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Evaluation of microstructural evolution in thermal barrier coatings
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Abstract

Air plasma sprayed thermal barrier coatings are thermally cycled in air up to 1030◦C and evaluated using impedance spectroscopy in
conjunction with scanning electron microscopy. When the number of cycles is less than 15, impedance measurements cannot be used to
detect the thermally grown oxide (TGO, usually alumina) scale because it does not fully cover the top coat-bond coat interface and the YSZ
(yttria-stabilised zirconia used as the top coat) is much more electrically conductive than the alumina, leading to most of the current passing
through the YSZ rather than the alumina. After the specimens are subjected to 100 until 250 cycles, impedance measurements show that a
continuous alumina scale is formed. In the impedance spectra, there are four relaxation processes, which correspond to the YSZ grains, the
YSZ grain boundaries, the TGO, and the electrode effect. Impedance analyses demonstrate that the resistance of the alumina scale increases
and the capacitance decreases with increasing cycling. When the specimen is subjected to 400 cycles, the impedance response to the continuous
TGO vanishes due to the TGO degradation.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Thermal barrier coatings (TBCs) are widely used in gas
turbines for propulsion and power generation.1–6 They
are thermally insulating materials with sufficient thickness
and durability so as to sustain a high temperature gradient
between the load-bearing alloy substrate and the coating
surface. Lowering the temperature of the metal substrate
extends the life of metal components. Therefore, TBCs
have increasingly been employed in gas turbine engine
components like blades and vanes.

A typical TBC system is composed of an oxidation-resis-
tant alloy bond coat (usually MCrAlY, M= Ni and/or Co,
and∼100–150�m thick) on the Ni-base superalloy compo-
nent and a heat-insulating ceramic top coat (usually 8 wt.%
Y2O3-stabilised ZrO2, i.e., YSZ, and∼200–250�m thick)
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attached to the bond coat. During high temperature oper-
ation, the two coats are to be sandwiched by a thermally
grown oxide (TGO, usually alumina) layer.

The mechanisms of coating failure are strongly de-
pendent on the interfacial and microstructural features of
the bi-material system.7,8 These features evolve during
high-temperature operation or thermal cycling of the sys-
tem, leading to crack nucleation and propagation due to
high internal stress formation and relaxation induced by
both TGO growth and thermal expansion mismatch be-
tween the ceramic coating and the alloy substrate.8–12

In our previous studies,11,13 we have investigated the
microstructural evolution of a TBC system during high
temperature exposure without thermal cycling. The aim
of the present work is to evaluate the microstructural
evolution in a TBC system during thermal cycling us-
ing impedance spectroscopy along with scanning elec-
tron microscopy (SEM). Impedance spectroscopy is a
non-destructive evaluation technique in ceramic material
research.14 The principle of the technique is to relate the
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electrical properties of the material to its microstructural
features.11,15–17

2. Experimental procedure

Specimens with a coating area of 20 mm× 20 mm were
prepared by air plasma spraying (APS) with both a bond
coat (∼150�m thick) and a top coat (∼250�m thick) on
Haynes-230 superalloy plates (3 mm thick). The chem-
ical composition of the superalloy (wt.%) is 22 Cr, 14
W, 3 Fe, 2 Mo, 0.02 La, 0.015 B, and 0.1 C with nickel
in balance. Chemical composition of the bond coat alloy
(wt.%) is 32 Ni, 38.5 Co, 21 Cr, 8 Al, and 0.5 Y. The YSZ
contains 8 wt.% Y2O3 and 92 wt.% ZrO2. The specimens
were thermally cycled as shown inFig. 1. In each cycle,
the specimens well maintained at 200◦C were heated to
1030◦C at a rate of 8 K/min, held there for 1 h, and then
cooled to 850◦C at a rate of 10 K/min, then to 650◦C at a
rate of 5 K/min, and finally to 200◦C at a rate of 3 K/min.
Three specimens were used for each thermal cycling
condition.

