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ABSTRACT

Recently, acoustic emission-based damage classification
schemes gained attention for health monitoring of com-
posites. Here, the reliable detection of different micro-
mechanical damage mechanisms is important because of the
adverse effect on fatigue life. It is well known that classical
parameters obtained from acoustic emission measurements in
time domain are strongly dependent on the propagation path
and testing conditions. However, signal attenuation, which
can be observed due to geometric spreading, material-related
damping, and dispersion, is typically neglected. Therefore,
it is generally assumed that frequency domain features are
reliable descriptors of damage due to invariance of peak
frequencies to the propagation path. Based on this assump-
tion, several data-driven approaches for damage detection
are developed. However, in contrast to metallic materials,
where low attenuation is observed, acoustic emission signals
are strongly attenuated in polymer matrix composites due
to viscoelastic behavior of the matrix. For instance, it is
reported in literature that at high frequencies most of the
acoustic emission signal energy is attenuated after a prop-
agation distance of 250 mm. Therefore, new experimental
results of acoustic emission attenuation in composites are
presented in this paper. Particular focus is placed on the
frequency dependence of acoustic emission attenuation and
the effect of different loading conditions. The specimens
are manufactured from aerospace material. Carbon fiber
reinforced polymer plates are used as a typical specimen
geometry. Different acoustic emission sources are consid-
ered and the related attenuation coefficients are determined.
Furthermore, full waveform data are analyzed in time and
time-frequency domain using wavelet transform. From the
experimental results it can be concluded that consideration
of wave propagation-related signal attenuation is important
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for the interpretation of acoustic emission measurements for
health monitoring of composites. Consequently, the impact
on the detectability of different physical damage mecha-
nisms using data-driven classification approaches has to be
considered.

1. INTRODUCTION

Today, composites are widely used in different applications
due to their good mechanical properties. However, their use
is currently limited by a lack of ductility and several micro-
mechanical damage mechanisms, which adversely effect the
fatigue behavior of these materials. Therefore, the reliable
detection and characterization of damage is crucial for health
monitoring of composite structures. In this context, Acoustic
Emission (AE) measurements are widely used. The passive
acquisition of ultrasound stress waves, which propagate in a
structure due to damage, allows in-situ detection and local-
ization of damage in large structures with only few sensors
using suitable signal processing techniques.

In composite material, characteristic AE waveforms are ob-
served, which can be attributed to different micro-mechanical
damage mechanisms. For instance, delamination is char-
acterized by dominant out-of-plane motion in a compos-
ite plate, whereas fiber breakage excites primarily in-plane
source motion (Crivelli et al., 2015). In plate specimens,
these waveforms propagate usually as fundamental symmet-
ric and asymmetric Lamb wave modes Sy and Ag. Differ-
ent AE waveform features can be exploited to characterize
the underlying micro-mechanical damage mechanism. How-
ever, according to (Johnson & Gudmundson, 2000), classi-
fication of AE measurements in time domain using classical
waveform parameters is considered as difficult due to prop-
agation effects such as amplitude attenuation. According to
(Ni & Iwamoto, 2002), peak frequencies are less sensitive to
the propagation path and hence more effective for monitor-
ing of composite materials. Therefore, frequency and time-
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frequency domain analyses are excessively used for charac-
terization of AE waveforms.

As reported in literature, different data-driven classification
schemes can be implemented for automated characterization
of AE waveforms. Wavelet transform is used by (Marec,
Thomas, & El Guerjouma, 2008) to define new features
which can be used to distinguish between matrix cracking and
debonding. Furthermore, (Gutkin et al., 2011) studied AE ob-
tained from tensile tests with different specimens using unsu-
pervised techniques. According to the results, clusters agree
with patterns in the peak frequency distribution. In contrast,
(Hamdi et al., 2013) used Hilbert Huang Transform (HHT) to
extract AE features in time-frequency domain. Effectiveness
of the approach is demonstrated using k-means clustering.
Similarly, (Nazmdar Shahri, Yousefi, Fotouhi, & Ahmadi Na-
jfabadi, 2016) developed a signal processing technique based
on HHT to characterize different damage mechanisms. A
methodology based on multivariable analysis of wavelet coef-
ficients is developed by (Baccar & Soffker, 2017) to improve
the classification and distinguishability of four different dam-
age mechanisms. Similarly, time-frequency domain trans-
forms including wavelet transform and Choi-Williams trans-
form are used by (Beheshtizadeh, Mostafapour, & Davoodi,
2019) to identify characteristic frequencies of different dam-
age mechanisms in composite materials. Scattering of the
classification reliability among different loading conditions
using a supervised data-driven method is reported by (Wirtz,
Beganovic, & Soffker, 2019).

