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Abstract

Nondestructive evaluation (NDE) of ceramic matrix composites is essential for developing reliable ceramics for industrial appli-
cations. In the research described here, impedance spectroscopy has been used to characterise Al,O5/SiC nanocomposites non-
destructively. Electrical modulus spectra from impedance measurements were used to determine the content of SiC nanoparticles in
A1,05/SiC composites. Meanwhile, electrical impedance measurements have been used to characterise the oxidation of AlO3/SiC
nanocomposites. Based on the microstructural features of the nanocomposites, equivalent models were developed to calculate the
capacitance of the nanocomposites and oxidised specimens. The calculated results were used (i) to examine the relationship between
the composition and electrical properties of the Al,03/SiC nanocomposites; (ii) to predict the thickness of oxide scales formed at the
surface of the nanocomposites after oxidation. The comparison showed reasonable agreements between theoretical prediction and

experimental results. © 2000 Elsevier Science Ltd. All rights reserved.

Keywords: Al,05-SiC; Composites; Impedance spectroscopy; Nondestructive evaluation; Oxidation

1. Introduction

Non-destructive evaluation is very important in both
the manufacture and applications of ceramic materials.
The brittleness, catastrophic failure behavior and low
reliability of ceramics have been the main obstacles for
the application of ceramics which lead to a high cost for
ensuring the quality of ceramics by using expensive
processing methods. Extensive studies have been carried
out to investigate the processing and properties of
advanced structural ceramics, which lead to not only
significant improvements on the performance of ceramics,
but also a better understanding of ceramic properties.
However, much less has been done on non-destructive
evaluation of ceramics, which is critical in controlling
the quality of ceramics.! This is most likely due to the
unavailability of an efficient and comprehensive NDE
method that could be applied to the evaluation of cera-
mics. This research is to investigate the feasibility of
using impedance spectroscopy as a non-destructive test-
ing tool for evaluating structural ceramic materials.
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A.C. impedance spectroscopy has been used to study
electrolyte materials among which the best known is
zirconia-based ceramics.”? Impedance diagrams can be
interpreted based on equivalent circuit models that can
be related to microstructural features of the measured
materials. In polycrystalline zirconia materials at a cer-
tain temperature, grains behave as ionic conductors,
grain-boundaries and other microstructural defects,
such as pores, cracks and any other second phases act as
ionic blocking factors. In an impedance diagram
(Nyquist plot) from measurements of zirconia ceramics,
there are normally a high frequency (HF) semicircle
which corresponds to the grains and a low frequency
(LF) semicircle which corresponds to ionic blocking
effects. Capacitance, resistance, relaxation frequency
and depression angle can be obtained from the simula-
tion of measured impedance diagrams. Such data can be
used to characterise the microstructure of zirconia-
based materials.>© So far, extensive studies have been
carried out to establish relationships between micro-
structural characteristics and electrical responses of
ceramic materials.>”-% Therefore, impedance spectro-
scopy is a potentially powerful technique for non-
destructive evaluation of ceramic materials.
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Al,O3/SiC nanocomposites are attracting growing
interest because significant improvements in strength
and toughness have been achieved by the addition of
SiC nanoparticles.>'® They are amongst the most pro-
mising structural materials that could be applied at high
temperature up to 1000°C. Nondestructive evaluation
of Al,O3/SiC composites is crucial for applications of
this composite and other SiC containing ceramics.
Studying oxidation of SiC containing ceramics at high
temperature is also essential in application of these
ceramics at high temperature. It was discovered that the
oxidation rates of Al,O3/SiC nanocomposites are sev-
eral orders of magnitudes higher than that of monolithic
SiC.':12 Thus oxidation at high temperature could be a
crucial factor in controlling the degradation of Al,O3/
SiC nanocomposites at high temperature. It is highly
desirable to develop a nondestructive evaluation techni-
que for studying oxidation of Al,O3/SiC nanocompo-
sites at high temperature.