For impedance measurements, the metal side of the ox-
idised specimen was mechanically polished to remove the
oxide layer and acted as one electrode. The TBC side was
coated with a silver paint in an area of 64 mm2, which served
as the other electrode. In order to consolidate the silver paint
and enhance its adhesion to the specimen surface, the paint
was cured at 400◦C for 30 min. Impedance measurements
were conducted at 400◦C using a Solartron SI 1255 HF
frequency response analyser coupled with a Solartron 1296
Dielectric Interface, which is computer-controlled. Spec-
tra analysis (fitting) was performed using Zview impedance
analysis software (Scribner Associates Inc., Southern Pines,
NC) to obtain the electrical properties of TBCs. In the mea-
surements, an AC (alternating current) amplitude of 100 mV
was employed and the AC frequency was in the range of 1
× 10−4 Hz to 1 × 107 Hz. The measured results were rep-
resented by the mean values of data points obtained along
with the standard deviation.

Fig. 1. Schematic diagram showing the procedure of thermal cycling.

Microstructures of the specimens were examined by the
use of a JEOL 6300 scanning electron microscope equipped
with a LINKS energy dispersive X-ray microanalyser
(EDX).

3. Results and discussion

3.1. Microstructure

The cross sections of the thermally cycled specimens are
shown inFig. 2. In the specimen subjected to 15 cycles,
a TGO layer was formed but it is not continuous. After
100-cycle treatment, a continuous TGO layer was formed at
the bond coat/top coat interface. The thickness of the TGO
layer increases with increasing cycling number and its mor-
phology exhibits no apparent change until 250 cycles. How-
ever, after 400 cycles there is no apparent increase in the
thickness of the TGO layer but in some regions the black
TGO has changed to the grey TGO. As for the YSZ, there
appears to be more cracks in the more cycled specimens. The
EDX analyses indicate that the black TGO mainly contains
Al and O with the amount of Cr, Co, Ni, and Y less than
1 at.%, but the grey one contains about 10 at.% Cr, 7 at.%
Co, 2 at.% Ni, and 1 at.% Y in addition to Al and O. As a
consequence, the black TGO should be Al2O3 while the grey
one could be a mixture of Al2O3, (Ni,Co)Al2O4, NiO, CoO,
and Cr2O3. This has also been confirmed elsewhere.12,18–20

Many cavities have been formed in the grey oxide area
(Fig. 2d). Owing to the fact that the thermal cycling creates
internal stresses due to both TGO growth and YSZ-metal
thermal expansion misfit.7,8,21,22 It can be envisaged that
these cavities would enlarge and coalesce to each other with
the thermal cycling going on so as to form cracks. This is in
conformity to the work by Ali et al.12 where it was found that
the cracks initiated and propagated within the grey mixed
oxide layer, leading to the spallation of the YSZ top coat for
a plasma-sprayed TBC system.

As described in Ref.8, initially the Al activity in the bond
coat is very high and the formation of Al2O3 is dominant.
Whenever the alumina is stable, the O activity at the interface
is too low to form other oxides. Upon the alumina growth,
the Al activity decreases due to its depletion while the O
activity increases at the interface. When the O activity at
the interface reaches a certain level, the Al2O3 converts to
NiAl 2O4 through the reaction: 3Ni+ 4Al2O3 = 3NiAl2O4
+ 2Al. In the case of NiCoCrAlY alloy bond coat, the spinel
should be (Ni,Co)Al2O4. Furthermore, when the O activity
at the interface increases, the solubilities of Ni, Co and Cr in
the alumina also increases. In such an instance, Ni, Co and
Cr in the bond coat could move to cross the bond coat-TGO
boundary into the TGO and thus a concentration gradient
of Ni, Co and Cr could be established between the inner
and outer surfaces of the TGO. This concentration gradient
would cause outward diffusion of cations (Ni, Co and Cr
ions) through the TGO. Upon meeting higher O activities,
these cations may form new oxides like Cr2O3 and NiO, and
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Fig. 2. Scanning electron micrographs showing the cross sections of different thermally cycled TBC specimens: (a) 15 cycles; (b) 100 cycles; (c) 250
cycles; and (d) 400 cycles.

