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A non-destructive evaluation (NDE) technique of impedance spectroscopy (IS) was employed for
studying the sintering process of nanostructured yttria-stabilized zirconia (YSZ) after exposure at
1100 °C in air for different times. The variations within microstructure of YSZ were correlated with the
EIS parameters. The results showed that the resistance and capacitance of YSZ grains (g) and grain
boundaries (gb) varied with the sintering time. The resistance of YSZ g and gb increased significantly in
10 h, which may correspond to closure of pores. While during the stage from 10 to 200 h, the resistance of
the g was basically consistent, and the gb decreased with the growth of g, which indicated that the gb
resistance was more sensitive to grain size. The change of porosity and pore shape could be interpreted
through impedance parameters. The porosity decreased and the shape of pores became smaller and

rounder with the increasing sintering time.

Keywords grain growth, impedance spectroscopy, nano-
structured thermal barrier coating, pores

1. Introduction

Thermal barrier coatings (TBCs) have been widely used
in the hot sections of gas turbines as they provide the po-
tential to raise efficiency and operating time of the devices
(Ref 1, 2). A typical duplex TBC system is composed of a
heat-insulating ceramic top coating and an oxidation-resis-
tant metallic bond coating. ZrO, partially stabilized
Y,Os—ryttria-stabilized zirconia (YSZ)—is commonly used
as ceramic top coat because of its low thermal conductivity
and high coefficient of thermal expansion. The YSZ is gen-
erally deposited by air plasma spraying (APS), or electron
beam physical vapor deposition (Ref 3).

Nanostructured YSZ coatings have recently drawn
much attention because of their outstanding properties. It
has been confirmed (Ref 4-7) that nanostructured YSZ
coatings have lower thermal conductivity, higher coeffi-
cient of thermal expansion, and more excellent mechani-
cal properties compared with traditional YSZ coatings.
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However, the grain growth and the closure of pores would
occur during sintering, consequently leading to the dis-
appearance of the nanostructure and superior properties.
Thus, it is important to develop a non-destructive evalu-
ation (NDE) method to monitor the microstructural
evolution of the nano-TBCs during thermal exposure.

At present, impedance spectroscopy (IS) has been used
to study the degradation of ceramic materials owing to its
simplicity and accuracy (Ref 8-14). Also, impedance
measurements can measure the microstructural evolution
of TBCs without the restriction of sizes of samples and
noises from environment, compared with other NDE
techniques, such as photoluminescence for showing the
residual stress and phase content of thermally grown oxide
(TGO) layer (Ref 15, 16), and acoustic emission for the
examination of cracks in TBCs (Ref 17, 18). Since Ogawa
et al. (Ref 8) applied IS as a NDE tool to studying the
degradation of APS TBCs, a great many studies have been
focused on the NDE of TBCs by means of IS. Xiao and
co-workers (Ref 9-11) and Sohn et al. (Ref 12-14) utilized
impedance measurement methods to study the micro-
structural evolution of conventional TBC system, such as
TGO growth, phase transformations and porosity of YSZ
topcoat, and cracks at the TGO/BC interface.

Because the nanostructured YSZ is a porous material, the
electrical properties of microstructure were affected signifi-
cantly by porosity (Ref 19-21). In the present study, the aim is
to evaluate microstructural evolution of nanostructured
TBCs at 1100 °C for different thermal exposure times using
IS along with scanning electron microscopy (SEM) and x-ray
diffractometer (XRD). The correlation of microstructure of
TBC with its electrical properties after thermal exposure has
been investigated.
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2. Experimental Procedures

2.1 Sample Preparation

The 7-8 wt.% Y,Os partially stabilized the nanostruc-
tured zirconia powder with the grain size of 15-35 nm, was
sprayed by APS on the stainless steel substrate. The
powder was agglomerated into 50-80 pum particles before
the APS was applied. The parameters of plasma spraying
have been reported in our previous study (Ref 22, 23). The
specimens used for sintering were put into cold water
immediately after spraying. The coating was detached
from the stainless steel, then polished into 1.5 mm in
thickness. The heat-treatment experiments of the free-
standing coatings were performed at 1100 °C for 10 h, 50,
100, and 200 h, respectively.

2.2 Impedance Measurement

Each of the YSZ sides was coated with a platinum paint
with an area of 5 x 5 mm?, which served as one of the
electrodes. For consolidating the platinum paints and
enhancing their adhesion to the specimen surfaces, the
paints were baked at 800 °C for 15 min. Impedance
measurements were performed at 400 °C using a Solartron
SI 1255 HF frequency response analyzer connected with a
computer-controlled Solartron 1296 Dielectric Interfaces.
The measurements were carried out with AC amplitude of
100 mV and AC frequency of 1-10” Hz. Spectra analysis
(fitting) was made by means of Zview impedance analysis
software (Scribner Associates Inc., Southern Pines, NC) to
obtain the electrical properties of YSZ.

