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Analysis of the time intervals between acoustic emission (AE) signals in composites makes it 
possible to study defect mechanisms induced by stress transfer near the previously arisen 
defect. Unidirectional carbon fibre-reinforced plastics (CFRP) with matrices of different 
plasticity have been investigated during tensile deformation. There is a characteristic delay 
time, ~1, between the correlated appearance of defects. For these materials, -q ranges from 
50-500 Its. In the model considered here, "c I is determined by the time for which the zone of 
plastic deformation formed at the place of fibre breaking and widening during local stress 
relaxation, is extended to the neighbouring fibres. Thus, the fibre is overloaded, which may 
lead to its breaking. The effect of viscoelastic properties on ~1 is discussed. This delay time 
decreases with the plasticity of the matrix. These data also show that the zone of localized 
deformation at the broken fibre can cover several layers of neighbouring fibres. 

1. I n t r o d u c t i o n  
The failure of fibre composite materials is a result of 
damage accumulation in material during loading. In 
many cases it may be considered that defects can 
interact. Hence, to understand the transition from 
diffuse damage accumulation to catastrophic failure, 
the study of correlated defect formation is of con- 
siderable interest. Generally speaking, fibre-reinforced 
plastics (FRP) exhibit such different defect types as 
fibre breaking, cracks in the matrix, debonding on the 
fibre-matrix interface, and delamination between 
plies. In order to calculate composite strength, the 
breaking of several neighbouring fibres should be 
given particular attention because subsequent fibre 
breaking may lead to avalanche-like failure. The usual 
approach is to calculate the stress transfer from the 
broken fibre to the neighbouring fibres using the 
Weibull distribution of fibre strength [1-3], and also 
any irregularity of fibre packing should be taken into 
account [4]. It has been shown [5-] that not only static 
stress transfer should be taken into account but also 
the dynamic overload. This overload in the breaking 
plane on fibres neighbouring the broken fibre is ap- 
proximately twice as large as in static analysis. A still 
greater value of stresses is obtained if the possibility of 
the appearance of a crack in the matrix around the 
broken fibre is taken into account, while, in contrast, 
debonding increases the fracture energy of the devel- 
oping defect, thus hindering the development of group 
fracture. This model for group fracture formation has 
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been described elsewhere [6]. From the same consid- 
erations, it follows that it is important to take into 
account correlated defect appearance (including de- 
fects of different types), not just when the final fracture 
of the composite is determined by the avalanche-like 
fibre fracture. Thus, when the delamination crack is 
developed, a damage zone is formed at its tip and the 
development of defects at the tip provides a contribu- 
tion to the fracture energy [7]. 

In all these cases it was assumed that stress transfer 
around the defect that leads to the appearance of other 
defects takes place for the time which is comparable to 
that of the passage of elastic stress waves through the 
local volume considered, i.e. in the range from nano- 
seconds to several microseconds. In this work we shall 
attempt to show that the contribution to correlated 
defect formation is also provided by the slower process 
of stress transfer. This process is due to the relaxation 
of stress around the defect, and, correspondingly, to 
the overloading of neighbouring volumes that in- 
creases in the case of the localization of plastic de- 
formation of the polymer matrix. In this case, the 
CFRP structure is relatively regular, and therefore 
characteristic delay times exist between the appear- 
ance of defects, ranging from several tens of micro- 
seconds to a few milliseconds. 

Defect appearance was recorded by the method of 
acoustic emission (AE). The spectral and energetic 
analysis of AE signals was also carried out. In certain 
limits it permits identification of signal sources. 
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T A B L E  I Physico-mechanical properties of the binders for C F R P  

Binder Tensile strength (MPa) Shear modulus  Ultimate 
(GPa) elongation 

(%) 

Specific work of fracture a 
(MPa) 

T~, (~ 

PEI 90 100 0.94).95 10-12 0.64).9 
PEI-N 40-50 t-1.2 3~4 0.04-0.06 
EDT- 10 70-90 0.95-1.1 6-8 0.243.3 

210 
260 

85 

a In this case, the specific work of fracture is the area under the stress-strain line. 

