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Abstract:  

Damage of composite materials is a key factor for the durability in service. It is therefore essential to 
define the most suitable damage indicators and to develop models to estimate the Remaining Useful 
Lifetime from analysis of precursor events resulting from damage. Acoustic emission is relevant to the 
development of the Prognostic and Health Management because it allows knowing the state of damage 
of a composite structure in real time. This work is dedicated to lifetime prediction using AE for long-term 
tests on CMC during static and cyclic fatigue tests. New indicators of damage have been defined, based 
mainly on acoustic energy analyses. These indicators highlight critical times (around 50 % of the 
composite lifetime) allowing an evaluation of the remaining lifetime. A linear correlation is observed 
between these critical times and the lifetime duration. For a prognostic phase, the results obtained with 
this empirical law are compared to those obtained with a power law such as a Benioff law. Moreover, 
the clustering of acoustic emission, using a random forest approach, makes possible to identify the 
mechanism responsible for this critical time. For the static fatigue test, the critical time around 50 % 
correspond to the delayed failure of fibres.  

1. Introduction 

Ceramic matrix composites (CMCs) are very attractive candidates for civil aircrafts applications 
because of their excellent creep resistance, high-temperature strength and lightweight [1-2]. 
Even though both fibre and matrix are made of brittle materials (mostly Carbon and Silicon 
Carbide), CMCs can reach relatively high strain-to-failure due to energy dissipation through 
multiple matrix cracking, deviation of cracks at the fibre/matrix interface or propagation into a 
multi-layered matrix. Matrix cracking is then the first main damage mechanism occurring. 
However, the composite failure is driven by physicochemical degradation of the fibres that 
includes both effects of stress redistribution during damaging of matrix and interface and 
effects of oxidation. The various phenomena that are involved in the damage process make 
the lifetime prediction of this type of material a very challenging work. Here, the objective is to 
develop a new approach based on acoustic emission monitoring that would allow real-time 
prediction of the Remaining Useful Lifetime (RUL) of CMCs during fatigue tests. The aim of 
prognostics is to make remaining useful lifetime previsions [3-6]. Prognostics is a natural 
extension of structural health monitoring where the user is not only concerned with detecting, 
locating and identifying damage but also determining the RUL long before failure. The RUL or 
the TTF (Time To Failure) can be defined as duration between the time t (after detection of the 
damage) and the time when the damage will reach its critical threshold. It is a continuous 
process and predictions must be regularly updated as the system health state changes (Fig.1). 
A diagnosis phase and a prognostic phase can thus be distinguished. The diagnosis phase 
must be able to detect, locate, identify the damage and assess its severity. The prognosis 
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phase, based on the results of the diagnosis and on models, makes it possible to evaluate the 
residual lifetime. Acoustic emission allows reaching this objective, as this technique allows the 
health of an entire structure regardless of its size to be monitored. The analysis of the collected 
data can be used to discriminate the sources of damage (matrix cracks, fibre breaks, 
fibre/matrix decohesion, delamination...) [7-9] and to measure the kinetics of the various 
degradation mechanisms. In addition, an estimate of the composite materials remaining 
lifetime can be considered based on a real-time tracking of the damage recorded by EA. In this 
context, two approaches based on two complementary analyses of acoustic activity are 
developed:  

(1) a collective and cooperative analysis of all the collected signals. The idea is to predict the 
lifetime of a part in service by analysing its behaviour by monitoring the acoustic emission 
during the load. The rupture can then be predicted by looking at the cooperative aspect, 
synthesizing all the information contained in the events in a global way. 

(2) an individual analysis of the signals: the objective of this analysis is to associate each EA 
signal with the generated damage mechanism. This allows, in real time, identifying the type of 
damage that occurs and to quantify its severity. 

 

 

Figure 1: Prediction of lifetime of Ceramic Matrix Composite during long-term mechanical tests 

2. Description of work 

2.1 Materials, mechanical tests and AE monitoring 

Fatigue tests have been realized at a temperature of 450°C or 500 °C under air. The material 
is a ceramic matrix composite reinforced with Nicalon SiC fibres, coated with PyC and 
embedded in a self-healing [Si-B-C] matrix, manufactured by SAFRAN CERAMICS. The 
reinforcement architecture is a stack of several layers of 2D satin fabrics linked together by 
strands of fibres in the third direction. In this study, all the specimens have a dog-bone shape 
with a thickness of 4 mm and a gauge section of 60 mm x 16 mm. For static fatigue tests, 
specimens were first loaded at constant loading rate of 1kN/min, and periodically (every 6 or 
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12 hours) unloading-reloading cycles were carried out in order to determine the secant elastic 
modulus. Cyclic fatigue tests were conducted under a tensile/tensile sinusoidal loading with 
constant amplitude and a frequency of 2 Hz. Strain is measured using by an extensometer.  

