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Abstract 

The objective of the present experimental work is to determine the damage mechanisms appearing in 

unidirectional carbon/flax hybrid composites during tensile tests. The specimens tested consist of unidirectional 

carbon and flax fiber plies with different stacking sequences. Laminated composites were manufactured using a 

manual lay-up process. The specimens were tested under uniaxial tensile loading in static and cyclic fatigue 

tests. The tests carried out were monitored by the acoustic emission (AE) technique in order to identify the 

damage mechanisms evolutions. This identification was made with an unsupervised clustering technique. The 

recorded events were classified with the k-means algorithm based on temporal classification parameters. For 

each kind of specimen, four classes of AE events were obtained. Then, the contribution of each damage 

mechanism to overall failure was evaluated by the amplitude range, the cumulative number of hits and the 

acoustic energy activity. The AE classes obtained were correlated with scanning electron microscopy (SEM) 

observations in order to identify the damage mechanisms observed.  
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1. Introduction 

Natural fibers such as flax, sisal and hemp have great advantages, in comparison with synthetic fibers, that make 

them interesting and competitive materials for composite structure applications. The use of polymer with agro-

based fibers has been the subject of many research works due to the awareness of researchers to the 

environmental challenges. For instance, their availability, their ecological aspect and their biodegradability are 

some factors for reducing the environmental impact [1, 2]. Also, they are characterized by their low costs. More 

especially, they present a potential alternative to conventional fibers owing to their specific properties. In fact, 

agro-based fibers exhibit a stiffness comparable to those of glass fibers. Moreover, they are about 50% lighter 

than glass ones [3, 4]. The use of flax fibers as reinforcement of polymer matrix composites has been of 

particular interest to many researchers. Flax fibers are used in different forms (short fibers, monofilaments, 

unidirectional flax tape, woven fabrics, etc…) for reinforcing polymer matrix (thermoplastic or thermoset resin) 

with different types of manufacturing processes (stacking sequence, vacuum bag molding process, liquid resin 

infusion, resin transfer molding, etc…) [5 - 9]. Monti et al. [10] studied the damping properties of unidirectional 

flax fiber reinforced composites. Yan et al. [11], Monti et al. [12] and Haggui et al. [13] evaluated the 

mechanical properties of unidirectional flax polymers. 

Duc et al. [14] carried out an experimental study to evaluate the mechanical and damping properties of polymer 

reinforced with carbon, glass and flax fibers. The results revealed that flax fiber laminates present good damping 

properties but they present lower mechanical properties than carbon and glass fiber laminates. In order to 

enhance the mechanical performance of agro-based composites, hybridization of flax fibers with carbon ones in 

the same matrix was proposed [15]. Therefore, hybridization offers to the composite structures’ lightness, good 

damping properties and sufficient mechanical performance. Consequently, they can be suitable for structural use. 

In addition, by hybridization with carbon fibers, the property of variability and moisture sensitivity of flax fibers 

can be reduced [16, 17]. The hybrid composites have been recently exploited in industrial applications such as 

manufacturing tennis rackets (Artengo) and bicycles (Museeuw bikes). Ben Ameur et al. [18] studied the 

damping properties of unidirectional carbon-flax hybrid fiber reinforced composites. Flynn et al. [19] analyzed 

the mechanical behavior of hybridized carbon-flax fiber composites. These hybrid composite structures may 

have different damage mechanisms which occur when they are subjected to service loading. 

In the field of structural health monitoring (SHM), several studies used the electrical resistance variation to 

assess and monitor the internal damage [20-23]. A breakdown of percolation network, formed by the contacting 

fibers, results in an increase in electrical resistance. So that, the variation in electrical resistance reflects the 

damage during the loading process. Other several works used a numerical approach based on the lattice 



 

simulation and the Acoustic Emission (AE) technique [24, 25]. Therefore, they analyzed and verified the 

relationships between the numerical simulations and the parameters of the AE monitoring. Mostly, the AE 

technique has been frequently used by different research work to monitor in real time the spread of damage in 

composite structures subjected to different loading types [26]. It is important to note that this technique is the 

most advanced method for the non-destructive evaluation of damage progression. AE associated with 

microscopic analyses can be an effective method to investigate damage mechanisms in composites. In this 

context, the clustering effect was studied in order to know which damages (matrix cracking, fiber–matrix 

interface debonding, delamination, fiber pull-out and fiber breakage defects) occurred in the laminates. The use 

of such method needs a fair understanding of the relationships between the damage process and the recorded 

signal. Different AE signal analysis methods were utilized in research, such as frequency band, AE counts, 

amplitude ranges, AE energy or a combination of several AE parameters.  

