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Abstract

In this work, impedance spectroscopy (IS) has been used to evaluate the degradation of thermal barrier coatings (TBCs) due to
oxidation at 1150°C. The spallation of TBCs was found to be induced by the development of thermally grown oxides (TGO) pro-
duced from the oxidation of TBCs. The change in the electrical properties of the TGOs was found to be related to the change in the
microstructure and microchemistry of the TGO. The resistivity of the TGO due to oxidation from 10 to 1000 h decreased rapidly,
which corresponded to the increase in porosity in the TGO and the compositional change of the TGO from «-Al,O5 to a mixture of
o-Cr,05 and (Ni,Co)(Cr,Al),Oy4 spinel. The slow decrease in the resistivity of the TGO from oxidation for 1000-2000 h indicated
that there was little change in the composition of the mixed oxides, although the growth rate of the TGOs was relatively fast during
this oxidation period. The disappearance of a-Al,Os in the TGO caused a rapid oxide growth during oxidation and led to the

spallation of TBCs. © 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Thermal barrier coatings (TBCs) on turbine blades
have been used for increasing turbine engine operation
temperatures.' A TBC system typically consists of a
metallic bond coat on a superalloy substrate and a
ceramic top coat. An yttria stabilised zirconia (YSZ) (6—
8 wt.% Y,03, balance% ZrO»,) is normally used as a top
coat for thermal insulation. A bond coat consisting of a
MCrAlY (M =Ni and/or Co) alloy is used to increase
the adhesion of YSZ and to protect the superalloy sub-
strate from oxidation by forming a continuous protec-
tive oxide scale (usually a-Al,03) between the bond coat
and YSZ. As the thermally grown oxide (TGO) grows
at the YSZ/bond coat interface due to the oxidation of
bond coat, internal stresses are built up at the top coat/
bond coat interface as the oxidation is accompanied
with volumetric expansion. The thermal mismatch
among the bond coat, TGO and YSZ further increases
the stress level during thermal cycling of TBCs. These
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stresses can cause cracking in the YSZ and lead to fail-
ure of TBCs.>%® It has been found that the growth of
TGO layer is an important factor in controlling the
degradation of TBCs.>? However, it is difficult to
examine the degradation of TBCs non-destructively,
which is essential for predicting the lifetime and failure
of TBCs on engine components.

Acoustic emission has been used for the examination
of cracking in TBCs,!® where acoustic emissions are
pulses of the elastic strain energy released spontaneously
during deformation. Infrared thermography has been
used!'!!12 for evaluating the delamination of TBCs. In
this case, a pulse of heat is applied to one side of a spe-
cimen, then the spatial distribution of the heat flux on
the opposite surface, which is dependent on the homo-
geneity of the specimen, is measured. Piezospectroscopy
has been developed to examine the stress level and fail-
ure in TBCs non-destructively, based on the analysis of
the shape of the luminiescence spectra.'® Although these
non-destructive techniques can be used to characterise
the formation of defects in TBCs when cracking occurs,
these techniques cannot be used to determine the extent
of degradation and predict the failure of TBCs. None of
these techniques can be used to determine the composition
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and growth of the TGO, even though the growth of the
TGO is a critical factor in controlling the degradation
of TBCs.'*!> Impedance spectroscopy is a non-destruc-
tive technique, which has been used extensively to
determine electrical properties of materials.!*"!7 Since
YSZ is an ionic conductor, whereas the TGO 1is nor-
mally an insulator, impedance spectroscopy can be used
to examine the composition change and microstructural
development of the TGO in TBCs by measuring impe-
dance spectra of TBCs. It is anticipated that changes in
the electrical properties of TGO are closely associated
with its microstructure and microchemistry. As a con-
sequence, the TGO growth in TBCs can be evaluated by
using impedance measurements of TBCs.

The aim of the present work is to develop impedance
spectroscopy as a non-destructive tool for evaluating
the degradation of TBCs. It has been found that the
results from impedance measurements could be related
to the growth phenomena of the TGO. Therefore, the
degradation of TBCs controlled by the growth of the
TGO, can be monitored non-destructively using impe-
dance spectroscopy.

