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Abstract

Measurements of acoustic emission signals during loading of carbon fiber reinforced plastic NOL (Naval
Ordnance Laboratory) - ring specimens were performed to analyse failure mechanisms. By means of a self-
aligning split disk test fixture tensile stress was applied to the test ring. Four broadband sensors were mounted on
the split disk to detect the acoustic emission signals. Thus the acoustic emission signals were detected without
placing the sensors directly on the specimen. A hyperbolic localization of the acoustic emission sources, which
are correlated to damages in the material, could be performed. Furthermore, an unsupervised pattern recognition
technique was applied to separate the recorded signals into distinct types of classes. A correlation of different
failure mechanisms such as matrix cracking, interfacial failure and fiber breakage to respective signal classes
was achieved by analysis of signal features.
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1. Introduction

In history of aviation, lightweight construction has always been of great interest. Nowadays
the reduction of weight for energy efficiency or larger carrying capacity for a better
competitiveness is a key requirement. The joint research project for efficient manufacturing
technologies for composite booster cases (ComBo) has a focus on the development of a key
technology for manufacturing lightweight structures made of carbon fiber reinforced
polymers (CFRP) for the successor of Ariane 5. With regard to future aerospace applications,
new automated and cost-effective manufacturing processes for cylindrical CFRP high
pressure vessels are developed. Usage of composite materials with extraordinary strength to
weight and stiffness to weight ratios will contribute to optimize the mechanical performance
of the structure due to predictable load limits. In the current study NOL (Naval Ordnance
Laboratory) ring tests in combination with acoustic emission (AE) analysis are performed to
investigate micromechanical material failure of CFRP. The composite integrity and stability is
strongly influenced by the occurrence of various failure mechanisms, like inter-fiber matrix
cracking, fiber breakage and interfacial failure machanisms, which in turn depend on the
application and type of loading. Therefore it is essential to record their position of occurrence
and subsequent evolution as a function of loading.

Failure identification by suitable interpretation of the recorded AE-signals is still an emerging
field of AE research [1-9]. It is a major conclusion of many recent investigations, that pattern
recognition techniques are a suitable tool to identify distinct failure types based on various
features extracted from the recorded signals [2,3,5,6,9-14]. The correlation between a
particular failure mechanism and a cluster is not part of the pattern recognition approach. This
task can solely be achieved by additional microscopic investigations or comparison of
experimental and theoretical acoustic emission signals. In the spirit of reference [15], for
CFRP the distinction between matrix cracking, interfacial failure and fiber breakage is
physically based on the source radiation direction and the elastic properties of the source. In



order to stay with the nomenclature introduced in previous work [6,15-17] and used in this
investigation the following correlation is expected between micromechanical failure modes
and acoustic emission source properties (notated in brackets) for failure of CFRP:

Interfiber fracture (matrix cracking or interfacial failure, in-plane)
Fiber-matrix debonding (interfacial failure, in-plane and out-of-plane)
Fiber-matrix pull-out (interfacial failure, in-plane and out-of-plane)
Interply delamination (matrix cracking or interfacial failure, out-of-plane)
Fiber fracture (fiber breakage, in-plane)

A precise description of the implementation used in the particular source types is found in
[15,17] and is thus not repeated here. The description of mesoscopic failure modes (i.e. fiber
bridging) is beyond the scope of the proposed acoustic emission source models.

In addition, in [16,18] it was demonstrated that the experimental setup and geometry of the
specimen have a significant influence on the identification of AE-signal clusters. Furthermore,
existence of AE-sources, which are not correlated to specimen failure, has to be taken into
account. The current study presents the experimental approach for testing of NOL-rings,
followed by a discussion of the localization results and the results from the pattern recognition
technique as proposed by [17] in application to the experimental data.

