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Abstract

Acoustic emission (AE) from advanced composites under fatigue is addressed in this paper.
It is well known that composites subjected to cyclic fatigue loading exhibit gradual damage ac-
cumulation to failure. Acoustic emission analysis can be applied, in general, to characterize and
quantify the damage evolution process. However, under fatigue loading, substantial AE in com-
posites can be due to internal fretting. This emission is generated by crack face fretting and
similar mechanisms and its amount can be large enough to obscure useful information on dam-
age development in the overall AE histories. It is important to be able to recognize and eliminate
this emission in order to apply the AE method to fundamental fatigue damage analysis of com-
posites. In this paper, acoustic emission from low-cycle tension-tension fatigue of a quasi-
isotropic graphite-epoxy composite laminate was analyzed. The overall AE was separated into
the emission from loading and unloading. The AE count, location, and load histories, and the
load range distributions were generated and analyzed. The emission from the higher and lower
load levels during loading and unloading was studied. It was concluded that the AE from the
higher load levels during both loading and unloading was mostly from the new damage events.
In contrast, the emission from the lower load levels during unloading was attributed to internal
fretting. The amount of this emission comprised 13% of the overall AE for the composite stud-
ied. The origin of the emission from the lower load levels during loading could not be positively
identified, based on the available data. The amount of this emission comprised 7% of the overall
AE. The results provide insights on the AE behavior of composites under fatigue and can be used
for the analysis of damage micromechanisms and life and for the development of predictive
models.

Introduction

It is well known that advanced composite materials subjected to loads exhibit gradual accu-
mulation of damage of several types. These include matrix cracks, fiber breaks, fiber-matrix
debonds, longitudinal splitting, and delaminations. Scattered damage development can be espe-
cially pronounced under fatigue. Experimental information on damage evolution in composites is
needed for better understanding of micromechanisms of their fatigue failure and life and for the
development of predictive models.

Acoustic emission has been shown to provide useful information on damage development
under cyclic loading [1-9]. One problem with AE studies of fatigue damage in composites is the
large amount of acoustic noise that can be generated by the testing machine and grips. In the pre-
vious studies, this noise has been reduced or eliminated by load gating [1, 8], amplitude dis-
crimination [9], or location filtering [2, 3, 5]. The latter method, utilizing two or more AE sen-
sors and the AE location analysis to filter out the emission originating outside of the designated
acoustic gage zone (usually, part of the specimen between the sensors) is especially attractive as
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it does not exclude any signals originating within the gage zone and, thus, prevents the loss of
useful information on damage development.

Another, more complicated problem with the AE analysis of composites under fatigue is the
emission from internal fretting [10]. It has been shown that friction or fretting between the faces
of the previously developed cracks can produce substantial AE [2-5]. This emission can obscure
useful information from the signals generated by the damage events. It is important to be able to
recognize and separate the AE from damage and fretting in order to use the AE method for
fundamental fatigue damage studies of composites.

Often, the AE signal parameters are being used to recognize the signals from different
sources. It has been shown, however, that the amplitude of the fretting signals can exceed the
amplitude of the signals from the new damage. It has been suggested [2, 3] that other AE
parameters, such as the count number or signal duration, can be used to distinguish the signals
from friction. However, the threshold values of these parameters, necessary for the parametric
discrimination, are difficult to determine. Also, due to the inherent scatter of both fretting and
damage events in composites, the ranges of the AE signal parameters for these two types of
events can be expected to overlap.

A study of the AE from loading and unloading under fatigue can shed light on the emission
from internal fretting and lead to the development of methods of its elimination. One would
expect more new damage to be developed during loading and more fretting noise to be generated
during unloading. The literature data on the AE from composites during fatigue loading and
unloading is limited. The AE has been recorded during several cycles of the quasi-static loading-
unloading with the increasing load amplitude in [10]. Eight to eleven load cycles have been
applied to failure. Substantial AE observed during the unloading has been attributed to internal
fretting. The absolute time scale of the acoustic and mechanical tests has been used to correlate
the acoustic events with the load levels over the short time intervals (about three cycles) during
the fatigue process [4]. Substantial AE has been observed in the unloading phase. Some of this
emission has been attributed to the matrix cracking in compression. More detailed studies of the
AE from loading and unloading are needed to produce additional information.

In this paper, such studies are conducted on an unnotched quasi-isotropic graphite-epoxy
laminate subjected to low-cycle tension-tension fatigue loading. The overall AE is separated into
the emission from loading and unloading by the loading phase filtering. The AE count, location,
and load histories, and the load range distributions are generated and analyzed. The emission
from the higher and lower load levels during loading and unloading is studied. Conclusions are
drawn on the origin of the emission from different load phases and levels.