Different damage mechanisms have been identified for flax fiber reinforced composites in several works [12, 13, 

27, 28, 29, 30]. According to the work of Bravo et al. [30], the AE events can be classified by their amplitudes. 

Different amplitude ranges of AE events are attributed to matrix cracking (from 35-42 dB to 45-60 dB). The 

amplitudes from 45-60 dB to 60-70 dB are assigned to fiber-matrix debonding. The amplitudes of delamination 

are between 50 dB and 80 dB. The amplitudes between 60 dB and 100 dB are usually attributed to fiber pull-out 

and fiber breakage. Depending on the type of matrix and fibers used, the ranges of these intervals can change. 

Some works focus on the classification of damage mechanisms in laminated carbon/epoxy composites using the 

obtained frequency results [31,32]. Otherwise, the wavelet transform analysis in the frequency domain can 

provide more information about the level of damage in composite materials [33-36]. In several works [37-39], 

the Continuous Wavelet Transform (CWT) was used in frequency domain analysis of the acoustic signals during 

mechanical testing for detecting and identifying damage mechanisms in carbon fiber reinforced polymers CFRP. 

The Discrete Wavelet Transform (DWT) has been used by Gutkin et al. in [40] to identify AE signals based on 

the frequency range and to interpret the types of damage of CFRP laminates. From AE signals recorded during 

tensile tests on specimens with various layups and orientations, five failure modes are clearly identified; matrix 

cracking, fiber/matrix debonding, delamination, fiber pull-out and fiber fracture. Barile et al [41] have reported 

in their work on analyzing the effect of thickness of the material and its geometry in the amplitude and the 

acoustic energy of the AE signals. Bussiba et al. [42] classified the damage mechanisms of C/C composites 

during cyclic tests with the acoustic emission technique. They tracked the damage evolution through the AE 

count rates and cumulative AE counts. They found three active mechanisms of failure: matrix cracking, 

debonding and fiber fracture. Bourchak et al. [43] tested carbon fiber reinforced plastic composites under static 



 

and fatigue loading with monitoring of damages by AE. They found that AE energy provides a valid and useful 

damage parameter and effective failure criteria for fatigue life prediction.  

For hybrid laminates, Fotouhi et al. [44] investigated the damage modes occurring in thin-ply UD carbon-glass 

hybrid laminates using acoustic emission. They used a criterion based on amplitude and energy of the AE event 

values. Saidane et al. [45] tested flax-glass fiber hybrid composites in order to assess the damage mechanisms 

occurring during tensile tests. Their results showed that all studied laminates present three classes of AE signal 

(matrix cracking, debonding and fiber breakage). Several research works found that the conventional mono-

parametric AE signal analysis may be insufficient and limited in terms of damage identification. This is why, 

multiparameter statistical analyses have already been used in order to better discriminate and identify the damage 

modes. 

This paper deals with relatively new materials: carbon-flax hybrid composites made of an epoxy matrix 

reinforced by unidirectional flax and carbon fibers with different content and different lay-up configurations. The 

damage mechanisms of this type of materials have not been deeply studied yet. The main objective of this study 

is to identify the failure mechanisms occurring under service loading for the flax fiber laminates, carbon fiber 

laminates and carbon-flax hybrid laminates. AE damage analysis presented is based on the results of static and 

fatigue tensile testing. This identification is made using an unsupervised classification with a multivariable 

statistical technique, based on a pattern recognition method. In fact, the recorded events are classified with the k-

means algorithm. By using AE amplitude, vector of hits and contribution of AE energy, the damage mechanisms 

are classified. Post-test microscopy is performed on failed specimens. The observed damage mechanisms are 

correlated with the AE classification. Finally, it is found that the used AE technique is an effective method for 

accurate detection of failure mechanisms, whether in non-hybrid flax and carbon laminates or in carbon-flax 

hybrid laminates. 

2. Materials and manufacturing 

The composite materials studied in this work are reinforced with unidirectional flax tape and unidirectional 

carbon fabric, and a liquid thermoset epoxy resin. The flax tape, provided by the LINEO Company, has an areal 

density of 200 g/m2 [46]. The carbon fabric, provided by the SICOMIN Company, has an areal density of 300 

g/m2. The thermoset epoxy resin used for the composite materials is the SR 1500 epoxy resin mixed with SD 

2505 hardener provided by SICOMIN. 