In this study, impedance measurements have been
used for the nondestructive evaluation of Al,O;/SiC
nanocomposites. The modulus spectra were used to
determine the content of SiC in Al,O3/SiC composites.
The thickness of mullite/alumina layers resulted from
the oxidation of Al,03/SiC composites has been deter-
mined based on the impedance measurements and
simulation of impedance diagrams. It has been proven
that the impedance spectroscopy can be used (i) to
examine the conducting mechanisms of ceramic materi-
als, (i1) determine the content of conductive phase in
insulating materials, (iii) determine the thickness of
oxide scales formed at the surface of ceramic composites.

2. Experimental procedures
2.1. Sample preparation

As hot-pressed discs of Al,03/SiC nanocomposites
containing 5 vol.%, 10 vol.%, 20 vol.% SiC (denoted
hereafter as 5SA, 10SA and 20SA, respectively), and
monolithic alumina (hereafter denoted as MA) were
obtained from the solid mechanics group at the
Department of Materials, Oxford University. The
detailed procedures for fabricating these materials were
described in literature.'>!'* The composite discs were
polished with 6 and 1 um diamond paste for micro-
structural characterisation using both optical micro-
scopy and scanning electron microscopy (SEM),
coupled with energy dispersive spectroscopy (EDS).

2.2. The oxidation experiments
The samples were cut into a size of 10 mmx6 mm x

2.2 mm from the as-processed discs. They were polished
using 6 pm diamond paste and then cleaned in acetone

before oxidation. Oxidation tests were conducted at a
temperature between 800 and 1400°C in air for a period
of 1-100 h. The heating and cooling rate were 3°C/min
and 15°C/min, respectively. To measure the thickness of
the oxide layer using optical microscopy, oxidized sam-
ples were cut using a precision diamond saw and
polished using 6 pm diamond paste.

2.3. Impedance measurements

A Solartron SI 1255HF frequency response analyzer
coupled with a 1296 dielectric Interface (Solartron, UK)
was used for impedance measurements. Specimens for
impedance measurement were in plate form, cut from
discs. To examine the content of SiC in Al,Os; matrix,
two parallel faces of the plates were ground, polished
and cleaned before the application of silver or platinum
electrodes. Silver or platinum pastes were painted on the
surface as electrodes, then fired in air at 350°C for 15
min for the silver electrodes and at 1100°C for 1 h for
the platinum electrodes. Oxidised specimens were
examined without grinding and polishing. Conducting
metal foils were applied directly to the surfaces of the
specimens as electrodes. For impedance measurements
at high temperature in a tube furnace, a metal tube
connected to earth was used to shield the electro-
magnetic interference from the heating element in the
tube furnace.

3. Results
3.1. Nyquist plots (Z' vs Z")

There are at least two phases (SiC and Al,O3) present
in the Al,O3/SiC nanocomposites, however, only one
semicircle appears in the impedance spectra of the MA,
5SA and 10SA samples. This is because the relaxation
frequency of SiC is well above the up frequency limit of
the impedance analyzer (107 Hz in this case) and the
resistivity of SiC is too low as compared to the Al,O;
matrix and other phases possibly present. However, Fig. 1
shows one large semicircle and one very small semicircle
in the Nyquist plot of the 20SA sample after being
exposed to a high temperature environment for sinter-
ing the platinum electrodes at 1100°C. To identify the
effect of sintering the platinum electrodes, metal foils
were applied as electrodes to the composite specimens
with and without polishing after being exposed to air at
1100°C for 1 h. The impedance spectra showed there are
two semicircles in the spectra for the oxidized specimens
without polishing and one semicircle in the spectra for
the specimen after polishing. These results indicate that
the low frequency semicircle arises from the oxide scales
on the surface of the 20SA specimens formed after sin-
tering the platinum electrodes. However, for the 10SA
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and 5SA samples, no second semicircle appeared in the
spectra from R.T to 800°C. Fig. 2 shows the measured
resistance of the 20SA sample, oxide scales from oxida-
tion of the 20SA, and 5 SA samples as function of the
reciprocal temperature. According to Fig. 2, the activa-
tion energy for electrical conduction across the 5SA
sample is close to that across the oxide scales at the
surface of the 20SA sample, which is also very close to
that of alumina with purity 88%, but lower than that of
alumina with purity 99.9% (the data for alumina with
purity of 88 and 99.9% were from the literature).!> The
activation energy for conduction across the 20SA speci-
mens is much lower than that of the SSA specimens and
the oxide scales. X-ray mapping of Si element in Al,O3/
SiC nanocomposites displayed that SiC particles were
clustered in the alumina matrix forming a network of
SiC in 20SA specimens (Fig. 3). The conduction
mechanism in the 20SA sample is very different from
that in the 5SA samples and 10SA samples.