2. Experimental procedure

TBC samples of size 10x 10x20 mm were prepared by
Sermatech Ltd, Lincoln, UK. Both bond coat (~150
pm thick) and top coat (~250 pum thick) were applied
using plasma spray to Haynes-230 superalloy plates.
Chemical composition of the Haynes-230 superalloy in
wt.% is 22Cr, 14W, 3Fe, 2Mo, 0.02La, 0.015B and
0.1C, balanced by nickel. Chemical composition of the
bond coat in wt.% is 21Cr, 8Al, 38.5Co, 32Ni, and
0.5Y. The YSZ contains 8 wt.%Y,03 and 92
wt.%ZrO,. During thermal cycling, the samples were
kept at 1150C in air for 10, 100, 200, 1000, 1500 and
2000 h, respectively. Both the heating and cooling rates
were 10°C min—!. Six thermal cycles were carried out
for the 2000 h-oxidised samples with dwell periods of
100 h (cycles 1 and 2), 300 h (cycle 3) and 500 h (cycles
4, 5 and 6), respectively. Five thermal cycles were car-
ried out for the 1500 h-oxidised samples with dwell
periods of 100 h (cycles 1 and 2), 300 h (cycle 3), and
500 h (cycles 4 and 5), respectively. Four thermal cycles
were carried out for the 1000 h-oxidised samples with
dwell periods of 100 h (cycles 1 and 2), 300 (cycle 3) and
500 h (cycle 4), respectively. Two thermal cycles were
carried out for the 200 h-oxidised samples with dwell
periods of 100 h. One thermal cycle was carried out for
the 100 and 10 h-oxidised samples.

For impedance measurements, the oxide layer formed
at the surface of the Hanes-230 alloy substrate without
TBCs was mechanically polished off to expose the metal
substrate acting as an electrode. The TBC surface was
cleaned in an ultrasonic bath with acetone and painted

with a silver conductive paint acting as another elec-
trode. The electrode area (painted area) was 5x5 mm
square. The silver paint was fired in air at 450°C for 30
min to increase the adhesion of the paint to the TBC.
Impedance measurements were conducted using a
Solartron SI 1255 HF frequency response analyser cou-
pled with a Solartron 1296 Dielectric Interface, which is
computer-controlled. Spectra analysis was performed by
using a Zview impedance analysis software (Scribner
Associates Inc, Southern Pines, NC) to extract the elec-
trical and dielectric properties of TBCs. In the mea-
surements, an AC (alternating current) amplitude of 10
mV was employed and the AC frequency was in the
range of 1-1x107 Hz. The measurements were per-
formed at 400°C on three samples for each oxidation
condition. The average values of electrical properties
obtained from the measurements were taken as the
experimental results.

A J840 scanning electron microscope (SEM) coupled
with an energy dispersive X-ray (EDX) microanalyzer
was employed to characterise the TGO. Crystal struc-
tures of the TGO were determined using X-ray diffrac-
tion technique.

3. Results and discussion
3.1. Impedance measurements

In impedance measurements, a sinusoidal potential
perturbation is applied to the test electrodes, which are
in contact with the relevant TBC. Impedance diagrams
are acquired by measuring the magnitude and phase
shift of the resulting current. There are two types of
impedance diagrams, namely Nyquist plots and Bode
plots. In a Nyquist plot, the impedance is represented by
a real part Z’ and an imaginary part Z” with the for-
mula Z(w) = Z' +jZ', where j = +/—1. Therefore, the
Nyquist plot is also termed the complex plane impe-
dance plot. In a Bode plot, the modulus of the impe-
dance and the phase angle are both plotted as a function
of frequency. For a simple resistor-capacitor (R—C) cir-
cuit, the Nyquist plot is characterised by a semicircle.
Usually, the Nyquist plot is used to determine the major
parameters, such as resistance and capacitance corre-
sponding to an electrochemical system. In a Nyquist
plot that contains only one semicircle, the resistance
value, R, is determined directly from the intercept with
the real Z axis. If the system is complicated, there may
be a few semicircles present. In this scenario, the spectra
have to be fitted with an equivalent circuit model, which
is representative of the microstructural features of the
materials under examination.'>!8

Typical Nyquist plots for the samples oxidised for
different times are represented in Fig. 1. Two semicircles
are present in each Nyquist plot, corresponding to two
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layers in the TBC. One of the two layers is the YSZ top
coat and the other is the TGO layer. It has been con-
firmed'%-2° that the high-frequency semicircle (on the left
hand side) corresponds to the YSZ top coat and the
low-frequency semicircle (on the right hand side) corre-
sponds to the TGO layer.