2 .  M a t e r i a l s  a n d  m e t h o d s  

2.1. Propert ies of the materials of the matrix 
and the compos i te  

CFRP based on ELUR carbon band with fibre dia- 
meter 10 gm with thermoplastic and thermosetting 
matrices were investigated. A polyesterimide binder 
(PEI) based on benzene dianhydride and diphenylsul- 
phone diamine was used as the thermoplastic matrix. 
Oligomer ester imides based on the same dianhydrides 
and diamines were also used as thermosetting binders. 
They contain norbornane end groups (PEI-N) which 
make it possible to obtain a three-dimensional cross- 
linked polymer. Additionally, an epoxy EDT-10 bin- 
der was used as a thermosetting binder. At room 
temperature this binder is more brittle than PEI but 
more plastic than PEI-N (Table I). 

PEI synthesized as a solution in methylpyrrolidone 
and oligomers synthesized in chloroform were depos- 
ited on a carbon fabric, the solvent was evaporated 
and the prepregs were pressed forming eight-layer 
plastics. The main characteristic of carbon plastics 
based on this binder are listed in Table II. 

The specimens for tensile tests were plates 200 mm 
long, 15 mm wide, and 1-1.5 mm thick. The loading 
rate was 0.22 mm min-  1 and the typical fracture time 
was 8-10 min. 

2.2. Acous t i c  emission techn iques 
AE signals were recorded by a piezotransducer with a 
frequency band up to 650 kHz and after amplification 
and fiItration (50 kHz-2 MHz) were digitized by a 
transient data recorder (model 4604 with a memory of 
1 kB and transferred to the computer  to save in the 
magnetic disk. In spectral analysis the sampling 
period was 0.25 las and the sampling frequency was 
4 MHz (Nyquist frequency 2 MHz). In this case, after 
the input signal exceeds the set trigger level, the data 
sampling time is 256 ~ts. This time may be longer or 
(less frequently) shorter than the signal duration. 
Moreover, several signals can occur in this time 
period, and the analysis of this situation is the main 
subject of this work. Hence, we will distinguish the 
concept of the AE signal and the "realization" as a 
result of digitizing the input signals (AE signals and 
noise background) for the whole time of digitizing. 
Lower sampling frequencies, 250 kHz (digitizing time 
4096 gs) and 1 MHz were also used for the analysis of 
the occurrence of several signals in the "realization". 
Examples of realizations with different sampling fre- 
quencies are shown in Fig. la-c. About 100 realiza- 

T A B L E  II  Physico-mechanical properties of C F R P  

Binder Tensile strength Shear modulus  Fibre volume 
(MPa) (GPa) fraction (%) 

PEI 800 840 4.4 46 
PEI-N 900-1010 5.4 62 
EDT-10 1000-1090 5.7 58 
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Figure I Examples of realizations of AE signals and energy spec- 
trum. 

tions were recorded for each experiment. In some 
cases, up to 1000 realizations were recorded. 

During treatment the energy spectrum of the signal 
(realization) and its mean frequency were calculated 
by fast Fourier transform (Fig. ld). The spectrum was 
used to determine the realization energy, W, in the 
range 50-1000 kHz and in five narrower frequency 
bands. The noise energy of the measuring system in 
the selected frequency ranges is automatically sub- 
tracted. 

A more usual recording system of AE events and 
their amplitudes was simultaneously used. This system 
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works under conditions of linear location of signal 
sources coordinates. In this case, two transducers were 
used with a resonant frequency of 450 kHz. It should 
be noted that no signals from the region of the speci- 
men grips were detected. 

3. Results and analysis 
3.1. Characterization of AE in CFRP with 

different matrices 
AE in the fibre composites has been investigated in 
many papers, e.g. [-8-15]. Much attention was devoted 
to the possibility of AE signal separation according to 
their source type. This problem is solved more simply 
in composites that exhibit no delamination. In this 
case, the amplitude of signals of fibre failure is higher 
(at least on average) than that of other defects [-8]. 
Hence, by increasing the discrimination level, AE may 
be recorded from fibres alone, and the kinetics of 
accumulations of their breaks may be studied [-9, 10]. 
Signal amplitude from large delamination cracks may 
be comparable to or larger than that in fibre failure. In 
this connection it is reasonable to use AE spectral 
analysis 1-11-13]. However, so far, this analysis has 
seldom given clear results and in any case gives no 
universal results. Therefore, in some cases the methods 
of pattern recognition that are relatively formal from 
the physical standpoint, should be used [12, 14]. 
Delayed AE was studied by Rochat et al. [,,15] during 
creep, but they have not considered any effects of the 
defect's localization. 