Experimental

Quasi-isotropic [90/±30]3S laminated composite panel was manufactured from Hexcel
T2G190/F263 graphite/epoxy prepreg following the manufacturer-recommended curing cycle.
The panel was tabbed and the rectangular 200 x 25 mm specimens were machined by a high-
speed diamond saw. Tension-tension fatigue testing was performed by an MTS testing machine
retrofitted with a digital Instron test control and data acquisition system. The tests were load
controlled, with the fatigue stress ratio of 0.1 and frequency of 0.5 Hz. The maximum loading
was approximately 90% of the ultimate static strength for this composite.
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The AE was acquired and analyzed by a two-channel Vallen AMS3 acoustic emission sys-
tem. Two wide-band, high fidelity B1025 AE sensors by Digital Wave were used. The AE gage
zone  (the distance between the AE sensors) was 80 mm. The AE source location analysis was
performed on the incoming signals and the signals originating outside of the acoustic gage zone
were eliminated from the analysis. A 34.5 dB system gain and a 40.5 dB threshold (ref. 0 dB at 1
µV) were used in the AE data acquisition. The load and strain data were fed from the testing ma-
chine and recorded as parameters.

Results and Discussion

Overall Acoustic Emission

Figure 1 shows the overall AE from a representative fatigue test. The specimen failed in the
432nd cycle of fatigue loading. Subplot 1 of Fig. 1 presents the history of the accumulated AE
counts as a function of cycle number. Subplot 2 shows the distribution of the AE over the load-
ing range. The AE location history is shown in subplot 3 and subplot 4 presents the AE load
history. Each dot in the correlation-type subplots 3 and 4 corresponds to an AE event.

Fig. 1. Overall AE during low-cycle fatigue test.

The cumulative AE count history (subplot 1) exhibited three classical stages in the fatigue
process in composites, i.e. initial fast damage development, gradual steady damage accumula-
tion, and final failure development. The load range distribution (subplot 2) showed that most of
the emission was generated at higher loads. However, some of the emission was generated at
lower loads. In particular, substantial emission was generated in the range from 0.4-0.45 of the
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maximum fatigue loading. It is interesting that few AE events were generated between the two
peaks on the load range distribution.

The location history (subplot 3) showed that most of the AE events were scattered in respect
to both location and time. A few spatial clusters of events were noticed at locations between 5
and 7 cm in the beginning of the fatigue process, but these clusters existed only through a few
loading cycles. A long-lived cluster was detected near 0 cm location. This cluster lasted through
about a third of the fatigue life.

The load-range history plot (subplot 4) showed that the AE events at the higher loads were
generated uniformly throughout the fatigue life, with slightly higher rates in the beginning of the
fatigue process. The events at the loads near the maximum load were not clustered. In contrast,
most of the events at the lower loads were clustered, i.e. they occurred at the same load levels
over the number of loading cycles. These AE events might be due to a well-characterized dam-
age, such as, for example, matrix cracks in the 90˚ plies. They could also be due to a gradual ex-
tension of fatigue cracks or internal fretting.

Further analysis was conducted by separating AE signals from loading and unloading.

Acoustic Emission from Loading and Unloading

It can be expected that new damage is more likely to be developed during loading than dur-
ing unloading. The overall AE described above was separated into the AE from loading and un-
loading using a unique phase filtering capability of the AMS3 system. This system can analyze
an external analog signal, such as load, and determine the sign of its derivative. In the case of
cyclic fatigue loading, this sign uniquely identifies the loading phase, i.e. loading or unloading.
This sign can be recorded as a flag parameter, along with other AE parameters. This flag was
used to separate the emission from different loading phases in the current study.

Figure 2 presents the AE from the loading phase of the cyclic loading, in the format similar
to the format of the overall AE in Fig. 1.  Subplot 1 of Fig. 2 showed that the emission from
loading exhibited classical fatigue stages that were even more pronounced than the stages ob-
served in the overall AE count history (Fig. 1). The load range distribution (subplot 2 of Fig. 2)
showed a single maximum at the higher loads with most signal developed at loads exceeding 0.8
of the maximum fatigue load. The location history of the AE from loading (subplot 3) was well
scattered while the load history (subplot 4) exhibited both dense scattered signals at the high load
levels and clustered signals at the lower loads.

The results for the emission from unloading (Fig. 3) were substantially different. The accu-
mulation rate (subplot 1) was almost uniform throughout the fatigue life, with slightly higher
rates in the beginning but without a pronounced final failure development stage. The load distri-
bution (subplot 2 of Fig. 3) exhibited two peaks at the medium and high loads. The intensity of
these peaks was comparable. The location history (subplot 3) showed that the clusters observed
in the overall AE were generated during unloading. The load history (subplot 4) showed fewer
signals generated at the higher loads. The density of these signals was higher in the beginning of
the fatigue process. This was probably responsible for the higher initial accumulation rate seen in
subplot 1. Most of the signals generated at the lower loads were clustered.
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Fig. 2. AE during loading.

