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Abstract. Acoustic emission is defined as the phenomena whereby transient elastic waves are
generated by the rapid release of localized sources within a material. During fatigue crack
growth, the formation of new crack surfaces is associated with a sudden release of energy, which
constitutes acoustic sources for acoustic emission. This paper investigates the acoustic emission
signature arising from fatigue test of a metallic specimen under tensile fatigue test. In this
experimental study, dog-bone aluminium alloy specimen with a surface defect was fatigued to
failure. It is found that the acoustic emission characteristics are different during the propagation
of surface crack, because the source is changing. The results provide a useful guide in identifying
source origin based on the characteristics of the acoustic emission waveform.
Introduction
Aluminium alloys have been used in aerospace since the 1920s. The strength, hardness, and
corrosion resistance of aluminium alloys increased dramatically as the aerospace industry
developed. Although composite materials have been employed over recent decades, aluminium
alloys are still widely used and contribute to over 50% of the total weight of an aircraft [1]. It is
known that aluminium alloys are susceptible to fatigue damage and there has been a significant
amount of research towards the development of structural health monitoring methodologies to
detect and monitor the onset of fatigue damage and the eventual fatigue crack growth [2-5].
The advanced non-destructive testing methods for metal material include near-infrared
cameras (NIR), laser ultrasonics, and X-ray computed tomography [6-8]. Although these
methods can reveal the defect by image clearly, there is still a need for a non-destructive method
which has the potential to reveal the fatigue failure stages. In-situ acoustic emission (AE) testing
is a widely used non-destructive testing approach for locating and classifying defects in rock,
concrete, composite, and metal [9-14]. It is a real-time monitoring method of efficiency and
high-performance and is used in monitoring equipment under active stress or machining
processes [15-17]. According to previous research, AE has the potential to predict the stages of
crack propagation during operation [4, 5, 18-20]. Thus, the AE method has a real and significant
application in real-time structural health monitoring. When using AE to monitor fatigue crack
growth, the possible AE sources include the formation of a new fracture surface and the rubbing
or clapping of interface crack surface [21, 22].
Content from this work may be used under the terms of the Creative Commons Attribution 3.0 license. Any further distribution of
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The transient wave in an AE signal is called hit, and it is usually understood as “an isolated and
separated” waveform [23]. Previous studies on AE were focusing on hit-related information
during fatigue tests, including the relationship between count rate and material rolling direction
[24], and the relationship between count number on fatigue cycle and crack propagation rate [5].
Nevertheless, recent works on AE have focused on waveform pattern analysis and highlighted
the importance of studying AE waveform [25, 26], because it could provide more information
than only analysing hit-related characteristics. It is found that AE signals of aluminium alloys
7075-T6 have peak frequencies around 100 kHz, 260 kHz and 600 kHz [20]. Other research also
found different frequency peaks of low carbon steel [26] or aluminium alloy 2024 T3 [27].
Studies on AE waveforms are often challenging because the amplitude and frequency of AE
waveforms can vary significantly. Sause and Hamstad stated that the frequency characteristics
could be relatively irrelevant in some cases, because the AE sensors were of variety and could
affect collected frequency [28]. For example, some sensors may provide more information on
frequency than others [25]. Therefore, it is important to have a more comprehensive rule to
cluster AE hits, so wave modes identification becomes very important.
The elastic waves excited by AE signal in a thin plate-like structure are Lamb waves, which
have symmetric modes and asymmetric modes. The most frequently discussed modes include
zero-order asymmetric mode (A0), zero-order symmetric mode (S0), and first-order asymmetric
mode (A1). The group velocities for distinct wave modes vary with frequency due to its
dispersive nature and can be used in identifying wave modes. The most frequently used AE
sensors are piezoelectric wafer active sensors and typically are threshold-based sensors that only
record AE signals which exceed the set threshold level to discard possible background noise
[26]. Unlike the active wave sensing approach, where guided waves are excited by a transmitter
sensor [29], AE is a passive monitoring approach that listens for waves generated by rapid
energy released from the structures themselves. Making use of this phenomenon, by aligning the
theoretical dispersion curve with the wavelet transform, certain wave modes can be identified
[30]. The influence of the source location in the thickness direction to AE wave modes has been
investigated by some researchers for plate-like structure. Hamstad [31] showed that the PLB
source location in the thickness direction of plate affects the generated wave modes: the in-plane
PLB signal near top of the edge has only A0 mode, and that near mid-plane has both A0 and S0
modes. Yu et al. [32] differentiated the delaminations and transverse cracks of composites by
A0/S0 mode amplitude ratio. They also conducted an FEA of a thin plate with monopole input
source, and results indicated that as the source location moved closer to the surface from the
mid-plane, the ratio of A0 and A1 modes increased, and that of S0 decreased. As a result, wave
mode decomposition results have the ability to indicate source locations and source origins.
This paper presents a set of findings in using AE to monitor the fatigue crack development in
an aluminium plate-like specimen. In describing the formation of new fatigue crack surface as a
source of acoustic emission, the paper reports on the differences in the stress wave generated by
propagating radial crack front.
Methods
Experimental method. The samples tested were dog-bone specimens with gauge width 40mm of
and thickness of 3mm (Fig. 1a) made from aluminium alloy 6060 (Al6060) and its material
properties are shown in Table 1. It has a thin surface defect (2mm length, around 0.5mm width,
and 0.5mm depth) in the centre of the specimen (shown in Fig. 1b). The defect was first drilled
with a 0.5 mm diameter drill for 0.5 mm depth in the middle, and then a 2 mm length 0.5 mm
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depth line crack was engraved over it. The artificial defect was intended to cause stress
concentration and initialise the fatigue fracture.
Table 1: Al6060 specimen with through-thickness defect material properties.
Young’s Modulus
Poisson’s Ratio
Density
Tested yield stress
Tested ultimate stress