Ni or Co cations may cause the conversion of the alumina to
the spinel in regions between the TGO and the YSZ. In the
present work, there is no apparent spinel present between
the bond coat and the alumina but there are apparent mixed
oxides present between the alumina and the YSZ. The reason
for the former may be that the O activity at the former is
not high enough to cause the alumina-to-spinel conversion.

3.2. Electrical properties and their relation to
microstructural features

Impedance measurements for different specimens have
been conducted using impedance spectroscopy. There are
different presentations of impedance data, in which Nyquist
and Bode plots are most frequently used.14 In a Nyquist
plot, the impedance is represented by a real partZ′ and
an imaginary partZ′′ with the formulaZ(ω) = Z′ + jZ′′,
whereω is the angular frequency andj = √−1. In a Bode
plot, the modulus of the impedance and the phase angle
are both plotted as a function of frequency. For a simple

resistor–capacitor (R–C) circuit, the Nyquist plot is char-
acterised by a single semicircle. However, for a multi-R–C
circuit (a multilayer system formed by different materials),
the Nyquist plot would consist of several semicircles that
may partially overlap to each other. Usually, the Nyquist
plot is used to determine the major parameters, such as
resistance and capacitance corresponding to an electro-
chemical system by fitting the measured spectra according
to an equivalent circuit, which corresponds to a physical
model of the system. As described in Refs.13,14,23, for an
oxide scale system, the measured capacitance response is
often not ideal, i.e., not a pure capacitor. This deviation can
be modelled by the use of a constant phase element (CPE)
instead of an ideal capacitance element in the equivalent
circuit. The impedance of a CPE,ZCPE, is given by14,15,23

ZCPE = 1

A(jω)n
(1)

whereA is a parameter independent of frequency. When the
exponential factorn = 1, the CPE functions as an ideal ca-
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Fig. 3. Phase angle as a function of frequency for the different thermally
cycled specimens.

pacitor andA is therefore equal to the capacitanceC. In most
cases,n is less than 1. In general, a CPE is associated with
chemical inhomogeneity and geometrical non-uniformity,
which cause a frequency dispersion.23 In the case of no
ideal capacitive response, the value ofA cannot be used to
represent the capacitance of the system. Here we adopt an
equivalent capacitanceC, which may be acquired by24

C = R(1−n)/nA1/n (2)

whereR is the resistance.
The phase angles are represented inFig. 3 as a function

of frequency. There are three relaxation processes (charac-
terised by inflections) for the specimens subjected to 15 and
400 cycles while there are four for the specimens subjected
to 100 and 250 cycles. For all the specimens, the highest
or second highest frequency relaxation has a similar relax-
ation frequency. It has been confirmed13,25,26 that the lowest
frequency relaxation stems from the electrode effect rather
than the material being investigated and the highest and sec-
ond highest frequency relaxations are the responses from the
grains and grain boundaries of the YSZ, respectively. The
third relaxation process from the right-hand side, which may
be seen for the specimens subjected to 100 and 250 cycles
although it is not very clear, originates from a continuous
thermally grown alumina layer. The typical relaxation fre-
quency for the alumina layer is about 300 Hz. Therefore, the
presence of the discontinuous thermally grown oxide layer
should be the reason for not having this relaxation process
in the specimen subjected to 15 cycles (Fig. 2a). This is be-
cause the YSZ is much more conductive than the TGO and
thus the current is conducted almost through the non-TGO
areas rather than the TGO areas at the metal–YSZ interface
so that there is no response from the TGO. However, if the
chemical composition changes in the alumina or a mixed ox-
ide layer (which comprises alumina, chromia, spinel, nickel
oxide, etc.) is formed at the metal–YSZ interface, making
the TGO less insulating than the pure alumina, the third re-
laxation process may overlap with the YSZ grain boundary
response. In this case, the second highest frequency relax-

Fig. 4. Nyquist impedance plots for different thermally cycled specimens.
Panels (b) and (c) show the high frequency range in panel (a).

ation is a combined effect from YSZ grain boundaries and
mixed oxides.13,25,26 This should be the reason why the
specimen subjected to 400 cycles does not exhibit the third
relaxation process in the phase angle–frequency plot as the
TGO has undergone some change from alumina to mixed
oxides. As a consequence, the disappearance of the third
relaxation frequency is an indication that the TGO has de-
graded from a continuous alumina layer to a mixed oxide
layer. As for the cracks in the YSZ, it is difficult to detect
its change by impedance measurements unless the cracking
is so severe that an interface across the specimen is formed.
This is because the YSZ is very conductive compared with
the cracks so that most of the current can pass through the
YSZ rather than through the cracks, leading to no response
from the cracks. The present case could be like this.