First, the fibers were cut from the roller. Flax fibers were dried in an oven for 1 hour at 110°C to remove water 

and to enhance the mechanical properties [47] but carbon fibers were used as received. After that, carbon and 



 

flax layers were impregnated in the desired stacking sequence using a manual lay-up method with the resin at 

room temperature (20°C). Then, non-hybrid and hybrid composites were elaborated using a vacuum bag molding 

process. They were cured at 50 kPa depression and room temperature for 7 hours. There are six stacking 

sequences with unidirectional laminated plates (non-hybrid: [F3]s and [C3]s, and hybrid: [C2/F]s, [C/F2]s, [F/C2]s 

and [F2/C]s), as presented in Fig. 1, consisting of 6 layers with fibers in 0° orientation plies. Finally, specimens 

were cut from the laminated plates with nominal dimensions of 200 mm x 15 mm x h where h is the thickness. 

The thickness h, fiber volume fraction Vf and density of different stacking sequence are given Table 1. 

 

Fig. 1. Different stacking sequences of composite laminates with six plies. 

 

Table 1 

Thickness, fiber volume fraction and density of non-hybrid and hybrid laminates. 

Laminates Nominal thickness h (mm) Fibre volume fraction Vf (flax/carbon) Density (Kg/m3) 

[F3]s 3.10 0.32/0.00 1140 

[F2/C]s 2.80 0.22/0.19 1181 

[F/C2]s 2.40 0.12/0.37 1266 

[C/F2]s 2.80 0.22/0.19 1175 

[C2/F]s 2.40 0.12/0.37 1234 

[C3]s 2.00 0.00/0.55 1340 

 

 

 

 

[C2/F]s 

h 
=

 2
.4

 m
m
 

[C/F
2
]

s
 

h 
=

 2
.8

 m
m
 

[C3]s 

h 
=

 2
 m

m
 

[F/C
2
]

s
 

h 
=

 2
.4

 m
m
 

[F
2
/C]

s
 

h 
=

 2
.8

 m
m
 

[F
3
]

s
 

h 
=

 3
.1

 m
m
 

Carbon fiber Flax fiber 



 

3. Experimental setup 

Static and fatigue tensile tests were performed on non-hybrid and hybrid laminates until failure. They were 

carried out on a servo-hydraulic machine INSTRON-8516 equipped with a 100 kN load cell (Fig. 2). The tensile 

test machine was interfaced with an acquisition system for monitoring and data acquisition. The specimens were 

tested according to the standard test method ASTM D3039/D3039 M [48]. Three to four specimens were tested 

for each configuration sample in order to check the reproducibility. For the static tests, specimens were loaded 

with a displacement rate of 1 mm/min at room temperature.  

For the fatigue tests, specimens were tested under load amplitude control. The tests were performed using a 

sinusoidal type of waveform with a frequency of 10Hz. The applied load ratio used was equal to 

RF=Fmin/Fmax=0.1 and the applied load level used was equal to rF=Fmax/Fu=0.75, where Fmin, Fmax and Fu are 

respectively, the minimum applied load, the maximum applied load and the ultimate failure load determined 

from the static tests. 

During the static and fatigue tensile tests, damage and fracture progression in the tested specimens were analyzed 

by the AE method. Two resonant piezoelectric sensors (PCA MICRO-80) with a frequency bandwidth of 100 

kHz-1 MHz and a resonance peak of 300 kHz, provided by Euro Physical Acoustics (EPA) corporation, were 

used. They were clamped to the specimens on the same side with a plier using a coupling agent (silicon grease) 

between the specimen and the sensors. For best results, we do not take too much of the coupling agent. 