2. Experimental Setup

The experiments were performed at ambient temperature for six unnotched NOL-rings
according to the standard ASTM D 2290. The specimens were prepared from the
thermoplastic material system T700/PPS, consisting of Torayca T700S 12k carbon fibers and
the thermoplastic polymer Polyphenylene sulfide (PPS). The specimens were manufactured
by a filament winding process using in-situ consolidation of the thermoplastic polymer by
laser heating. The dimensions of the NOL-rings were (6.35+0.5) mm x (3£0.5) mm (width x
thickness) with an outer diameter of (152+0.5) mm.
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Figure 1. Schematic drawing of experimental setup (left) and photograph of specimen
including dimensions (right)



A Zwick/Roell spindle-driven machine (Type Z250) was used for loading of the specimens at
a displacement rate of 0.1 in/min. The force was measured using a 250 kN load cell. The
tensile strength o is defined as

. (1)

o= .
2tw

Here p is the ultimate rupture force in Newton and t and w are the thickness and width of the
NOL-ring in millimeters, respectively. Acoustic emission was recorded using a Physical
Acoustic PCI-2 acquisition system and the software AEwin. Threshold based trigger
parameters were optimized for the respective specimen geometry to inhibit triggering of noise
signals. A Peak-Definition-Time/Hit-Definition-Time/Hit-Lockout-Time of 10/80/300 pus was
used at 35 dB threshold with 40 dB preamplification and a sampling rate of 10 MS/s. In
addition, a band-pass filter was used ranging from 20 kHz up to 1 MHz to suppress detection
of low frequency friction signals and high frequency electromagnetic noise. The signals were
detected by four piezoelectric sensors of type WD which were attached using suitable clamp
systems to ensure reproducible mounting pressure. To provide proper acoustic coupling,
Baysilone silicone grease (Bayer Materials Science) of medium viscosity was used. The four
sensors were mounted on the side surface of the split disk fixture in a rectangular arrangement
as illustrated in figure 1. The acoustic emission signals caused by material failure propagate to
the sensor position partially guided within the test specimen, but also radiate into the split disk
fixture. Hence, compared to conventional approaches, the signals were not detected directly
on the specimen surface but on the split disk fixture. To validate sensor coupling, one sensor
is used as pulser 50 times while the others receive. This procedure is repeated subsequently
for each of the four sensors. The amplitudes measured by two sensors mounted on the same
half of the split disk were found to differ only by about 0.5 dB. Signal amplitudes detected by
sensors mounted on opposite halves, were found to differ typically by 43 dB to each other.
Based on a hyperbolic localization technique the acoustic emission source position was
calculated. Due to the fiber orientation in the circumferential direction of the ring the acoustic
emission signals were localized with an anisotropic cylinder localization scheme. That means
the velocity in the circumference of the ring was set to 8000 m/s, which is close to the
expected wave velocity of the fundamental order symmetric Lamb wave mode (Sy) in fiber
direction. Perpendicular to the fiber orientation a velocity of 200 m/s was found to be
appropriate for valid source localization. Within this approach virtual sensor positions were
chosen to be located at the edge of the split disc fixture as marked in figure 1. Signals
erroneously localized at the virtual sensor positions were excluded from the investigation. To
visualize the localization results, density diagrams calculated by the software DensityVille
were used [19]. The pseudo-colour range indicates the density of acoustic emission source
positions at a certain position from low (blue) to high (red). For analysis by pattern
recognition, only signals which could be localized were taken into account. To this end, data
selection and preprocessing steps like feature extraction and pattern recognition were
performed with the software package Noesis.

3. Methods

3.1 Acoustic emission source localization

In the chosen experimental configuration acoustic emission can originate from material failure
or friction at the interface between NOL-ring and split disk fixture as well as internal friction.
Since all of the specimens investigated show macroscopic failure by spiral burst or explosion



burst of the NOL-rings, matrix cracking, interface failure and fiber breakage are expected to
be dominating sources of acoustic emission. Hyperbolic localization of acoustic emission
source positions is an important concept for interpretation of acoustic emission signals,
because then acoustic emission events can be correlated with microscopic observations.