Fig. 3. AE during unloading.
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The comparison of Figs. 2 and 3 with Fig. 1 showed that most of the emission at the medium
load levels (a low peak in subplot 2 of Fig. 1) was generated during unloading. The signals from
unloading were also more clustered. The total amount of the emission from unloading was al-
most half of that from loading (see maximum cumulative counts in subplots 1 of Figs. 2 and 3).

Further analysis was conducted by separating signals from higher and lower load levels un-
der loading and unloading.

Acoustic Emission from Higher and Lower Load Levels

Figures 4 and 5 show the AE generated at higher (over 0.8 of the maximum load) and lower
(under 0.8 of the maximum load) load levels during loading. The emission from the higher load
levels (Fig. 4) showed pronounced fatigue staging (subplot 1) and was well scattered (subplot 3).
The emission from the lower load levels (Fig. 5) was distributed over the loading range (subplot
2). It exhibited irregular accumulation history (subplot 1) with high accumulation rates in the
first several cycles and much slower, varying accumulation rates afterwards. Although the AE
events were clustered in respect to load (subplot 4), no spatial clusters were recorded (subplot 3).
The emission from the low load levels accounted for about 10% of the total emission from the
loading phase or about 7% of the overall emission in this composite.

Fig. 4. AE from high load levels under loading.

Figures 6 and 7 show similar analysis of the emission generated during unloading. The emis-
sion from the higher load levels (Fig. 6) showed gradual accumulation with higher accumulation
rates in the beginning of the process (subplot 1) and was well scattered (subplots 3 and 4). The
emission from the lower load levels (Fig. 7) exhibited increasing accumulation rate (subplot 1).
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Fig. 5. AE from low load levels under loading.

Fig. 6. AE from high load levels under unloading.
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Fig. 7. AE from low load levels under unloading.

Most of this emission was generated in the narrow loading range (subplot 2) and the AE events
were clustered in respect to both load (subplot 4) and location (subplot 3).  The emission from
the lower load levels accounted for about 46% of the total emission from unloading or about
13% of the overall AE in this composite.

Analysis and Identification of Emission from Damage and Fretting

The fatigue damage in unnotched composites is expected to exhibit scattered location and
characteristic staging in the cumulative history. Also, the damage rate is expected to increase
with the load level. The AE from the higher load levels (>0.8 of the maximum fatigue load)
during both loading and unloading phases of the fatigue loading (Figs. 4 and 6) correlated well
with these expectations. This emission was therefore attributed to the new damage development.
Note that the final failure development appeared to take place mostly during the loading phase of
the fatigue loading.

On the other hand, the emission from the lower load levels in the unloading phase (Fig. 7)
was developed mostly in the narrow load range from 0.4-0.45 of the maximum fatigue load. In
general, both new damage and fretting could be responsible for the emission at the lower load
levels. However, the new damage events are expected to be distributed over the load range, with
higher rates at higher loads. In contrast, the density of the fretting signals can be higher at lower
loads. The accumulated cracks open and close repeatedly during cyclic loading. Their faces
come into contact during unloading that can generate the emission. Depending on the type of
damage, this may occur at a particular load level. The emission from friction is also expected to
be less scattered and more clustered, as the fretting noise will be generated by the same cracks at
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the same locations. Finally, it is also expected to exhibit the gradually increasing cumulative
history, as more and more cracks will contribute to friction with the increasing fatigue damage.
Based on the above, the emission from the lower load range during unloading (Fig. 7) was attrib-
uted to internal fretting.

The emission from the lower loading levels during the loading phase (Fig. 5) differed from
the unloading emission. The cumulative history (subplot 1) showed elements of the classical fa-
tigue staging. Some irregularity could be due to the overall low amount of this emission. The
emission was distributed in a wide load range (subplot 2) with several peaks at both lower and
higher loads within this range. Although clusters were observed in the load history (subplot 4),
no spatial clusters could be identified in the location history. In general, the information above is
not sufficient to make a positive identification of the emission from the lower load levels during
loading. More studies are needed. It can be noted, that the cumulative content of this emission in
the overall AE from the composite studied was only about 7%.   

Conclusions

The conducted analysis of the AE from an advanced laminated composite subjected to fa-
tigue loading showed that the emission from the higher load levels during both loading and un-
loading phases of the cyclic loading was due to new damage development. The emission from
the lower load levels during unloading was from internal fretting. The emission from the lower
load levels during loading could not be positively identified.

The results provide insights on the AE behavior of composites under fatigue and can be used
in fundamental studies of damage micromechanisms [11] in composites under fatigue and for the
development of predictive models.
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