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The utilization of composite materials in engineering and 

industrial systems has been increasing in recent years. The 

main drawback of applying these materials in critical 

engineering components and structures is the lack of a 

reliable non-destructive-method (NDT) for characterizing the 

performance of the structure. The most promising NDT method 

for evaluating composite based components is acoustic

emission (AE). Research has been undertaken in the 

processing of AE data in order to find correlation between 

damage mechanisms and failure modes and the monitored AE. 

The most important AE parameter employed for characterizing 

damage mechanisms and failure modes in composite materials 

is the peak-amplitude distribution (PAD) of the AE signals. 

Two approaches are in common use in this respect, viz, the 

correlation of specific mechanisms with the range (or mean) 

of the peak-amplitudes of AE signals and the evaluation of 

the slope of the logarithmic cumulative PAD. A new approach 

is proposed for the analysis of PAD, which is based on 

employing the statistical moments of the PAD. An 

experimental study utilizing, unidirectional Kevlar-epoxy 

and graphite-epoxy composites has demonstrated that the 

third moment, or the skewness, of the PAD can clearly 

distinguish between different failure modes and damage 

mechanisms in composites. 



1. INTRODUCTION 

The utilization of composite materials in critical 

engineering components such as in the aircraft industry 

raise the inevitable demand for evaluating and verifying the 

damge mechanisms and failure modes by Non-Destructive 

Methods, (NDT). 

Acoustic Emission (AE) is becoming a useful NDT tool for 

damage and failure mode analysis. 

The current state of the analysis of AE for this purpose has 

not yet advanced to the stage, where a single acceptable 

method of analysis is available. 

Experimental studies of different composite systems have 

shown that the analysis of different characteristics of the 

peak-amplitude (PA) of AE signals is a useful, though 

limited, means for distinguishing different failure modes 

and damage mechanisms. 

It is common to examine the peak-amplitude distribution 

(PAD) characteristics. There are two conventional methods of 

employing the PAD to differentiate between failure modes, 

[1]. These methods are: 

1. To associate the observed PA range (or the mean of the 

range) with a specific failure mode. For example, it was 

reported in [2J that in composites, events of higher PA 

result from fibre fracture and lower PA events are 

associated with matrix failure. On the other hand, in [3] 

it was found that in carbon-epoxy composites the higher PA 

events correspond to matrix failure whereas, fibre fracture 

resulted in a lower PA event. 

2. To utilize cumulative PAD. It has been shown in [4] 

that if the PA are randomly distributed, the number N(A) of 

events with amplitudes greater than A can be represented by 



N(A) = (A/Ao)-b 

where Ao is the lowest detectable amplitude and b is a 

constant. In testing materials in which a single failure 

mode dominates, the logarithmic plot of that cumulative PAD 

is a straight line with a slope b. A high value of b 

indicates a large number of small amplitude events, whereas 

a flatter curve with small b suggests that high amplitude 

events predominate. 

It has been suggested in [5] that low values of bare 

related to fibre failure events, and resin cracking or 

debonding is associated with high values of b. contrary to 

these findings, in [6] it was found that low values of b 

correspond to matrix failure modes and high values of bare 

characteristic of fibres failure. 

During loading of composite structures a multiple of AE 

sources operate simultaneously. Some are due to variety of 

local failure mechanisms (i.e. debonding, matrix cracking 

and fibre failure) and others result from friction between 

separated surfaces. It has been shown [10,11] that the AE 

activity due to friction exceeds in most cases that 

generated by actual damage. 

In this paper a new method of processing PAD data is 

proposed. Here, it is suggested to analyse the AE data, by 

utilizing the statistical moments of the PAD. That is, the 

numerical values of these moments are employed as a means of 

differentiating failure modes and characterizing the AE 

activity moments values of friction in composite materials. 

The first three statistical moments are the mean, standard 

deviation and skewness, which except the mean, describe the 

shape of a distribution. The moments are defined as 

follows: 



Mean 
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.~ (xi - x)2 
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Skewness m3 = ------
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These are discussed in every basic statistics book, for 

~xample in [7]. 

Scala and Coyle, [8], digitized the voltage level of single 

different artificial AE signals. By using the moments of 

the distribution of the digitized voltage levels, they were, 

partially, able to distinguish between the different AE 

sources. Manoharan et al in [9], used the time dependence 

of the PAD moments to detect pore formation during 

solidification of Al-11.6wjo si. 