Another approach, which exploits theoretical knowledge
about wave propagation, is modal AE. Here, amplitude ratios
of the two fundamental Lamb wave modes are evaluated to
characterize the underlying source mechanism. Two exam-
ples of modal AE analysis are presented in (Prosser, 1998).
The application to the detection of matrix crack initiation
in coupon specimens and delamination detection in rocket
motor case rings is demonstrated. According to (McCrory
et al., 2015), Measured Amplitude Ratio (MAR) provides
improved clarity in the AE data interpretation compared to
unsupervised data-driven techniques. Based on this idea,
(Martinez-Jequier, Gallego, Sudrez, Juanes, & Valea, 2015)
implemented hardware filters for real-time monitoring of de-
lamination in composite plates. Similarly, (Dahmene et al.,
2016) used narrow-band filters for mode separation to ex-
tract the dominant mode from AE measurements. Recently,
(Barroso-Romero, Gagar, Pant, & Martinez, 2019) suggested
mode identification based on phase and instantaneous fre-
quency using Hilbert transform.

However, despite promising results, the source-sensor dis-
tance is identified as major limiting factor for AE-based dam-
age characterization due to frequency dependent attenuation
of AE (Maillet, Baker, Morscher, Pujar, & Lemanski, 2015).
In contrast to surface waves (i.e. Rayleigh waves), Lamb

waves show frequency dependent amplitude attenuation due
to dispersion. Regarding the effect on classical AE param-
eters, a location-based correction scheme of waveform pa-
rameters is implemented by (Aggelis & Matikas, 2012) us-
ing a numerical technique. In an experimental study of AE
due to mechanical loading of composite coupon specimens,
(Maillet et al., 2015) reported decrease of frequency centroid
with propagation distance. As a solution, a calibration chart
for parameter correction depending on propagation distance
is suggested. Furthermore, experimental results of AE atten-
uation in composite plates are presented in (Asamene, Hud-
son, & Sundaresan, 2015). A parametric attenuation model is
presented taking geometric spreading and material damping
into account. According to the results, strong attenuation of
the Ap mode is observed compared to Sy mode. An experi-
mental study regarding the complex propagation behavior of
AE in a rotor system is presented by (Li, Lu, & Xiao, 2019).
Through the literature review it becomes clear that empirical
correlations between micro-mechanical damage mechanisms
and AE waveform parameters are useful to characterize dif-
ferent source mechanisms. Promising results are reported us-
ing different techniques. However, the application to compos-
ite materials is currently limited by the source-sensor distance
due to frequency dependent attenuation of AE waveforms. In
this paper, new experimental results of acoustic emission at-
tenuation in composite plates are presented. Particular focus
is placed on the frequency dependence of acoustic emission
attenuation and the effect of different loading conditions. Fur-
thermore, full waveform data are analyzed in time and time-
frequency domain using wavelet transform.

The remainder of this paper is structured as follows. In Sec-
tion 2 experimental procedures are described. New experi-
mental results are presented in Section 3 and implications for
AE-based health monitoring are discussed. Finally, summary
and conclusions are given in Section 4.

2. EXPERIMENTS

In this paper, attenuation of AE due to wave propagation in
Carbon Fiber Reinforced Polymer (CFRP) material is investi-
gated experimentally. As typical specimens, thin CFRP plates
with the dimensions 440 x 440 x 2 mm? are used. The spec-
imens are manufactured from CFRP material, which is pro-
vided by a major aerospace company as example specimen.
Wide specimen dimensions are chosen to enable reflection
free measurements of AE waveforms. The experimental setup
is illustrated in Figure 1. For artificial source generation and
signal acquisition, four disc-shaped Piezoelectric Wafer Ac-
tive Sensors (PWAS) with 0.55 mm in thickness and diameter
of @ 10 mm are used. The PWAS are bonded to the surface of
the specimen using cyanoacrylic adhesive. Sensor locations
are chosen in the center of the plate at uniform distances of
40 mm.
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Figure 1. Experimental setup: CFRP plate with four PWAS
bonded to the surface.

