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Abstract
Damage in composite materials evolves in a more complex fashion than in isotropic materials. Multiple modes
of damage are present, and not all damage events affect performance. In such a scenario, an indication of
upcoming failure assumes paramount importance. This paper explores whether phases of damage transition can
be identified during damage evolution in composite samples. Pencil Lead Breaks (PLB) are used to simulate
Acoustic Emission (AE) signals, and crossply composite laminate coupons are loaded until failure to observe
damage development. Data derived from time of flight techniques and Wavelet Transform plots are used to
analyze data. It is concluded that identifying damage transitions should be possible using both techniques.
Keywords: Damage transition, Acoustic Emission, Pencil Lead Breaks

1. Introduction
All components evolve over time. During their service life they are exposed to various
loads—both planned and sudden—and consequently undergo damage, and deteriorate so that
their performance is degraded. The component ultimately fails when damage reaches a critical
stage, and it is no longer able to sustain the stresses acting on it. The mechanics of damage
evolution and the mode of ultimate failure vary in different situations and different materials,
but the essentials remain the same.
As such, predicting the onset of this critical damage stage becomes very important. If certain
phases of damage transition can be identified, this information can be used as an early
warning of possible failure. In situations where damage development, once initiated, develops
rapidly and leads to failure, an early warning system can save lives. If the warning is early
enough, remedial measures can be taken before a critical situation is reached. Where the rate
of damage propagation is not of critical importance, an indication of upcoming failure can
still help save significant amount of resources—in increasing the service life of components
on the one hand, and in avoiding unnecessary replacement costs before the replacements are
really required, on the other.

2. Background
In metals and isotropic materials in general, damage development and ultimate failure usually
originates from a microcrack—wherever the microcrack forms and propagates. In contrast,
damage development in composites is typically more complex. Multiple damage mechanisms
are involved [1], such as matrix cracks, delamination, fiber breaks, debonding, etc. All of
these modes may be simultaneously active, and any deterioration in the material is due to a
combination of all damage modes. In composites, each individual damage event in isolation
often has negligible effect on the performance, or health, of the component [2]. They may
occur even at relatively lower loads, sporadically and with a global distribution. These
individual events do not significantly affect the performance, and are not an indication of
upcoming failure.

After a certain point, accumulating damage events begin to be concentrated in certain local
regions in the component. This is the point of damage development localization, and it is this
transition that initiates deterioration in the performance of the component. The effect is a
cumulative one, due to the concentration of damage events in a local region rather than on a
global scale. Localization of damage events ultimately leads to failure of the component.

Fig. 1. Examples of AE waveforms, showing the arrival of different modes.

Therefore, to identify damage characteristics that indicate possible failure in composites,
damage development localization must be identified. In studies of damage mechanics and
development in composites, several different techniques are utilized [3-5]. We propose to use
Acoustic Emission monitoring. Acoustic Emission techniques have been used previously in
damage studies [6-8], but the monitoring of damage transitions and the idea of tracking
precursor damage has yet to be explored in detail.
Acoustic Emission signals are ultrasonic stress waves released in a material due to damage
events. Each different damage mode has its characteristic signal features, and the nature of the
detected signal is affected by the material properties, boundary conditions, and ostensibly by
the health of the material along the path that the stress wave follows before reaching the AE
sensor. Acoustic Emission waves consist of multiple wave modes, traveling at different
frequencies and speeds [9-12].
To observe how evolving and developing damage in a component affects Acoustic Emission
signals, we need to consider an AE signal that is itself unchanging and repeatable. Since this
is difficult to achieve and guarantee with AE signals generated by the component itself over
different load conditions, we have to use simulated AE signals for our purpose. Pencil Lead

Breaks are known to produce excellent simulated AE signals; as a source they also satisfy our
requirements of repeatability and consistent characteristics.

3. Experimental Setup and Procedure
For the experiment, 8-ply [0/903]S crossply composite laminates were manufactured in-house,
and machined to create coupons of dimensions 300mm × 25mm, with the 0-deg plies aligned
along the length of the coupons. Fixtures were designed and manufactured in-house, to hold
two piezoelectric ultrasonic sensors in contact with the coupons. The sensors essentially
detect out-of-plane vibrations. Since the Pencil Lead Breaks (PLBs) are initiated on the same
surface as to which the sensors are coupled, flexural modes generated are more energetic—
and have a larger amplitude—than extensional modes. The signal to noise ratio for the
flexural modes is thus much better than that for extensional modes; this translates to less
variation in flexural mode data than in extensional mode data, as acquired by the piezoelectric
sensors. The sensing region is about 2mm in diameter.

