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Abstract. Ceramic Matrix Composites (CMCs) are anticipated for use in the hot section of
aircraft engines. Their implementation requires the understanding of the various damage
modes that are involved and their relation to life expectancy. Acoustic Emission (AE)
has been shown to be an efficient technique for monitoring damage evolution in CMCs.
However, only a waveform-based analysis of AE can offer the possibility to validate
and precisely examine the recorded AE data with a view to damage localization and
identification. The present work fully integrates wave initiation, propagation and acquisition
in the analysis of Acoustic Emission waveforms recorded at various sensors, therefore
providing more reliable information to assess the relation between Acoustic Emission
and damage modes. The procedure allows selecting AE events originating from damage,
accurate determination of their location as well as the characterization of effects of
propagation on the recorded waveforms. This approach was developed using AE data
recorded during tensile tests on carbon/carbon composites. It was then applied to melt-
infiltrated SiC/SiC composites.

1. Introduction

Ceramic matrix composites (CMCs) are being considered for aerospace applications including
combustor liners and rotating components in the next generation jet engines. Their successful
implementation requires the understanding of the various damage modes that are involved and their
impact on life expectancy. Among the numerous existing health monitoring techniques, Acoustic
Emission (AE) is unique in that it is based on the recording and analysis of elastic waves that
are generated by material damage. Using few remote sensors, AE allows real-time monitoring and
localization of damage. In CMCs, the cumulative energy of acoustic emission signals has been shown to
be directly related to transverse matrix crack density [1, 2]. In static fatigue at intermediate temperatures,
the energy of AE events has also been used as an indicator for lifetime prediction [3, 4]. Finally, one
of the main current challenges is the use of AE for damage identification, based on the assumption that
AE signals carry specific features related to their source damage. Various attempts have been made on
polymer and ceramic matrix composites [5–8].

The literature presents promising results showing the ability of Acoustic Emission to monitor and
identify damage in composites. However, results can hardly be compared and the developed approaches
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Figure 1. Typical 3-sensor configuration for AE monitoring during tensile testing of a composite specimen. In this
configuration, AE events triggering the middle sensor first originate from the gage section.

cannot easily be transposed to other composite systems because most works (1) suffer from the absence
of a robust procedure for the selection and analysis of AE signals originating from damage and (2) fail to
account for effects of propagation on the recorded AE waveforms. This paper will discuss both aspects
using a waveform-based procedure that includes accurate location of AE events and comparison of
signal energy at two sensors. The procedure allows selection of AE events originating from damage [9]
as well as characterization of effects of propagation on the recorded waveforms. This type of analysis is
made possible by the use of Modal Acoustic Emission (MAE). MAE has two main advantages compared
to traditional AE. First, MAE uses wide-band transducers with a high sensitivity in the range 50 kHz-
2 MHz against resonant transducers sensitive around 500 kHz in traditional AE. Second, the analysis is
based on the recorded waveforms and not only on discrete signal features.

Two composite systems were studied. The first composite system, a carbon fiber reinforced carbon-
silicon carbide matrix composite (Cf/C-SiC), serves as a model material since only few AE events are
generated by damage and no significant changes in the wave propagation properties of the material
are expected due to damage progression. The second composite system is a state-of-the-art SiC fiber
reinforced, melt-infiltrated SiC matrix composite (SiC/SiC). In this case, thousands of AE events are
generated by damage, which are expected to be related to various damage modes (matrix cracking,
interfacial phenomena, fiber failures). Moreover, the matrix experiences significant damage under
tensile loading and therefore substantial changes in the wave propagation properties of the material
are expected.

2. Materials and AE data acquisition

The AE data used in this paper were recorded during tensile tests at room temperature on two
types of ceramic matrix composites: woven carbon fiber reinforced carbon-SiC matrix composites
(Cf/C-SiC), with a resin-derived carbon matrix and a chemically vapor infiltrated SiC; and woven Hi-
Nicalon SiC fiber reinforced melt-infiltrated SiC matrix composites (SiC/SiC). The Cf/C-SiC specimens
were straight-sided coupons of 152 mm in length, 12.7 mm in width and 1.2 mm in thickness. The
SiC/SiC specimens were machined into dogbones; the width of the gage was 8.3 mm and the thickness
nominally 3.4 mm. Three AE sensors (ref. B1025, Digital Wave Corporation) were installed in the
configuration presented in Fig. 1 and connected to a Fracture Wave Detector acquisition system
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(a)

(b)

(c)

(d)

Figure 2. Characteristic stress-strain and cumulative AE energy vs. stress curves for a Cf/C-SiC composite (a–b)
and a SiC/SiC composite (c–d).