To obtain the electrical properties of the TGO layer,
it is necessary to establish an equivalent circuit model
for fitting the measured impedance spectra. The two
semicircles can be simulated based on a model of two
R—C components with a series connection (Fig. 2). In
the model, CPE is the constant phase element which is
more suitable to describe the behaviour of a non-ideal
capacitor where capacitance depends on frequency.'’
This is because the surface of electrodes is rough, which
may cause a frequency dispersion due to heterogeneous
current density distribution, i.e. C is not an ideal capa-
citor. The effect of inhomogeneous materials on capaci-
tance has been discussed in previous studies.?’:?> The
current research was only concerned with the con-
ductivity of TBCs rather than the dielectric properties,
therefore, the details on the CPE have not been pro-
vided. A simulation result is shown in Fig. 3, together
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Fig. 1. Nyquist plots for the samples oxidised in air at 1150°C for
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Fig. 2. Equivalent circuit model for a TBC system.

with a measured spectrum. Both simulation and mea-
sured results fit very well. The resistance obtained from
the simulation was therefore taken as the measured
result. The resistivity of the TGO was calculated after
the TGO thickness was determined using SEM.

The resistance and resistivity of the TGO are as a
function of thickness with the oxidation time given for
each data point (Fig. 4). Clearly, the resistance of the
TGO increased with increasing thickness of the TGO
from 1 to 10 h oxidation. However, the resistance then
decreased as the oxidation time approached 1000 h. The
resistance appeared to stabilise after 1000 h. The resis-
tivity showed little change in the TGO during oxidation
between 1 and 10 h, which indicated that the composi-
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Fig. 3. Simulation spectra based on the equivalent circuit model and
the measured spectra of the sample oxidised in air at 1150°C for 100 h.
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Fig. 4. (a) Resistance versus the thickness of the TGO and (b) resis-
tivity versus the thickness of the TGO, with the oxidation time indi-
cated on each data point.
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tion and microstructure of the TGO altered little during
this oxidation period. However, the resistivity of the
TGO decreased with increasing oxidation time. It
should be noted that the rate of reducing resistivity is
much higher between 10 and 1000 hours than that
between 1000 and 2000 h. This implies that the composi-
tion of the TGO changes considerably during this oxi-
dation period, which can lead to a fast growth of TGO.

3.2. TGO growth

The oxidation kinetics of the bond coat, shown in
Fig. 5, follows the parabolic law until 1000 h. During
oxidation times less than 1000 hrs, the TGO acts as a
protective layer, thus the TGO growth rate is relatively
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Fig. 5. Thickness of the TGO vs. oxidation time for the TBC coated
sample.
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Fig. 6. SEM images of the cross-sections of the samples oxidised in air at 1150°C for (a) 1 h, (b) 10 h, (¢) 100 h, (d) 1000 h and (d) 2000 h.
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low. Further oxidation leads to a substantial increase in
the growth rate of the TGO. As a result, the failure of
TBCs occurred due to the considerable increase in the
thickness of the TGO. Fig. 6 shows the cross-sections of
TBCs after oxidation for different periods. In both 1
and 10 h-oxidised samples, the TGO is mainly a dense
dark-coloured oxide layer, although a small amount of
grey-coloured oxide appears between the dark oxide
layer and YSZ in the 10 h-oxidised sample (Fig. 6b). In
the 100 hr-oxidised sample, the dark-coloured oxide
layer is accompanied with a layer of porous grey-
coloured oxide near the YSZ (Fig. 6c¢). It appears that
the dark oxide layer in the 100 h-oxidised sample is
more porous than that in the 10 h-oxidised sample.
After 1000 h oxidation, the dark oxide has almost dis-
appeared and replaced by a porous grey oxide layer
(Figs. 6d and 6¢). The formation of the porous TGO
promotes the rapid growth of the TGO after 1000 h
oxidation. In addition, some dark oxides were formed
inside the bond coat as a result of internal oxidation.
XRD analysis of the TGO was conducted after the
spallation of the YSZ top coat (Fig. 7). The analysis
indicated the presence of (Ni,Co)(Cr,Al),O4 spinel, a-
Al,O3, a-Cry,03, and YSZ. Fig. 8 shows the elemental
composition in the oxide layers which was determined
using EDX microanalysis. The microanalysis in con-
junction with the XRD analysis suggested that the dark
layer mainly contained a-Al,Oj3 in the samples oxidised
for less than 1000 h, while for more than 1000 h oxida-
tion, a-Al,O3 and a-Cr,O3 were the major phases pre-
sent in this layer. The grey layer in the TGO mainly
consisted of Al, Cr, Ni and Co. In the samples oxidised
for less than 1000 h, the contents of Al, and Co in the
grey layer increased while the content of Cr and Ni
decreased slightly (Fig. 8). After oxidation for 1000 h,
the content of Al,O; in both the dark and grey layers
decreased while the content of Cr,O; increased with
increasing oxidation time (Fig. 8), leading to the dis-
appearance of the dark Al,O; layer. Both EDX and
XRD results suggest that the grey layer is mainly
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Fig. 7. X-ray diffraction pattern from the TGO on the bond coat in
the samples oxidised in air at 1150°C for 2000 h.