2.1. Artificial source generation

For testing purposes, artificial AE sources are typically used
e.g. to verify suitable sensor coupling or to calibrate source
localization systems. In literature, the pencil lead break test
(PLB), which refers to the excitation of stress waves by man-
ually breaking a pencil lead at the surface of the specimen,
is typically used. Even though PLB signals are fairly repro-
ducible, there are different sources of variability due to han-
dling such as free lead length or angle of the lead (Sause,
2011). Alternatively, according to (Kharrat, Placet, Ramasso,
& Boubakar, 2016), repeatable artificial AE sources can be
generated using a surface bonded PWAS transmitter as well.

For the intended measurements of AE attenuation, highly
reproducible excitations are required to obtain comparable
results from multiple experiments. Therefore, artificial AE
sources are generated using a surface-bonded PWAS as trans-
mitter to achieve reproducible results. Furthermore, this ap-
proach offers well defined excitation. The source character-
istics can be easily modified. To simulate AE, the PWAS in
location 1 is driven by a signal generator using sine bursts of
three cycles at different frequencies.

2.2. Data acquisition

The remaining three PWAS transducers at locations 2-4 are
used as sensors to record AE waveforms at different distances
from the source. For data acquisition, a custom three-channel
AE system is used. An impedance transformer is used for sig-
nal conditioning before digitization. Measurements are trig-
gered externally and taken in streaming mode to ensure that
full waveform data are acquired over the relevant measure-
ment period. The waveform data are sampled continuously at
4 MHz with 16 bit resolution using a dedicated FPGA-based
ADC board and stored to a hard drive for subsequent analy-
ses.

3. RESULTS AND DISCUSSION

In this section, experimental results regarding the attenuation
of simulated AE in CFRP material are presented. First, the
attenuation effect is studied qualitatively in time- and time-
frequency domain. Subsequently, attenuation coefficients are
determined for different frequencies. Finally, the impact of
external load is addressed.

3.1. Effect of propagation on AE waveforms

To illustrate the effect of attenuation due to wave propagation
qualitatively, measurements of AE waveforms at distances
of d = 40 mm, d = 80 mm, and d = 120 mm from the
source are presented. As an example, a sine burst compris-
ing three cycles at 100 kHz is chosen as artificial source. In
Figure 2, the related AE waveforms recorded at each sen-
sor location are shown in time domain. The time delay be-
tween the measurements is attributed to the time-of-flight of
the wave packet. From the results, a decrease in amplitude
as well as the spreading of the wave packet in time is clearly
visible. The cycle number of the wave packet increases with
propagation distance, which is related to the dispersion effect.
Furthermore, separation of modes due to the different propa-
gation velocities can be observed after a distance of 120 mm.

Similarly, time-frequency domain representation of the AE
waveforms is shown in Figure 3. Here, different frequencies
are excited by the source which can be detected at sensor 1 af-
ter 40 mm of propagation distance. The peak frequency of the
sensor response is detected at 100 kHz, which corresponds to
the simulated AE source. A second peak is observed above
200 kHz. The effect of waveform dispersion is also apparent
in this representation. Due to different propagation velocities,
the peak amplitude of the higher frequency mode is observed
earlier in time than the 100 kHz peak. This effect is more
pronounced after a propagation distance of 80 mm. However,
whereas the peak frequency of 100 kHz can still be detected
after 120 mm propagation distance, higher frequencies are
strongly attenuated and can hardly be detected.

3.2. Frequency dependence of attenuation

Subsequently, the frequency dependence of the AE attenua-
tion is investigated. To this end, attenuation coefficients are
determined experimentally. In a plate, the relation between
initial amplitude of a stress wave Vj and the amplitude of
a signal V; measured in a propagation distance z; from the
source can be assumed as (Asamene et al., 2015)

1
Vi = Vo e 2%, 1
NG e (1)
where —— describes the reduction in amplitude due to ge-

Vi
ometric spreading and exponential decay using attenuation

coefficient o describing attenuation due to material damp-
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Figure 2. Representative measurements of simulated AE at
different distances from source in time domain.

ing. Hence, the damping coefficient o can be calculated as
(Asamene et al., 2015)

1 (ym
= (n) @

using the peak amplitudes V; and V3 measured at the loca-
tions z; and z3, which correspond to the propagation distance
of 40 mm and 120 mm, respectively.