(Digital Wave Corporation, Centennial, CO). Each AE signal consisted of 1024 points digitized at
a rate of 10 MHz, giving a recorded duration of 102.4 �s. The first 25% of each signal, called the
pretrigger, corresponded to points recorded before the system triggered. The three sensors were enslaved
to one another, meaning that when any of the sensors was triggered all three sensors recorded a
signal simultaneously, therefore ensuring that the three AE signals corresponded to the same event.
In the present configuration, the events occurring in the gage section trigger the middle sensor first.
Characteristic stress vs. strain and cumulative AE energy vs. stress curves are shown in Fig. 2 for both
composite systems.

00008-p.3



MATEC Web of Conferences

AE data corresponding to artificial AE sources generated on Cf/C-SiC specimens prior to testing
were also analyzed in order to validate the selection procedure. Two AE sensors were placed 60 mm
away in a configuration similar to the top and bottom sensors used for tensile testing (Fig. 1). The
artificial sources were generated at various locations along the specimen’s length either by breaking
0.5 mm diameter pencil leads (Hsu-Nielsen sources) or 0.2 mm diameter boron fibers (Specialty
Materials, Inc., Lowell, MA).

Finally, ultrasonic measurements were also performed on Cf/C-SiC specimens prior to tensile testing
in order to characterize energy attenuation. Two AE sensors were placed 60 mm away in a configuration
similar to the top and bottom sensors of Fig. 1. A third AE sensor of the same type (ref. B1025) placed
outside of the first two was used to generate single-frequency waveforms at 300, 600, 900, 1200 and
1500 kHz with constant amplitude. Energy attenuation was calculated based on signal energy recorded
at the two sensors in the first 50 �s after signal onset.

3. Waveform-based analysis of AE data

3.1 Limits of the existing selection procedure

During mechanical testing of a typical 150 mm long composite dogbone specimen 70 to 80% of the
recorded AE originates from outside the gage section (i.e. for a tensile test, typically a 25.4 mm long
zone in the center of the testing specimen where strain is measured) [10]. If not properly filtered
out, these AE signals can greatly affect the analysis. Therefore, when attempting to relate acoustic
emission to a material’s mechanical behavior, the analysis must be limited to AE events generated
by the material within the gage section. These AE events are here referred to as gage events. In the
3-sensor configuration (Fig. 1), the selection of gage events is straightforward as those events trigger
the middle sensor first. Events triggering one of the guard sensors (top or bottom sensor) first might be
associated to damage occurring between the top and bottom sensors, but could also originate from noise-
related signals generated in the grips. The 3-sensor configuration cannot always be applied because of
testing conditions (e.g. test at high temperature) or sample geometry (e.g. single-tow minicomposites).
Therefore, the selection procedure must ensure that, in tests where only two sensors are used, the
analyzed AE events were indeed generated by damage occurring within the gage section.

The location of AE events is commonly employed as a selection parameter when only two AE
sensors are used (one placed on each side of the gage section). From the times of arrival at top and
bottom sensors, ttop and tbottom respectively, the location l of an event along the specimen’s longitudinal
axis is l = V (tbottom – ttop)/2, where V is the wave velocity. In composite materials, wave velocity varies
with frequency. The recorded AE signals correspond mostly to the zero-order flexural and extensional
modes, A0 and S0 respectively. In the frequency range considered in acoustic emission (up to 2 MHz),
the velocity of the high-frequency S0 mode remains constant while that of the lower frequency A0

mode can vary greatly. Therefore, accurate location of AE events relies on the detection of the high-
frequency extensional mode S0, which requires the use of wide-band sensors [11]. The determination of
time of arrival is critical in order to accurately locate AE events. Signal onset picking can be performed
manually when the number of AE events is limited. However, manual signal onset determination is
usually not employed in the case of AE monitoring of composites since processing the thousands
of events that are recorded would be extremely time consuming. The most widely used technique
for automatic onset detection – usually performed in real-time on acquisition systems – is the first-
threshold-crossing technique. The signal onset is considered as the first point in the signal exceeding a
fixed threshold value. However, the use of a fixed threshold value can cause late triggering, missing
low amplitude extensional waves, or undesired triggering on noise. To overcome the limitations of
the first-threshold-crossing technique, a technique based on the Akaike Information Criterion (AIC)
was recently developed by Sedlak et al. for AE signal onset picking [12]. In this paper, manual
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determination and the so-called first-threshold-crossing technique are compared to the AIC-based
technique.