The extremely large resistance of the 5SA and 10SA
specimens and oxide scales at the surface of the 20SA
samples makes it difficult to measure the absolute value
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—2o—with Ag electrode
3l —

Z (1080)

Fig. 1. The impedance spectra for 20SA specimens with fired platinum
and silver electrodes at 300°C; the impedance spectrum obtained using
silver electrode is referred to an enlarged diagram of the left bottom
part of the spectra.

261
e 5SA

24+ 4 Oxide layer/20SA

ol Matrix/20SA
a 88A,0,(REF.15)
. 20/ /L 99.9A,04(REF.15)
L 18}
5

161

14+

12+ . ) ) ) . L ]

10 15 20 25 30 35 40 45
10T K

Fig. 2. Electrical resistance vs reciprocal temperature for 5SA, oxide
layer and matrix of the 20SA specimen.

of the resistivity of these samples. The resistivity of 20SA
at room temperature is in the range of 10°-10° Qcm. The
resistivity of the 10SA was about two orders of magni-
tude higher than that of the 20SA at 400°C and the
resistivity of MA was ten times higher than that of the
5SA at 600°C. Different measurements gave different
values due to the electrode/specimen contact problem.

3.2. Modulus spectra

From impedance measurements, the electrical mod-
ulus (M) can be obtained, which is defined as:

M = jwC.Z (1)

where Z is the impedance, w is the angular frequency, Ce
is the capacitance of the empty cell and j is the imaginary
unit.!'® Electrical modulus spectra can be obtained by
plotting the modulus function in the complex plane.

20 pm ————

(b)

Fig. 3. X-ray mapping of SiC phase in (a), 5SA and (b) 20SA, where
white spots represents the silicon content in alumina matrix.
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Fig. 4. Equivalent circuit models and corresponding modulus spectra, assuming R5C, < RjC).

For a simple circuit consisting of a resistor and a
capacitor in parallel (a RC unit) as shown in Fig. 4a, the
following formula can be derived from Eq. (1):

1172 7 Ce 2_ Ce :
(v -3¢) = (3¢) <2)

This function represents a circle in the M — M”
coordinate system with its center on the real axis
(Ce/2C, 0) and its diameter equal to C./C or 1/¢ (Fig.
4b).

For a circuit with two RC units in series connection
(Fig. 4c) the electrical modulus can be expressed as fol-
lowing:

M=M +jM’ 3)
Where
M/ _ a)zR%Cl Ce sz%CZCe (4)
1+ ?RIC: 14+ ?RCE
a)R1Ce a)R2Ce
M// — 5
1+ 0?R2CT 14 ?R3C3 5

Calculations based on the above expressions show
that whether or not two semicircles appear and how
well the two semicircles are resolved depend on how
different the resistance of R; is from R,. When R;
equals R,, the modulus spectrum is shown in Fig. 5a,
where two semicircles completely overlap. When R; is
fifty times larger than R,, two semicircular curves (Fig.
5b) can be identified, but not well separated. Two semi-
circles are well separated as shown in Fig. 5c when R; is
three orders of magnitude larger than R;.
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Fig. 5. Modulus spectrum for circuit model shown in Fig. 4b, (a),

assuming R; = R,; (b), assuming R; = 1000*Ry;(c), assuming R; =
1000*R,.

Although there is considerable inconsistency in
Nyquist plots of the 5SA, 10SA and 20SA specimens
measured from time to time, modulus spectra of these
specimens are consistent and stable. This indicates that
the measurement of the dielectric properties of these
specimens is much less affected by the contact problem
between the electrode and specimen. Fig. 6 shows the
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modulus spectra of the 20SA specimens at various tem-
peratures. With an increase of temperature, the imagin-
ary part of the modulus increases while the real part of
the modulus decreases. Moreover, the relaxation fre-
quency increases with an increase of temperature as
well. However, it is still difficult to measure the dielectric
property of 5SA and 10SA specimens due to high resis-
tance of these specimens.

