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Abstract

Fused-cast refractory materials are widely used in the glass industry, especially in the building of superstructures and side walls of fusion furnaces.
The HZFC (High Zirconia Fused Cast) products are especially used as tank blocks for the fusion of highly corrosive glasses melted at very high
temperature (such as LCD glass), due to their high corrosion resistance and their low generation of glass defects generation.

The presence of this high amount of pure ZrO, in the refractory can be responsible for microdamage occurrence during the cooling step after
melt casting (annealing), associated to the martensitic transition of zirconia.

Acoustic emission (AE) analysis is well known as a reliable tool to investigate microstuctural evolution at a very small scale. In this work, a
fused-cast ZrO, refractory has been investigated using a AE unsupervised pattern recognition procedure and a frequency-energy coupled analysis.
Data gathering during thermal cycles at high temperature (typically 1500 °C) has been done thanks to an innovative self-developed testing device.
The analysis of frequency and energy parameters makes it possible to detect and to characterize the occurrence and the chronology of microdamage
in specific range of temperature. Hypothesis concerning different ways of microdamage formation below the temperature of the martensitic
transformation of ZrO, during the cooling stage can be proposed related to thermo-mechanical properties and the microstructure of the material.

In particular, intergranular and intragranular microcracks due to CTE mismatches occurring in the material have been also investigated.

© 2010 Elsevier Ltd. All rights reserved.
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1. Introduction

High technology applications such as LCD devices need
special glasses with a very high purity favor to avoid defects.
Refractories with a very high content of zirconia are currently
used for the melting of these glasses. In fact, several studies show
that ZrO; shows a remarkable resistance against corrosion.'-?
But the difficulties to fabricate such materials due to the marten-
sitic transformation of zirconia and its associated volume change
are responsible for many studies.>> They aim to develop a
composition which limits the thermo-mechanical stresses and
microcracking induced by the critical manufacturing steps espe-
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cially the controlled cooling step after casting. However, we can
notice that this initial damage is mainly recovered at operating
temperature.

Acoustic emission is a useful technique applied commonly
in the building domain to assess the integrity of structures like
bridges or dams.® Since more than 20 years, it has been devel-
oped to investigate microstructure phenomena which can appear
due to phase transformations or damage occurrence in materi-
als. These studies are often performed on composites at room
temperature due to the impossibility to use piezoelectric sensors
above 550 °C. Studying heterogeneous materials like refracto-
ries at temperatures up to 1500 °C by acoustic emission is then an
innovative genuine approach to understand damage mechanisms
and to correlate thermo-mechanical properties with microstruc-
ture.

The present paper aims to study a fused-cast refractory based
on a boron glassy phase by characterizing microdamage mecha-
nisms, in particular the ones induced by the martensitic transition
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of ZrO;. Acoustic emission monitoring is performed during
thermal treatments at high temperature (up to 1500 °C) with
an innovative testing device. The reliability and the efficiency of
the device are first investigated. A pattern recognition non super-
vised method is applied to filter parasitic noise data. Finally,
a frequency analysis of AE transients coupled with a signal
energy investigation makes it possible to identify temperature
domains related to microdamage occurrence during the cool-
ing stage. This analysis helps us to make hypothesis concerning
microstructure mechanisms chronology.

2. Materials

A HZ material (HZ-A), supplied by Saint-Gobain CREE,
has been manufactured for this study. It shows a three dimen-
sional inter-linked phase structure with dendrites, i.e. elongated
crystals of zirconia embedded into the glassy phase. It contains
94 wt.% of monoclinic zirconia and 6 wt.% of a boron glassy
phase (Fig. 1).

HZ-A presents the martensitic transformation from the tetrag-
onal form of zirconia to the monoclinic one at around 1000 °C,
during cooling. This transition is responsible for an important
volume change (around 4%) and a large shear deformation
(0.16%). The glassy phase plays then a major role to accom-
modate internal stresses induced by the anisotropic expansion
mismatch between ZrO, grains during this transformation, even
if intergranular microcracks are generated.