3.2 Accurate location of AE events

The AIC-based technique [12] consists in calculating for each point k of a signal x composed of N

points, the similarity between the signal portion prior to and after the considered point k:

AIC(k) = klog10[var(x[1 : k])] . . . + (N − k − 1)log10[var(x[k + 1 : N ])] (1)

The resulting function, called AIC function, reaches a minimum value at the waveform onset when the
similarity is a minimum between noise prior to onset and highly-correlated signal after the onset.

The technique developed by Sedlak et al. showed significant improvement when compared to
the first-threshold-crossing technique for AE signals recorded during a tensile test on a thin metal
plate [12]. The technique is briefly summarized here. Further details are available in [12]. To calculate
the AIC function, the two-step procedure uses a characteristic function, which is calculated from the
AE waveform in order to enhance amplitude and frequency changes within the signal and thus improve
onset determination. The characteristic function is expressed as follows:

CF (k) = |x(k)| + R|x(k) − x(k − 1)| (2)

where x is the AE signal and R is a constant determined empirically.
The procedure also involves three empirical time constants �tAM , �tFB and �tFA, which are used to

narrow the time window of interest for signal onset determination. The first step consists in calculating
the AIC function and finding signal onset using a truncated signal that starts at t = 0 (beginning of
pretrigger) and ends �tAM after the peak of highest magnitude. In the second step, the AIC function is
computed again, this time truncating the signal between �tFB before the onset found in the first step and
�tFA after that onset. The signal onset is then refined.

For each composite system considered in this paper, optimum values of the four aforementioned
parameters were determined by comparing signal onsets obtained for various sets of values with those
obtained by manual determination. Comparison with the first-threshold-crossing technique will be
developed for the SiC/SiC composite system only, since the number of AE events recorded in Cf/C-
SiC composites was very limited.

3.3 Selection of AE events based on recorded energies

An energy-based method is used here to validate the selection of AE events based on location. Indeed,
location alone does not ensure that an AE event was generated in the gage section. Two separate noise
signals could trigger top and bottom sensors with a difference of arrival times similar to that of a
gage event and therefore be considered as such. The proposed method compares the amount of energy
recorded by top and bottom sensors and can assess that both recorded AE signals were generated by
the same gage event. This method was recently developed in order to monitor damage progression
in ceramic matrix composites under static loading by in-situ determination of energy attenuation [4].
The approach could not be demonstrated, however, since the AE waveforms were not recorded and
the analysis only relied on discrete signal features. Therefore, in the present paper, the energy-based
approach is first demonstrated and then applied for the selection of AE events originating from damage.

The following expression has been proposed for the energy recorded by sensor i for an AE event
n [4]:

Ei(n) = Es(n)Aie
−Bdi (n) (3)
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Es(n) is the energy released at the source n in the forms of elastic waves. In practice, the recorded
energy Ei ranges over several orders of magnitude, which is attributed mostly to the scatter on released
energy Es . The recorded energy Ei(n) decreases exponentially with propagation distance di(n) from the
source to sensor i, B being the attenuation coefficient. The amount of recorded energy is also affected
by the sensor’s frequency response and coupling to the specimen’s surface, which are characterized by
Ai , a characteristic of sensor i ranging from 0 to 1 and considered constant for a given test. It is worth
noting that, even though the frequency response of a sensor can be accurately determined, coupling will
vary from one test to another. Therefore, Ai is unknown. It is also important to note that composite
materials exhibit frequency-dependent attenuation [13–15]. Therefore, B is expected to vary depending
on the frequency content of the generated signal and so is Ai since it describes the sensor’s frequency
response.