Therefore, a thin layer of grease was used on the sensor against the specimen surface. These AE sensors were 

used to record the transient waves propagated through the material under loading. These acoustic waves were 

generated as a consequence of elastic deformations and damage mechanisms. In fact, events created in the gauge 

length and under grips were recorded. The gauge length was 100 mm. In the interest of reducing the attenuation 

of the waves originating from the source, the distance between the two AE sensors was set to 50 mm. The 

recorded AE signals were amplified and filtered using two pre-amplifiers with a gain of 40 dB, provided by 

Mistras Group Company. The acquisition of the acoustic emission signals was processed using the AEwin 

software, provided by EPA corporation, with a sampling frequency rate of 5 MHz. This system was equipped 

with a PCI acquisition card connected to the micro-computer (Fig. 3). The AE data were dependent on temporal 

acquisition parameters, namely: PDT (Peak Definition Time), HDT (Hit Definition Time) and HLT (Hit Lockout 

Time) [30]. The values of these temporal parameters were set to: PDT = 50 µs, HDT = 100 µs and HLT = 200 

µs. The amplitude of the acquisition threshold was determined using the Pencil Lead Breaking (PLB) procedure 

[49, 50] and was equal to 40 dB in order to filter the AE signals coming from external sources (noise). For each 



 

stacking sequence fractured in the tensile test, macroscopic and microscopic observations and analyses of the 

failure mode were carried out. Samples extracted from the specimens tested under tensile loading were prepared. 

For the macroscopic analysis, visual inspection was done to identify damage mechanisms in the broken 

specimens such as delamination or fiber pull-outs. For the microscopic analysis, scanning electron microscopy 

(SEM) was used to detect smaller damage mechanisms of failure profiles. 

 

Fig. 2. Experimental setup of tensile test. 

 

Fig. 3. Experimental setup of acoustic emission method. 

4. Results and discussion 

4.1. AE data classification 

The AE method of classification was used to identify the damage mechanisms for the detected AE signals. The 

AE data sets were processed using NOESIS software [51]. Five temporal parameters were selected for the 
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classification of the acoustic emission signals: amplitude, rise time, duration, number of counts to peak and 

energy. They are explained below and illustrated in Fig. 4. 

– Threshold: is a level set to distinguish signal from noise. 

– Amplitude: is the peak value reached by the signal in an AE event which covers the range from 40 dB to 100 

dB  

– Rise time: is the time required for the signal to reach the amplitude after crossing the threshold. 

– Duration: is the time difference between the first and last threshold crossings with the event signal.  

– Number of counts to peak: is the number of times the signal crosses the threshold between the peak amplitude 

and the threshold. 

– Energy: is the area under the curve of amplitude vs time for an event. 

The amplitude of the signal was measured by the data acquisition system in real time. The other parameters were 

calculated by the waveforms recorded using the acquisition system. After several initial trials, these parameters 

settled, allowing a good repeatability for data classification. 

The AE signals were classified by the K-means algorithm [52]. This algorithm is unsupervised pattern 

recognition analysis. It aims to split a set of n events into an optimal number of k clusters in which the sum of 

squared distances between all the vectors of a class and its center is minimized. The normalization of the 

descriptors of the vector representative of an acoustic emission signal is indispensable. The difference in scale of 

the different parameters can lead to one parameter hiding the others because of its important values. The data 

sets were normalized by the following transformation:   

, : .p

p

i x

p i

x

x m
i p F z

σ
−

∀ ∈Ω ∈ =                                                                                                                               (1) 

where 
i

x is the event i of a set of data 
p

Ω related to the acoustic feature p  , 
px

m and 
px

σ are respectively the 

average value and the standard deviation of 
p

Ω , and F the set of features chosen for the classification. The k-

mean algorithm was used with Euclidian norm and random initial partitioning.  

 
Time 

A
m

pl
it

ud
e 

Duration 

Threshold 
Counts to peak 

Rise time 

V
o
lt

a
g

e
 



 

Fig. 4. Typical acoustic emission waveform and its parameters. 

4.2. Acoustic emission under static tensile tests 

4.2.1. Investigation of the damage evolution by monitoring the AE activity 

The acoustic activity is presented by the evolution of the cumulative number of vector of hits. Fig. 5 presents the 

correlation between the evolution of the acoustic activity and loading data versus strain within the specimen. An 

exponential type of curve is obtained for the AE response. It can be noticed from Fig. 5 that the acoustic activity 

and the evolution of the loading take place in three phases [53]:   

-Phase I: First linear elastic phase characterized by very few detections of AE activity. It seems to be a silent 

period. In this phase, no damage is initiated. In fact, this loading not having any effect on the specimen’s 

integrity. 

-Phase II: Here the stress curve begins to lose its linearity slightly. Its slope decreases, reflecting the onset of 

viscoelastic behavior. This phase is characterized by a steady increase in acoustic activity. At first, some events 

are detected. These events reflect the beginning of micro-cracks in the resin. Then, the small increase may reflect 

the onset of fiber-matrix debonding and the micro-cracks evolve and join together to form the delamination.  