In the present work, the AE spectral analysis was 
carried out both for the above-mentioned composites 

and for model specimens with a single carbon fibre in 
the epoxy matrix. When model specimens were 
stretched, fibres were fragmented and the number of 
fragmentations approximately corresponded the num- 
ber of AE signals. Fig. 2 shows the distribution of 
mean frequencies of realizations for the composites 
under investigations, and Fig. 3 shows energy distribu- 
tions. It is clear that both CF/PEI composites and the 
model composite exhibit no signals with such high- 
energy values as the two other composites, and the 
mean frequency distribution is narrower. Judging 
from specimen fracture surfaces, in CF/PEI-N and 
CF/epoxy the delamination process is very developed 
in contrast to that in CF/PEI. As can be seen from 
Table I, this is in agreement [16] with specific work of 
fracture of the corresponding binders. Hence, if the 
data on the model composite are taken into account, it 
may be suggested that AE signals in the CF/PEI 
composite are mainly due to fibre fragmentation. In 
the other CFRP considered here the contribution of 
signals from delamination cracks is considerable. The 
size of these cracks can differ greatly and, hence, the 
energy and frequency characteristics of the signals also 
vary. The region of the lowest energies should also be 
noted. Their fraction in CF/PEI is higher than in 
single fibre fragmentation. Some of these signals may 
be due to debonding. 

3.2. Analysis of time interval distributions 
between AE signals 

The spectral characteristics considered above reflect 
the dynamics of defect development at velocities close 
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Figure 2 Distributions of mean frequency for AE realizations. (a) Model composite, (b) CF/PEI, (c) CF/PEI-N, (d) CF/epoxy. 
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Figure 3 Distributions of energy for AE realizations. (a) Model composite, (b) CF/PEI,  (c) CF/PEI-N, (d) CF/epoxy. 

to sound velocities. The time range of these processes 
does not exceed a few microseconds, for example 
the process of elastic stress transfer after carbon 
fibre fragmentation continues for several tens of 
nanoseconds [5]. During the same time range, the 
process of correlated break of a fibre group can occur. 
Because this range is less than the response time of the 
AE recording instruments, only one AE signal with 
the energy proportional to the number of fibre frag- 
mentation will be fixed [9]. However, the AE invest- 
igations both in homogeneous materials and 
composites show that correlated defect generation is 
also observed at much longer time intervals between 
the appearance of these defects, although they are 
small compared to the loading rate when the increase 
in loading on the specimen may be neglected [-17-19]. 
In this situation the AE signals from different defects 
do not merge into one event, and the existence or 
absence of correlation is determined in the framework 
of the theory of a stochastic point process from the 
analyses of time intervals between the signals (events), 
~. The process of independent events may be described 
as the Poisson process with the intensity Z. For  this 
process the distribution functi0n,f(~ ), of time intervals 
between the events isf(~) = )~exp( - X~) [20]. For  the 
AE process, X is equal to event ra te /q ,  and in many 
cases this process can actually be described as the 
Poisson process [17, 18]. The appearance of correla- 
tion between the AE events can most often be re- 
presented [ 18] in the form of a cluster Poisson process 
(Neyman-Scott  process) [21, 22-]. In this case each 
event of the primary Poisson process can lead to a 
certain secondary process. This is reflected in interval 

distribution in the form of an increase in f (% as 
compared to the Poisson distribution at low ~. 

Fig. 4 shows the distribution of time intervals be- 
tween the AE events for the CF/epoxy composite 
obtained with AE recording system of the events. In 
some loading stages the distribution may be con- 
sidered to be the Poisson distribution. However, the 
investigated CFRPs are characterized to a greater 
extent by the existence of differences in the Poisson 
distribution with sufficient statistics at �9 < 10-50 ms, 
i.e. by the existence of partial correlation between 
defect formations. 