The energy ratio between the top and bottom sensors can then be defined as:

R(n) = In(Etop(n)/Ebottom(n)) (4)

where Etop and Ebottom are the recorded energies at top and bottom sensors, respectively. Using Eq. (3)
and replacing di(n) by dtop(n) = L – l(n) or dbottom(n) = L + l(n) (where L is the distance between
sensor and specimen center and l is the location along the longitudinal axis with l = 0 at the center), the
energy ratio can be expressed as:

R(n) = 2Bl(n) + In(Atop/Abottom) (5)

The energy ratio is a linear function of event location l, of slope 2B and ordinate at the origin
ln(Atop/Abottom). In practice, for all AE events recorded during one test, one can represent their energy
ratio as a function of location. The overall trend allows identifying the attenuation coefficient B from
the slope, and the ratio Atop/Abottom from the ordinate at the origin. Even though Atop and Abottom

are unknown, the ratio Atop/Abottom indicates which sensor recorded the most energy for events located
midway between the two and therefore indicates which sensor was the most sensitive. The most sensitive
sensor is the top sensor if ln(Atop/Abottom) > 0 and the bottom sensor otherwise. Finally, a slight scatter
is expected around the linear trend due to uncertainties in location and energy ratio, which are discussed
in the Results section. However, if an event is far from the overall linear trend, it is most likely to have
not originated from damage.

3.4 Characterization of effects of propagation

Energy attenuation of elastic waves in composite materials depends strongly on wave frequency [13–15],
higher frequency waves experiencing greater attenuation. The characterization of frequency-dependent
attenuation is therefore necessary when attempting to relate AE signal features to damage mechanisms.
The energy-based approach described in the previous section can be used to characterize frequency-
dependent attenuation by considering the signal energy contained in various consecutive frequency
intervals instead of the total signal energy.

Based on Parseval’s theorem, the total energy Et contained in a waveform x(t) is equal to the total
energy of the waveform’s Fourier transform X(f ), which can be written as follows for the discrete
Fourier transform X of a signal x, both of length N :

Et =
∑N−1

n=0
x(n)2 = 1

N

∑N−1

k=0
X(k)2 (6)

In the Digital Wave system used in the present work, the signal energy defined in V2. �s corresponds
to Et / fs , where fs is the sampling frequency. Therefore, the energy calculated in the frequency
domain can be divided by fs as well for consistency. The partial energy Ep(fi ; fj ) contained in the
frequency interval [fi ;fj ] (or the interval [ki ;kj ] if expressed in terms of elements of the discrete Fourier
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transform) is given by the following equation, in which the factor 2 in the numerator takes into account
the symmetry of the Fourier transform:

Ep(fi ; fj ) = 2

fsN

∑kj

k=ki

X(k)2 (7)

By using this partial energy to calculate the energy ratio, it is possible to identify the attenuation
coefficient associated with a specific frequency band. In practice, for the same AE events generated
during a mechanical test, various energy ratio vs. location plots can be obtained for different frequency
ranges defined within the sensitivity range of the AE sensors (50 kHz to 2 MHz). The attenuation
coefficient associated with each frequency range can then be extracted from the slope of the linear
fit. This approach offers the possibility of using only AE events recorded during mechanical tests to
characterize frequency-dependent attenuation and does not require additional ultrasonic measurements.

4. Application of the waveform-based analysis to Cf/C-SiC composites

4.1 Demonstration of the energy-based approach

In order to demonstrate the validity of the energy-based approach, artificial AE sources were generated
on the surface of Cf/C-SiC tensile coupons as described in Sect. 2. For each artificial AE event, the
location was calculated based on manually-determined signal onsets in order to minimize location
uncertainties and therefore focus on the validation of the energy-based approach. The energy ratio was
calculated and reported on the energy ratio vs. location plot. Results are shown in Fig. 3(a–b) for both
pencil lead breaks and boron fiber breaks.

In both cases, experimental results are in excellent agreement with the expected linear trend, which
demonstrates the validity of the proposed model for recorded AE energy. The attenuation coefficient,
identified from the slope of the linear fit, is 2.5×10−2 mm−1 for pencil leads and 3×10−2 mm−1 for
boron fibers. The limited scatter is mainly attributed to location uncertainties and variations in source
frequency. Although location was calculated based on manually-determined signal onsets, uncertainties
remain due to location resolution. Signals were sampled at a rate of 10 MHz, therefore the time
uncertainty at onset picking was 0.1 �s. Considering a wave velocity of 10,000 m/s, which is common
in CMCs, the time uncertainty leads to a location resolution of ±1 mm. Scatter in energy ratio can be
caused between two AE events by differences in frequency content leading to differences in attenuation
coefficient. The frequency content of generated AE sources was described by the frequency centroid
(weighted frequency average) of signals recorded after limited propagation throughout the material
(0 to 20 mm). The frequency centroid ranged from 200 to 350 kHz for pencil lead breaks and from
700 to 800 kHz for boron fiber breaks. It appears that for similar amplitude of frequency centroid range,
the scatter in energy ratio is similar. Moreover, as expected, lower source frequency leads to lower
attenuation.

