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Abstract

The problem of micro-damage evolution to failure in advanced composites is addressed. A
combination of transient waveform classification and multi-parametric filtering was used to
extract the histories of damage evolution in a unidirectional graphite/epoxy composite loaded in
the fiber and transverse directions. Three characteristic AE waveforms with different amplitudes,
durations, and frequency spectra were identified based on the transient analysis. The waveforms
were associated with matrix cracks, fiber breaks, and longitudinal splitting in the composite.
Parametric regions for the characteristic waveforms were identified in the amplitude-rise time
parametric space. Multi-parametric filtering was applied to extract the micro-damage evolution
histories. The method is expected to be advantageous for the real-time damage and fracture
monitoring of composite structures.

1. Introduction

Advanced composite materials under loading gradually accumulate several types of damage.
These include matrix cracks, fiber breaks, fiber-matrix debonding, longitudinal splitting, and
delamination. Studies of damage evolution are needed for better understanding of mechanisms of
the ultimate failure and life of composites and structures. Acoustic emission has been used to
analyze overall damage accumulation in composites by many authors (Bakuckas et al., 1994; Ely
and Hill, 1995; Luo et al., 1995). Different damage mechanisms have been reported to produce
AE signals with different parameters. However, attempts to apply single-parameter filters to
separate damage mechanisms have been largely unsuccessful due to the overlap of the
parametric ranges for different damage micro-mechanisms (Kouvarakos and Hill, 1996). This
overlap is due to high unpredictability of AE signals caused by the variability and complexity of
both damage and wave propagation phenomena in composites (Chang and Sun, 1988; Gorman,
1992). In this paper, a hybrid transient-parametric method was applied to separate the overall AE
histories from unidirectional composites into the histories for different damage mechanisms. The
method is based on a combination of transient AE classification and multi-parametric filtering.

2. Technical Approach

Recently, Ono and Huang (1994), Prosser et al. (1995), and de Groot et al. (1995) have
applied transient AE analysis for AE source recognition. Methods of pattern recognition and
neural networks have been used for signal classification. These methods can be used to extract
histories of AE signals with different waveforms based on the transient AE data. However, the
bulk of the AE evaluations at present are performed by a parametric analysis that requires
simpler and cheaper hardware and may be especially advantageous for long-term AE monitoring
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when the accumulation and analysis of huge amounts of transient data is impossible or
impractical.

The following hybrid approach for the AE analysis of damage evolution histories in
composites was applied in this work. AE transient waveforms were acquired along with the
parametric AE data. The waveforms were screened and the characteristic waveforms were
identified. AE parametric spaces were then analyzed and parametric regions occupied by signals
of different types were identified. Evolution histories for different waveforms were then
extracted by multi-parameter filtering. Finally, damage mechanisms associated with different
waveforms were identified based on the expected and observed damage in composites.

Fig. 1. Mechanical response. Above: [0]8 and below: [90]16.
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3. Experimental

Damage evolution in unidirectional composites subjected to tensile loading was analyzed.
Two composite panels, [0]8 and [90]16, were manufactured from Hexcel T2G190/F263
graphite/epoxy prepreg following the manufacturer-recommended curing cycle. The panels were
tabbed and rectangular 250mm x 15 mm ([0]8) and 175mm x 25 mm ([90]16) specimens were
machined by a high-speed diamond saw. Tensile testing was performed by a MTS testing
machine retrofitted with a digital Instron test control and data acquisition system. The constant
displacement rate of 0.5 mm/min was applied. The AE was acquired and analyzed by a two-
channel Vallen AMS3 acoustic emission system equipped with a transient recorder. Two
wideband, high fidelity B1025 AE sensors by Digital Wave were used. The AE gage zone (the
distance between the AE sensors) was 80 mm for the [0]8 composite and 60 mm for the [90]16

composite. The AE source location analysis was performed on the incoming signals and the
signals originating outside the acoustic gage zone were eliminated from the analysis. A 34.5 dB
system gain and a 40.5 dB threshold were used in the AE data acquisition. The load and strain
data were fed from the testing machine and recorded as parameters. Several specimens of each
type were tested.