This AE system makes it possible to investigate the 
complete flow of AE events but its lower resolution 
limit is about 1 ms. The recording of AE by the 
transient data recorder make it possible to investigate 
the time intervals from 20 gs (a typical decay time of 
the signal from fibre break to the level when the next 
signal can be distinguished on its background) to 
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Figure 4 Examples of time interval distributions for AE events. 
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256 gs or 4 ms, depending on sampling frequency. In 
fact, for CFRP there is a set of realizations with two or 
more signals in them (Fig. lc) (in realization with a 
length of 256 ps more than two signals are present ~ s 
very seldom). Hence, although only a part of the AE 
flow is investigated by this method, in principle it 
permits the study of the "fine structure" of clusters in 
the cluster Poisson process. The existence of such {o) 
clusters can be seen in Fig. 4b. Note that the second 
signals in the realizations of the type shown in Fig. lc 
are not reflected signals and can be easily distingui- / 

shed from them by their short rise time. | 
The distributions of time intervals between AE ~ 5 

signals in the realizations for CFRP with different 
matrices are shown in Figs 5-8. The occurrence of two 
signals in one realization naturally does not mean the 
correlated appearance of sources of these signals. It is (c) 
possible to estimate the probability of random group- 
ing of signals in one realization from the AE event rate 
if the entire AE flow is considered to be the Poisson 
flow. Such an estimation for the CF/PEI-N composite 
shows, for realizations with a duration of 256 gs 
(which are the more interesting for this composite) 
that this probability is negligible in any stage of 
specimen loading. In the CF/PEI  and CF/epoxy com- 
posites, the realizations with a duration of 4 ms are 2"0- 
more informative and at a final stage of deformation 
this event rate can exceed 100 events/s. Thus in Figs 5 
and 6 the fraction of intervals between non-correlated 
events may be high. A more definite estimation is 
difficult because the AE process is not stationary. 
However, all these distributions fundamentally differ 
from the Poisson process distribution by the existence ~ 10- E 
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Figure 5 Time interval distribution for AE signals inside AE real- 
izations in CF/PEI composite. 
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Figure 6 Time interval distribution for AE signals inside AE real- 
izations in CF/epoxy composite. 
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Figure 7 Time interval distributions for AE signals inside AE 
realizations in CF/PEI-N composites. (a) o <  600MPa, (b) 
o > 600 MPa, (c) another batch. 
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Figure 8 Time interval distribution for AE signals inside AE real- 
izations with 1024 ps sampling time (CF/PEI-N). 

of at least one maximum. For  the CF/PEI  composite 
the distribution maximum is at ~1 = 500 ItS (Fig. 5), 
and in CF/PEI-N the first maximum is at zl < 100 Its 
(Fig. 7a, c). In the CF/epoxy composite, ~ could be 
estimated as 400 Its. 

Interval distributions for the CF/PEI-N composite 
(Fig. 7a, b) are plotted for two loading stages, the 
boundary between which is determined by the stress 

= 600 MPa. 
The probability of the appearance of correlated AE 

signals in CF/PEI  is approximately 25%-40%, and in 
CF/epoxy 15% (for realizations with a duration of 
4096 ps) and in CF/PEI-N, this 4 % - 5 %  (for realiza- 
tions 256 Its). 

4. Discussion 
Let us consider the mechanism according to which the 
arising of one defect may lead to the arising of another 



defect for the times longer than those characteristic for 
elastic stress transfer, but sufficiently small for increas- 
ing in specimen loading to be neglected. 

It was shown elsewhere [18] for the interaction 
between twins in zinc, that the secondary process 
(cluster) generated by the appearance of a large twin 
may, in turn, be described as the Poisson process of 
non-interacting events with decreasing intensity. This 
corresponds to the following model: defect formation 
leads to an abrupt increase in local stress and plastic 
deformation rate, 8, which relax according to the 
exponential law or a similar law to the average level of 
the whole sample. To the first approximation, the 
probability of the appearance of a new defect in unit 
time may be considered to be proportional to 8. This 
leads to the above relationship for the secondary 
process, and a probability maximum of interval dis- 
tribution is at z ~ 0. 

