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Abstract. The design of fibre composites is usually based on the properties and the 
characteristic values known from material engineering. The components are therefore 
designed based on the principles of continuum mechanics and the well-known 
material properties, eventhough a pre-damage caused by aging or even misuse is often 
responsible for a limited life time. A non-detected pre-damage of the component like 
fibre breaks, delamination, fibre pull-out, cracks in the matrix, debonding, fatique and 
chemical resistance can cause an early failure of the component. 
 
Since modern automotive construction is increasingly dependent on fibre composites 
in fields like series-production vehicles as well as for motorsports, the Fraunhofer 
IKTS develops in cooperation with an automotive engineering partner monitoring 
methods in order to determine the material properties of components and the demands 
for applications in motorsports and for series production non-invasively and also 
during operation.  
 
The proposed technique is based on the fact that dynamical displacements in the 
nanometer range at the surface of loaded components are detectable by highly 
sensitive piezo ceramic sensors in the frequency range of 50 kHz up to 1 MHz. The 
advantage of fibre composites is clearly to be defined by the strong acoustic emission 
caused by fibre cracks and delamination processes. Therefore, this method is 
successfully applied especially for fibre composite monitoring worldwide. 
 
The paper shows the determination of the material parameters by acoustic emission 
parameters and the combination of material specific combination of damage 
mechanisms and the referring parameters of acoustic emission. They make an 
evaluation of the structural integrity and the reliability of components made from fibre 
composites possible both before and during operation. Coupon testing with additional 
acoustic emission measurements on specific specimen geometries give data for a 
deeper understanding of pre-damage mechanisms and their specific acoustic emission 
signature. 
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Introduction  

The evaluation of complex fibre composites regarding their current structural state is still a 
challenge for applications like aerospace and automotive. Due to the complex damage 
behaviour in comparison to isotropic materials, fibre composites can be designed damage 
tolerant in order to tolerate damages of certain sizes and forms and guarantee that no failure 
of the component will occur. This leads nevertheless to higher weights of the entire structure. 
Furthermore, there is another possibility to detect any damages by a sophisticated structural 
health monitoring concept in time for repair. Computer tomography or elastodynamic 
techniques (simply addressed as ultrasound based techniques below) are volume-testing 
techniques which are well suited for this task. X-Ray is rather complicated to apply due to 
the radiation safety regulations and therefore rather applied in lap applications. Ultrasound 
techniques like Pulse-Echo and Phased Array are well established for aircraft components to 
be tested at certain time intervals. The component has to be well accessible to position the 
transducers on the surface. Especially for very curved components, testing gets more and 
more complicated. 

An alternative to the previously described procedure is the application of the acoustic 
emission technique (AET) which is also based on ultrasound but usually at a lower frequency. 
For non-destructive testing and the evaluation of the structural state of the component or an 
overall structure, occurring acoustic emissions events have to be evaluated regarding there 
source and the damage mechanism leading to the emission.  

Especially the last point is very challenging since there are usually several damage 
mechanisms causing emission simultaneously. The received signals can be usually a mixture 
of more damage mechanism making interpretation complicated. The proposed paper deals 
with the specifically excitation of damages in laminates during extended coupon testing and 
especially with the correlation of acoustic emission parameters with the damage types in 
order to use AET also for full-scale fatigue tests. 

Methodology 

Acoustic Emission Technique  

Acoustic emission is caused in solid state materials if elastic energy is emitted by 
elastic waves caused directly by the damage itself. Short and small material dislocations e.g. 
the elastic recovery of the material during fast processes like micro crack opening generate 
elastic waves on the surface of the tested object. The physical origin is addressed as acoustic 
emission source. Possible sources are plastic deformation (e.g. dislocation motion), phase 
changes, crack growth and corrosion [1,2]. The acoustic waves causes an electric signal in 
the AE sensor and are detected as AE event. They are described by a transient signal with 
definite start and end.  

It has to be distinguished between event and hit. Events can be correlated with 
material or component damaging activities. This does not necessarily apply for hits. Extents 
the AE signal a pre-defined threshold value, the AE signal is detected as hit. By comparing 
it to various AE characteristics, a filter is defined to differentiate the hit from noise. Possible 
parameters are travel time, maximum amplitude, rising time and signal duration, number of 
oscillations, energy and Root Mean Square (RMS). The last effective value can also be used 
for the continuous background noise before the hit [2]. The classification hit or events is 
realized during data analysis and processing. For the extraction of the characteristics, the 
above mentioned AE characteristics, the operation data, the load, the geometry of the 
component and the acoustic velocity are evaluated. 
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Usually piezoelectric sensors are used as AE sensor which is connected to a pre-
amplifier processing large amplitudes within A/D-range. The frequency filter eliminates the 
noise, afterwards the AE signals are digitized by an A/D converter. Depending on the used 
measuring system, there are different software options for the data processing. In the 
proposed paper, a software developed at the IKTS was applied for the data collection and the 
data analysis and processing.  