Typical Nyquist plots for different thermally cycled spec-
imens are represented inFig. 4. With the exception of the
electrode effect characterised by the tail in the low frequency
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range, the overall resistance, which is represented by the in-
tercept on the real impedance axis,14 increases sharply from
15 cycles to 100 cycles and then to 250 cycles. However,
after the specimen is subjected to 400 thermal cycles, it falls
down considerably to the value slightly greater than that for
the specimen subjected to 15 cycles. Moreover, including
the electrode effect, there are three semicircles (arcs) for the
specimens subjected to 15 and 400 cycles and four for the
specimens subjected to 100 and 250 cycles. In the Nyquist
plot, the frequency increases from the right-hand side to the
left-hand side. With reference to the phase angle–frequency
plot (Fig. 3), the three semicircles (arcs) are the responses
from the YSZ grains, the YSZ grain boundaries and the
continuous alumina layer, respectively, for the specimens
subjected to 100 and 250 cycles. Clearly, the diameters of
the semicircles corresponding to the alumina layer are far
larger than those corresponding to the YSZ grains and grain
boundaries, indicating that the resistance is much larger for
the alumina than for the others. Since the TGO does not
fully cover the metal–YSZ interface in the specimen sub-
jected to 15 cycles and has degraded in composition and mi-
crostructure in the specimen subjected to 400 cycles, there
are just two semicircles (arcs) present in the Nyquist plots. It
is worth mentioning that the second semicircle (arc) should
arise from a combined effect of YSZ grain boundaries and
mixed oxides for the specimen subjected to 400 cycles but
just from YSZ grain boundaries for the specimen subjected
to 15 cycles (Fig. 4c).

To obtain the electrical properties of different layers, we
have fitted the measured spectra (Nyquist plots) using an
equivalent circuit model together with Zview impedance
analysis software (Scribner Associates Inc, Southern Pines,
NC). Details of the fitting procedure have been described in
detail elsewhere.13 In brief, except for the electrode effect
the two semicircles in the spectra for the specimens sub-
jected to 15 and 400 cycles can be simulated based on a
model of twoR-CEP components with a series connection,
which correspond to YSZ grains and YSZ grain boundaries.
The three semicircles in the spectra for the specimens sub-
jected to 100 and 250 cycles can be simulated based on a
model of threeR-CPE components, corresponding to YSZ
grains, YSZ grain boundaries, and the TGO (alumina). In
the present work, the electrode effect was fitted directly us-
ing circle fitting with the above software. Of note is that the
fitting itself can bring about errors, making the fitted val-
ues of the electrical properties have some difference from
the actual ones. However, with the same software the fitted
values should have the same trend as the actual ones, which
is most concerned in this study. In the present analysis, the
errors are based on the fitted values from three specimens
used for each condition rather than on fitting errors.

The resistances of the YSZ grains, the YSZ grain bound-
aries, and the TGO are represented inFig. 5aas a function of
the number of cycles. Obviously, there is no apparent change
in the resistance of YSZ grains for different specimens al-
though they have some differences in cracks. As described

Fig. 5. The resistance and capacitance of the YSZ grains, the YSZ grain
boundaries, and the TGO for different thermally cycled specimens (error
bars represent the standard deviation of the fitted values; the YSZ GB
resistance for the 400 cycled specimen is due to both YSZ grain boundaries
and mixed oxides).