In order to obtain a stable current from materials
with an extremely high resistivity for determining the
dielectric properties of the SSA and 10SA specimens, a
new circuit was designed by connecting a 1 G2 resistor
in parallel with the measured specimens as shown in
Fig. 7. The capacitance of the resistor (about 3-6 E~12
F) is less than 10% of that of the SSA and 10SA speci-
mens (-5 E~!'! F) to be measured and the resistance of
the resistor is much lower than that of the 5SSA and
10SA specimens. The capacitive effect of this circuit is
mainly contributed by the specimen while conduction
mainly occurs across the resistor in parallel with speci-
mens. The modulus spectra of this circuit (Fig. 8) show
that all semicircles have a depressed part at the high
frequency end. The conduction of the circuit (the ima-
ginary part of the electrical modulus) arises from the
conduction of the resistor at lower frequency and con-
duction from the specimen at high frequency. Measure-
ments of 10SA specimens without being connected to
the resistor generated spectra at high frequency as indi-
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Fig. 6. Modulus spectra of 20SA at various temperatures.
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—
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Fig. 7. A circuit with a resistor connected in parallel to the measured
sample; the resistance of the resistor (R) is 1x10° , while its capaci-
tance is about 2-4x 10713 F.

cated in the amplified diagram in Fig. 8 (denoted a). No
spectra could be obtained at lower frequency since the
impedance at lower frequency is too high to be detected.
The increasing conductivity of specimens results in the
more depressed semicircles in modulus spectra.

Fig. 9 shows the dielectric constant obtained from
measurements shown in Fig. 8, related to the content of
SiC in the Al,O; matrix. It clearly shows the data are
reproducible with small errors with different experi-
ments. The dielectric constant increases with increasing
content of SiC in Al,Os. According to Fig. 9 the dielec-
tric constant is 11.8 for pure Al,Os, which is a higher
value than those (6-10.2) measured previously.!” It
should be noted that the edge effect on measurements
was neglected here.

3.3. Modulus spectra of oxide scales formed from
oxidation of 20SA specimens

Conducting metal foils were used as electrodes to
study oxidation phenomena of 20SA specimens, which
were exposed to air at temperatures from 800 to 1400°C

M"x10 2
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N < N S
0 2 4 B 8 10 12
Mx 10°

Fig. 8. Modulus spectra obtained at room temperature from mea-
surements of the circuit shown in Fig. 7. with specimens containing
different amounts of SiC.
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Fig. 9. Dielectric constant as a function of SiC content, where stan-
dard deviation is based on six sets of impedance measurements for
each material.
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for 1 h. Figs. 10 and 11 show the modulus spectra of
two specimens from the oxidation of 20SA specimens
for 1 h at 800°C and 1400°C, respectively. Although the
impedance spectra of the specimen after oxidation at
800°C appear very similar in general shape to that of the
sample without oxidation, close examination of the low
frequency part of modulus spectra (Fig. 10b) finds a
clear difference between the spectra from specimens
before and after oxidation. In Fig. 11, the low frequency
semicircle corresponds to a modulus spectrum of oxide
scales formed after oxidation while a high frequency
semicircle corresponds to modulus spectrum of bulk

—v— oxidized sample
—o— sample without oxidation

10 15 20 25 30 35
M' x10?

5l —v— oxidized sample
—o— sample without
oxidation

M x10*
Fig. 10. (a) Modulus spectra 20SA specimens before and after oxida-

tion at 800°C for 1 h; (b) the enlargement of diagram (a) at the left-
bottom part.
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Fig. 11. Modulus spectrum for the 20SA specimen oxidized at 1400°C
for 1 h.

specimen. Table 1 gives a summary of semicircle dia-
meters of both low frequency and high frequency for
specimens oxidized at various temperatures, where we
can see that the diameter of the low frequency semicircle
increases with the increase of oxidation temperature,
whereas the diameter of the high frequency semicircle is
nearly constant. This indicates that little change occurs
in the bulk specimens, but there is a gradual change of
oxide scales formed at the surface of 20SA specimens.