For the current specimen geometry, the recorded signals were localized using one group of
four sensors. To evaluate the performance of the localization method, pencil lead fracture tests
on distinct positions between 90° and 270° were performed (s. figure 2). It could be shown
that pencil lead fracture positions are in acceptable agreement with the calculated source
positions. The average localization error of the pencil lead fracture positions was found to be
6.7 mm with standard deviation 2.4 mm.
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Figure 2. Red dots show localization results of acoustic emission signals in comparison to
pencil lead fracture test positions

3.2 Application of pattern recognition method

Acoustic emission signals are not only influenced by the source type, but also by attenuation,
dispersion and the source position within the specimen [16,20]. Due to these numerous factors
of influence, the identification of different acoustic emission signal types by single feature
analysis is often not feasible or error-prone. A suitable alternative are parameter based pattern
recognition techniques, which are based on a multitude of features. The methodology applied
in this investigation is based on the approach proposed by Sause et al. [17]. It is a
generalization of the unsupervised pattern recognition technique of Anastassopoulos et al.
[21] combined with a two-stage voting scheme after Giinter et al. [22]. This ensures that
natural clusters of the entirety of acoustic emission signals are identified automatically with a
minimum of initial assumptions concerning the cluster structure. First of all, an educated
preselection of promising signal features is performed. The extracted features for this
investigation are listed in table 1 and are obtained from the first 100 us after arrival of the So-
mode. Subsequent to feature extraction, the total number of feature combinations N was
determined with M = 5 minimum and K = 10 totally selected features:

N = i (i) — 638 )
X=M

For each combination all features were normalized to their unit variance. Then, in the first
step of the pattern recognition process the respective partitions for 2, 3, 4,..., 10 clusters are
calculated utilizing the k-means algorithm with Euclidean distance measure. To assess the
partitions quality, the Tou-index 7, the Davies-Bouldin-index R, Rousseeuw’s silhouette value
S and Hubert’s Gamma statistic I" were calculated as cluster validity indices. The voting
scheme of Giinter et al. [22] was applied for evaluation of the numerical performance of each



partition. For each cluster validity index, the number of cluster with best index performance
was given 10 points, for the second-best 9 and so forth. Finally all points for each number of
clusters were accumulated and their global maximum in points was evaluated. As second step
of the pattern recognition process, the feature combination with the best global performance
was determined in a second voting scheme as described by Sause et al. in [17].

Table 1. Definition of acoustic emission signal features used for pattern recognition
method

Feature Definition Unit
Peak Frequency fpeak: frequency of maximum frequency intensity Hz
Frequency Centroid feente. = [ f-U)Af/[U(F)df with U(f): FFT of U(t)
Weighted Peak (fpeak) =4 fpeak * feentr. Hz
Frequency
Average Frequency (f) = Nag/tar Hz

Njg: number of signal threshold crossings
tag : time between first and last threshold crossing

Reverberation Frequency | frev = (Nag — Npeak)/ (taE — tpeak) Hz
Npeax: number of signal threshold crossings till tpeak
tpeak : time of maximum signal voltage

Initiation Frequency finit = Npeak/ tpeak Hz
1 _ fz 7 fen 17
Partial Power 1-4 fﬁ 7?2 (f)df/ffsta;it U? (f)df %

Partial Power 1: f; = 0 kHz; f, = 150 kHz
Partial Power 2: f; = 150 kHz; f, = 300 kHz
Partial Power 3: f; = 300 kHz; f, = 450 kHz
Partial Power 4: f; = 450kHz; f, = 1200 kHz