4.2 Selection of AE events generated by damage

All the specimens tested exhibited similar AE behavior. About 30 gage events (that triggered the
middle sensor first) were recorded and the AE energy release was significant beyond 100 MPa (Fig. 2b).
Since the non-linearity on the stress-strain curve (generally associated with matrix cracking and fiber
sliding) was very limited (Fig. 2a), these events were associated to fiber failures. The energy ratio vs.
location plot was generated for each test and very consistent results were observed. Note that for each
AE event, location was calculated based on manually-determined signal onsets in order to minimize
location uncertainty. Results are shown for two tests in Fig. 3(c–d). Similar to artificial AE events,
damage-related AE events were in very good agreement with the expected linear trend. The attenuation
coefficient, identified from the slope of the linear fit, was 7×10−2 ± 1 × 10−2 mm−1 (mean ± standard

00008-p.7



MATEC Web of Conferences

(a)

(b)

(c)

(d)

Figure 3. Energy ratio vs. event location along the longitudinal axis for Cf/C-SiC composites with artificial sources
(a–b) and AE events generated by damage during two room temperature tensile tests (c–d). Note: location was
determined by manual selection of AE signal onsets.

deviation). The greater attenuation coefficient value and scatter observed on the energy ratio vs. location
plot when compared to results obtained with pencil lead or boron fiber breaks are both attributed to
differences in source frequency content. For the damage-related events, the frequency centroid of signals
recorded after limited propagation throughout the material (0 to 20 mm) ranged from 800 to 1200 kHz.
As would be expected, higher frequency waves experience higher attenuation. Moreover, the greater
scatter in energy ratio is attributed to the greater range in source frequency (400 kHz for damage events
against 100–150 kHz for artificial events).

Finally, to illustrate the use of the energy ratio vs. location plot as a visual tool to assess the selection
of AE events originating from damage, all the AE events recorded during test were considered and
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Figure 4. Energy ratio vs. event location (determined automatically using AIC) for all events recorded during room
temperature tensile test of a Cf/C-SiC composite.

the energy ratio vs. location plot was generated automatically using the AIC technique for location
determination (Fig. 4). Optimum location accuracy was achieved with the following parameters:
R = 0, �tAM = 20 �s, �tFB = 30 �s and �tFA = 30 �s. Note that only AE signals recorded by the top
and bottom sensors are needed to generate this plot. The true gage events are highlighted here based on
the triggering of the middle sensor. Only those events clearly follow the expected linear trend of energy
ratio vs. location. Therefore, they could accurately be selected based on this plot in tests where the use of
a middle sensor is not possible. Events for which the automatic location determination would attribute
a location within the gage section even though they did not trigger the middle sensor first can easily be
filtered out based on their energy ratio value (these events are outside the selection box in Fig. 4).

4.3 Characterization of effects of propagation

Effects of propagation on recorded AE waveforms can be illustrated by looking at the three waveforms
recorded for a same event (Fig. 5). Event location is determined from the difference in arrival times
between top and bottom sensors. Therefore, the propagation distance from the source to each sensor
is known. In the present example, the middle sensor is the closest to the source (6 mm). The bottom
sensor is 28 mm away from the source and the top sensor 37 mm away. In the time domain (Fig. 5a),
effects of attenuation appear clearly, the waveforms exhibiting a significant decrease in wave amplitude
with increasing propagation distance. Effects of dispersion mentioned in Sect. 3.1 are also visible,
especially at the sensor furthest from the source (top sensor here). The high-frequency extensional
wave (S0) propagating at higher velocity reached the sensor first, at about 25 �s, whereas the lower
frequency flexural wave (A0) travelling at significantly lower velocity is only visible beyond 40 �s. In the
frequency domain, all three spectra show three main peaks at similar frequencies: 300 kHz, 900 kHz and
1500 kHz. However, the distribution of energy between those three peaks is significantly different. The
frequency spectrum at the middle sensor, closest to the source, is dominated by the highest frequency
peak. At the bottom sensor, all three peaks have similar amplitudes. Finally, at the top sensor, furthest
from the source, the frequency spectrum is dominated by the lowest frequency peak. This illustrates
the strong frequency dependence of energy attenuation in this composite system. While the energy
carried by the lowest frequency component remains almost constant, the energy carried by the highest
frequency component is attenuated greatly over the limited observed distance (31 mm from middle to
top sensor). Therefore, when using remote sensors and attempting to relate AE signal features to damage
mechanisms, frequency-dependent attenuation should be characterized and accounted for.