The AE data can be displayed in different ways: separate, summarized and 
additionally localized on the component. Localizing gives the source location for every 
separate Event. This is possible by processing the travel time differences between the sensors. 
Based on that the acoustic velocity is calculated in the material, which is essential for the 
localization and the correlation of the signals as events. For the determination of the acoustic 
velocity pencil lead break is an established and reproducible source technique. The Hsu-
Nielsen-source (named after the inventors Hsu and Nielsen) is a drop action pencil with 
guided ring which makes pencil cracking possible under defined angles. The degree of 
hardness is 2H and the diameter equals 0,5 mm or 0,35 mm. The position of the sensors has 
to be defined according to the time differences of the signal at the sensors. The acoustic 
propagation depends on the surrounding medium, the geometry of the component and from 
the material itself. The velocity can e.g. differ strongly in laminate structures depending on 
the layer composition and fibre orientation. 

In general, the acoustic emission analysis can be applied to all common materials. 
The tested material or component has to be accessible for the sensor bonding, afterwards the 
testing object can be monitored passively regarding dynamical reaction and load without 
further interaction. This ensures an online monitoring during the operation. One disadvantage 
of the acoustic emission analysis is the sensitive reaction of the measurement system 
regarding influences like weather conditions and electromagnetic noise. They have to be 
avoided as effectively as possible. Furthermore, there are so far no accessible databases for 
evaluation criteria. Evaluation of acoustic emission is therefore basing most of all on the 
experience of the testing institute [2]. 

 
 

State of the art 

Already in the 1950s, Joseph Kaiser dealt with the acoustic behaviour of metals under 
stress. The therefore called Kaiser effect describes the absence of detectable acoustic 
emission until the previous maximum load is exceeded [2]. Since that time, numerous further 
research with acoustic emission contented several materials. A majority of them dealt with 
CFRP, therefore it will especially focused to this material below. 

Beside the Kaiser effect, CFRP has with the so-called Felicity effect another 
characteristic property. Out from this effect a parameter Felicity ratio can be calculated. This  
pre-damage ratio refers to the fact that the severity of a previously introduced damage has 
influences on the AE activity on the following load. Acoustic emissions can therefore also 
occur during cycling or stepwise changed loads also before the previous load is reached [4]. 
Acoustic emission signals can also be processed regarding the pre-damage ratio which allows 
to predict the residual life time.  

Especially for the detection and differentiation of various damage mechanisms, it is 
important to compare and evaluate many AE parameters. Additional tools are waveform and 
wavemode analysis, frequency analysis by Fast Fourier Transformation (FFT), pattern 
cognition (e.g. neuronal networks) and the modelling of AE sources. 

One of the first approaches for the investigation of various damage mechanisms by 
acoustic emission was described by J. Bohse [5,9]. He investigated GFRP by selective failure 
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with various breaking modes like the Double Cantilever Beam Test. This setup provoked a 
delamination failure simultaneously detected by AE sensors during failure. He determined 
specific frequency spectra by a combination of source localisation and frequency analysis for 
emission caused by matrix failure 100-350 kHz and by fibre failure 350-700 kHz. Before 
that, Groot et al. [6] investigated carbon/epoxy composites and determined the following 
frequency ranges: matrix breakage 90 - 150 kHz, interface failure (debonding and pull-out) 
180 - 310 kHz and fibre failure >300 kHz. 

Nevertheless, also frequencies of about 540 kHz were registered during these 
experiments which could not be explained. Ni [7] investigated the influence of the sensor 
distance to the emission source and compared the amplitude analysis and the frequency 
analysis. He recognized that the frequency of the AE source (in contrary to the amplitude) is 
not influenced from the sensor distance. He therefore stated the following frequency ranges 
for the above mentioned damages: matrix breakage <100 kHz, debonding 200 - 300 kHz and 
fibre breakage 400 - 450 kHz. Ni’s experiment used only separately embedded fibres and 
could therefore not investigate the influence of the fibre compound itself. Eaton [8] 
determined the frequency range for matrix failure to the low frequency range (<150 kHz) and 
for fibre failure to the high frequency range (>300 kHz). 

In 2004, Rowland [4] investigated the damage behaviour based on FR analysis of 
Formula 1 CFRP chassis. Since he focused only on the number of hits and the energy sums, 
he could only estimate the occurring damage mechanisms. 

In his dissertation, Sause [3,10,11] dealt with the identification of damage by pattern 
recognition and used different analysing methods. He investigated the acoustic behaviour of 
coated CFRP specimen. The processing of the AE data was carried out by energy and 
amplitude analysis including clustering. Furthermore, Sause compared the results with 
scanning electron microscope data. In his further studies, Sause simulated the propagation of 
the acoustic signal of AE sources and used this data for cluster analysis. He compared the 
results afterwards with experimental data e.g. from tensile and bending tests. He chose 

combinations of signal number, energy parameters, FFt and the newly developed weighted 
peak frequency (WPF). The WPF results from a parameter extraction in the time and 
frequency domain and calculating according to 

 
 
 
 
 

where 血怠 = ど 倦�� and 血態 = なのど 倦�� for Partial Power 1 and  血怠 = なのど 倦�� and 血態 =ぬのど 倦�� for Partial Power 2 and where 血怠 = ぬどど 倦�� and 血態 = ねのど 倦�� for Partial Power 
3 respectively (according to the characteristic frequency spectra). 