-Phase III:  Finally, the third phase which is just before the specimen’s final failure. The stress curve is non-

linear, reflecting the beginning of plasticity. AE activity becomes greater. Its curve evolution changes and 

exhibits a linear form until the specimen’s final breakage. An assumption can be made that a new damage 

mechanism has occurred which is fiber breakage.  

In addition, it can be noted from the comparison between all these non-hybrid and hybrid specimens that when 

the carbon fiber volume fraction increases the cumulative number of counts increases. For instance, the acoustic 

activity reaches a maximum value of 80000 counts for [C3]s specimen, followed by 34000 and 30000 counts 

([C2/F]s and [F/C2]s specimens, respectively) and 12000 and 21000 counts ([C/F2]s and [F2/C]s specimens, 

respectively). The minimum acoustic activity is observed near 2500 counts in [F3]s specimen. 



 

Fig. 5. Correlation between the evolution of the acoustic activity and the behavior law for all specimens: a) [F3]s, 
b) [F2/C]s, c) [F/C2]s, d) [C/F2]s, e) [C2/F]s and f) [C3]s. 
 

4.2.2. Amplitude Distribution versus time 

In order to identify the damage mechanisms occurring in the stacking sequences studied and to pursue their 

temporal evolution until failure, the clustering methodology based on the five temporal parameters was applied. 

Fig. 6 shows the distribution of the amplitude of the AE signals versus time during experimental tests, whereas 

the evolution of the applied load was superposed in the same plot.  
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The signal distribution in amplitude shows small areas of intersection between classes for all unidirectional 

specimens which confirms the application of multi-parameters approach. Four classes were obtained for the non-

hybrid ([F3]s and [C3]s) and hybrid laminates ([F2/C]s, [F/C2]s, [C/F2]s, and [C2/F]s). Only mathematical 

considerations were used in this classification to constitute the best separation of the AE data, without taking 

physics into account. According to the literature [12, 13, 53], each class corresponds to a damage mechanism: 

matrix cracking (class A), fiber-matrix debonding (class B), delamination (class C) and fiber pull-out and fiber 

breakage (class D). The matrix cracking (class A) is characterized by an amplitude in the range of [40-48 dB]. 

The second class of signals (class B) induced by fiber/matrix debonding occurs at an amplitude of [44-57 dB]. 

The class C (delamination mechanism) is characterized by an amplitude between 48 and 65 dB, however, for 

carbon laminates the amplitude can reach 79 dB. Finally, fiber pull-out and fiber breakage (class D) have an 

amplitude range of [55-100 dB].  

In addition, the attribution of each damage mechanism to the event’s class was done using the waveforms of AE 

signals. Typical forms of the AE waveforms of the four damage mechanisms are given in Table 2.  

Fig. 7 presents box and whiskers plots for the five classification features with respect to the four AE classes for 

all laminates. The first quartile q1 and the third quartile q3 correspond to the borders of box plots. The second 

quartile q2 represents the median corresponding to the line cutting through the box plots. The lower and upper 

values of the amplitude range of each class correspond to the whiskers in the plot. It is clear that the four classes 

have quite similar statistical characteristics for the six kinds of specimen. A comparison of the average values of 

the chosen classification features in the six specimen configurations is shown in Fig. 8. The radar chart clearly 

shows that the acoustic signatures can be assigned to each class. The average properties for all the specimens are 

very similar. In fact, according to the average values of descriptors in Fig. 8 and to the typical waveforms in 

table 2, we can confirm that each damage is characterized by the properties of descriptors. The AE signals 

induced by the matrix cracking (class A) are characterized by a waveform with low amplitude, slow rise time, 

relatively long duration and low energy. The second class of signals induced by fiber/matrix debonding (class B) 

is characterized by low amplitude, short rise time, short duration and low energy. The waveform of the 

delamination mechanism (class C) is characterized by high amplitude, slow rise time, relatively long duration 

and low energy. And finally, fiber pull-out and fiber breakage (class D) have a high amplitude, short rise time, 

very short duration and very great energy. 

 

 



 

  

  

  

 

Fig. 6. Distribution of amplitude versus times of AE signals clustering under static tests for all specimens:         
a) [F3]s, b) [F2/C]s, c) [F/C2]s, d) [C/F2]s, e) [C2/F]s and f) [C3]s. 

