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Abstract 

         

 This work considers the use of frequency content as a discriminating factor for acoustic 

emission (AE) signals from damage mechanisms in carbon fibre composite materials. Using a 

broadband conical transducer as an artificial source, investigations were made into the effects of 

source frequency (relaxation time), specimen geometry and sensor response on the frequency 

content of the recorded signals. It was shown that source frequency had an effect on the fre-

quency content of the recorded signals, however, the specimen geometry and sensor response 

were shown to have a more significant effect. Additionally, AE signals were recorded from real 

damage mechanisms in tensile and beam buckling coupon specimens. The peak frequency con-

tent was used to examine signals resulting from the different damage modes identified. It was 

shown that some level of discrimination could be achieved and observations were in general 

agreement with previous research studies. However it was shown that great care is required when 

using peak frequency content as a discriminating factor because geometry and sensor response 

can have a distorting effect on the results. 
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Introduction 

 

Due to the widespread use of composite materials in the automotive and aerospace industries, 

in particular their use in safety critical structures, there is an increasing need to ensure their 

continued safe operation throughout long service lives. Acoustic emission (AE) can be used for 

in-service structural health monitoring of composite structures and offers great potential for the 

location and characterisation of damage. Many different damage mechanisms, such as delamina-

tion and matrix cracking, can occur in composite materials which may not be detected visually 

but can dramatically reduce the ultimate failure load of a component. The prediction of damage 

type and its onset is difficult due to the possible variations in component lay-ups and manufac-

turing processes. As such it is very desirable to be able to detect and discriminate between AE 

signals from different damage mechanisms in composite materials. 

 

A variation of source relaxation time has been shown for different damage mechanisms in 

glass fibre / epoxy [1] and it is commonly believed that this will result in AE signals with differ-

ent frequency content. A number of researchers have attempted to utilise frequency content as a 

discriminating factor for AE signals [2-4]. The results are in good agreement, with all researchers 

finding matrix failures such as matrix cracking and delamination producing signals with low fre-

quency content (~<150kHz) and fibre failures producing signals with high frequency content 

(~>300kHz). 

 

Due to their laminate nature, composite material components are commonly manufactured as 

thin walled structures and as such are approximately plate like. To perform meaningful analysis 

it is necessary to consider the effects of propagation in a plate on recorded AE signals. When AE 
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waves propagate in a plate like structure they couple at the surfaces to produce two basic plate-

wave modes (also known as Lamb waves). These are the ‘symmetric mode’ (s0) in which the 

principal displacement is in the plane of the plate, parallel to propagation direction and the 

‘asymmetric mode’ (a0), in which the principal displacement is perpendicular to the plane of the 

plate and the direction of propagation [5]. 

 

Experimental Procedure 

 

An investigation into the effects of specimen geometry and sensor response on frequency 

content was conducted on a 1500 mm x 500 mm x 2.16 mm carbon fibre/epoxy plate manufac-

tured from Advanced Composites Group (ACG) MTM28-1/HS uni-directional (UD) pre-preg 

with a (0,90)4S lay-up. An artificial source of AE was used to generate test signals. This consisted 

of an in-house manufactured broadband conical transducer provided by the National Physical 

Laboratory, UK. Two Physical Acoustics Corp. (PAC) S9208 broadband sensors were used for 

the detection of all signals. The detection sensors were arranged along the 0
o
 material direction at 

the centre of the plate such that one sensor was adjacent to the conical transducer and the other 

was at a distance of 200 mm. The conical transducer was coupled once only at the start of the test 

to avoid any repeatability of coupling issues. The detection sensors were coupled with ultrasound 

gel and mounted with magnetic clamps. A sensitivity test was conducted using a Hsu-Nielsen 

source each time a sensor was mounted, to ensure adequate coupling was achieved. A PAC 

Wavegen-1410 board provided a 160-V single-cycle square-wave with frequency varying from 

100-900 kHz at 100 kHz intervals, to drive the conical source transducer. The test was repeated 

with the sensors in opposite positions. Both tests were repeated using two PAC WD wideband 

sensors for detection. Signals were recorded throughout all tests using a PAC PCI-2 system at 10 

MSPS. 