Besides, different monoclinic crystallographic equivalent
structures can be created from one single tetragonal crystal
which is responsible for twinning phenomena and intragranular
microcracks.” Such entities can be seen in HZ-A by SEM in
Back Scattering Electron mode using a special polishing prepa-
ration including colloidal silica (Fig. 2).

3. Acoutic emission at high temperature

Acoustic emission (AE) is defined as “the class of phenom-
ena whereby transient elastic waves are generated by the rapid
release of energy from localized sources within a material (or
structure)”. This technique is widely used to control the evolu-
tion of defects for structural quality monitoring. When a material
is subjected to mechanical or thermal stresses, acoustic emission
can be generated by a variety of damage mechanisms such as
for example crack nucleation and propagation, cooperative dis-
location motions, twinning, grain boundary sliding, Barkhausen
effect (realignment or growth of magnetic domains), phase
transformations in alloys without diffusion, fibre breakage in
composite materials or inclusion fracture or twinning in metallic
alloys.lo‘]3 Therefore, AE has been used to study microstruc-
ture evolutions and damage propagation. Studied materials are
often characterized at ambient temperature due to experimen-
tal difficulties to set sensors in high temperature conditions.
Other new applications of this technique have been recently
developed.'+17

This study aims to study refractories, i.e. heterogeneous com-
plex materials at high temperatures (typically up to 1500 °C).
An original technique has been developed in the GEMH lab-

Fig. 1. SEM observation (a) and X-Ray microtomography picture (b) of HZ-A
material.

Fig. 2. ESEM observation of a HZ-A microstructure.
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Fig. 3. High temperature acoustic emission device and main acoustic emission
features.

oratory to monitor the in situ microstructure evolution at high
temperature. A wide-band sensor (175 kHz—1 MHz) (PAC 1.80),
connected to a preamplifier (PAC 1220A), collects, through an
alumina waveguide, the signal induced by the elastic waves
released within the sample (5.5 mm x 5.5 mm x 25 mm). To
avoid parasitic noises from coupling material phase transfor-
mation, a dry contact between the sample and the waveguide is
set. A threshold of 40 dBga has been chosen in order to filter
background noise. The signal is then amplified and treated by
a Mistras 2001 acquisition device from Euro Physical Acous-
tics Company. This system processes the transients (hits) and
extracts traditional features such as count, rise time, duration of
hit, count to peak, amplitude (in dBgy ), energy and also in real
time calculates frequency parameters, and records the wave-
forms. Fig. 3 represents a schematic of the AE experimental
set-up. As only one sensor is used, each recorded signal will
be called “hits” in opposite of the denominate “event” more
likely used when the signal (localized) correlated by two sensors
located on the structure.

AE data analysis is performed with a dedicated software
(NOESIS, Europhysical Acoustics). The main objective of AE
monitoring is to study the influence of the martensitic transfor-
mation on microdamage evolution during the cooling stage.

Descriptor-based acoustic emission methodologies often
focus on time features, which are not sufficient to fully
characterized AE from complex materials. Most studies only
use amplitude and the energy of the signal to characterize
damage propagation.'2! It has been shown by Ni*? that
overall frequency content of AE signals is almost unchanged
while the amplitude is greatly attenuated with long distance
propagation. Thus several studies using Short Time Fourier
Transform (STFT)23 and continuous wavelet transform (CWT)

procedures?>?426 were performed to discriminate damage

mechanisms in composites. A frequency analysis using the cen-
troid frequency (f¢), i.e. a sum of magnitude times frequency
spectrum divided by a sum of magnitude as equivalent to the
first moment of inertia is performed here (Eq. (1)).27 This fre-
quency parameter is thus a frequency barycentre of the whole
recorded signal.

fo = o ISt )
Sy ShHdf
With f the frequency obtained for each point S(f) of the FFT
representation.