Two piezoelectric sensors (Micro80, Mistras Group) are maintained on the specimen surface. 
Medium viscosity vacuum grease is used to ensure a good coupling between the specimen 
and sensors. Each sensor is connected to the data acquisition system (PCI2, Mistras Group) 
via a preamplifier with a 40 dB gain and 20-1200 kHz bandwidth (Mistras Group). The position 
of a detected source can be determined linearly knowing the wave velocity in the material. 

2.2 Damage indicators 

 
Most of the damage indicators are based on the investigation of the AE energy. It is generally 

accepted that the energy of an AE signal includes the energy released by the source at crack 

initiation. The following equation is proposed to describe the energy of recorded AE signals 

(for instance, at sensor 1) received from the source n [10-11]:  

x(n))+-B(L

1s1 .e(n).AE=(n)E   (1) 

Es(n) is the energy released at source n in the form of elastic waves. Ai is the proportion of 

source energy that is recorded by sensor i. It is a constant characteristic of sensor. L + x (n) is 

the distance of propagation from source n to sensor 1 (2L being the distance between sensors). 

The attenuation coefficient B is related to the propagation medium, which is subjected to 

changes due to damage evolution.  

The source energy is then defined as the square root of the product of the amounts of energy 

received at both sensors for each source: 

� = √ ×   = � . � . � . �− � 
              

(2) 

where L is the distance between sensors. B is related to the propagation medium but it is 

supposed independent of the source energy. 

2.2.1 Identification of attenuation parameters 

To evaluate energy attenuation [10], the ratio of AE signal energies recorded at both sensors 

is calculated for each source n. For an easier identification of attenuation coefficient B, X(n) is 

defined as the natural logarithm of this ratio. From Equation 1 for the both sensors, it comes: 

2.B.x(n)-
A

A
log=

(n)E

(n)E
log=X(n)

2

1

2

1
  (3) 

Estimation of attenuation coefficient B is performed as follows. Attenuation is evaluated for a 

given time interval using the median values of X(n) in every space interval (width: 10 mm, 

overlapping: 5 mm). Each median value of X(n) corresponds to a few hundred AE sources 

located in the same space-time interval. The linear approximation is repeated in consecutive 
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time intervals. Each time interval corresponds to 2000 AE sources. At every increment of 500 

sources, a new time interval is considered. The overlapping is set in order to accurately monitor 

evolution of both attenuation parameters. 

2.2.2 Coefficient of emission RAE 
 

The energy of the recorded AE events represents a part of the elastic energy released 

by CMC specimens. Thus, the evolution of elastic energy released by analysing the energy of 

AE events may be investigated [12]. The coefficient of emission 
AER  is defined as the 

increment of energy E recorded during an increment of time t, divided by the total energy 

emitted during the initial loading of the sample: � � = � ��� � ∆�∆           (4) 

where Eloading is the cumulative AE  energy for all the signals recorded during the initial loading 

up to the nominal load of the test,  E is the cumulative AE energy for all signals recorded 

during the interval t; t  t .  
2.2.3 The severity  

 
In this study, the energy rather than the signal strength is used to define the severity. It is 
defined as the average energy. 

 

1

1
( )                                                                         

J

m J
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     (5) 

J is an empirical constant. 
 

2.2.4 The coefficient Rlu 
 

The indicator denoted RLU, is defined by the ratio of the liberated energy during the loading 
part of a cycle and the energy recorded during the unloading part of this cycle [13]. 

 
 
2.2.5 Coupling between mechanical data and AE data 

AE data and mechanical information can be analysed independently. However, combination 
of mechanical energy (Um) and acoustic energy (UAE) denoted Sentry Function (F), initially 
introduced by Minak [14], can be used in order to obtain a better damage characterization:  = �� � ���� �                                                                    (6) 

where Um(x), UAE(x) and x are respectively the strain energy, the cumulated acoustical energy 
and the strain of the tested material. It is defined as soon as the first acoustical event is 
recorded. Strain energy is calculated by measuring the area under the force-displacement 
curve. To determine only the effects of tension, unloading/loading loads are not taken into 
account. This global function is calculated every k acoustic sources (k~0.1% of number of 
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signals). Sudden drops of the function may be related to the occurrence of a significant internal 
material damage. 