earlier, it is difficult to detect the crack changes in the YSZ
by impedance measurements as most of the current can pass
through the YSZ rather than through the cracks, leading to
no response from the cracks. For the YSZ grain boundaries,
the resistance exhibits no change in the specimens subjected
to up to 250 cycles, but it is increased evidently in the spec-
imen subjected to 400 cycles. This is because, as depicted
above, the latter is a combined effect from the YSZ grain
boundary and the degraded TGO (mixed oxides). For the
specimens subjected to 100 and 250 cycles, the resistance
of the TGO increases with increasing cycles, demonstrating
an increase in the thickness of the TGO as shown inFig. 2.
The capacitances of the YSZ grains, the YSZ grain bound-
aries, and the TGO are shown inFig. 5b. As in the case of
resistance, there is no apparent change in the capacitance of
YSZ grains for different specimens. The capacitance of YSZ
grain boundaries for the specimen subjected to 400 cycles is
slightly decreased, indicating also again the combined effect
from the YSZ grain boundaries and the degraded TGO.

The capacitance and resistance from the electrode effect
are shown inFig. 6. Clearly, there is no apparent change in
capacitance. The resistance increases with increasing cycling
until 250 cycles while it decreases sharply for the specimen
subjected to 400 cycles as compared to that for the speci-
mens subjected to 100 and 250 cycles. According to Arm-
strong and Todd,27 the electrode effect is from the interfaces
between the silver electrode and the YSZ and between the
TGO and YSZ. It has been confirmed26 that the YSZ-TGO
interface is mainly responsible for the electrode effect in a
TBC system. Since the electrode effect forms a semicircle
(arc), the impedance diagram is characterised by a double
layer capacitance and a charge transfer resistance as shown
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Fig. 6. The capacitance and resistance from the electrode effect from
different thermally cycled specimens (error bars represent the standard
deviation of the fitted values).

in Fig. 6. Owing to the fact that the capacitance for the elec-
trode does not change for different specimens, the double
layer conditions have no apparent change during thermal cy-
cling. It is noted fromFigs. 5a and 6bthat the resistance from
the electrode effect changes in the same order as the overall
resistance from the YSZ and the TGO. As is well known,
the total voltage is equal to the sum of voltages responsi-
ble for the YSZ, the TGO, and the electrode double layer,
each of which is proportional to its resistance. Moreover,
the linear relationship between the voltage and the charge
transfer resistance or the electrode double layer thickness
may not exist. Consequently, the charge transfer resistance
from the electrode effect increases with decreasing voltage
acted on the electrode double layer. Since this voltage de-
creases with increasing overall resistance of the electrolyte
materials being studied, caused mainly by the TGO growth,
the charge transfer resistance would increase. Therefore,
the resistance from the electrode effect may be used to re-
flect the changes in the overall resistance of the electrolyte
materials.

4. Summary

Air plasma sprayed TBCs have been thermally cycled in
air up to 1030◦C and evaluated by means of impedance spec-
troscopy in conjunction of scanning electron microscopy.
When the number of cycles is less than 15, the oxide alu-
mina scale formed between the top and bond coats does
not fully cover the top coat-bond coat interface. In thissce-
nario, impedance measurements cannot be used to detect
the alumina scale because the YSZ is much more electri-
cally conductive than the alumina, leading to most of the
current going through the YSZ rather than the alumina. Af-
ter the specimens are subjected to 100 until 250 cycles,
impedance measurements show that a continuous alumina

scale is formed. In the impedance spectra, there are four
relaxation processes, which correspond to the YSZ grains,
the YSZ grain boundaries, the TGO, and the electrode ef-
fect. Impedance analyses demonstrate that the resistance of
the alumina scale increases and the capacitance decreases
with increasing cycling. This implies that the protective ca-
pability of the scale is not reduced up to 250 cycles. When
the specimen is subjected to 400 cycles, the impedance re-
sponse to the continuous TGO disappears because the TGO
has degraded to a certain extent from alumina to mixed ox-
ides, indicating that the protective capability of the scale is
reduced. The resistance for the electrode effect changes in
the same order as the overall resistance of the electrolyte
materials being investigated and thus may be used to reflect
changes in the overall resistance.
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