In the following the use of this new processing method for 

the characterization of two different failure modes which 

operate in Kevlar-epoxy composites is reported. In addition 

we report here about utilizing this method in distinguishing 

between actual and non-relevant AE in graphite-epoxy 

composite. 

2. EXPERIMENTAL 

2.1 Kevlar-epoxy 

Composites of Kevlar-49 fibres-Araldite MY 650jHT 972 epoxy, 

having a volume fraction of fibres in the range of 0.23-0.73 

were manufactured from prepregs prepared by fibre winding 

impregnation technique. The nominal thickness of 



unidirectional 3 point bending samples was 0.5cm. The 

samples width was 0.5 cm and length varied to obtain 

different span to depth ratio (SDR). The tensile specimens 

dimensions were 15*1*0.15 cm, with end tabs, and were loaded 

with serrated jaw wedge grips. 

2.2 Graphite-epoxy 

Unidirectional Graphite (Hercules, IM6) - Epoxy (Resin DER 

3130 Degba, Hardner Polox 6040) composites tensile samples 

were of 10*1*0.17 cm and were cut from plates prepared by 

filament winding, vf=0.55. 

2.3 Loading 

An Instron (Model 1142) was employed at a constant cross

head speed of 0.05 cm/min in room air at ambient 

temperature. 

2.4 AE system 

A resonant type transducer (Model AC 375L, AET) , a 

preamplifier with a 250-500 kHz filter having a gain of 40 

dB (Model 140B, AET) and microprocessor based AE 

instrumentation (Model 5000A, AET) were employed with a 

second amplification stage at the 5000A of 30 dB. 

3. RESULTS AND DISCUSSION 

3.1 Kevlar-epoxy 

The use of different loading methods, bending or tension, 

and material parameters, e.g. fibre volume fraction (Vf), 

enable the attainment of the two basic failure mechanisms, 

viz. fibre or matrix fracture. 



3.1.1 Fibre Failure 

In flexural tests of unidirectional kevlar-epoxy composites 

it is possible to cause failure so that fibre fracture is 

dominant by employing specimens having Vf< 48% and a span 

to depth ration (SDR) of 8. 

The mechanical characterizations of such tests were reported 

in detail in [12]. significant amount of fibre failure can 

be obtained also in tension by using special tensile 

specimens as detailed in [13]. The resin in the centre of 

those specimens was partially dissolved by HN03, so that a 

volume free of matrix was obtained. Failure of the samples 

occurs in these matrix free areas by fibre fracture, as it 

is shown in Fig 1. In all cases the Kevlar fibres fail by 

splitting as demonstrated in Fig. 2a. 

3.1.2 Matrix Fracture 

Two modes of matrix fracture are possible; delamination and 

shear failure. Delamination is observed when employing 

bend samples having 35%<Vf<60% and SDR < 5 [12]. 

Shear failure is obtained when tensile unidirectional 

samples are loaded so that the angle between the fibres and 

the loading direction, 8 is in the range of 4°<8<30° , [13]. 

The fracture surface topographies of typical matrix failure 

modes typified by hackles and debonding at fibre-matrix 

interface as shown in Fig. 2b. 

3.1.3 Acoustic Emission 

Due to the differences in the energy released during fibre 

failure as compared to matrix fracture, it is expected that 

different failure modes originating from fibre or matrix 



will result in significantly different AE behaviour in 

general and particularly different PA characteristics. 

Four typical PAD obtained samples loaded to failure in both 

tension and flexure which failed predominantly either by 

fibre or matrix fracture are shown in Fig. 3. 

For distinguishing quantitatively between the PADs of the 

different failure modes an attempt is made in this work to 

characterize the different PADs, by determining the 

statistical moments of the distributions and particularly 

the third moment, skewness. 

Table 1 gives the average and the standard deviation values 

of the skewness for a number of samples which failed by the 

two different failure modes. These values of the skewness 

were calculated for sets defined by the failure mode, 

irrespectively of the loading method or material parameters. 

Table 1. 

MODE SKEWNESS STD NO OF SPECS. 

Fibre failure 0.433 0.164 12 

Matrix failure 0.901 0.169 20 

It is reasonable to assume that different failure modes 

would affect differently the monitored AE characteristics. 