 

2.3 Power law : Time to failure estimation 
 

Benioff’s law [15] (the sum of the square root of the energy released for sequential 

earthquakes) has been suggested for precursory phenomena of large earthquakes, increasing 

as an inverse power law of time before a main shock.  

( )
1

1

( ) ( )                                                              (7)
N t

i R R
i

t E C t t



      

where Ei is the seismic energy release of the ith precursory earthquake and N(t) is the number 

of precursory earthquakes considered up to time t.  
R

  is the value of  
)(

1

)(
tN

i
iEt  

when t =  tR, tR is the failure time.      
1

C

   is negative,    1 is an exponent and  is 

a constant. Based on Eq. (7), the increase of AE collected during fatigue is analysed. Ei is the 

energy of the ith AE signal detected and N(t) is the number of AE signals recorded and located 

along the gauge length until time t.  

 

2.4. Supervised Classification with a random forest algorithm: identification of the acoustic 

signature 

A supervised classification technique can also be used to analyse AE signals recorded during 
fatigue of CMC composites. This technique requires a database of signals that have been 
labelled: the training set. This training set was created by merging data collected during tensile 
test. As described in the previous paper [16], the analysis of AE signals, observation of 
microstructures and analysis of the mechanical behaviour of the composite led to the 
identification of 4 types of AE signals and to the following labelling of classes: 

Class A: cluster A contains signals from two damage mechanisms, which are chronologically 
well separated: seal coat cracking and tow breaks,  

Class B: cluster B contains also signals from two damage mechanisms, which are 
chronologically well separated: longitudinal matrix cracking and individual fibre breaks in the 
fracture zone just before failure,  

Class C: Cluster C contains signals with relatively short duration, short rise time and low 
amplitude when compared to the others: transversal matrix cracking,  
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Class D: this cluster is the last one to be activated, it becomes more active as strain increases, 
and the D-type signals have a longer rise time when compared to other signals: sliding at 
fibre/matrix interfaces, fibre/matrix debonding.  

An additional class denoted E was introduced into the library [13]. It corresponds to signals 
recorded under fatigue, during unloading steps of cycles after the cycle 2000 and for applied 

stresses lower than max/2 -10 MPa. These signals are associated to the friction generated 
in cyclic fatigue. 

In order to establish the training set of labelled signals for the supervised analysis, the same 
amount of signals (2000 signals) in each class (A, B, C, D and E) was used. This training set 
included all the damage modes that may operate in this composite. The supervised 
classification is based on a random forest algorithm [17]. During the testing phase, each AE 
signal runs down each tree of the forest, leading to T votes. The final decision can be obtained 
by two different ways. The first one is simply the usual majority voting (MV) rule. In this work, 
a second decision rule is introduced called security voting (SV) rule. In this special rule, one 
given AE signal is assigned to a specific class if more than 51% of the total number of trees 
voted for that class and the second class the most represented following the votes has to 
gather no more than 30 % of the votes [13].  

 

3 Results 

 

3.1 Identification of a critical time during static fatigue test 

The evolution of AER  coefficient versus time is given in Fig. 2a. AER  coefficient decreases first, 

down to a minimum value, and then increases up to the failure of the composite [12]. On 
average, the minimum of RAE appeared at 55% of the rupture time. The representation of AE 
sources localization during the static fatigue tests reveals that the energy is mainly located 
near the failure zone after 55 % of the total test duration certainly due to the beginning of fibre 
breaks (Fig. 2b). The colour scale corresponds to the recorded acoustical energy for the events 
recorded in a mesh defined in the plane “position” versus “time”. During the first part of the 
static fatigue test, the recorded energy is distributed along the gauge length certainly 
associated to the evolution of interfaces. The restart of activity prior to final rupture may be 
attributed to the avalanche fibres ruptures, controlled by the oxidation of fibres and by the 
recession of interfaces. 
Attenuation coefficient B [11] increases significantly during the first half of tests and reaches a 