Finally, he compared the results of simulation, clustering and experiments with 
microscopic investigations. Sause succeeded to further differentiate the frequency based 
matrix, interface and fibre spectra. But he also pointed out that the used algorithms have to 
be improved to avoid the overlapping of the matrix and interface spektra. These overlapping 
are strongly dependent on the material design, the specimen geometry and the distance of the 
sensor from the AE source. 

Summarizing it can be stated that significant progress has been made during the last 
years in order to detect damage mechanisms in fibre composites by acoustic emission. 
Nevertheless, it is not possible to reliably differentiate the occurring damage mechanisms up 

駆血���駈 = √血陳�� ∙ ∫ 血 ∙ �̂岫血岻穴血∫ �̂岫血岻穴血   憲券穴 ���建��健 �剣�結�津 =  ∫ �̂態岫血岻穴血�鉄�迭∫ �̂態岫血岻穴血�� 待  , 
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to now. The relevant transfer to a component under load can only be successful when a one-
to-one correlation of AE parameters regarding the damage mechanisms is possible. 
Therefore, the proposed paper addresses this topic for coupon specimen. 

Experimental work 

Set-up 

As measuring and testing device serves a material testing machine AllroundLine 
Zwick 100 with hydraulic probe fixing of Zwick/Roell. For the AE measuring, the Fraunhofer 
IKTS developed the software CanWare08-LiteAE02a. The design was chosen of that kind 
that the process of material testing is not disturbed. Ideal AE measuring conditions have to 
be realized by the coupling between the AE sensor and the propagated acoustic wave. For 
the 4 point bending tests, these demands are fulfilled and the sensors are fixed on both sides 
by a yoke.  

Experimental configuration 

Coupon specimen with and without notches and varying laminate designs were tested 
to failure by tensile and bending tests.  
 

 
Fig. 1: Principle behaviour: Matrix failure during beginning of tensile test (red dots indicating low 

values of the Weighted Peak Frequency) in the middle of the notched Coupon; Debonding and Pull-Out 
Effects during the end of the tensile test (red dots indicating high values of the Weighted-Peak-Frequency) 

Matrix 
failure 

Debonding, 
Pull-Out 
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The test regime included conventional load tests (linear increase to maximum 
load/displacement) and cycle loading and unloading tests with increasing load level up to 
reaching the maximum load. Within this paper primarily the coupon specimens without 
notches are displayed. As an example one specimen with notch is included as well (Fig. 1).  

Results 

Fig. 1 shows the result of a conventionally testes notch specimen. In the figure, 
Weighted Peak Frequency (red dots) and the position of the AE source (blue crosses) are 
presented during the measurement time. As an example for the failure in the notched area, 
the damaged specimen after the tensile tests is displayed as well. It can be clearly seen that 
the location of the AE sources in longitudinal direction of specimen correlates well with the 
real damage picture. A lower WPF was calculated for the acoustic emission signals in the 
beginning of the tensile test. Matrix failure is therefore the dominating damage mechanism. 
Prior to the failure of the specimen, the WPF increases significantly in the corresponding 
coupon areas which is caused by debonding. 

 
 

Fig. 2: Weighted Peak Frequency of all laminates (4-point-bending-test and tensile test)  
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Fig. 3: Weighted Peak Frequency of all laminates (4-point-bending-test and tensile test) and overlayed 

clusters of damage mechanisms 

 
Further tests were carried out with probes without notches using conventional tensile and 
bending experiments. Fig. 2 shows the relation between Partial Power 1 and WPF. Results 
from tensile and bending test for varying laminate design were included. It can be clearly 
seen in Fig. 3 that certain cluster areas for the damage mechanisms matrix cracking, fibre 
matrix debonding and fibre cracking can be defined.  

Summary and outlook 

This paper shows a relation between WPF and partial power 1 for different laminates. It could 
be demonstrated that this parameters are well suited for evaluating the source mechanism of 
the damage by clustering the data. Coupon tests with a variety of different lay-ups are 
necessary for evaluation of the clusters and their corresponding parameters. Both tensile and 
4-point-bending-tests are needed to stimulate different damage mechanisms. Tensile tests 
stimulate all damage mechanisms (matrix cracking, fiber-matrix-debonding, fiber crack) 
whereas 4-point-bending-tests leading to matrix cracking, fiber-matrix-debonding and 
delaminations.  
Notched coupons activate damages in the region of the notches and are so suitable for deeper 
investigations like high resolution CT. 

The comparison of the AE-results to CT images of the coupons and the displaying of 
the results for the cycling experiments will be presented in later publications. This also refers 
to the transfer of the results from coupon to component level. 

 
 

Fiber 
crack 

Matrix  

cracking 

Fiber-matrix debonding 
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