4. Discussion

Experimental results showed there is a strong corre-
lation between modulus spectra and the content of SiC
in the Al,O; matrix, which indicates that modulus
spectroscopy can be used to determine the content of
the conducting phase in an insulating matrix non-
destructively. To simulate the dielectric property of the
composites containing both conductive and insulating
materials, the microstructure of the Al,Os/ SiC nano-
composites is simplified as cubic units packing shown in
Fig. 12a where SiC cubes are packed inside Al,O3 uni-
formly. The conductive SiC cubes behave as connection
lines between capacitors with Al,O3 as the dielectric
material. Where there is no SiC present along the elec-
trical field direction, Al,O; behaves as a capacitor with
small area but large thickness. There is no edge effect
being considered in this case. SiC cubes are assumed to
be of uniform size inside the Al,O;. As the dielectric
constant of Al,O3 was determined as 11.76 in Fig. §, the
dielectric constants of the composites can be calculated
based on the model in Fig. 12 and these values are
shown in Table 2. Apparently the predicted data are
lower than the experimental data because this model is
too simplified to give an accurate prediction of capaci-
tance of the composites. Factors such as the irregular
shape, non-uniform distribution of SiC particles and
edge effect have not been taken account in this model,
so further work is needed to predict the capacitance of
the Al,O5/SiC composites accurately.

Previous research work on the oxidation of SiC/Al,O5
composites was carried out at temperature above 1300°C
because it is difficult to use weight gain measurements or

Table 1

Semicircle diameters for 20SA oxidised for 1 h at various temperatures
Oxidation LF semicircle HF semicircle Dy r/Dur
condition diameter (DLg) diameter (Dyr)

800°C 1h 2.5x 1073 3.70 x 1072 6.75x 107*
950°C 1 h 1.0 x 104 3.69 x 1072 271 x 1073
1100°C 1 h 3.0x 1074 3.66 x 1072 8.19 x 1073
1250°C 1 h 6.0 x 107 3.60 x 1072 1.65x 102
1325°C 1h 1.2x 1073 3.58 x 1072 3.35x 1072
1400°C 1 h 22x 1073 3.48 x 1072 6.32x 1072
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Fig. 12. (a), The idealized microstructure of the SiC/Al,O; composites
and (b), its equivalent circuit model.

Table 2

Dielectric constants of nanocomposites

Materials Calculated ¢ Measured ¢
MA 11.76 11.76

S5SA 12.69 14.7

10SA 13.95 17.86

20SA 17.42 27.03

electron microscopy for characterising the oxide scales
formed at a lower temperature.'!-!2 In the present study
modulus spectroscopy was used to examine oxide scales
formed at temperatures from 800 to 1400°C. The thick-
ness of oxide scales can be predicted from the measure-
ments of modulus spectra. For a sample of thickness ¢
with an oxide layer of thickness § at its surface (Fig. 13),
the equivalent circuit model and ideal modulus spec-
trum of the sample should be similar to that shown in
Fig. 4c and d. Here

A
Cl = Cox = 80320

(6)

Fig. 13. SiC-Al,05 composite of thickness ¢ with an oxidation layer of
thickness 3, ‘A’ representing the electrode area.

Ska()A
Cr, =Cr = 7
2= Co =~ ()

Co =22 ®)

Cy:capacitance of the oxide scale; Cj:capacitance of the
bulk specimen without the oxide scale; C.:capacitance
of empty space occupied by the specimen.

Low frequency (LF) semicircle diameter

268
DLF - Ce/Cox = (9)
Eox
High frequency (HF) semicircle diameter
t—26
Dyp = Ce/Crx = (10)
Epk!

The ratio of the LF semicircle diameter to HF semicircle
diameter:

2381,1(

Dig/Dyp = ———
Lr/DuF fon(l — 20)

(11)

Since the thickness of the oxide layer § is much smaller
than that of the sample ¢, the above formula can be
written as:

28¢e
Di¢/Dup = —% (12)
Eoxl
The thickness of oxide layer is calculated as
Eox!
28 = 2>(Dr¢/Dur) (13)
Ebk

Where t,e,x and epg are constants for specimens with the
same geometry and composition and values of
Dy g/Dyr are listed in Table 1.