In fact, the AE sensor is often chosen in a theoretical way with
regard to the type of source and function of the attenuation due to
the propagation in the material. In the present case, the system
is formed of the material itself and the associated waveguide.
The first function of transfer to take into account is the one of
the material and then the one of the waveguide. Thus, the signal
given by the sensor shows a very resonant behavior. Frequency
contents are very influenced by the characteristics of the mate-
rial, the sensor response and that of the associated waveguide.
Therefore, the calculus of the maximum of the energy spectral
density (peak frequency) does not bring a lot of information.
Thereby, the centroid frequency will be preferred here to char-
acterize frequency components of the signal. An example of two
signals with the same maximum of the Fourier transform and at
the same time differences in centroid frequency (279 kHz for
the signal on the left and 331 kHz for the signal on the right) is
given in Fig. 4. The frequency evolution will be used in conjunc-
tion with cumulative signal energy analysis of the AE signals to
advance microstructure hypothesis.

4. Results and discussion
4.1. Reliability of the testing device

Before investigating acoustic emission parameters, it is nec-
essary to verify the reliability of the acoustic emission data. This
very important part aims to show the ability of the acoustic emis-
sion device to obtain a rather good reproducibility of acoustic
emission recording. Then, a clustering approach and filtering
procedure are performed to improve the quality of data.

4.2. Evidence of a good reproducibility

Several tests have been performed on HZ-A material during
three successive thermal cycles up to 1500 °C (dwell of 1h) to
look at the efficiency of data reproducibility using the high tem-
perature testing device. The AE transient signal energy of the
AE signal is linked to the nature of the phenomena responsible
for the hit. Thereby, the camulative signal energy versus temper-
ature relative to the HZ-A material is plotted for two different
tests in Fig. 5.

Evolution of cumulative AE signal AE energy is very similar
for the two records. During thermal cycles, we can hypothe-
sise that a large number of phenomena (microcracking, rubbing,
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Fig. 4. Examples of AE signals with the same peak frequency and different centroid frequencies.

phase transformation,. . .) are involved. Each of them has its own
signal energy distribution. Thus obtaining closer evolution of
cumulative energy is the evidence of the very low part of parasitic
signals in all the recorded data.

Despite the complexity of the studied materials and the num-
ber of successive thermal treatments, the experimental set-up
makes it possible to obtain great reproducibility of data collec-
tion. As amplitude and signal energy parameters are obviously
linked, another way to compare two experiments is to plot the
distribution function (cumulative hits versus amplitude) for the
two tests (Fig. 6). As the amplitude distributions are very close
and the Henry slopes®® are very similar we can conclude that

Fig. 5. Cumulative signal energy versus temperature during three successive
thermal cycles up to 1500 °C (dwell 1 h).

from a statistical point of view the corresponding two tests are
rather similar.

In order to be sure that we make a genuine time sep-
aration between hits and get a good discrimination of the
echoes, we optimized the acquisition set up with the following
time parameters (Peak Definition Time =200 ws; Hit Definition
Time = 1000 ws and Hit Lockout Time = 1000 s).

Thus, the AE experimental device developed here is suitable
to carry out a quantitative study. It avoids the most part of par-
asitic noises. Nonetheless, an unsupervised pattern recognition
procedure has been developed to purge further residual parasitic
data.

Fig. 6. Min—max distribution of cumulative hits versus amplitude profile for
HZ-A.
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4.3. Clustering approach and identification of parasitic
noises

As the waveguide system acts as a filter, a pattern recognition
approach is necessary to separate parasitic noises from the whole
data. It needs an adequate evaluation of classification results to
enhance the ability of quantifying the partitioning of datasets.
Thereby, such an approach often consists in first defining an
appropriate procedure for the extraction of the features associ-
ated with the waveforms. It allows selecting a limited number
of waveform parameters to describe microstructural mecha-
nisms. Then, data can be normalized, projected to their principal
component axis and characterized by clustering (appropriate)
algorithms. A classification of all waveforms within their simi-
larities is so obtained.?%-3°

Statistic parameters, namely the Wilks lambda, R;; and 7 are
used to describe the relevance of AE parameters.3! The first one
is widely used to illustrate the state of separation of clusters. It
varies between 0 (waveforms classes are widely separated) and 1
(clusters are very close to each other). As the purpose is to create
distinct groups, the lower the Wilk’s lambda for a AE parameter
is, the better the class separation. The two other parameters from
Davies and Bow>>33 are defined to evaluate more particularly
the appropriate number of clusters to separate different kinds of
AE waveforms. R;; is relative to the average proximity of the
clusters and 7 is the measure for the mean spatial distribution of
the clusters relative to each other. Besides, the clusters separate
all the more as the values of R;; and T are respectively low and
high. These variables are used in this study to evaluate the most
discriminant AE parameters in the understanding of damage
occurrence.