The energy-based approach presented here allows for the characterization of frequency-dependent
attenuation. Following the method described in Sect. 3.4, attenuation coefficients were determined for
AE events generated by artificial sources as well as by damage during tensile test (Fig. 6). For each

00008-p.9



MATEC Web of Conferences

(a)

(b)

Figure 5. Recorded waveforms (a) and corresponding Fourier transforms (b) of an AE event generated 6 mm below
the middle sensor at an applied stress of 143 MPa during tensile test of a Cf/C-SiC composite.

set of events, three consecutive frequency intervals centered on the three main peaks identified in
Fig. 5 were considered: 50 to 600 kHz, 600 to 1200 kHz and 1200 to 1800 kHz. Values of attenuation
coefficients were extracted from linear fits of the corresponding energy ratio vs. location plots. The
error bars in Fig. 6 were calculated considering a 95% confidence interval around the linear fits. Both
sets of results exhibit a very similar trend, showing a significant increase in attenuation at higher
frequencies, which for the damage-related events is in excellent agreement with results obtained by
ultrasonic measurements following the procedure described in Sect. 2. The underestimate of attenuation
coefficient values obtained with artificial sources is attributed to slight signal saturation observed on
waveforms recorded at the sensor closest to the source, which led to an underestimate of recorded energy.
Finally, the deviation between ultrasonic measurements and in-situ characterization at low frequencies
is attributed to a greater sensitivity of energy ratio to the considered signal duration at those frequencies.
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Figure 6. Attenuation coefficient vs. frequency determined by ultrasonic measurements and using the energy-based
approach with artificial or damage-related AE events.

In conclusion, these preliminary results show the ability of the energy-based approach to characterize
frequency-dependent attenuation in ceramic matrix composites using only acoustic emission data
recorded during mechanical tests.

5. Application of the waveform-based analysis to SiC/SiC composites

5.1 Location of AE events

The tested SiC/SiC specimens exhibited comparable AE behavior. A total of about 4000 AE events
were recorded throughout each tensile test, and around 25% of the total were gage events (triggered the
middle sensor first). The three AE signals of each gage event were manually inspected for validation
and determination of arrival times at top and bottom sensors. This section will focus on the results
obtained for two tests with different sensor/material coupling conditions. In Test 1, top and bottom
sensors are assumed to have similar coupling conditions with the specimen’s surface. Coupling quality
is characterized by the average energy recorded by each sensor for all the gage events. In Test 1,
the average recorded energy was 1.6 V2.�s for the top sensor and 2.9 V2.�s for the bottom sensor.
In Test 2, top and bottom sensors are assumed to have very different coupling conditions, and the
bottom sensor in particular seemed to have degraded coupling quality. Indeed, the average recorded
energy in Test 2 was 5 V2.�s for the top sensor and 0.7 V2.�s for the bottom sensor. It is worth noting
that variations in coupling quality are common in Acoustic Emission mainly because of variations in
specimen surface conditions and amount of coupling agent used. Moreover, it is difficult in practice
to accurately characterize coupling quality before test therefore leading to the wide range of recorded
energies observed here.

One characteristic feature of SiC/SiC composites is a strong damage dependence of wave
velocity [16] that needs to be accounted for in order to ensure accurate location of AE events throughout
tests. Wave velocity is proportional to

√
E/�, where E is the material’s elastic modulus and � its density.