Fig. 2. Schematic of experimental setup, showing position of pinducers, and PLB locations.

The coupons were subjected to monotonically loaded tensile loading, and were loaded up to
failure. Specimens usually failed at loads of about 31kN. Loading was done using
displacement control, @ 1mm/min. During the loading process, the crosshead was held steady
at 5kN intervals, and Pencil Lead Breaks (PLBs) were performed at predetermined locations
on the coupons. Pencil Lead Breaks were performed using conventional [13-15] Pentel
0.3mm 2H pencil leads in a mechanical pencil. Multiple PLBs were performed at each
location at each load increment to achieve data redundancy and reduce the effect of variations
during analysis.
An automated data acquisition system was set up, which used one of the ultrasonic sensors as
a trigger, and recorded data arriving both before and after the trigger was activated. 10240
data points were recorded @ 25MHz for each data record, which translates to a duration of
409.6µs. A preamp of 40dB gain was used; the preamp has a flat response from about 50kHz
to 1MHz. A four pole Bessel filter algorithm was used on the acquired data in bandpass
mode—from 50kHz to 1MHz.
The locations for the PLBs were selected so that in some cases (locations IV, V and VI) the
initial arrival of the signal must will travel at an angle to the fiber direction to reach the
sensors, while in other cases (locations I, II and III) the initial arrival of the signals will travel
along the fiber direction in reaching both sensors. The ultrasonic sensors also detect AE
signals generated by the coupons as they deteriorate and develop more and more damage. For
the purposes of the present study, we focus only on simulated AE data obtained from PLBs

done at locations I, II and III (signals travel along fiber direction). Signals from PLBs done at
locations IV, V and VI are not included in the present study—they require different analysis as
the signals traverse different straight lines as they travel to the two sensors.

Fig. 3. Difference in arrival times, Δt, for extensional mode. Red and blue represent two different data sets.
Bold lines indicate mean values; lighter lines indicate bounds.

4. Techniques Used
The simulated Acoustic Emission data is analyzed in two different ways. First, the arrival
time of each signal to our ultrasonic sensors is recorded. Moreover, the difference in arrival
times, Δt, is computed by comparing the arrival times at the two ultrasonic sensors. This gives
us an idea of the velocity at which each signal is traveling. This is done for both the
extensional and flexural mode for each signal acquired. Since wave speeds, and hence arrival
times, are dependent on material properties, the Δt parameter gives us a measure of the health
of the sample prior to localization of the damage development. A change in Δt denotes a
change in the health of the component. Moreover, since the wave speed depends on the entire
path that the signal travels through, the Δt parameter provides a holistic view of damage along
the signal path.
Using the Δt parameter instead of the raw arrival times has its advantages. For one, we can
now compare the time intervals needed to traverse a specific distance by each signal, viz. the
distance between the sensors. Also, the Δt parameter eliminates some of the natural variability
encountered while acquiring multiple signals of the same kind, thus making comparison of
different signals easier and more meaningful.
The second method used to analyze the acquired simulated AE signals involves Wavelet
Transforms (WT) [16]. WTs provide a way to show the frequency characteristics of the signal

over time [17; 18]. Thus it is possible to assess which frequencies carried most of the energy,
and at what time instant. A change in this frequency distribution is once again an indication of
a change in health of the material.

Fig. 4. Difference in arrival times, Δt, for flexural mode. Red and blue represent two different data sets. Bold
lines indicate mean values; lighter lines indicate bounds.

Instead of using the frequency distributions by themselves, we calculate a centroidal value of
frequency, as well as the total energy, at each instant of time. Centroidal frequency and total
energy at each time step are plotted over time. These parameters make it easier to compare
data from WTs across different load levels.