 

An investigation into the frequency content of signals from various failure modes was con-

ducted using six tensile specimens measuring 240 mm x 30 mm x 1.08 mm and manufactured 

from ACG’s HTM45/HS UD pre-preg with (0)8 and (0,90)2S lay-ups. To suppress grip noise and 

minimise slippage, aluminium end tabs were bonded to the specimens reducing the unsupported 

length to 150 mm. The specimens were instrumented with a single PAC WDi sensor mounted at 

the centre using electrical tape with brown grease as a couplant and loaded to failure under dis-

placement control at a rate of 0.125 mm.min
-1

. 

 

An investigation into failure modes during buckling was conducted using six beam buckling 

specimens manufactured from HTM45/HS UD pre-preg with measurements of 200 mm x 30 mm 

x 2.16 mm and lay-ups of (±45)4S and (0,90)4S. The specimens were subject to an in-plane com-

pressive load along their length. This is facilitated by a loading cage that provides built-in sup-

ports at each end, reducing the unsupported length to 170 mm, and ensuring the supports remain 

aligned throughout the test. The specimens were loaded to failure at 0.5 mm.min
-1

 and 1 

mm.min
-1

 for the (0,90)4S and (±45)4S lay-ups, respectively. Two PAC WD sensors were 

mounted using electric tape with brown grease as a couplant at  and  of the unsupported 

length to correspond with the two points of inflection in the deformed mode shape. 

 

Results and Discussion 

 

(i) Effect of specimen geometry and sensor response 

The waveforms and FFTs of the signals recorded by two S9208s adjacent to the conical 

source transducer are shown in Fig. 1a and b for driving pulses of 100 kHz, 500 kHz and 900 
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Fig. 1 Waveforms and their FFTs recorded by S9208s adjacent to the source, presented in V 

versus μs and mV versus kHz respectively  
 

kHz. The response of both sensors to a 100-kHz driving pulse shows that most of the energy in 

the signal is contained below 100 kHz. As the frequency of the driving pulse increases, so the 

frequency content of the recorded signal expands to higher frequencies. The response to a 500-

kHz artificial source shows that the frequency content of the signals has increased, with most of 

the energy contained below 400 kHz and very little energy seen above 600 kHz. However, as the 

frequency of the driving pulse is increased above 500 kHz, there is little increase in the fre-

quency content of the signal, which can be seen in the response to a 900 kHz source where, 

again, most of the energy is contained below 400 kHz and very little is seen above 600 kHz. 

 

When the sensors are moved away from the conical source transducer, the response becomes 

very different. Figure 2a and b show the recorded signals and their FFTs for both the S9208 sen-

sors mounted at a distance of 200 mm from the conical transducer, with driving pulse frequen-

cies of 100 kHz, 500 kHz and 900 kHz. Both the s0 and a0 plate-wave modes are observed in all 

the waveforms recorded at 200 mm. The response of the S9208 sensors to a 100-kHz driving 

pulse show an a0 mode that is much larger than the s0 mode. This is reflected in the FFTs by 

most of the energy being contained below 100 kHz, due to the lower frequency of the a0 mode. 

The half-cycle times for the peak of the a0 modes equate to frequencies of approximately 52 kHz 

and 55 kHz for S9208-1 and 2, respectively. The 500-kHz and 900-kHz driving pulses generate a 

response with s0 and a0 modes of similar amplitudes, and this is reflected by the observation of 

higher frequency peaks in their FFTs between 200 kHz and 500 kHz. The two regions of fre-

quency content can be attributed to the fundamental plate-wave modes a0 and s0. This is ratified 

by the half-cycle times of the peak cycles of the s0 and a0 modes from S9208-1 for a 500-kHz  
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b) S9208-2 

Fig. 2 Waveforms and their FFTs recorded by S9208s 200 mm from the source, presented in 

V versus μs and mV versus kHz, respectively. 

 

source, which have corresponding frequencies of 374 kHz and 39 kHz, respectively, suggesting 

that geometry has a considerable effect on the frequency content of a signal. 