To find a feature combination suitable to cluster all experimental datasets, the data of all
specimens were merged, resulting in a total number of 25049 objects. The algorithm
introduced was then applied to 10 random subsets of 1000 objects. It turned out that the
optimal feature combination for clustering of the AE-signals results in 2 natural clusters with
the feature combination listed in table 2. In figure 3-a the diagram of two selected features
(Partial Power 2 over Weighted Peak Frequency) shows the cluster structure after this step.
The two clusters are well separated from each other. However, in the region below 450 kHz
Weighted Peak-Frequency, it appears, that two clusters exist. They were attributed to the
occurrence of matrix cracking and interface failure in previous work [6,16-18]. Initially, these
clusters were not identified by the proposed method, since the signal cluster attributed to fiber
breakage seems to dominate the classification process. In a second attempt, the dataset was
reduced to 19921 objects by omitting the signals of the cluster attributed to fiber breakage.
The algorithm was then applied once more to this new dataset choosing 10 random subsets of
2000 objects. This step yields 2 clusters for the optimal feature combination as listed in table
2. In combination with the signals omitted in the second step, the final partition appears as
shown in figure 3-b. In order to obtain the contribution of particular failure mechanisms for
each specimen, the same approach was subsequently applied to each of the experimental
datasets.




Table 2. Optimal feature combination for clustering of AE-signals from NOL-rings

Clusters Optimal feature combination

First separation 2 Peak Frequency
Weighted Peak Frequency
Average Frequency
Partial Power 2

Partial Power 4

Second separation 2 Peak Frequency
Weighted Peak Frequency
Frequency Centroid
Partial Power 1

Partial Power 2
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Figure 3. Result of the first separation step (a) and second separation step (b) of the pattern
recognition method for one representative specimen shown as diagram of Partial Power 2 over
Weighted Peak Frequency

4. Results and Discussion
4.1 Static loading

To analyse weak-spots within the specimen, the localized source positions can be used. The
density diagram shown in figure 4 visualizes the localized source positions of one
representative specimen until load levels of 6 < 13%, ¢ < 30% and ¢ < 42% with respect to
the rupture stress (2200 MPa). The split disk and test fixture are marked in white. Only few
signals are localized at 90° and 270° positions. In contrast, numerous signals are localized at
45°, 135°, 225° and 315° positions. In this region the specimen is subject to combined
compressive and tensile forces. The initial acoustic emission sources originate from these
regions and grow in intensity with increased stress level as seen from figure 4. Here, all sorts
of microscopic failure mechanisms are expected. At the 0° and 180° positions the ring is not
supported and the specimen experiences almost solely tensile forces with intense stress
concentration occurring at the contact position between specimen and split disk. Ultimately,
the fibers cannot withstand the applied load at this position and the specimen bursts at the 0°
and 180° position of the ring.



Figure 4. Density diagrams of localized source positions in NOL-ring at increasing load levels
of 6 <13%, 6 <30% and 6 <42% with respect to the rupture stress

All of the specimens investigated show saturation of signal activity with increasing load level
before burst, i.e. the accumulated number of signals does not increase further. If the load level
is kept constant at 74% of the burst load, stress-relaxation occurs, which causes instant
acoustic emission. The saturation effect has been reported by various authors. In contrast to
this investigation they found additional contributions of signal activity near ultimate failure of
the specimen [23-25]. To further investigate the saturation of acoustic emission activity cyclic
loading steps of NOL-ring and scanning electron microscopy were applied.

Figure 5-a shows a scanning electron microscopy image of an unloaded NOL-ring. Fibers
partially covered by matrix appear as dark gray vertical lines, matrix rich regions exhibit a
lighter gray. The reason for the irregular distribution of fibers close to the surface is the
distribution of fibers within the prepreg and the filament winding process using in-situ
consolidation of the thermoplastic polymer by laser heating. Figure 5-b shows a specimen
loaded until saturation of AE-signals occurs. Here fundamental differences are observed in the
surface structure. Single carbon fiber filaments breakage and inter-fiber matrix cracks can be
observed.
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Figure 5. Top view scanning electron microscopy images of unloaded NOL-ring (a) and
NOL-ring loaded until saturation of AE signals (b)