In these interval distributions between AE signals in 
CFRP, the maximum is displaced from zero. Hence, 
this model should be altered. It is natural to think that 
for fibre composites this shift in z is determined by the 
average distance between fibres that form a relatively 
regular structure. We will now assume for preciseness 
that the defects, and especially the first defects in 
clusters, are fibre fragmentation (it should be remem- 
bered that in these materials clusters mostly consist of 
two AE signals, i.e. of two defects). This assumption is 
adequate at least for CF/PEI.  Stress relaxation near a 
broken fibre is usually considered from the standpoint 
of a stress transfer along the broken fibre [-23, 24]. 
However, it i s k n o w n  that a crack formed in fibre 
fragmentation can develop further in the matrix. It has 
been shown by high-speed photography [-25] that 
after the crack passes a certain distance almost at 
sound velocity, it does not stop instantaneously, and 
during the stage of relaxation its velocity begins to 
decrease. In fact, crack growth in this stage is related to 
the necessity for crack opening displacement at its tip, 
6, from the value of 8 o, which corresponds to the 
dynamic crack growth up to the value of 8~t, which is 
the equilibrium value at this load. Hence, it is possible 
to use the usual equations of stress relaxation where 
stress will be changed by 8 

8(~) =6o  + (8~t - 60) [1 - e x p ( - ~ ) ]  (1) 

where ~ is the relaxation parameter. We will assume 
that the size of the plastic zone at the crack tip, as in 
homogeneous materials, linearly depends on 8 [26] 
and that the shape of the zone cross-section is circular 
and its area increases from R o to the equilibrium value 
R~t (Fig. 9a). An equation analogous to Equation 1 will 
be valid for R(z). The distance between the neigh- 
bouring fibres is denoted by L, and for simplicity it is 
assumed that R o and the crack length are small com- 
pared to L. Then the time, Zl, after which the plastic 
zone reaches the nearest fibre, is given by 

"c= 1-1n Rst (2) 
Rst - L 

Note that Rst is the final zone length in the matrix 
material and not in the composite. 

Fibre 

L L (o) (b) 

Figure 9 Model for delayed secondary fibre break (a) with and 
(b) without matrix cracking near the primary fibre break. 

Theoretical and experimental data show that in 
composites the plastic zone at the tip of a crack which 
intersects fibres is greatly extended in the fibre direc- 
tion [27]. Our data do not contradict this but indicate 
that in addition to a "diffuse" plastic deformation 
zone, a zone of large local deformations appears either 
in the crack plane (analogous to the Dugdale model 
[28]) or forms an angle with it as shear bands. Plastic 
deformation abruptly increases at the boundary of this 
zone. The rate of plastic deformation at the place of 
the probable defect formation has a maximum at the 
passing of the zone front, i.e. after the time, rl, with 
respect to primary fibre fragmentation. This leads to 
the appearance of a maximum in time interval dis- 
tributions (Fig. 5). Although plastic deformation is 
absent in PEI-N in tensile tests, this do not implies 
that plastic deformation is absent under other loading 
conditions [29] or in a local volume at a stress 
concentrator [27]. 

In interval distributions for CF/epoxy (Fig. 6) and, 
in particular, for CF/PEI-N (Fig. 7) composites, not 
only one but at least two maxima are observed. On the 
basis of the model under consideration, this implies 
that the zone of localized deformation is not limited by 
the nearest fibre layer and, in spite of relatively dense 
fibre packing, proceeds in several layers. Moreover, 
the distribution of distances from the fibres to the 
central fibre being destroyed retains the short-range 
order in two or three layers. For  CF/PEI-N we have 
~i = 50, 105, and possibly 170 and 230 ps (Fig. 7a) and 
for another sample batch we have zi - 75, 160, and 
possibly 240 ps (Fig. 7c). At higher z, single maxima 
are no longer distinguished, but in any case the time 
intervals between correlated AE signals reaches 
1000 gs (Fig. 8). Therefore, it may be assumed that Rst 
in CF/PEI-N is higher than the distance to the fourth 
fibre layer. Then for the first three layers, Equation 2 
passes into an almost linear dependence of the z i on 
the distance to a fibre in the ith layer, L i. If zi is 
expressed in relative units, zo = zi/~l, then one obtains 
virtually integer series and, correspondingly, an 
integer series for Li ~ = Li /L  1. If the fibres were packed 
in squares, we would have the following series for 
L~ 1.4, 2 , . . . .  However, the data reported here are 
in a favour of circular fibre packing. 