The AE monitored during the tests described above is the 

result of the operation of the different failure mechanisms. 

Consequently, it is reasonable to assume that it should be 

possible to correlate parameters of AE with materials 

parameters that are relevant to the failure processes. such 

correlations were, indeed, found and are discussed next. 



The skewness of the PAD for specimens where matrix failure 

mode dominated was found to correlate with the length 

distribution of the hackles on the fracture surfaces of 

those samples. The hackles are typical fracture surface 

features which are observed when examining broken matrix 

areas and the distribution was obtained by measuring the 

length of hackles observed on typical fractographs of 

several specimens. The skewness was found to be 0.96 which 

compares well with the value of 0.901±0.169 determined for 

the skewness of PAD typical of matrix fracture. The length 

of the hackles is related to the PAD since it is assumed 

that the energy released by matrix fracture is proportional 

to the length of matrix crack which released it. 

The strength distribution of a single Kevlar-fibre was 

studied and reported in [14]. The skewness of the strength 

distribution of fibres calculated in [14] was about -0.38. 

This value is different from the skewness of the PAD 

obtained for fibre fracture. The difference between the two 

values can be explained if it is recalled that significant 

matrix cracking precedes and accompanies fibre failure. The 

observed skewness value of 0.433 is close to the average of 

the values observed (-0.38) in [14] and matrix cracking 

hackles length (0.96). This appears to indicate that the 

skewness of the underlying processes can be averaged to 

reach the observed value. 

3.2 Graphite-epoxy. 

For distinguishing between actual and non-relevant AE in 

graphite-epoxy, tensile samples were loaded to failure in 

two different ways. 

1. A group of samples was loaded to failure monotonically. 

2. A group of samples was cyclically loaded, in consecutive 

loading blocks, each consisting of four cycles at a constant 

load level which was increased for the next block. 



The AE information obtained during loading was analyzed. The 

mean, standard deviation (STD), and the skewness (SKEW) of 

the PAD for two typical monotonic tensile tests are shown in 

Fig. 4. The moments are plotted vs time, which is linearly 

related to load. For the statistical reliability data points 

were calculated for distributions of 1000 events with an 

overlap of 500 events for each two successive data points. 

Up to about 70% of the ultimate load, AE activity is weak 

(large distance between data points) and small variations in 

the values of the moments are observed. The last part of 

loading is characterized by a significant increase in the AE 

activity and abrupt variations in PAD's moments values. 

When analyzing the AE data obtained for the cyclically 

loaded samples, it can be seen that an increase in the AE 

activity and abrupt variations in the value of the moments 

of the PAD are characteristic of the rising part of the 

first loading cycle in each loading block, Fig. 5. During 

the rest of the loading cycles AE is less active and no 

significant variations in the moments are observed. 

It is reasonable to assume that in the course of cyclic 

loading, damage is more likely to occur during the rising 

part of each first cycle of the loading blocks. In the 

other cycles mostly micro and macro friction is anticipated. 

Since the nature of AE as characterized by the moments of 

PAD is significantly different for these two kinds of 

loadings, it is possible to identify the occurrence of 

damage, utilizing the variations in AE. When evaluating the 

different moments of the PAD, it can be seen that the 

skewness is best suited for this identification. 



4. CONCLUSIONS 

1. The skewness values of PAD of AE signals can be 

correlated to the skewness of the following Kevlar-epoxy 

properties: 

A. the hackle length distribution. 

B. the strength distribution of single fibres. 

2. This method of using the skewness of the PAD to 

differentiate between matrix fracture and fibre failure 

modes was found to be suitable. 

3. In graphite-epoxy composites an abrupt increase in the 

skewness, above the value of 2.4, indicates damage 

progression. 
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FIGURE 1 Failed tensile sample with mat: 

FIGURE 2 Typical fractograph of: 

a) failed fibres (x 100), 

b) matrix failure (hackles and debonding) 

(x 300). 
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FIGURE 3 Typical PAD's of AE signals obtained from: 

a) shear failure in bending 

b) fibre failure in special tensile samples 

c) shear failure in tensile samples 

d) fibre failure in bending 
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The evolution of the moments of PAD during 

montonic loading of two different samples. 
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FIGURE 5 
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The evolution of the moments of PAD during cyclic 

loading of a typical sample. The bottom curve 

indicates loading sequence. 