Identification of the most relevant AE features is first real-
ized to help to distinguish different classes of signal. Statistic
factors described above, i.e. Wilks lambda, R;; and 7, have been
computed to select representative AE features.

A clustering approach based in particular on a k-mean
model®* has been performed using a selection of the most
discriminant parameters. Three particular classes have been
extracted from all data. They will be called in the following
part Class 1, Class 2 and Class 3. Contribution of these classes
against all data is plotted in cumulative hits versus temperature
(Fig. 7).

Hits associated to Classes 2 and 3 are less numerous than
hits from Class 1. Nonetheless, any clear correlation with a
special range of temperature is not seen. A deeper analysis of
signal frequencies seems to show that Class 2 present very high
frequency signals and Class 3 low frequency ones. Thereby, it
suggests assuming that they are respectively electromagnetic
parasitic and mechanical noise. The medium amplitude and rel-
ative high duration of hits belonging to Class 1 could be the
potential signature of microcracks propagation.

The using of an unsupervised method is a good approach
when signal parameters of mechanisms associated to the studied
material are well known. Among the three classes of signals
which have been isolated, two corresponds to parasitic noises
and one to potential micro crack propagation. This approach is
thus a good way to enhance the filtering process of undesirable

Fig. 7. Cumulative hits associated to each class versus temperature.

datasets. In the following part of the study, Classes 1 and 2 will
be excluded.

4.4. AE analysis of the cooling stage

4.4.1. Thermo-mechanical properties

The present work aims to identify the temperature range of
microdamage occurrence during the cooling stage. Before inves-
tigating AE data, Young’s modulus measurements and thermal
expansion measurements have been performed for the studied
material (Fig. 8).

Two particular phenomena must be noticed concerning the
thermal expansion curve:

- a large expansion on cooling at around 1000 °C due to the
martensitic transformation of ZrO,. This transition tempera-
ture is nearly exactly the tetragonal to monoclinic transition
temperature of a single crystal of zirconia.

- a slope change of the thermal expansion curve at around
450°C. The coefficient of thermal expansion seems to
decrease below this temperature.

Young’s modulus evolution of HZ-A during the cooling stage
has been already discussed in a previous paper.>> Four main steps
were identified:

1. Domain 1: from 1500 °C, and down to the reverse T — M
transformation at about 1000°C, the Young’s modulus

Fig. 8. Thermal expansion analysis and Young’s modulus evolution during a
cooling stage from 1500 °C.
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increases in line with the viscosity of the glassy phase (rigid-
ification). There is a narrow peak in E at the transformation
temperature.

2. Domain 2: the Young’s modulus slowly increases from
990 °C to 920 °C for HZ-A.

3. Domain 3: the regular increase of E remains at the same rate.
The temperature range of this step is of 220 °C.

4. Domain 4: the linearity loss of E begins. This phenomenon
takes place from 690 °C to 300 °C.

5. Domain 5: from 300 °C to room temperature, arapid decrease
of E is observed.

4.4.2. Frequency and energy analysis

Authors suggest to focus on two AE parameters: the centroid
frequency and the signal energy parameters. First, a filtering pro-
cedure for all signals below 50 dBgy is performed to improve the
statistical efficiency of centroid frequency. The cooling process
is divided into ranges of 100 °C. For each range, an average value
of the fit centroid frequency is plotted. This value is an average of
all centroid frequencies processed on this range of temperature
during three successive thermal cooling stages. Besides, on each
range, the cumulative value of AE signal energy associated to
hits detected on this range of temperature for the same three suc-
cessive cooling stages is calculated. Evolution of average values
of centroid frequency and cumulative signal energy are plotted
in Fig. 9. Besides, examples of different spectra with remarkable
differences in energy and frequency centroid are given in Fig. 10
as an illustration. As the martensitic transformation of zirconia
is considered to initiate microdamage, results only focus on what
happens below 1000 °C.