composed of (Ni,Co)(Cr,Al),Oy4 spinel, a-Al,O3 and a-
Cr,O3 when the oxidation time is shorter than 1000 h
and of (Ni,Co)(Cr,Al),O4 spinel and a-Cr,O; when the
oxidation time is longer than 1000 h. The YSZ detected
by XRD should be the top coat retained on the TGO
after the spallation of YSZ, which was also reported by
Shillington and Clarke.?> The composition and micro-
structural change in the TGO may be caused by the
depletion of Al in the bond coat, which would be due to
the formation and growth of Al,O5 at the bond coat/
YSZ interface. Therefore, the less active elements, Cr,
Ni and Co, formed «-Cr,Oz; and (Ni,Co)(Cr,Al),O4
spinel, which further increased the stress in TBCs and
induced cracking in the TGO. The high porosity and
presence of microcracks in the mixed oxide layer pro-
moted the formation of a-Cr,O3 and spinel by provid-
ing a fast route for oxygen transport and surface
diffusion of metal and oxygen ions. It appears that the
Cr, Ni, and Co diffused through the Al,O; layer to form
o-Cr,O3 and (Ni,Co)(Cr,Al),O,4 spinel. Oxygen also
penetrated through Al,O3 layer to reach the bond coat
and produced oxides inside the bond coat. In addition,
the Al,Oj3 layer seemed to dissolve into the mixed oxides
gradually and finally disappeared. It is unclear why a
mixed oxide layer is not formed at the bond coat/alu-
minia interface.

Fig. 6 shows that cracks initiated and propagated in
the mixed grey oxide layer adjacent to the YSZ layer in
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Fig. 8. EDX microanalysis for (a) the dark oxide layer and (b) the grey
oxide layer in samples oxidised in air at 1150°C for different periods.
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parallel with the coat/substrate interface. The internal
stress generated by the oxide growth as well as the
thermal expansion mismatch between different oxide
layers should be responsible for the formation of
cracks.>* Samples that were oxidised for a longer period
exhibited more severe porosity in the grey mixed oxide
layer (Fig. 6), which weakens the strength of the oxide
layer and produced more cracks. This porosity may be
caused by the evaporation of CrOj; gas during high
temperature oxidation.>>?® As is well known,?>?7, a-
Cr,03 and (Ni,Co)(Cr,Al)>O4 spinel are p-type semi-
conductors. Their conductivity is determined by elec-
tron hole conduction. The electron hole concentration,
as described in Ref. 28 increases with increasing oxygen
partial pressure. Normally, the oxygen partial pressure
decreases from the outer surface of the oxide scale to the
scale-substrate interface. The increase in porosity and
cracks may lead to an increase in oxygen partial pres-
sure within the scale, giving rise to an increase in elec-
tron hole concentration and in turn an increase in
conductivity. Our previous work on NiO has also con-
firmed this phenomenon.?®

3.3. Relation between impedance spectra and the TGO
growth

According to the microstructural analysis of the
TBCs, the Nyquist plot from impedance measurements
of the TBCs should show three semicircles corresponding
to YSZ, mixed oxide layer and alumina layer, respec-
tively. However, only two semicircle spectra appeared in
the measured impedance diagram (Fig. 1). The high fre-
quency semicircle (left) corresponds to YSZ, as discovered
in previous studies.!®?° Therefore, the low frequency
semicircle should correspond to the mixed oxide and
alumina layers. The disappearance of one semicircle
may be caused by the lack of two distinguished and con-
tinuous layers in the mixed oxide and alumina. During
oxidation at the early stage, although the alumina layer
was continuous, the mixed oxides were patchy. As oxida-
tion continued, the alumina changed its composition
and gradually dissolved into the mixed layer, but the mixed
oxide then became a continuous layer. As a consequence,
the TGO are represented by one electrical unit, which
corresponds to one semicircle in the impedance spectra.

It should be noted that the resistivity of the TGO
decreased rapidly after 10 h-oxidation (Fig. 4) whereas
the oxidation growth rate increased rapidly after oxida-
tion for 1000 h (Fig. 5). To explain this phenomena, the
relation between the resistivity of oxide and the oxide
growth rate should be established. The growth beha-
viour of the TGO until oxidation for 1000 h follows the
parabolic law. The parabolic growth rate constant can
be expressed as>®

ke ~ 0.0i/(0e + 07)

where o, and o; are the electronic and ionic con-
ductivities.