2.3 Microstructural Examination

The evolution of microstructure of nanostructured YSZ
was analyzed using S-3500 scanning electron microscope
(Hitachi, Tokyo, Japan). The phase identification was
carried out using a D/max 2200pc x-ray diffractometer (Cu
K, radiation; Rigaku, Tokyo, Japan).

3. Results and Discussion

3.1 Microsructure of the Coatings

Figure 1 shows the typical fractured cross section of the
as-sprayed nanostructured YSZ coating. It is seen from
Fig. 1 that there are two kinds of regions in the coating:
the molten phase and the non-molten phase. The structure
of the non-molten phases is very loose, containing the
equiaxed grains and nanosized grains, and the macropores
between nano-particles have sizes similar to these parti-
cles. This structure will enhance thermal insulation ability
of TBC coating.

The XRD patterns of YSZ exposed to air at 1100 °C
for different times are presented in Fig. 2. The coatings
before and after sintering consist of tetragonal phase
zirconia indicate that there are no new phases being
generated within the coating during sintering.

Journal of Thermal Spray Technology

Fig. 1 The microstructure of the as-sprayed nanostructured
YSZ coatings
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Fig. 2 The XRD patterns of YSZ before and after thermal
exposure for different times at 1100 °C

3.2 Impedance Spectra and Equivalent Circuit
Modeling

Figure 3(a) shows typical Bode plots [phase angle (0)
vs. log frequency] after thermal exposure for 0, 10, 50, 100,
and 200 h. The graphs show a number of electrical
responses. There are three relaxation processes for the
specimens. For all the specimens, the three relaxation
processes shown in the spectra are separately attributed to
YSZ grains (g) (approximately 10° Hz), YSZ grain
boundaries (gb) (approximately 10* Hz), and the elec-
trode response (E) (approximately 1 Hz). The difference
in the intrinsic electrical properties of g and gb lead to the
distinction of responses in the impedance spectra. These
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phenomena have been confirmed in previous studies
concerning heat treatment on YSZ and high temperature
oxidation of the TBCs (Ref 14, 24). Nyquist plots [imag-
inary impedance (Z") vs. real impedance (Z')] of the
specimens exposed to air for different times are shown in
Fig. 3(b). Two semicircles are presented in Nyquist plot,
corresponding to YSZ grain and YSZ grain boundary, and
the big tail is attributed to the electrode reaction. For the
short sintering time, two poorly resolved semicircles are
observed, and the separation of the two semicircles is
obvious with the increasing sintering time.

To set up a linkage with the evolution of the micro-
structure of YSZ, impedance plots should be simulated by
establishing an equivalent circuit model. In general, an
equivalent circuit model could contain several units in
series, and each unit consists of one resistor and one
capacitor in parallel. Because the measured capacitance
response is often not ideal (Ref 25, 26), constant phase
element (CPE) could be used instead of an ideal capaci-
tance element in the equivalent circuit. The impedance of
CPE is given by Ref 25
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Fig. 3 Impedance spectra measured after YSZ exposed at
1100 °C for different times (a) Bode plots and (b) Nyquist plots
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Zcpg = A7 (jw) ™" (Eq 1)

where A is a parameter that is independent of frequency,
and n is an exponential index that characterizes a disper-
sion of relaxation frequency. When n=0, CPE acts as a
pure resistor; when n=1, the CPE represents an ideal
capacitor. Thus, CPE can correspond to a wide range of
non-ideal capacitance elements that could be more suit-
able to describe the electrical properties of TBCs. Here,

the capacitance can be calculated according to Ref 27
C = R(l—n)/nAl/n (Eq 2)

where R is the resistance.
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Fig. 4 (a) Equivalent circuit models for nanostructured YSZ
before and after thermal exposure; measured impedance spectra
and fitted results of YSZ (b) as received; (c) after exposed to air
at 1100°C for 50 h
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The traditional brick-layer model is commonly
employed to analyze the electrical behavior of dense
ceramic materials. However, its application in the case of
highly porous ceramics such as nanostructured YSZ is
inappropriate. An ac equivalent circuit for the porous
YSZ is constructed as shown in Fig. 4(a) where R, and
CPE, correspond to YSZ grain, R,, and CPE,, corre-
spond to YSZ grain boundary, and Rpoe and CPEpq.
correspond to the pores in YSZ. Actually, a contribution
from the porosity to the impedance plot has been pro-
posed (Ref 28) using IS. The contribution is composed of a
small semicircle positioned between the high-frequency
grain semicircle and the lower-frequency grain boundary
semicircle. The relaxation frequency of the high porosity
was close to gb and could not contribute separately to the
impedance plot. Hence, two responses are being seen in
impedance plots. Based on the model, Nyquist plot can be
simulated very well (Fig. 4b, c¢), and the values of R, A,
and n of all the equivalent elements can be obtained from
the software. The C values can be calculated by Eq 2.
According to the equivalent circuit model established
above, spectra analysis was performed using Zview

—<

impedance analysis software to fit the electrical parame-
ters of YSZ.