Transverse matrix cracking causes a decrease in elastic modulus and thus a decrease in wave velocity.
Wave velocity can be monitored throughout testing using the recorded AE signals that triggered top
or bottom sensor first and exhibited a clear separation between extensional and flexural modes at the
furthest sensor, thus indicating that the wave had propagated over a long distance and that the event
originated from outside the sensors. Wave velocity was calculated from the known distance between
top and bottom sensors and the manually-determined difference in arrival times. Results are presented
in Fig. 7 for Test 2. Wave velocity decreases significantly during test, from over 10,000 m/s initially
to about 6,000 m/s near failure (Fig. 7a). The comparison with elastic modulus (taken as the tangent
modulus at beginning of unload for each unload/reload cycle) in Fig. 7b confirms the direct relationship

00008-p.11



MATEC Web of Conferences

(a)

(b)

Figure 7. Damage dependence of wave velocity in a SiC/SiC composite. (a) Wave velocity determined from AE
events that occurred outside the outermost sensors vs. applied stress. (b) Comparison with elastic modulus (tangent
modulus at beginning of unload) extracted from unload/reload cycles.

between wave velocity and transverse matrix cracking. For the determination of location of gage events,
wave velocity was determined from Fig. 7 based on the stress at which the event was recorded.

The performance of both signal onset determination techniques was first evaluated in terms of
location accuracy. For both tests, manually-determined arrival times at top and bottom sensors for
all gage events served as reference. Event location accuracy relies on the accuracy in difference of
arrival times between top and bottom sensors rather than accuracy in arrival time itself. Therefore, the
absolute deviation in difference of arrival times was calculated for each AE event between manual
determination and first-threshold or AIC techniques. The absolute deviation in location was estimated
from the deviation in difference of arrival times assuming a constant wave velocity of 10,000 m/s for
simplicity. The parameters leading to optimum results were 20 mV for the first-threshold technique and
R = 1, �tAM = 20 �s, �tFB = 30 �s and �tFA = 10 �s for the AIC technique. On average, the AIC
technique slightly outperforms the first-threshold-crossing technique leading to 5% more events located
with a deviation of ± 4 mm from manual determination. Moreover, coupling quality seems to have a
significant effect on location accuracy for both techniques. In Test 1, 85% of gage events were located
by AIC with a ± 4 mm deviation from manual determination whereas in Test 2, only 70% of gage events
were located with the same accuracy.

The performance of both signal onset determination techniques was also evaluated in terms of
accuracy in gage events selection. As mentioned earlier, when only the top and bottom sensors are
used, gage events can be selected based on their location along the longitudinal axis (the gage section
corresponding to ± 12.7 mm from the center). The selected events were compared to those triggering the
middle sensor first (Table 1). True gage events correspond to events with location within 12.7 mm from
center that indeed triggered the middle sensor first whereas false gage events have a location wrongfully
determined within 12.7 mm from center but did not trigger the middle sensor first. In Test 1, location-
based selection gives very accurate results, more than 90% of the actual gage events being selected. The
AIC outperforms the first-threshold technique leading to the selection of 3% more true gage events and
3% less false gage events. In Test 2, the difference between first-threshold and AIC is more significant.
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Table 1. Selection of gage events based on location for two tensile tests on SiC/SiC composites. For each are given
the number of events and percentage of total number of gage events. True gage events correspond to events located
within the gage section that indeed triggered the middle sensor first. False gage events correspond to events located
within the gage section that did not actually trigger the middle sensor first.

Test 1 Test 2
Manual

Gage events 1050 1270
AIC

True gage events 981 (93%) 950 (75%)
False gage events 37 (3%) 79 (6%)
First threshold
True gage events 949 (90%) 848 (67%)
False gage events 63 (6%) 317 (25%)

Decrease in coupling quality leads to the selection of a lower fraction of true gage events. With AIC,
75% of the true gage events are selected against 67% with first-threshold. The main difference appears
on the false gage events, which are wrongfully located within the gage section. While the AIC maintains
a low number of false gage events (6% of the total number of gage events), the first-threshold technique
leads to the selection of 25% of false gage events.

To conclude the comparison between first-threshold and AIC-based techniques, performance
evaluation based on location accuracy shows similar results because it uses gage events for which the
waveforms are well defined and signal onset is clear and therefore it can be determined rather accurately
even with the first-threshold technique. However, in terms of performance in gage events selection,
AIC clearly outperforms the first-threshold technique especially when sensor coupling quality is not
optimum, reducing the loss of information as well as the addition in the analysis of events originating
from outside the gage section.