Consideration of CFRP with different matrices 
shows that a decrease in ~1 and an increase in the 
number of distribution maxima take place with de- 
creasing matrix plasticity. In the explicit form, visco- 
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elastic properties of the material influence the ~1 value 
in Equation 2 via the coefficient cz and the Rst value, 
for which direct data are not available. However, it is 
clear that in a less plastic material, Rst is also lower. 
Hence, the expected influence of this parameter on ~1 
is opposite to the observed trend. It is more complex 
to evaluate the effect of cz. In the usual relaxation 
models [30], the relaxation parameter is mainly deter- 
mined by the plastic deformation rate at the moment 
of onset of relaxation, ~(0). This value, in turn, depends 
on effective stress, or*(0). The thermal activation 
character of deformation is given by 

I AGo-  v*cy*(0) 1 = A exp - k ~  (3) 

where A is the coefficient, AG o is the change in free 
energy in the absence of stress, v* is the activation 
volume, k is the Boltzmann constant and T is the 
absolute temperature. In this paper, relaxation pro- 
cesses at the crack tip are considered on the basis of 
Equation 1. Hence, it may be assumed that the initial 
crack opening, go, is the initial condition that deter- 
mines ~. According to fracture mechanics, the value of 
5 o is determined by the value of effective surface 
energy, 7eff, and ~ may be qualitatively expressed 
instead of Equation 3 by 

= C e x p ( W / y e f f )  (4) 

where C and Ware constant. Some idea about the •eff 
value for different materials may be obtained from 
Table I on specific work of fracture. 

The considerations leading to Equation 4 are not 
rigorous but they explain qualitatively the decrease in 
zl with decreasing matrix plasticity. 

It should be borne in mind that in a plastic material 
(in particular, in PEI) a crack in the matrix may not 
appear after fibre break, but the development of a 
plastic zone near the breaking place will proceed (Fig. 
9b). In this case, the role of crack opening is played by 
the distance between the ends of broken fibres. This 
change in the micromechanics of the process leads to a 
decrease in both ~ and Rst and, hence, to an increase in 
~1 (as compared with the model shown in Fig. 9a) and 
to a decrease in the degree of deformation localization. 
The decrease in the degree of deformation localization 
in CF/PEI and CF/epoxy composites as compared to 
CF/PEI-N (as a result of a change in matrix plasticity 
and/or a change in the micromechanics of the process) 
leads to the broadening of peaks of interval distribu- 
tion and to a considerable decrease in the probability 
of correlated defect appearance for the second and 
following fibre layers. The appearance of time inter- 
vals, z, exceeding 200 gs between the arising of defects 
in CF/PEI-N may be caused by either the spreading of 
the zone of localized deformation to more distant fibre 
layers, or by the accumulation of deformation in the 
diffuse zone at the nearest environment of the broken 
fibre. The reason for the change in range distribution 
in this composite that occurs a short time before 
failure (Fig. 7b) is not yet clear. However, it is some- 
how related to the increase in the fraction of delamin- 
ation cracks in this loading stage. 

5. Conclusions 
It has been shown for unidirectional CFRP on the 
basis of the statistical analysis of time intervals be- 
tween AE signals that: 

1. in the consideration of the mechanisms of group 
(correlated) defect generation, particularly fibre break- 
age, it is necessary to take into account the stress 
relaxation process occurring near the defect. This 
process decreases stress in this volume and, hence, 
increases it in neighbouring volumes, mainly as a 
result of the broadening of the zone of localized plastic 
deformation. Consequently, the probability of failure 
of several neighbouring fibres is greater that it follows 
from the analysis of stress transfer near the broken 
fibre in elastic approximation. 

A more detailed consideration permits the following 
conclusions to be drawn. 

2. Because fibre packing in the composite is rela- 
tively regular, there is a characteristic delay time 
between the correlated failure of neighbouring 
fibres, ~1. 

3. The zone of localized plastic deformation devel- 
oping from the place of fibre break can include several 
neighbouring fibre layers, especially in a composite in 
which the matrix exhibits low plasticity. 

4. The delay time between the breakage of single 
fibres, ~1, decreases with the plasticity of the matrix 
material, varying from 50-500 gs for the composites 
considered here. 

The spectral analysis of AE showed that in the 
composites in which delamination proceeds actively, 
the distribution of mean frequencies of AE signals is 
broader than that in composites in which the process 
of fibre fragmentation predominates. 
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