 

The response of two WD sensors mounted adjacent to the conical source transducer is pre-

sented in Fig. 3a and b for driving pulse frequencies of 100 kHz, 500 kHz and 900 kHz, respec-

tively. The response of the two WD sensors to a 100-kHz driving pulse contain most of the en-

ergy below 150 kHz, which is similar to the response of the S9208 sensors to the same source. 

As observed in the response of the S9208, the frequency content of the recorded signal expands 

to higher frequencies as the driving pulse frequency is increased. For a 500-kHz driving pulse, 

the majority of the signal energy is contained below 600 kHz. For a driving pulse of 900 kHz, 

there is still very little energy contained above 600 kHz. The increase in higher frequency con-

tent observed is thought to be an attribute of the sensor because it is not observed for the 

broadband S9208 sensors and indeed the WD is known to have a peak in sensitivity at approxi-

mately 525 kHz. The observation of most interest from this test is the difference in response be-

tween the two WD sensors to the same source. It can be seen in Fig. 3 that the two WD sensors 

have a considerably different response to a 500-kHz driving pulse. The signal recorded by WD-1 

has more low frequency content than that of WD-2 and its peak is approximately 100 kHz, 

whereas WD-2 has more higher frequency content with significant content observed at approxi-

mately 475 kHz and 550 kHz. This demonstrates how the response of a sensor can affect the fre-

quency content of a recorded signal and how the response can vary, even within sensors of the 

same model. 
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Fig. 3 Waveforms and their FFTs recorded by WDs adjacent to the source, presented in V 

versus μs and mV versus kHz, respectively. 

 

The waveforms and their FFTs, recorded by the two WD sensors mounted at a distance of 

200 mm from the conical source transducer are shown in Fig. 4a and b for source driving pulses 

of 100 kHz, 500 kHz and 900 kHz. It can be seen that the level of attenuation observed with the 

WD sensors is considerably less than that for the S9208 sensors, because the broadband fre-

quency response results in reduced sensitivity. Both the fundamental plate-wave modes are ob-

served in a signal recorded from a 100-kHz driving pulse but as the frequency of the driving 

pulse increases the a0 mode rapidly diminishes and for a 500-kHz driving pulse is no longer ob-

served. The FFTs of these waveforms have three distinctive peaks occurring at approximately 

100 kHz, 275 kHz and 550 kHz. The amplitudes of these peaks are seen to vary with driving 

pulse frequency. As expected, more energy is contained at lower frequencies for a low frequency 

driving pulse and more energy is contained at higher frequencies for a higher frequency driving 

pulse. The lower and middle frequency peaks are again attributed to the a0 and s0 modes in ac-

cordance with the S9208 results. It can also be seen that as the a0 mode loses amplitude with in-

creasing driving-pulse frequency, a corresponding reduction in the amplitude of the low fre-

quency peak in the FFTs is observed. The higher frequency peak centred about 550 kHz is again 

considered to be an artefact of the sensor response. Additionally, it appears that the frequency 

content at this level is very different for the two WD sensors, suggesting that the frequency re-

sponse of the two sensors is different. A difference in sensor response such as this could lead to 

confusion when considering frequency as a discriminating factor. For example the two FFTs 

seen in Fig. 4a and b for a 500-kHz driving pulse both have a peak frequency of approximately 

275 kHz. WD-1 has a very dominant peak at 275 kHz, whereas WD-2 has a peak at 275 kHz, 

whose amplitude is only slightly larger than that of the peak at 550 kHz. It is clear that a small 

variation in the source could quite easily lead to a dramatically different result from 
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Fig. 4 Waveforms and their FFTs recorded by WDs 200 mm from the source, presented in V 

versus μs and mV versus kHz, respectively. 

 

sensor WD-2 to a similar source frequency. It is interesting to note that other researchers [2-4] all 

observed frequencies in low, medium and high frequency bands using PAC WD sensors that cor-

respond to the three frequency peaks of 100 kHz, 275 kHz and 550 kHz observed here. 

 

(ii) Effect of failure mode type 

Figure 5a and b present the failures observed in two tensile specimens having lay-ups of 

(0,90)2S and (0)8, respectively. In Fig. 5a, ((0,90)2S lay-up), large amounts of matrix damage were 

observed in the form of matrix cracking and fibre-matrix debonding. In Fig. 5b, ((0)8 lay-up), the 

predominant failure mechanism observed was fibre failure, and it should be noted that the longi-

tudinal splitting observed occurred at the point of final failure and was not observed beforehand. 