5.2 Energy-based selection of AE events generated by damage

The contribution of the energy-based approach to the selection of events is discussed for Test 1. First,
the energy ratio vs. location plot was generated with manually-determined locations and a clear linear
trend can be observed (Fig. 8a). However, the scatter is significantly greater than that observed on
Cf/C-SiC composites. The reasons for this are twofold. First, the frequency centroid of signals recorded
after limited propagation throughout the material (0 to 20 mm) ranged from 600 to 1200 kHz, which is
almost twice the frequency range observed on Cf/C-SiC composites, most likely due to the generation
of AE events from various damage modes. Second, the matrix experiences significant damage during
the tensile test in the form of transverse matrix cracks, which are expected to cause an increase in energy
attenuation due to increased wave scattering. Both effects are illustrated in Fig. 8b, which represents the
evolution of attenuation coefficient throughout test as a function of applied stress. Attenuation coefficient
values were extracted from energy ratio vs. location plots generated for 250 consecutive gage events,
every 100 events, considering for each waveform either the raw signal energy or the energy contained
in a limited frequency interval (50–500 kHz or 1500–2000 kHz). At any given stress, attenuation is
significantly greater at higher frequency, similar to what was observed on Cf/C-SiC composites although
attenuation coefficient values are much lower in SiC/SiC composites overall. In addition, a significant
increase in attenuation is observed throughout test, which is in good agreement with results reported
in the literature for SiCf/[Si-B-C] composites [4]. The present results highlight the need to account for
frequency and damage dependence of attenuation when attempting to identify damage modes using AE.
They should now be validated by comparison to ultrasonic measurements performed throughout tests.
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(a)

(b)

Figure 8. (a) Energy ratio vs. event location along the longitudinal axis (calculated from manually-determined
signal onsets) and (b) evolution of attenuation coefficient throughout test for various frequency ranges, obtained
from AE events generated during room temperature tensile test of a SiC/SiC composite.

(a)

(b)

Figure 9. Energy ratio vs. event location for (a) the first 250 gage events and (b) the last 250 gage events generated
during room temperature tensile test of a SiC/SiC composite. Locations were determined automatically using AIC.

At last, energy ratio vs. location plots were generated automatically using the AIC technique for
location determination. Figure 9 shows two plots corresponding to the first and last 250 gage events,
respectively.

As mentioned earlier, the AIC technique provides very accurate selection of gage events. In Test 1,
only about 40 events are wrongfully located within the gage section. An automated selection of gage
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events could be set using for instance a confidence interval around the linear regression. Only those
events within the confidence interval would be considered as gage events. The events outside of
the admissible interval could either be discarded or manually inspected. In the present case, manual
inspection is acceptable since only about 20 events appear clearly away from the linear trend within the
gage section throughout the entire test. These events may correspond to noise signals or damage related
events for which automatic onset determination failed to find the actual signal onset. Their selection or
location could then be manually adjusted.

6. Conclusion

In the present paper, a waveform-based analysis of acoustic emission data that combines accurate
event location and comparison of recorded energies was employed in order to select AE events
originating from damage and characterize effects of propagation on the recorded waveforms. The
energy-based approach validates that AE events originated from damage, therefore providing robust
data for subsequent analysis such as damage mode identification. The approach only requires two remote
sensors and is thus applicable when specimen geometry or testing conditions prevent placing a sensor in
the middle of the gage section. It was demonstrated using artificial sources and then used on two different
composite systems. The second benefit of the energy-based approach is the ability to characterize in-
situ energy attenuation and its dependence on frequency and damage progression using only AE events
recorded during mechanical tests. Results obtained in Cf/C-SiC composites are in excellent agreement
with ultrasonic measurements. The energy-based approach now allows for a more accurate description
of AE sources properties taking into account effects of propagation. Finally, the AIC-based AE event
location determination was shown to outperform the so-called first-threshold-crossing technique, being
less dependent on the quality of material/sensor coupling. Up to 85% of events were located with a
deviation from manual determination not exceeding 4 mm. Moreover, using the AIC-based technique to
select events originating from the gage section ensured accurate selection, maximizing the number of
selected true gage events and limiting the addition of false gage events to the analysis.

The authors gratefully acknowledge Dr. Mrityunjay Singh from the Ohio Aerospace Institute for providing the Cf/C-
SiC specimens, Rolls-Royce Corporation (Indianapolis, IN) for providing the SiC/SiC specimens and Christopher
Baker for helping with mechanical testing.
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