In Figure 4, measured peak amplitudes and the theoretical
damping behavior are compared at different frequencies of
the simulated AE. Here, the theoretical attenuation (solid
line) is calculated using damping coefficient o, which is de-
termined according to equation 2. Good agreement between
the measurements and theoretical attenuation is observed.
Furthermore, it is apparent that attenuation due to material
damping is stronger at higher frequency of 280 kHz.

d =40 mm

Frequency [kHz]
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Figure 3. Representative measurements of simulated AE at
different distances from source in time-frequency domain.

Furthermore, frequency dependence is investigated in detail.
The frequency of the simulated AE source is increased from
30 kHz up to 300 kHz in 10 kHz steps and the correspond-
ing attenuation coefficient is determined according to Eq. (2).
Each experiment is repeated 100 times. The signals are aver-
aged in time domain to increase signal to noise ratio. Damp-
ing coefficients are determined using the root mean square of
the related wavelet coefficients.

From the results presented in Figure 5, it can be detected that
AE attenuation varies notably with the frequency of the sim-
ulated source. Maximum attenuation of simulated AE wave-
forms is obtained at a frequency of 150 kHz. Increasing atten-
uation coefficients are obtained at frequencies from 50 kHz
up to 150 kHz. Above 150 kHz attenuation decreases at first
leading to lower attenuation between 200 kHz and 250 kHz.
However, above 250 kHz increasing attenuation of simulated
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Figure 4. Comparison of theoretical AE attenuation and mea-
sured peak amplitudes.

AE is observed again. Therefore, it can be concluded that for
a specific transfer path between source and sensor, detectabil-
ity of an AE source depends also on the frequency spectrum
of the corresponding source mechanism. Furthermore, it can
be expected that due to dispersion and attenuation, AE signa-
tures of different source mechanisms in frequency domain are
not invariant to the propagation path. In particular, regarding
data-driven approaches based on statistical pattern recogni-
tion, which are widely studied for source characterization of
AE, it has to be noted that dispersion and frequency depen-
dent attenuation could have an impact on the distinguishabil-
ity of different source mechanisms.

3.3. Effect of loading conditions

Finally, experimental results regarding the effect of different
loading conditions on the attenuation of simulated AE are
presented. External bending load is applied using a clamp-
ing mechanism as illustrated in Figure 6. Here, the load is
applied by clamps attached to the free edges and a support
placed at the center of the plate. A total of five different loads
is considered by increasing the vertical displacement of the
edges in 10 mm steps.

Similar to Section 3.2, attenuation coefficients are determined
for simulated AE sources with frequencies between 30 kHz
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Figure 5. Attenuation coefficients determined at different fre-
quencies of the simulated AE source.
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Figure 6. Schematic illustration of the clamping mechanism.

and 300 kHz. The results are shown in Figure 7. Here, it
is notable that in this experiment slight changes in external
loading conditions have already a strong impact on the at-
tenuation characteristics of the specimen. Compared to the
unloaded case, stronger attenuation of the AE waveforms is
observed over a wide range of excitation frequencies if exter-
nal load is applied. This effect is particularly pronounced be-
low 100 kHz and above 150 kHz. In contrast to the unloaded
case, where the attenuation coefficients decrease at frequen-
cies from 150 kHz to 200 kHz, increasing attenuation coef-
ficients are obtained in this frequency range. Furthermore,
maximum attenuation is shifted to approximately 250 kHz in
case of the loaded specimen. Above 250 kHz, AE attenuation
shows a decreasing trend. According to these results it can be
concluded that to achieve robust detection and classification
of AE, loading conditions have to be taken into consideration.

4. SUMMARY AND CONCLUSIONS

In this paper, new experimental results regarding the AE at-
tenuation characteristics of CFRP material due to wave prop-
agation are presented. As typical specimens, thin plates man-
ufactured from aerospace material are used. From the results
it becomes clear that attenuation of AE due to propagation in-
creases with frequency. Furthermore, increasing attenuation
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Figure 7. Comparison between attenuation coefficients of
free and clamped plate.

of the simulated AE waveforms is observed due to external
bending load. Therefore, it can be concluded that source fre-
quency and external load have an impact on the detectabil-
ity of AE. To improve AE data analyses and interpretation,
the impact of wave propagation and different loading condi-
tions on the detectability of different source mechanisms has
to be considered. Consequently, this includes the impact of
attenuation on the performance of data-driven classification
approaches.
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