Three main steps can be highlighted:

A: From 1000 °C to 700 °C, the centroid frequency rises up con-
tinuously. Cumulative signal energy increases significantly
in the range 900-800 °C but falls down drastically in the next
100 °C range.

B: Both the centroid frequency and cumulative signal energy
see progressively their values increasing in the zone

Fig. 9. Average centroid frequency and cumulative signal energy evolution
during the cooling process (on each 100 °C temperature domains).

700-400 °C. Nonetheless, maximum values obtained are
lower (strongly for signal energy) than they are at the maxi-
mum of the previous step.

C: From 400 °C to 100 °C, a relative dwell is observed for both
parameters.

A first remark concerns the strong relationship which seems
to exist between the centroid frequency and cumulative energy
evolution. As these two parameters express microstructure
mechanisms, it is clear that microdamage evolves in temper-
ature.

It is more difficult to link these acoustic emission parameters
to microdamage mechanisms. In fact, it requires a perfect knowl-
edge of the transfer function of the device with the temperature
and at the same time the ability to identify the correspondence
of a microstructure phenomenon to a particular signal signature.
Thereby, in the following part of the paper, only hypotheses will
be suggested by comparison with thermo-mechanical tests.

4.4.3. Discussion

There is no doubt that the happening of the transformation
of zirconia at around 1000 °C is responsible for microdamage
occurrence through:

Fig. 10. Different AE signals with noticeable differences in energy and centroid frequency.
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Fig. 11. Microcracking pattern of HZ-A heat treated at 1500 °C: a intragranular
microcrack (a) and intergranular microcracks (b).

- the generation of monoclinic variants with CTE mismatches
between them, creating twinning phenomena and intragranu-
lar microcracking along particular directions (Fig. 11a)

- alarge expansion of the zirconia dendrites responsible for rub-
bing between zirconia grains and the glassy phase and between
ZrO; grains themselves. Potential intergranular microcracks
can be formed (Fig. 11b).

Besides, the classical effect of CTE mismatches between the
glassy phase and zirconia grains and between ZrO grains them-
selves (anisotropy of crystallographic axes) due to the cooling
process is a source of intergranular microdamage for the first
one and potential intragranular microcracks for the second one.
Microstructure observations confirm both inter and intragranular
microcracks.

Authors suggest separating the discussion into three tem-
perature areas: a high temperature domain (1000-800°C), a
medium temperature area (800400 °C) and a low temperature
one (400-100°C).

4.4.3.1. High temperature domain: 1000-700°C. Measure-
ments of viscosity evolution on glass synthetic samples with
the same composition as the glassy phase of HZ-A have shown
that the glassy phase transition temperature is at about 800 °C.3
Thus, between 1000 °C and 850 °C, the glassy phase solidifies
progressively. As the glassy phase is in a liquid state above
the Tg, it is assumed that a strong attenuation of the signals
exists, linked to the evolution of the glassy phase viscosity.
This phenomenon explains partially the progressive increase of
cumulative signal energy and centroid frequency, i.e. the glassy
phase behaves like a low-pass filter. Above the Tg, as the glassy
phase is liquid, it can be assumed that microdamage mechanisms
responsible for the narrow peak in Young’s modulus evolu-
tion are mainly relative to rubbing phenomena between zirconia
grains and the generation of zirconia variants with the associated
intragranular microcracks. Observation of AE parameters shows
that during the range 900-800 °C, the maximum of cumulative
signal energy of the whole cooling process is observed whereas
the centroid frequency only approaches its maximum value (it
is only reached on the next temperature range 800-700 °C). A
look at the number of cumulative hits on the different ranges
of temperature in Table 1 is then of a great interest. In fact, it
shows that the number of hits is half as important in the range
800-700 °C as in the range 700-600 °C.