68 GPa
0.33
2.7 g/cm3
100 MPa
150 MPa

Initial defect location

(a)
Surface
defect

(b)
Figure 1. (a) Dimension of samples. (b) Surface defect.
The specimens were fatigue tested using MTS machine Model 647. The specimens were
tested cyclically from 43MPa to 74MPa until failure with R ratio 0.58. The fatigue cycling was
paused when significant hits were recorded so that the fatigue fracture can be observed, and the
AE waveform and the corresponding fatigue cycle were analysed afterwards.
The Physical Acoustic Corporation acoustic emission sensors and recording system were used
in the experiments. Two wideband PKWDI sensors detected from 200kHz to 850kHz were used,
and they were connected to a two-channel Micro Structural Health Monitoring, with a 26 dB
build-in pre-amplifier. The centres of the sensors are both 20 mm away from the defect.

(a)
(b)
Figure 2. (a) Photo of the experimental set-up. (b) Illustration of equipment set-up.
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The threshold setting of the acoustic emission equipment was done using a widely accepted
artificial simulating source for acoustic emission, which was Hsu-Nielsen source, or also called
pencil lead break (PLB) source [33]. In order to mitigate the test specimen from the noise
generated by the MTS machine, the regions of the test specimen in the vicinity of the grips were
treated with a damping layer (MegaSorber type DIS8) [34]. The damping sheets were cut into
small pieces and carefully attached on both ends of the specimen, and the threshold setting was
adjusted accordingly. Because the specimen was not symmetric, Channel 1 (C1) was placed on
the non-defect side, and Channel 2 (C2) was placed on the initial surface defect side (see Fig.
2a).
Results and discussions
Hit-related Feature Discussion. The hits were applied a high pass 60 kHz filter first to eliminate
the low frequency vibration noise. The valid AE source from the defect should be from the area
around the initial crack, which is in the middle of two sensors. Thus, the AE events of two
channels were synchronized using the waveform event synchronization function in the AE-win
software, where the hits were synchronized according to the time of collection. The event
definition time was set as 50 μs to allow some error. Thus, the AE hits collected by only one of
the sensors was discarded.
The fatigue crack fracture surface of the specimen is shown in Fig. 3. The crack propagated
radially from the initial surface defect until the other surface and then progressed to the edge of
the specimen.