 

 



 

 

 

 

 

 

Fig. 7. Statistical dispersion of the five classification features versus the four damage mechanisms for non-hybrid 
and hybrid composites. a) Amplitude, b) absolute energy, c) duration, d) counts to peak and e) risetime. 



 

 

 

  

Fig. 8. Average properties of the five classification features with respect to the six kind of specimen for the four 
damage mechanisms. 

Table 2 

Typical form of AE signals obtained for each damage mechanisms 

Damage mechanisms Form of signal 

Matrix cracking (Class A) 

Fiber-matrix debonding (Class B) 

Delamination (Class C) 
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4.2.3. Time dependency of the damage mechanisms identified 

Fig. 9 presents the evolution of the cumulative number of vectors of hits for every class as a function of the time. 

For all specimens studied, the number of hits of every class has a significant increase just before the failure of 

the specimen. Matrix cracking (class A) is the first damage mechanism appearing in the chronology, and 

propagates until the specimen’s final failure. As shown in Fig. 10, this damage mechanism is the most dominant 

damage from all types of the specimen and it presents more than 40% of cumulative damage at failure. It is 

greater for flax fiber laminates than other laminates. This result can be explained by the low fiber volume 

fraction of flax fibers in the composite structure (fiber volume fraction is 32%). Then, fiber-matrix debonding 

(class B) appears in the second time after matrix cracking. After that, delamination (class C) and fiber pull-out 

and fiber breakage (class D) mechanisms occur after around 40% of the breaking load and increase slightly. Fig. 

10 also shows that the percentage of fiber breakage, delamination and fiber-matrix debonding for the carbon and 

hybrid fiber composites is greater than that of flax fiber composites. This is mainly due to the difference in the 

fiber volume fraction of carbon and flax fiber laminates (0.55 for the carbon fiber laminates vs. 0.32 for the flax 

fiber laminates). On the other hand, it can be explained by the nature of the adherence between an epoxy resin 

and carbon fibers compared to the adherence to flax fibers. The radar chart in Fig. 11 presents a comparison 

between the normalized global vector of hits for the six kinds of the laminates studied for each class. It is clearly 

seen that when the carbon fiber volume fraction increases the number of vectors of hits increases, for all the AE 

classes. This fact can be explained by the increasing of rigidity with carbon fibers and then with the increase in 

applied load. Moreover, the difference between the dimension of carbon fibers and flax fibers may also 

contribute to these increases (8µm for carbon fiber [54] vs. 15 à 30 µm for flax fiber [55]). 

 

 



 

  

  

  

 

Fig. 9. Cumulative number of vector of hits under static tests for all specimens: a) [F3]s, b) [F2/C]s, c) [F/C2]s, d) 
[C/F2]s, e) [C2/F]s and f) [C3]s. 

 



 

 

Fig. 10. Percentage of cumulative event classes for the studied materials at failure. 

     

  

  

 

Fig. 11. Comparison between normalized global vector of hits for the studied laminates for each class. 
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4.2.4. Analysis of the contribution of each damage mechanism by the AE energy 

The contribution of each damage mechanism to global failure was evaluated for the different stacking sequences. 

For each damage mechanism, the damage contribution (Di) is obtained by the ratio of the cumulative AE energy 

of the given mechanism (Ei) by the cumulative AE signal energy at failure (ET) [45, 56]:  
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where n is the total damage mechanism number, 4.n =  

Fig. 12 reports for each damage mechanism the relative contribution Di in terms of energy to the final failure for 

all composite specimens studied. A clear similarity in the Di distribution is observed for all types of composites. 

It is evident that the most significant energy mechanism is the fiber breakage, with more than 72% of the 

contribution for flax laminates and reaching more than 90% for carbon laminates. The failure of fibers generates 

a higher absolute energy caused by the great stiffness of fibers. It is evident that the Di of the fiber pull-out and 

fiber breakage in flax fiber laminates (72%) is lower than that of carbon fiber laminates (90%). This fact can be 

explained by the stiffness of carbon fibers being greater than the stiffness of flax fibers, as it can be explained by 

the difference in the fiber volume fraction of carbon and flax fiber laminates. This is followed by the 

contribution of delamination, which is between 10-20% for all composites. And after that, the contribution of 

fiber-matrix debonding. However, in contrast with fiber pull-out and fiber breakage, the Di of delamination and 

fiber-matrix debonding was the greatest in flax fiber laminates (20% for delamination in flax fiber laminates vs 

10% for carbon fiber laminates and 7% for fiber-matrix debonding in flax fiber laminates vs 3% for carbon fiber 

laminates). As a matter of fact, this difference can be explained by the good adherence between carbon fibers 

and epoxy resin compared to flax fibers. Finally, although the high cumulative number of vectors of hits for 

matrix cracking, the contribution of this damage mechanism had very low participation in the energy 

contribution. 