4. Results and Analysis

The typical mechanical response of the unidirectional composites is shown in Fig. 1. The
overall, unfiltered AE histories are shown in Fig. 2a and b. The AE signal location distributions
were rather uniform (within the acoustic gage zone) for all tests. It is seen that the overall AE
histories for the [0]8 and [90]16 composites were qualitatively different. Loading in the fiber
direction produced very little emission at the load levels below 50% of the ultimate load. At
higher loads, the accumulation rate was non-uniform with considerable jumps observed at 65%
and 90% of the ultimate load. Loading in the transverse direction produced the highest
accumulation rate at the low load levels, from 10 - 20% of the ultimate load. As the load
increased, the AE accumulation rate decreased and stayed almost constant to failure.

Analysis of the transient AE data for both composites revealed three characteristic
waveforms with different amplitudes, durations, and frequency spectra. Examples of these
waveforms are shown in Fig. 3. The A-type signals had peak frequency in the range from 100-
220 kHz. The B-type signals had higher amplitude and peak frequency between 300-700 kHz.
The C-type signals had high amplitude, extremely long duration (>1000 µs), and a wide
frequency spectrum. These three types of signals accounted for 65% to 90% of the overall AE,
depending on the specimen. The balance contained signals with random or mixed waveforms and
frequency spectra that could not be easily classified.

The C-type signals were extracted from the overall parametric AE data by a simple duration
filter. Several parametric spaces were then analyzed in an attempt to separate the signals of the
types A and B. The best separation was achieved in the amplitude-rise time space. The
parametric regions for the A-type and B-type signals in this space for the two specimens are
shown in Fig. 4. The multi-parameter filtering technique was then applied to separate the
accumulation histories for these AE signals. Extracted histories of the AE with different
waveforms for the two composites are shown in Fig. 5. The failed composite specimens are
shown in Fig. 6.
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Fig. 2a  Overall AE count histories for [0]8.

Fig. 2b  Overall AE count histories for [90]16.

The comparison of the classified AE histories with the damage mechanisms identified by
both on-line observations and fractographic analysis of the broken specimens allowed the   
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Fig. 3  Characteristic waveforms for Types A, B and C.

correlation of the damage mechanisms with the characteristic AE signals. The A-type signals
were associated with the matrix damage, the B-type signals with the fiber breaks, and the C-type
signals with the macroscopic longitudinal splitting. The analysis of the classified AE histories for
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Fig. 4.  Parametric regions for the A-type and B-type AE signals in the amplitude-rise time
space. Above: [0]8 and below: [90]16.

the [0]8 composite (Fig. 5a) showed that the two jumps on the overall AE history plot (Fig. 2)
were due to longitudinal splitting. The fiber breaks and matrix cracks in this composite
accumulated rather smoothly, except for the jump in the fiber damage caused by the second
splitting event at 90% of the ultimate load. The early start of the fiber break accumulation in the
graphite/epoxy composite (at around 40-50% of the ultimate load) was consistent with the
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Fig. 5a.  Classified histories for various AE signals for [0]8 composite.

Fig. 5b.  Classified histories for various AE signals for [90]16 composite.
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observations made earlier by other authors (Ono and Huang, 1994).  It is different from the
situation with glass fiber reinforced composites where fiber breaks were sometimes observed to
start accumulating at the loads as high as 90% of the ultimate. The damage in the [90]16

composite (see Fig. 5b) consisted almost entirely of matrix cracks with a small amount of fiber
breaks developed near the final failure. The differences in the observed AE behavior are readily
reflected in the failed composite specimens, shown in Fig. 6. Fractured fibers and numerous
fiber-matrix failures along the 0û-direction are found in the 0û-sample failure, while clean fiber-
matrix fracture characterizes the 90û-sample failure.

Fig. 6  Failed composite specimens. Above: [0]8 and below: [90]16.

5. Conclusions

A new approach for the AE damage evolution analysis of composites is proposed. The
approach combines the advantages of the transient and parametric AE methods. Capabilities of
the new method are illustrated on extraction of the histories of damage micro-mechanisms in the
unidirectional graphite/epoxy composites. Applications of the new method to static and fatigue
damage evolution studies in advanced laminated composites are in progress. The method is
expected to be advantageous for real-time monitoring of damage and fracture in composites
subjected to long-term loadings when massive transient AE data analysis is impractical.
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