plateau value at approximately 40% of the rupture time (Fig. 3a). At the same time, a slight 

increase of the damage parameter D can be observed. Fig. 3b shows the evolution of 

attenuation coefficient B during the tensile test carried out at 450°C. A slight increase is 

observed until 0.2 % certainly due to the matrix cracking. Thus, attenuation coefficient B 

remains relatively constant until 0.4 %. Behind this value, a significant increase is observed 

certainly due to the cracks opening and the evolution of interphases. Moreover, attenuation 

coefficient B decreases during unloading and increases back to its previous maximum value 

at the end of reloading. Therefore, attenuation coefficient B, during static loading, is mainly 
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sensitive to matrix crack opening. The plateau observed on the evolution of attenuation 

coefficient B indicates that matrix crack opening gets to an equilibrium state around 50% of the 

rupture time. The significant increase of matrix crack opening observed before 50% of the 

rupture time is attributed to oxidation of carbon in the interphase causing an increase in length 

of the debonded region of fibres in the vicinity of matrix cracks. Beyond 50% of the rupture 

time, the oxygen flux, determined by the degree of matrix crack opening, controls the rate at 

which fibres break by subcritical crack growth.  The sentry function (Fig 3c) mainly sensitive to 

the matrix cracking does not bring further information.  

 

 

 

 

a)  
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b) 

 

Figure 2 : a) Evolution of the coefficient RAE and b) Location of the acoustic emission signals and the 

recorded energy versus time for a static fatigue test at 500 °C and applied/r=0.44, the colour scale 

represents the recorded energy in a mesh.  

 



 
 

9 

 

a) 

 

b) 

 

c) 

Figure 3: a) Evolution of the coefficient of attenuation B and the damage parameter D versus time 

during a static fatigue test at 500 °C (applied/r=0.44).  b) Evolution of the coefficient B versus strain 

during a tensile test at 450°C  and c) Stress/Strain curve and evolution of the sentry function versus 

strain during a static fatigue test at 500 °C (applied/r=0.44). 
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3.2 Identification of a critical time during cyclic fatigue test 

The evolution of the coefficient RAE is very different during cyclic fatigue test from that observed 
in static fatigue (Fig.4). A minimum value. Is not observed. A significant change of slope takes 
place for all mechanical tests at approximately 20 % of the total test duration [13]. This 
characteristic time could certainly be used in order to evaluate time to failure. Moreover, it is 
interesting to notice that the coefficient RLU highlights two characteristic times before 50% of 
rupture time (Fig. 4), the coefficient RLU is again upper to 1 after the last characteristic time. 
After this characteristic time, the increase of the coefficient RLU is linked to a significant increase 
of the severity of the signals recorded during the loading part (Fig. 4). While for the signals 
recorded during the unloading phases, the severity remains constant. Moreover, the coefficient 
RLU goes through a minimum around 25 % of rupture time. It is interesting to notice that the 
coefficient RLU highlights two characteristic times around 25 % and 50% of rupture time. Indeed 
the coefficient RLU is again upper to 1 beyond this characteristic time [13]. 

 

 

 

Figure 4: Evolution with the number of cycles of the coefficient RAE, the coefficient RLU. (LT lifetime) 

and the severity for two different cyclic fatigue tests at for a cyclic fatigue test at constant amplitude 

(max/r=0.36). 
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3.3 Link with the damage mechanism  
 

The coefficient RAE is calculated for the several damage mechanisms identified with clustering 
analysis of AE data for the static fatigue tests (Fig. 5). The coefficients obtained for the two 
classes A and B go through a minimum, contrary to those of classes C and D. It may be noticed 
that the minimum of the coefficient RAE is observed only for clusters A and B corresponding to 
fibres breaks during the second part of the test around 55 % of the rupture time. 

The cluster analysis with random forest algorithm pointed out various damage mechanisms 
generated by cyclic loading during the loading phase (Fig. 6). First with the cluster E, it is 
possible to eliminate friction. With the supervised clustering, the cluster A is mainly recorded 
at the end of the test around 90 % of the total test duration and the signals are attributed to the 
breaks of fibres. The cluster B associated with the matrix cracking in the longitudinal yarns is 
significantly activated very early towards 25 %. Hence, with this analysis a link is established 
between the characteristic time at 25 % and the beginning of the matrix cracking [13]. 
Nevertheless, it is not possible with this analysis to make a link with the second characteristic 
time around 50 % and the damage mechanisms. It may be due to the fact that only 50 % of 
the signals are kept after the application of the security voting.  