 

Fig. 12. Damage mechanisms contribution for the six studied materials. 
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4.3. Acoustic emission under fatigue tests 

4.3.1. Amplitude distribution versus the number of cycles 

During fatigue tests, the acoustic emission procedure was used to identify the damage mechanism for the 

different non-hybrid and hybrid laminates. Tests were carried out at a loading ratio of 75% of the ultimate tensile 

load. Fig. 13 presents the distribution of the amplitude of AE signals according to the number of cycles for all 

stacking sequences. It reveals the existence of the four classes of damage mechanisms: matrix cracking (class A) 

with amplitudes from 40-42 dB to 40-45 dB, fiber-matrix debonding (class B) with amplitudes from 42-45 dB to 

45-50 dB, delamination (class C) with amplitudes from 45-53 dB to 50-58 dB and fiber pull-out and fiber 

breakage (class D) with amplitudes from 53 dB up to 100 dB. For the ramp-up period which is before the cyclic 

period of the fatigue tests, the applied load increases until reaching the mean load imposed. During this period 

the activity of the AE signals is very low. During the cyclic fatigue test, the distribution of the amplitudes of the 

collected AE events versus time shows that the AE activity takes place in three phases according to Roundi et al. 

[52]: 

-Phase I: This phase corresponds to the first fatigue cycles. In this phase, we observe the presence of the four 

damage mechanisms for all the specimens tested. The great damage mechanism corresponds to the initiation and 

propagation of mico-cracking. The amplitudes of AE events in this phase are between 40 dB and 100 dB. 

-Phase II: Followed by the intermediate phase in which AE activity becomes low. This phase involves the 

propagation of microscopic damage and especially matrix cracking, fiber-matrix debonding and delamination 

between plies. 

-Phase III: Final phase with a high number of AE events followed by specimen failure with the most dominant 

event being fiber breakage. 



 

  

  

  

 

Fig. 13. Distribution of amplitude versus times of AE signals clustering under fatigue tests for all specimens:     
a) [F3]s, b) [F2/C]s, c) [F/C2]s, d) [C/F2]s, e) [C2/F]s and f) [C3]s. 

 

 

 



 

4.3.2. Distribution of cumulative number of hits versus the number of cycles 

Matrix cracking events (class A) have the greatest activity for all specimens. Fiber–matrix interface debonding 

(class B) has less important activity. Delamination (class C) events appear from the start of experimentation and 

are less numerous than those of class A and class B. This is shown in Fig. 14 which illustrates the evolution of 

the cumulative number of vector hits versus time for the different stacking sequences, showcasing the different 

evolution, chronology and amount of the activity events observed throughout the fatigue test. Finally, fiber pull-

out and fiber breakage also occur at the beginning of the cyclic period but they are reduced in the intermediate 

phase and after they increase before final fracture. 

Although the relative load level applied is the same for all kinds of specimens, we find that flax fiber laminate 

composites have a much higher lifetime compared to carbon fiber laminate composites. However, the number of 

events is greater for carbon fiber laminates in a short lifetime. The results obtained can be due to the low 

resistance of carbon fiber laminates in reversible loading compared to flax fiber laminates. As a matter of fact, 

for the hybrid laminates, we find an important number of events in a short lifetime compared to flax fiber 

laminates. Also, when the flax fiber layers are internal and their volume fraction is higher than those of carbon 

fiber layers, it is observed that the number of cycles is much lower than hybrid composites with external flax 

fiber layers. This result can be explained by the fact that active layers are the internal flax layers but the load 

level applied is imposed in consideration of the carbon layers. 



 

       

  

  

  

 

Fig. 14. Cumulative number of vector of hits for all specimens under fatigue tests: a) [F3]s, b) [F2/C]s, c) [F/C2]s, 
d) [C/F2]s, e) [C2/F]s and f) [C3]s. 