5. Results and Discussion
The first sign of deterioration is observed at about 8kN load—this is when the first AE signals
generated from the component are detected. By 20kN there is significant AE activity in the
coupon, and by 25kN it is visually apparent that the coupon is damaged. Final failure occurs
around 31kN. Fig. 3 and Fig. 4 show Δt variations over increasing load for extensional and
flexural modes excited by the PLBs. Bold lines show mean Δt values from multiple
measurements; lighter lines show the range of values. Red and blue lines represent two
separate sets of data. Extensional mode data shows larger variation than flexural mode data;
this is explained, as mentioned before, by a large difference between flexural mode
amplitudes and extensional mode amplitudes in the out-of-plane direction.
It is seen in Fig. 3 and Fig. 4 that initially the Δt values remain fairly consistent, indicating
minimal or no incremental damage in the component since loading began. The first deviation
occurs at 15kN, where there is a jump in Δt. AE generated from the sample by this point is
consistent with early matrix cracking; the deviation in Δt is hence expected, and indicates a

decrease in wave speed and deterioration in material properties. At 20 to 25kN, instead of a
continuing increase in Δt, the curve plateaus out, indicating a transition in the damage
development. Further, just before failure, the curve decreases, further indicating that the
characteristics of damage development in this phase are different than during initial phases of
damage evolution.

Fig. 5. Wavelet Transforms, for PLBs at positions I (top) and IV (bottom), at zero load.

Fig. 5 and Fig. 6 show typical Wavelet Transform plots. Fig. 5 shows the characteristics at
zero load, while Fig. 6 shows signals from PLBs at the same locations, just before failure. As
is evident, there is a drastic shift in characteristics—the frequency distribution is different, as
is the energy distribution. There is a reduction in the frequencies that contain the most energy,
and the energy itself is more distributed over a length of time.
Fig. 7, Fig. 8 and Fig. 9 show frequency centroids and the energy content of the PLBs plotted
at the centroidal frequency for each time step. Fig. 7 shows plots at 0, 5 and 10kN loads,
where the characteristics of the three curves are extremely similar, indicating that the coupon
health remains unchanged at this stage. Fig. 8 compares characteristics at zero load and just
before failure, at 29kN. There is a significant difference: the maximum energy is almost half
at 29kN compared to that at zero load, and the frequency centroids around the maximum
energy region are observed to have shifted downwards—i.e. towards a lower frequency. In
Fig. 9, characteristics at 20, 25 and 29kN load are compared, and it is once again observed
that characteristics at all three loads are similar. The small variation observed may be
explained by natural experimental variation, and does not occur in order of loads: the
sequence of loads is Red–20kN, Blue–25kN, Black–29kN. Once again, a consistency in
characteristics is observed, which points to a shift in damage evolution.

Figures obtained using both Δt and WT indicate the possibility of identifying distinct damage
transition phases, and it appears that these techniques can be developed to identify precursor
indicators of serious damage and possible failure.

Fig. 6. Wavelet Transforms, for PLBs at positions I (top) and IV (bottom), at 29kN load.

6. Conclusions and Remarks
Two techniques are employed to analyze data from simulated AE signals, triggered by Pencil
Lead Breaks. Both techniques show that damage evolution proceeds differently throughout
the life of the samples. Δt plots plateau out and even dip downwards before failure; WT plots
show a reduction in the energy carried by AE signals, as well a change in the frequency
characteristics, before failure. It should be possible to develop both these techniques to more
accurately identify damage transition phases.
It must be noted that damage transitions can only be identified by monitoring various
parameters over time, and over an entire service life. Without such monitoring, it is very easy
to miss the transition in damage evolution, and as such, the focus must be on continuous—or
at least periodic—data acquisition and health monitoring, if predictions of impending failure
are to be made.
There is much scope for future work in this area. The techniques presented in this paper must
be further explored and developed. Data from AE generated by the sample itself must be
analyzed, and it is expected that the present techniques can be extended to them as well. The
advantage of the methods presented here is that the focus is not on any particular mode or
mechanism of damage—this approach should be applicable to other composite material
systems and loading regimes.

Fig. 7. 3D plot of centroidal values of frequency and total energy content over time. Frequency centroids and
energy content are derived from wavelet transform data. Here, red represents behavior at 0kN, blue at 5kN,
green at 10kN. Consistent behavior indicates lack of deterioration.

Fig. 8. Similar to Fig. 7, this compares behavior at 0kN (red) and 29kN (black). Energy content is about
halved between negligible deterioration and large damage.

Fig. 9. Similar to Fig. 7, this figure compares behavior at 20kN (red), 25kN (blue) and 29kN (black).
Consistent behavior indicates that energy content is not affected by progressive damage occuring at these
loads.

References
1.
2.
3.
4.
5.