 

Figure 5 : Evolution of the RAE coefficient for the four clusters identified during static fatigue test 
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Figure 6 : Evolution of the activity of several damage mechanisms during the loading phase of a cyclic 
fatigue test. 

3.4 Remaining Useful Lifetime obtained with acoustic emission for the static fatigue 
tests 
 

Beyond this critical time, the criticality of the liberated energy can be modelled by a power law 
such as the Benioff law in order to evaluate the time to failure for the static fatigue test [12]. 
For this estimation, it is necessary to fit all the data collected between the time tRAE and the 
rupture time in order to evaluate the exponent m. In fact, this value is very scattered. In this 
context, it is very difficult to calibrate the law with a specific test (table 1).  

The time tRAE presents a very interesting correlation with the lifetime duration of the test (Fig. 
7) also for the tests conducted at 500 °C and 450 °C. The slope of the linear fit is equal to 1.49. 
Another time may be introduced, based on the investigation of the evolution of the coefficient 
B denoted tB. It corresponds to the time at which a significant change is observed in the 
evolution of B during the static loading. A second linear correlation may also be observed 
between this time tB and the lifetime duration.  Nevertheless, this time is very difficult to detect 
in real time and its evaluation presents uncertainty.  
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T (°C) appliedr   

tR (exp) 
Experimental 

values 

(h) 

m 

500 0.95 42 0.49 

500 0.79 136 0.35 

500 0.67 195 0.27 

500 0.44 480 0.53 

450 0.71 372 0.50 

450 0.62 591 0.52 

 

 

Table 1 : Exponent (m) for the Benioff law for the static fatigue tests conducted at 450 °C and 500°C. 

 

 

Figure 7 : Correlation between the characteristic time tRAE, obtained with the minimum of the coefficient 
of emission, and the experimental time to failure. 

The linear correlation confirms [6] that the characteristics time indicates the beginning of the 
avalanche fibres ruptures, controlled by the oxidation of the fibres and by the recession of 
interfaces, slowed down by the self-healing matrices. With this characteristic time, it is possible 
to estimate the remaining lifetime with the following equation:  � � � = .49�� � + 6         (8) 

The results are summarized in the Table 2. The estimated TTF are denoted tR(RAE).The 
correlation between the experimental values and the predicted values is good when the ratio appliedR is lower than 0.7 whereas large inaccuracies can occur for high appliedRratio.  
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T (°C) appliedr   

tR (exp) 

Experimental 

values 

(h) 

Lifetime estimation (h)  

 

tr(RAE) 

(eq. 8) 

500 0.95 42 61 

500 0.71 109 115 

500 0.79 136 131 

500 0.67 195 206 

500 0.44 480 425 

450 0.71 372 386 

450 0.62 591 571 

 

Table 1 : Comparison between the estimated time to failure and the experimental time to failure 

obtained with the two methods. 

 

3.5 Limitation of this approach :  

 

In these studies, the wave from the source is altered during propagation and this aspect is not 
taken into account. Indeed, the signal is modified during propagation (mode conversion, 
reflections, dispersion) and then by the acquisition system. Aggelis [18] shows that the 
separation distance of the sensors is a paramount importance and it should be taken into 
account. The analyzed parameters are highly dependent on the material properties, the 
structure geometries, the sensor, the detection and the analysis system. In addition, the state 
of damage of the material can affect AE signals [19-20] and the recorded energy. The geometry 
of the sample is also an important parameter [21]. These aspects need to be included in a 
modelling work in order to establish a quantitative link between the acoustic energy and the 
energy released by the source. 

4 Conclusion 

This paper focuses on the investigation of the damage during fatigue (static and cyclic) tests 
of CMC at intermediate temperature. Some new damage indicators are defined based on AE 
energy activity. These new AE indicators show the evolution of damage during long-term tests. 
AE is a powerful method to identify critical times and to predict the remaining lifetime. An 
empirical relation based on the critical time tRAE is defined, which allows prediction of the time-
to-rupture. These results offer very interesting perspectives. Now, it is necessary to investigate 
the effects of the size of the specimens in order to apply this method to real parts. Future work 
will focus on the introduction of new predictive laws beyond this characteristic time in order to 
evaluate the remaining lifetime. 
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