If microdamage effects are probably dominant as soon as
the glassy phase viscosity go through the Tg (between 800 °C
and 700 °C), there is probably a mixing of intragranular micro-
cracking phenomena, rubbing between grains and the glassy
phase and rubbing between grains themselves. In the range
800-700 °C, it could switch to less intragranular microcracking
phenomena and so the majority of signals could be created by
rubbing phenomena. If the hypothesis is correct, it means that
rubbing phenomena are less energetic but show more impor-
tant centroid frequency than intragranular microcracks. This is
consistent with the empirical bursting character of microcracks
versus rubbing.

4.4.3.2. Medium temperature domain: 700-400°C. A drop of
centroid frequency and signal energy appears from 800-700 °C
to 700-600 °C. This is accompanied by a large decrease of the
number of hits. Then, signal energy and centroid frequency
increase continuously between 700 °C and 400 °C. It can be
seen at around 690°C a loss of linearity which is consider-
ably reinforced below 500 °C. At the same time, a slope change
in the thermal expansion curve is observed at around 450 °C.
This medium temperature range is probably the beginning of an
other step of microdamage or coalescence of existing microc-
racks. In fact, since the glassy phase is completely solidified,
CTE mismatches between zirconia grains and the glassy phase
and between zirconia grains themselves are probably respon-
sible for a progressive increasing of the stress field especially

Table 1

Number of cumulative hits associated to each 100 °C temperature domains during the cooling stage.

1000-900°C 900-800°C 800-700°C 700-600°C 600-500°C 500-400°C 400-300°C 300-200°C 200-100°C
2327 7896 2981 1303 1123 1374 1280 1521 1136
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around zirconia particles. As the number of hits is quite stable in
this range, initiation mechanisms which are quick phenomena
(lower centroid frequency) are maybe replaced by mechanisms
of microcrack propagation and enlargement with higher energy
and frequency parameters.

4.4.3.3. Low temperature range: 400-100°C. The Young’s
modulus drops continuously down to 100 °C and no sensitive
variation of cumulative signal energy or centroid frequency is
recorded. Mechanisms of microcrack propagation follow in a
regular way in the material. The material becomes more and
more microdamaged.

5. Conclusion

Numerous materials are subjected to thermal treatments dur-
ing their casting process. It is the case of refractory materials, in
particular the fused-cast material with a high content of zirconia
studied here. This study is a first approach to an understanding of
microdamage mechanisms during high temperature treatments
for an heterogeneous biphasic material. This paper shows the
good reliability of an innovative acoustic emission device able
to work up to 1500 °C and a procedure of data cleaning using an
unsupervised pattern recognition. Then, the correlation of two
chosen AE parameters — centroid frequency and signal energy
— with elastic properties and thermal expansion data allows
to establish hypothesis about the chronology of microdamage
occurrence, even if it does not affect performance of materials
at operating temperature for glass manufacturing because
microcracks are for the most part recovered. In fact, both AE
parameters can be interpreted as signature of microstructure
mechanisms. Three domains of temperature have been high-
lighted to explain the way of intra and inter-microcracking
happening, by taking into account the attenuation of the glassy
phase due to its low viscosity at high temperature, the happening
of the martensitic transformation of zirconia at around 1000 °C
and the passage through the glassy phase transition at about
800 °C. A deeper investigation of defect identification requires
to create a microcrack type and to identify directly its acoustic
signature at a given temperature. This experiment is practically
very hard to do. Nonetheless, this new AE system seems to be a
powerful device to follow microstructure phenomena occurring
during heat treatments and to complete thermo-mechanical
characterizations. It could open the way to the development of
more developed pattern recognition analysis using clustering
approach during heat treatments in order to identify phase
transformations or damage in composites or refractories. This
approach illustrates an innovative way to go further in the
understanding of microstructure changing occurring during a
thermal treatment in a complex material.
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