6.
7.

A. W. Wharmby, F. Ellyin, and J. D. Wolodko, ‘Observations on damage development in
fibre reinforced polymer laminates under cyclic loading’, International Journal of
Fatigue, Vol. 25, No. 5, pp 437-446, 2003.
W. W. Stinchcomb, ‘Nondestructive evaluation of damage accumulation processes in
composite laminates’, Composites Science and Technology, Vol. 25, No. 2, pp 103-118,
1986.
P. Feraboli, T. Cleveland, M. Ciccu, P. Stickler, and L. DeOto, ‘Defect and damage
analysis of advanced discontinuous carbon/epoxy composite materials’, Composites
Part A: Applied Science and Manufacturing, Vol. 41, No. 7, pp 888-901, 2010.
R. K. Fruehmann, J. M. Dulieu-Barton, and S. Quinn, ‘Assessment of fatigue damage
evolution in woven composite materials using infra-red techniques’, Composites
Science and Technology, Vol. 70, No. 6, pp 937-946, 2010.
G. R. Kirikera, V. Shinde, M. J. Schulz, A. Ghoshal, M. Sundaresan, and R. Allemang,
‘Damage localisation in composite and metallic structures using a structural neural
system and simulated acoustic emissions’, Mechanical Systems and Signal Processing,
Vol. 21, No. 1, pp 280-297, 2007.
S. Subramanian, K. L. Reifsnider, and W. W. Stinchcomb, ‘A cumulative damage model
to predict the fatigue life of composite laminates including the effect of a fibre-matrix
interphase’, International Journal of Fatigue, Vol. 17, No. 5, pp 343-351, 1995.
N. Toyama, T. Okabe, N. Takeda, and T. Kishi, ‘Effect of transverse cracks on lamb
wave velocity in CFRP cross-ply laminates’, Journal of Materials Science Letters, Vol.

8.
9.
10.
11.
12.
13.
14.
15.
16.
17.
18.

21, No. 4, pp 271-273, 2002.
A. Bussiba, M. Kupiec, S. Ifergane, R. Piat, and T. Bˆhlke, ‘Damage evolution and
fracture events sequence in various composites by acoustic emission technique’,
Composites Science and Technology, Vol. 68, No. 5, pp 1144-1155, 2008.
W. H. Prosser, ‘Applications of advanced waveform-based AE techniques for testing
composite materials’, Vol. 2944, No. pp 146-153, 1996.
A. M. G. Glennie and J. Summerscales, ‘Acoustic emission source location in
orthotropic materials’, British Journal of Non-Destructive Testing, Vol. 28, No. 1, pp
17-22, 1986.
P. Fleischmann, D. Rouby, F. Lakestani, and J. C. Baboux, ‘A spectrum analysis of
acoustic emission’, Non-Destructive Testing, Vol. 8, No. 5, pp 241-244, 1975.
C. B. Scruby, ‘An introduction to acoustic emission’, Journal of Physics E (Scientific
Instruments), Vol. 20, No. 8, pp 946-953, 1987.
M. R. Gorman, ‘Plate wave acoustic emission’, Journal of the Acoustical Society of
America, Vol. 90, No. 1, pp 358-364, 1991.
J. Gary and M. Hamstad, ‘On the Far-field Structure of Waves Generated by a Pencil
Lead Break on a Thin Plate’, Journal of Acoustic Emission, Vol. 12, No. 3/4, pp
157-172, 1994.
M. Hamstad, ‘Acceptance testing of graphite /epoxy composite parts using an acoustic
emission monitoring technique’, NDT International, Vol. 15, No. 6, pp 307-314, 1982.
K. Kishimoto, H. Inoue, M. Hamada, and T. Shibuya, ‘Time Frequency Analysis of
Dispersive Waves by Means of Wavelet Transform’, Journal of Applied Mechanics
Journal of Applied Mechanics J. Appl. Mech., Vol. 62, No. 4, pp 841-846, 1995.
G. Qi, ‘Wavelet-based AE characterization of composite materials’, NDT & E
International, Vol. 33, No. 3, pp 133-144, 2000.
J. Jiao, C. He, B. Wu, R. Fei, and X. Wang, ‘Application of wavelet transform on modal
acoustic emission source location in thin plates with one sensor’, International Journal
of Pressure Vessels and Piping, Vol. 81, No. 5, pp 427-431, 2004.