 

 



 

4.4. Macroscopic and microscopic analyses  

To confirm the effectiveness of the multivariable statistical analysis, a correlation with macroscopic and 

microscopic analyses is carried out. Fig. 15 presents the fractured surface of the six kinds of specimens studied 

under static tests. At a macroscopic scale, a lot of information can be obtained from these failure profiles. For all 

these unidirectional specimens, initial cracks a few millimeters long can be detected, followed by propagation of 

cracks through the tensile axis. Several fibers pull-outs can also be noticed. These failed specimens also exhibit 

delamination between plies over several millimeters, especially when the carbon fiber volume fraction is higher 

(Fig. 15c, Fig. 15e and Fig. 15f). In addition, according to the visual inspection of the fractured surface of the 

materials studied, it is clearly shown that laminates made with carbon fibers present more delamination and fiber 

breakage in comparison to flax fiber laminates. 

Several microscopic analyses were performed by scanning electron microscopy (SEM) of failure profiles and are 

shown in Fig. 16. The micrographic section of the fractured surface of the flax fiber laminates, for the carbon 

fiber laminates and for the hybrid fiber laminates are shown in Fig. 16a-c, Fig. 16d-g and Fig. 16h-i, 

respectively. For the non-hybrid and hybrid specimens, it was quite hard to detect matrix cracking and this was 

observed in Fig. 16b and Fig. 16e label 1. Generally, it appears to be the propagation of initial cracks at the 

interface of flax bundles and matrix or carbon fibers and matrix. A lot of unbounded interfaces were observed 

between adjacent elementary flax fibers inside bundles (Fig. 16c label 3). Fiber-matrix debonding can also be 

observed for the flax laminates in Fig. 16c label 2 and for the carbon laminates in Fig. 16f label 1. Well-

separated flax fibers and carbon fibers were broken very close to the matrix and are observed in Fig. 16b and 

Fig. 16f label 3. A massive fiber pull-out was observed for every category of specimen (Fig. 16a label 1, Fig. 

16g label 1 and Fig. 16i label 2). We can also observe several pulled-out fibers in Fig. 16b label 2 for the flax 

composite structure and on Fig. 16e and Fig. 16f label 2 for the carbon composite structure. Finally, 

delamination was also observed in Fig. 16d and Fig. 16h label 1. In addition to the delamination between flax-

flax and carbon-carbon fiber layers, a delamination between flax and carbon fiber layers was noticed for the 

hybrid composites (Fig. 16i label 1). 

 



 

 

Fig. 15. Observation macroscopic of rupture facets in the gauge section for all specimens: a) [F3]s, b) [F2/C]s, c) 
[F/C2]s, d) [C/F2]s, e) [C2/F]s and f) [C3]s. 
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Fig. 16. SEM observations of different failure profiles. a)- b)- c) Flax fiber laminates, d)- e)- f)- g) Carbon fiber 
laminates and h) and i) hybrid fiber laminates. 
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5. Conclusions and perspectives 

Monotonic and cyclic fatigue tensile tests were conducted to investigate the evolution of damage mechanisms 

using the AE technique of hybrid flax-carbon fiber composites. The mechanical results showed that carbon fibers 

bring about remarkable improvement in the mechanical properties of composites with natural fibers. The multi-

variable analyses with five classification features (amplitude, absolute energy, duration, counts to peak and rise-

time) were used to classify the AE events. The damage mechanisms were interpreted by using the AE amplitude, 

vector of hits and the contribution of the AE energy. During static and fatigue tensile testing, the composites 

studied exhibited four classes of damage mechanisms. Microscopic analyses of the fracture surfaces were carried 

out in order to correlate the classification obtained from the acoustic events and the damage mechanisms. AE-

based damage-mechanism identification revealed that, although the event numbers associated with the fiber 

breakage were the lowest, their contribution in the cumulative of AE energy to the global failure of composites 

was the greater. The results obtained reveal that the use of five temporal parameters seems to be sufficient to 

separate the main groups of events, which have the most noticeable consequences on the mechanical behavior of 

the composite. However, for flax-carbon hybrid composites, the method used did not allow the identification of 

AE events related to flax or carbon fibers separately. Therefore, in future work, researchers may use other 

methods such as the supervised classification method to classify all the AE signals and correlate them with the 

different damage mechanisms already existing. Finally, in addition to the mechanical properties in the choice of 

a composite material for a particular application, we should consider the various damage mechanisms and their 

relative importance, which may be relatively different for different materials and may be crucial for long-term 

applications. 
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