If 0. >> o3, k; will be mainly determined by o;. On the
other hand, the electrical conductivity o is mainly
determined by o, since o = oj;0.. In this case, the
growth rate of the oxide should be determined by the
diffusion of ions and independent of the electrical con-
ductivity. As mentioned above, both «-Cr,O; and
(N1,Co)(Cr,Al);O4 spinel are electronic hole semi-
conductors and their electronic conductivity is much
higher than its ionic conductivity. a-Al,O5 is normally
regarded as an insulator and it is unclear whether its
electronic conductivity is dominant. Here we attempt to
estimate the ionic conductivity of Al,Os, in comparison
with its electrical conductivity. The ionic conductivity,
i, can be evaluated by3°

_ CiZizezDi

©T (M
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where C; is the vacancy concentration (the number of
vacancies per unit volume). Z; is the valance number (3
for Al and 2 for O), e is the charge (1.60x10~!° C), D; is
the diffusion coefficient for ions, k is the Boltzmann
constant, and 7 is the absolute temperature. The atomic
fraction of vacancies in thermal equilibrium, 7;, can be
calculated by3°

—E,

2kT @

n; = exp(

where E, is the vacancy formation energy. The E, for Al
and O ions in 4-Al,O5 is 6.2 and 6.1 eV, espectively.?°
The atomic fractions of vacancies for Al and O ions are
obtained as 1.3x107'" and 2.0x10~'! respectively at
1150°C and 1.0x1172% and 3.6x1072° at 400°C. It
should be noted that the oxidation temperature and the
temperature for impedance measurements are 1150 and
400°C, respectively. The diffusion coefficients for Al and
O ions are 2.2x 10718 and 5.0x10726 m? s~! at 1150°C
and 1.0x1072% and 5.6x10733 m? s~! at 400°C.3° Based
on the above data, the ionic conductivities for AI* " and
02" in ALO; were calculated as 1.6x10~!7 and
9.1x1072! @1 m~! at 1150°C and 1.2x1073* and
1.7x10~% Q~! m~! at 400°C. The electrical con-
ductivity (combining electronic and ionic conductivity)
of a-Al,O; was reported as about 107> Q! m~! at
1150°C and 10710 Q=1 m~! at 400°C.3' Clearly, the
electronic conductivity is dominant in the electrical
conduction of a-Al,O5 and, therefore, its growth rate is
controlled by the diffusion of Al ions in the oxide. The
reason for the TGO to grow rapidly after 1000 h oxi-
dation is that the metal diffusion rate in the TGO
became faster after disappearance of alumina in the
TGO.30 It should be noted that all of the calculations
made above were based on thermal equilibrium condition
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both at 400 and 1500°C. We should also indicate that
there was no change shown in the impedance spectra of
TBCs during the impedance measurements at 400°C,
which suggests that the defect concentration in the oxi-
des reached the local equilibrium condition.

As described above, the resistivity for the electron
hole semiconductors like the oxides found in this work
decreases with increasing porosity/cracks. As a con-
sequence, the fast decrease in resistivity during oxida-
tion from 10 to 1000 h may also be due to the increase
in porosity/cracks in the TGO during oxidation. The
slow decrease in resistivity after 1000 h oxidation may
be due to a small change in microstructure and compo-
sition in the TGO, even though the thickness of the
TGO increased rapidly. Therefore, the resistance mea-
surement is more sensitive to the change in composition
and porosity/cracks in the TGO, rather than the thick-
ness of the TGO. It should be noted that the oxidation
temperature adopted in this work (1150°C) is much
higher than the actual bond coat operating temperature
(900-1000°C). The oxidation of TBCs at lower tem-
peratures would produce a TGO of different composi-
tion and microstructure. Therefore, different impedance
measurement results should be obtained.!®?° By com-
bining our understanding of oxidation behaviour of
bond coat and determining impedance spectra of TBCs,
it is very promising to determine the degradation status
of TBCs non-destructively using impedance spectroscopy.

4. Summary

Impedance spectroscopy has been used to evaluate the
degradation of TBCs at 1150°C. The microstructual and
composition changes in the TGO at the metal/YSZ
interface induced the degradation and failure of TBCs.
The TGOs changed gradually from Al,O3 to a mixture
of a-Cr,O3 and (Ni,Co)(Cr,Al),O4 spinel, which corre-
sponds to the changes in electrical properties. The
resistivity of the TGO decreased gradually with
increasing prorosity and the compositional change of
the TGO from Al,O; to a mixture of a-Cr,O; and
(N1,Co)(Cr,Al),Oy4 spinel, even though the thickness of
TGO increased considerably. Therefore, the impedance
measurements are more sensitive to compositional and
microstructural changes in the TGO, rather than thick-
ness of the TGO.
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