The dielectric constant of the 20SA sample was
determined as 27.03 (Table 2). According to Eq. (13),
&ox can be obtained if the thickness of the oxide scale is
known. Fig. 15a shows the microstructure of oxide
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Fig. 14. Optical micrograph of cross-section of sample 20SA after
oxidation at 1400°C for 64 h.
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Fig. 15. (a) optical micrograph (b) modulus spectrum of the 20SA
specimen after oxidation at 1400°C for 64 h, the oxide scale thickness
being reduced to about 15 um by polishing.

scales formed at the surface of the 20SA specimen where
the bright phase layer is the mullite/alumina composite
and the dark phase layer is mainly alumina. Both alu-
mina and mullite have similar dielectric constants (6.2—
16.8 for mullite and 6-10.2 for alumina).!” Based on the
modulus spectrum of this specimen (Fig. 15b) and Eq.
(13), eox was calculated as 3.5, which is lower than the
dielectric constant of alumina or mullite. This could be
due to the high porosity in the oxide scale (Fig. 14). The
thickness of the oxide scales formed at different oxida-
tion conditions was calculated based on g, =3.5 and
epk =27 (Table 3). The thickness of the oxide scales is

Table 3
Calculated oxidation layer thickness at various temperatures

Oxidation condition Dir/Dur The calculated thickness
800°C 1 h 6.75x10~4 0.15 pm
950°C 1 h 3.25x1073 0.59 um
1100°C 1 h 8.19x1073 1.77 pm
1250°C 1 h 1.65x10~2 3.58 um
1325°C 1 h 3.35x1072 7.26 um
1400°C 1 h 6.32x1072 13.70 um

6 7 8 9
-1
10T K
Fig. 16. Plot of the oxidation thickness § against 1/7, by linear

regression, with the linear slope within the temperature range of 1250
to 1400°C equal to —2.276.

very difficult to measure using SEM due to the low
contrast in the image between the oxide scale and the
substrate. Meanwhile it is also very difficult to measure
the thin oxide scale using optical microscopy. Therefore,
impedance spectroscopy is the best tool for determining
oxide growth of Al,O3/SiC nanocomposites.

Fig. 16 shows the plot of oxide scale thickness (8) vs
reciprocal of temperature. It appears that the activation
energy at high temperature is higher than that at low
temperature. The activation energy in the range of
1250-1400°C is calculated as 378 kJ/mol, which is
closed to the previous results of 450-500 kJ/mol.!!-12
Therefore, it is promising to use impedance measure-
ments for characterising kinetics on the oxidation of
ceramics.

5. Conclusions

Impedance diagrams (Nyquist plots) of AlO3/SiC
nanocomposites show only one semicircle which corre-
sponds to the impedance of Al,O;. The high con-
ductivity and high relaxation frequency of SiC make it
difficult to measure a semicircle corresponding to SiC.
The electrical measurements indicated that conduction
mechanisms of 5SA and 10SA specimens are similar to
that of Al,O; whereas the electrical conduction of the
20SA sample gets contribution from the network of SiC
particles inside the composite. Moreover, the high electrical
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resistance of the composites leads to poor reproduci-
bility of impedance measurements.

Modulus spectra were used to determine the effect of
SiC in the composites on dielectric properties of com-
posites. A microstructural model was developed to cal-
culate the dielectric properties of composites with
insulating matrices and conductive inclusions. Oxida-
tion kinetics was also examined using modulus spectro-
scopy. The activation energy was determined as 378 kJ/
mol, which is close to previous results obtained using
other methods. The oxide growth was predicted based
on models developed for calculating capacitance of
multi-layer structures. This study demonstrates that
impedance spectroscopy is a useful technique for non-
destructive evaluation of ceramic composites with insu-
lating matrices and conductive inclusions.
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