3.3 Electrical Properties and Their Relation
to Microstructural Features

Figure 5 shows the morphology of the non-molten
particles after thermal exposure for different times at
1100 °C. The size of the g increases with the increasing
sintering time and the YSZ coating has lost its nano-
structure after 50 h. The micrographs of the cross section
of the polished TBCs for the as-sprayed at 10-, 50-, and
100-h exposures are presented in Fig. 6. It is obvious that
the size and number of pores decreased rapidly during the
sintering stage of the first 10 h (densification regime), then
slowly during the 10-200-h exposure (grain-growth
regime). A trend showing that the shape of pores existing in
TBC:s is rounder and smaller during sintering is observed.

The impedance response detected by the system
depends on the microstructural features of the materials
such as g, gb, and pores. Variations in the electrochemical
resistance and capacitance of the grain and grain boundary,

Fig. 5 SEM of the fractured cross sections of nano-YSZ coatings before (a) and after sintering at 1100 °C for (b) 10 h; (c) 50 h; and

(d) 100 h
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Fig. 6 The polished cross sections of nanostructured TBCs before (a) and after sintering at 1100 °C for (b) 10 h; (c) 50 h; (d) 100 h

namely, R,, C,, Ryp, and Cgy,, as a function of thermal
exposure at 1100 °C are shown in Fig. 7. By XRD, no
evidence of phase transformations was observed, and so it
appears that the variations are microstructurally con-
trolled. An abrupt increase in the R, is observed during
the first 10 h, and then no significant change is observed
during the sintering from 10 to 200 h (Fig. 7a). Since the
conductivity of grain is dependent on density and is
insensitive to grain size (Ref 29-31), the increase of the
resistance of YSZ grain initially is caused by pores’ clo-
sure, and then there is no significant change when g grow.
The pores can be considered as a number of capacitances
in a parallel circuit, in which the capacitance of all the
pores equals to the sum of capacitance of each pore.
Therefore, the capacitance of YSZ grain decreases with
pores closure and then increases a little higher until
reaching a stable condition because of g growing and
closing of a few pores. Similar to R,, the increase of Ry, up
to 10 h is observed with the increased thickness of grain
boundary owing to pores closure (Fig. 7b). The decrease
in Ry, is caused by a decrease in the volume fraction of gb
with g growing during thermal exposure from 10 to 200 h.
The capacitance of YSZ grain boundary changes slowly in
the densification regime and has an abrupt increase for the
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grain-growth regime, which indicate that the change of Cyy,
is attribute to grain size occurring on the relative density.

The CPE parameters of pores, Apore and 7pore as
function of the sintering time are shown in Fig. 8. As
mentioned, CPE is used instead of capacitance because of
the capacitor not being ideal. The more homogenous and
uniform the structure is, the closer the value of index n is
to 1. For the pores existing in YSZ layer, the parameter
Apore shows a decreasing trend with sintering time,
because of the closure of pores in the YSZ layer during
sintering. The index 7,4, shows an increasing trend, which
indicates that the homogeneity of pores increases during
the sintering process. These results are in accordance with
the phenomena shown in Fig. 6.

4. Conclusions

In this study, the microstructural evolution of a plasma-
sprayed nanostructured TBC exposed in air at 1100 °C
was investigated by means of IS in conjunction with SEM
and XRD. The major results are as follows:

For the YSZ grain, R, increased and C, decreased
within 10 h, because of the closure of pores in YSZ layer.
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Fig. 7 Variations in resistance and capacitance of (a) YSZ grain
and (b) YSZ grain boundary as a function of exposure time after
sintering at 1100 °C
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Fig. 8 CPE parameters of nano-YSZ as a function of exposure
time after sintering at 1100 °C

The effect of grain growth on R, and C, could be
neglected for the duration from 10 to 200 h. For the YSZ
grain boundary, Ry, increased within 10 h because of pore
closure and then decreased during 10-200 h when grain
growth occurred. The Cy, increased with sintering time,
which may be linked to the level of grain size. The
decreased A, indicated the reduction of porosity, and
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the increased npo. revealed that the shape of pores
became more uniform with sintering time.
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