4.2 Cyclic loading

Cyclic loading was performed using the same experimental setup as before. The specimen
was loaded up to 70% of the static rupture stress at which AE-signal saturation is reached (s.
figure 6) and then unloaded within a short time interval (curve not included in figure 6). This
step of loading and unloading was repeated twice using the same specimen. The accumulated
number of signals for the second and the third loading cycle increases continuously in contrast
to the signal saturation observed in the first loading cycle. Separation of signals can be
achieved by application of pattern recognition using the feature combinations listed in table 2.
For the first loading cycle three clusters are obtained which can be attributed to different
failure mechanisms. Significant signal contribution originates from matrix cracking followed
by interface failure. A smaller contribution is found for signals generated by fiber breakage.
The late onset of fiber breakage in the second cycle indicates, that this mechanism is subject
to the felicity effect from first to second load cycle with a felicity ratio of 0.76. During
unloading of the NOL-ring the introduced cracks close and partially jam.
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Figure 6. Force-Time curve shows sequence of three loading cycles of specimen in
comparison to temporal evolution of accumulated number of signals separated into
contributions from matrix cracking, interface failure and fiber breakage

The average amplitude per signal is calculated as sum of all absolute amplitudes within one
class and divided by the number of signals from this class. The average amplitude per fiber
breakage signal for first loading (32 mV) is significant lower than for the second (39 mV) and
third (39 mV) loading cycle. Typically carbon fibers show a Weibull like tensile strength
distribution [26]. In subsequent loading cycles signals identified as fiber breakage have to
originate predominantly from stronger filaments, since weak filaments have already failed
during the initial loading cycle. This is supported by the felicity ratio of 0.76 reported above.
A direct correlation between the mechanical energy release of the filament and the signal
amplitude is expected. In contrast, the values for average amplitude per matrix cracking signal
is lower for the second (20 mV) and the third (20 mV) load cycle compared to the first load



cycle (28 mV). Here, re-opening of existing crack faces is expected to cause acoustic
emission signals with lower amplitude than the initiation of cracks. The average amplitude per
interface signal shows no significant change during subsequent cycles.

Acoustic emission source localization results are plotted in figure 7 as density diagrams.
These show one complete loading or unloading cycle with its localized source positions,
respectively. The first diagram represents the accumulated source positions for the first
loading cycle with signals at 45°, 135° and 225°. These acoustic emission signals are due to
initiation of inter-fiber matrix cracks and fiber breakage. This interpretation is consistent with
scanning electron microscopy imaging (s. figure 5-b). Only few signals are localized at 315°.
During unloading of the specimen (s. figure 7-b) acoustic emission is localized at similar
positions as for loading, probably due to jamming crack faces. Density diagrams of localized
source positions after the second (s. figure 7-c) and the third (s. figure 7-d) cyclic loading step
show similar localization patterns like the first cycle. However, increased density of AE-
sources is observed, which originates from re-opening of crack faces and additional
occurrence of single filament breakage and inter-fiber cracks.
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Figure 7. Density diagrams of localized source positions in NOL-ring after first cyclic loading
step (a), during unloading (b), after second (c) and third (d) cyclic loading step



5. Conclusion

Acoustic emission signals were acquired during loading of carbon fiber reinforced plastic
NOL-ring specimens using a self-aligning split disk test fixture. In order to record acoustic
emission signals four broadband sensors were mounted on the split disk. It was demonstrated,
that localization of acoustic emission source positions was possible without placing the
sensors directly on the specimen surface. The analysis of the localization results was used to
detect areas of high acoustic emission activity and to assess the evolution of failure in the
NOL-ring. Using scanning electron microscopy and cyclic loading steps, the origin for
saturation of acoustic emission in static loading was investigated. It was shown that most
signals occur at the 45°, 135°, 225° and 315° positions during static loading.

Using pattern recognition techniques, cluster structures similar to those obtained in tensile and
flexural testing of CFRP were found. Differences in the frequency spectra were identified by
analysis of the extracted features, which yields three distinguishable types of AE-signals for
all specimens investigated. Based on conclusions of previous investigations those are
attributed to different failure mechanisms, namely matrix cracking, interface failure and fiber
breakage. Those failure mechanisms were quantified as a function of loading to analyse their
evolution.

In summary, using the presented combination of source localization and source identification
a better understanding of the evolution of failure for NOL-rings was achieved.
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