Figure 5c and d present the frequency analysis of the AE signals recorded during the tensile test-

ing of the two specimens shown in Fig. 5a and b. The hits for each test are separated using their 

peak frequency, recorded by AEWin, into three frequency bands of 0-150 kHz, 150-400 kHz and 

>400 kHz. The hits within each band are then plotted cumulatively against time of test. The low 

frequency band for the (0,90)2S specimen is clearly dominant and this corresponds to the large 

amounts of matrix damage observed in Fig. 5a. The (0)8 specimen was observed to have much 

less matrix damage and more fibre failure. Consequently, the frequency analysis shows the 

higher frequency band to be dominant for this type of specimen. Previous research in this area 

[2-4] has also related matrix damage to signals with low frequency content and fibre failure to 

signals with high frequency content. This demonstrates that some level of discrimination can be 

achieved between signals resulting from different types of failure mechanism. As yet the cause 

of activity in the 150-400-kHz band has not been addressed. The previous work presented by 

others [2-4] has suggested that frequencies in this range may be attributed to fibre pull-out. The 
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physical identification of fibre pull-out is very difficult, so it is not possible to confirm or refute 

this. It is worth noting, however, that the results presented in the first part of this paper showed 

that the s0 mode generated a peak within this range. Therefore, it is not unreasonable to consider 

that activity in this band maybe a result of the specimen geometry and/or the sensor response. 

Additionally, the frequency content of a signal may be further complicated by different source 

mechanisms occurring simultaneously; for example, a fibre break is likely to be accompanied by 

some fibre pull-out or movement. 
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Fig. 5 Frequency analysis of tensile specimens, presented in cumulative hits versus time 

of test (s). 

 

(iii) Effect of buckling failure 

The frequency analysis for two representative beam-buckling specimens is presented in Fig. 

6a and b, and the analysis is conducted individually per channel. The damage observed in both 

specimens was predominantly matrix failure in the form of surface-ply delamination and matrix 

cracking, which is represented by the presence of a large number of low frequency hits on both 

channels for both specimens. However, the activity in the middle and high frequency bands was 

completely different on channels 1 and 2 for both specimens. For channel 1 of specimen 1 (Fig. 

6a) the most activity is seen in the middle band and the least activity is seen in the higher band, 

whereas for channel 2 of specimen 1 (Fig. 6a) the most activity is seen in the high frequency 

band and the least activity is seen in the middle frequency band. Indeed, the rate of hits recorded 

on channel 1 between 150-400 kHz is very similar to that of hits recorded above 400 kHz on 

channel 2 and vice versa. The same effect is observed for specimen 2 (Fig. 6b), where the levels 

of activity in the middle and high frequency bands are opposite for each channel. The two WD 

sensors used for these tests are the same two sensors used in the first part of this work to assess 
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the sensor response to different frequency sources. The variation in results observed between dif-

ferent sensors for the same test is a result of the increased sensitivity of WD-2 in the higher fre-

quency region. Figure 4 shows how the different sensors can produce a different response to the 

same source. In particular, the 500-kHz source shows that for the same source the peak fre-

quency might lie in either the 150-400-kHz band or the >400-kHz band depending on the sensor. 

This highlights the effect that sensor response can have on the frequency content of a signal and 

the potential confusion it can cause. 
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Fig. 6 Frequency analysis of beam buckling specimens, presented in cumulative hits versus 

time of test (s) per channel. 
 

Conclusions 
 

Differing source mechanisms or more specifically the differing relaxation time of source 

mechanisms does have an effect on the frequency content of the resulting AE signals. It has been 

shown that peak-frequency content of an AE signal can be used to provide some level of dis-

crimination between signals resulting from different source mechanisms. However, it has also 

been demonstrated how the overriding effects of specimen geometry and sensor response can 

produce misleading results. As such, this technique should be approached with great care and a 

thorough understanding of the wave propagation and sensor response for a specific case is essen-

tial to achieving meaningful results. 
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