Figure 3. Final crack surface after fatigue test till to failure.
In Fig. 4a, the hit number increases slightly at the beginning of the test when the specimen
was still settling, and the number almost keeps identical until a rapid increase in the lasts 10,000
cycles before failure. The majority of the events happened during the last 10,000 cycles of total
191341 cycles. In Fig. 4b, there are large-amplitude hits at the end of the test due to the
specimen broke into two pieces, while the amplitudes of other hits are very consistently between
0 and 0.011 volts. It can be seen that the amplitude between hit 1000 to hit 3000 has a relatively
constant amplitude between 0.007 volts and 0.01 volts, while from hit 4000 to hit 5700, the
amplitudes are alternating between two values that have a relatively big difference: around 0.003
volts and around 0.007 volts. This will be discussed more in the next section with the time
difference between two hits together.
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Figure 4. (a) Number of AE hits vs fatigue cycles. (b) Amplitude of each hit during test.
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Figure 5. Time difference of two adjunct hits.
Source and Waveform Discussion. The hits were divided into 5 periods according to the time
difference between the current signal and its adjacent previous hit, shown in Fig. 5. In addition,
the Fast Fourier Transformation (FFT) of each hit from both channels are illustrated in Fig. 6.
The description details of each period are written in Fig. 7 column 1. In period 1, the time
difference shown in Fig. 5 is random. when there was crack seen on only one side of the
specimen, the FFT diagram of C1 and C2 shows 260 kHz are dominant. In period 2, the time
differences are consistently 0.5s. When the fatigue crack penetrated through the surface to the
opposite side of the initial defect, the dominant frequency of 260 kHz and around 600kHz is
getting more obvious. In period 3, the time difference in Fig. 5 alternates between 0.05 and
0.44s, and that of period 4 alternates between 0.005 and 0.5s. In period 5, the time difference
becomes random again as period 1. In addition, the time takes for another hit to arrive of period 1
and 5 are obviously longer than period 2 to 4. It is also worth noting that from period 2 to 4 when
the crack is propagating, the time difference is regular: for period 2, it is one hit per cycle
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because the load frequency is 2Hz; for period 3 and 4, there are two hits per loading cycle.
Relating to the amplitude diagram, in period 2, when the time difference is consistent, the
amplitude is relatively consistent as well. In period 3 and 4, when the time difference is close to
0 seconds, the amplitude is around 0.003 volts; when the time difference is around 0.5 seconds,
the amplitude is about 0.007 volts.
In Bhuiyan and Giurgiutiu’ study [27], they clustered the AE hits according to the frequency
characteristics, and it was found that for some clustered groups, the frequency characteristics of
hits collected, amplitudes of hits and the fatigue load level that the hit happens are almost
identical for each hit. The results in this paper is similar to their findings about the consistency
between hit signatures and fatigue cycles. However, they did not present the hit over the whole
fatigue process. In this paper, it is found that this consistency is true during the whole fatigue test
after crack arise. In addition, their specimen is a symmetric specimen with a through-hole, while
this paper shows that the asymmetric specimen with surface defect also have similar results.
Unfortunately, this paper did not synchronise hit with load level as accurate as their work.
The regular hit arising time in Fig. 5 indicates that the possible source origin could be from
the opening and closing of the crack, or crack extension itself. In [35], It is found that the hits
from crack extensions or inclusion fractures happened when maximum load is applied, and only
take up to 10 % of the total AE activity. The load is not synchronised in this paper, so for future
work, synchronisation with the fatigue load would be considered to identify hits from crack
extensions.
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Figure 7. Time difference of two paired hits, one from each channel.
Refer to Fig. 7, most of the values of the time difference between two paired hits are within 8
μs, so this means that the source location is within the middle area of two sensors. In period 2,
generally, the time arriving difference is very small and relatively consistent. From this
phenomenon, it can be speculated that these hits are from one same source in the middle, and
because it is happening once per fatigue cycle after crack just penetrated, it is highly likely to be
caused by closure/friction of the crack surface. In period 3 and 4, the source in period 2 is still
there, but there exists one more source that is happening very close to the previous one (Δt is
0.05s or 0.005s). This new source is highly likely from the separation of stuck crack faces [35].
The reasons why this source did not arise in period 2 is that, in period 2, the defect has just
penetrated and has only the crack labelled 1 (see Fig. 8), while in the later fatigue stage, crack
labelled 2 arose and it is more likely to cause AE activity when separating because of the saw
shape [27].
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5mm

Figure 8. Crack profile on the back surface before failure.
To study the dominant frequency characteristics in detail of each period, seven example
waveforms were shown in each stage to illustrate the evolution of dominant frequency for both
channels. Fig. 9 shows the wavelet transform of the AE events during the surface crack
propagation. The first waveform was collected when there existed crack only on one surface, the
amplitude of that is small compared to the later ones. The 270 kHz frequency is more obvious.
For waveform from period 2, period 3 when Δt is 0.05s, and period 4 when Δt is 0.005s, a higher
frequency around 600 kHz arises for both channels. For period 3 when Δt is 0.44s and period 4
when Δt is 0.5s, the lower frequency still dominates. Possible reasons for this frequency shifting
could be of different source origin.
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Figure 9. 7 chosen waveforms and corresponding wavelet transform.

Because the actual source arising time is unknown in this situation, and the source is only 20
mm from the sensor, it can be inaccurate to align the wavelet transform with the dispersion curve
just by observing. Whilst similar observations can be qualitatively made, a better description of
the modal content of the acoustic emission is required in order to delineate the contribution from
S0, A0 and A1 modes during the period of fatigue crack propagation. Knowledge of the
measured dispersion curve is necessary to delineate the contributions from these wave modes
and to derive quantitative ratios of the guided-wave modes to describe the fatigue crack
propagation. This highlights the limitation of the current measurement technique and underscores
the potential of using a multi-element sensing arrangement described by Rajic et al [36].
Conclusion
This paper has reported the acoustic signature of an artificial surface defect on dog-bone shaped
Al6060 specimens under tensile fatigue test. It is found that most of AE events were collected in
very late fatigue stage. Closure/friction and separation of crack surface contribute to most of the
AE activities for the surface defect specimen. In addition, different source origins have a
different ratio of dominant frequencies. This phenomenon indicates that, by monitoring AE
waveforms, it is possible to predict the source of AE. Future work will account for wave modes
decomposition on the fatigue crack propagation process and its associated AE characteristics.
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