig. 7, where the spots and
lines indicate the porosity in the top ceramic layer) involves
counter-diffusion of oxygen and aluminum along the α-Al2O3

grain boundaries. The porosity in the top ceramic layer (which
is very common and unavoidable due to the fabrication
techniques in plasma spraying) would have an influence on
the diffusion coefficient for the oxygen transmitted to the TGO
upper surface (interface of ceramic layer and TGO, denoted as
interface I), and further transmitted to the TGO bottom surface
(interface of TGO and BC, denoted as interface II). The
interface of TGO and BC is supposed to be the oxidation
frontier where oxidation occurs and oxide scale grows [28–30].
Here we assume that the oxidation in top ceramic layer and on
the interface of the TGO and top ceramic is negligible.



Fig. 6. Oxidation of FeNi-based specimen at 1000 1C: (a) thin topcoat; (b) thick topcoat.

Fig. 7. Schematic of TGO growth in TBC system on substrate.
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Assume that the whole system is in thermodynamic equili-
brium and apply Fick's first law to the interface I and interface
II respectively and it yields to [32]:

jIo ¼Dh
Cair
o �CI

o

hU f ðpÞ ð1Þ

jIIo ¼Dox
CI
o�CII

o

δ
ð2Þ

wherejIo andjIIo are the fluxes of oxygen on interface I and
interface II, respectively. Dh is the diffusion coefficient of the
top ceramic layer, Dox is the diffusion coefficient of the oxide
layer (TGO), Cair

o is the oxygen concentration in air on the
outer surface of the top ceramic layer, CI

o and CII
o are the

oxygen concentrations on the interface I and the interface II,
respectively, h is the thickness of the top ceramic layer, δ is the
thickness of the TGO (here we take δ as an average thickness
for simplicity) and f ðpÞ is the function for characterizing
porosity (p). Here the termhU f ðpÞ in Eq. (1) can be viewed
as the equivalent thickness of the top ceramic layer due to the
existence of porosity. For simplicity, we give one candidate for
the expression off ðpÞ:
f ðpÞ ¼ 1�p ð3Þ
where p is the porosity percentage (0opo1). It can be seen
that the higher the porosity, the smaller the equivalent
thickness of the top ceramic layer is.

Meanwhile, concerning the TGO growth rate to the oxygen
flux on interface II, we have [32]:

jIIo ¼Dox
CI
o�CII

o

δ
¼ dδ

dt

1
Vox

ð4Þ
whereVox is the molar volume of the oxide layer (TGO) and t
is time.
Considering the thermodynamic equilibrium state of the

system, the flux on interface I and interface II should be equal
so that there would not be extra oxygen accumulating on the
interface I. This also means that the consumption of oxygen on
interface II equals to the supply of oxygen on interface I. Thus
we have:

jIo ¼ jIIo ð5Þ
By using Eqs. (1), (2) and (5), we can get the explicit

expression of CI
o, which is the oxygen concentration on

interface I:

CI
o ¼

δDhCair
o þDoxhU f ðpÞCII

o

δDhþDoxhU f ðpÞ
ð6Þ

Substitute Eq. (6) into Eq. (4), it yields to:

dδ

dt
¼ VoxDoxDhðCair

o �CII
o Þ

δDhþDoxhU f ðpÞ
ð7Þ

By using the initial condition δ¼ 0when t¼ 0;and we get:

δ2

2
DhþDoxhU f ðpÞUδ¼ VoxDoxDhðCair

o �CII
o ÞU t ð8Þ

Solve Eq. (8) we can get the expression for TGO thickness:

δ¼
�DoxhU f ðpÞþ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
½DoxhU f ðpÞ�2þ2VoxDoxD2

hðCair
o �CII

o ÞU t
q

Dh

ð9Þ
Since the porosity of the top ceramic layer can influence the

diffusion coefficient, namely,Dh, of the top ceramic layer, we
assume that the higher the porosity, the smaller the diffusion
coefficient it has. For simplicity, we adopt the same function of
Eq. (3) for the expression ofDh for instance:

Dh ¼Dh0 U f ðpÞ ¼Dh0 U ð1�pÞ ð10Þ
whereDh0 stands for ideal diffusion coefficient for the top
ceramic layer without porosity.
Substitute Eq. (10) into Eq. (9), we have:

δ¼
�Doxhþ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðDoxhÞ2þ2VoxDoxD2

h0ðCair
o �CII

o ÞU t
q

Dh0
ð11Þ



Fig. 8. Thickness evolution of TGO with different coating thicknesses.
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As indicated by Eq. (11), when the function of porosity was
chosen to be as Eq. (3), the porosity would not influence the
oxidation growth rate of the TGO. Based on the expression of
oxide thickness in Eq. (11), we calculate the TGO thicknesses
for different topcoat and the results are shown in Fig. 8. Here h
in Eq. (11) is set to be 200μm and 400μm, respectively. For
comparison, the experimental data is also shown in Fig. 8. The
experimental results agree well with the theoretically predicted
results.

4. Conclusions

Yttria-stabilized zirconia (YSZ) thermal barrier coatings
(TBCs) with thicknesses of 200μm and 400μm were sprayed
using supersonic plasma spraying (SPS) on a FeNi-based
substrate and Ni-based substrate, respectively. The thickness of
the top YSZ coatings has a great influence on the mechanical
properties of the TBCs systems as well as the oxidation rate of
the thermally grown oxide (TGO) at the interface of the bond coat
and topcoat. Results of bonding strength tests revealed different
fracture mechanisms for TBCs system with thin topcoat and thick
topcoat. The fracture zones for thick coatings on FeNi-based
substrate and Ni-based substrate occur consistently within the top
ceramic layer mainly due to the defects and the porosities.
Bonding strength of the FeNi-based substrate with thin coating
and thick coating are almost the same, but higher than that of the
Ni-based substrate with thick coating. The porosity in the thick
topcoat is on average larger than that in thin topcoat and the
distribution of the porosity in the thick topcoat near the substrates
show a similar characteristic to that of the thin topcoat. However,
the porosity in the thick topcoat becomes much larger when it
approaches the surface of the topcoat. Thickness of the coating
influences the oxygen diffusion, which further affects the
oxidation rate of the TGO. In contrast, the porosity has little
effect on the oxidation rate for the equilibrium state in the
present model.
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