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Abstract

:

Continuous inspection of critical zones is essential to monitor the state of strain within offshore wind blades, thus, enabling appropriate actions to be taken when needed to avoid heavy maintenance. Wind-turbine blades contain various substructures made of composites, sandwich panel, and bond-joined parts that need reliable Structural Health Monitoring (SHM) techniques. Embedded, distributed Fiber-Optic Sensors (FOS) are one of the most promising techniques that are commonly used for large-scale smart composite structures. They are chosen as monitoring systems for their small size, being noise-free, and low electrical risk characteristics. In recent works, we have shown that embedded FOSs can be positioned linearly and/or in whatever position with the scope of providing pieces of information about actual strain in specific locations. However, linear positioning of distributed FOS fails to provide all strain parameters, whereas sinusoidal sensor positioning has been shown to overcome this issue. This method can provide multiparameter strains over the whole area when the sensor is embedded. Nevertheless, and beyond what a sensor can offer as valuable information, the fact remains that it is a “flaw” from the perspective of mechanics and materials. In this article and through some mechanical tests on smart composites, evidence was given that the presence of embedded FOS influences the mechanical behavior of smart composites, whether for quasi-static or fatigue tests, under 3-point bending. Some issues directly related to the fiber-architecture have to be solved.
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1. Introduction


In applications such as offshore wind turbines, structures are subjected to harsh environments and variations in temperature during the operating period. Accordingly, they expect maintenance and verification processes in a certain interval of time. Within EVEREST Project, previous research have shown that smart composites can be appropriate structural materials for future wind turbines with length beyond 100 m [1,2,3,4]. Maintenance works of these structures are conducted by nondestructive testing (NDT) in most of the times [1]. Material development demands modern NDT equipment and qualified manpower, which increases the maintenance process cost. Structural Health Monitoring (SHM) techniques can prevent heavy maintenance by monitoring structures under harsh environments remotely. The sensors are used to provide the information about intrinsic material properties [2]. Fiber optic sensors (FOSs) were proved as a reliable choice for SHM of composites from previous studies [3,4]. They have a high confidence level to sense the microscale strains in composites. Embedding FOS into a structure is an important issue, since the interface between FOS and surrounding material has to allow accurate measurements. One must admit that FOSs are foreign entities to the host structure; therefore, they may have some influence on the stress and strain field in the vicinity of the material [5,6,7]. One of the major issues relating to the insertion of FOS is to be sure that they can continue to emit precise and reliable signals regardless of the weather and the intensity of the gusts of winds of changing directions that the offshore farm will see during exploitation. It is this very precise point that is the focus of this article through an introductory study of the fatigue behavior of intelligent composites. It is easily understandable that meaningful embedding FOS is linked to two parameters: fiber-optic diameter and the type of fiber-optic coating. Indeed, the core diameter is preferred to be small in order to keep the sensibility higher [8]. Standard FOSs are available at 125 to 250 microns-diameter in cross-section. While embedding this small sensor in between the composite plies, the resin makes a deposit around the FOSs, because the composite plies are as thin as the FOSs. This resin deposit makes a lenticular resin pocket in the composite material, as mentioned in Figure 1. This resin eye will vary the intrusive property of FOS towards the host material, as it changes the stress–strain transfer of the structure in a microscale level. In addition, the resin pocket may initiate delamination cracks in the composite, as it arises between two composite plies. The dimension of the resin eye is variable depending on the FOS’s diameter. The sensor with large diameter makes more resin concentration, which affects the material properties. The disadvantages inherent to embedding optical fiber sensors within composite structures are counterbalanced by their very valuable functions as sensors. Indeed, FOSs are basically classified based on measurement techniques. Unlike traditional sensors that measure at predetermined points, a distributed FOS has a capability of sensing throughout fiber length [9,10]. Distributed sensors have an advantage of providing strain and temperature variations in a single FOS line. The main disadvantage is that their interrogator system is expensive and not effective for small structures [11]; therefore, distributed sensors are mostly used in a long civil structure [12]. However, the introduction of advanced technology for low distance sensing (High spatial resolution) lets distributed sensors detect strain in small structures (specimen level) [13].



Another point of great importance is related to placement of sensors within composites and bond joints. Two main solutions have been imagined and finely simulated elsewhere [1,2,3,4]; namely, placing FOS straight parallel to bonded joints and a placement where a sinusoidal fiber is covering the largest part of bond joint surfaces and/or plies (Figure 2). As the bond joints are wide, many parallel FOS are needed for fine monitoring and this is particularly costly since many optical back-scattering apparatuses, OBRs, are needed. The alternative sinusoidal placement strategy on a single FOS embedded with a well-mastered periodicity that will ease monitoring throughout the joints and composite interplies was shown to be more suitable. It is noteworthy that strain values close to the edge were simulated so as to avoid FOS slippage and sensibility reduction. Finally, our research work highlighted the advantages of sinusoidal placement for large-scale wind-blades [1,2,3,4].



Previous works [1,2,3,4] also emphasized that straight FOS placement is of some interest for SHM of large wind turbine blades; one of its main drawback is the impossibility of measuring multiparameter strains, alongside the difficulty in identifying strain coordinates, especially when loading direction is random, which is typically the case of offshore farms (Figure 3).



More recently, dual-sinusoidal FOSs’ placement (Figure 4) was shown to be a more promising strategy as it can provide strain signals in longitudinal as well as in lateral directions, thus, easing monitoring bending and torsion loadings simultaneously. This adds to the fact that dual-sinusoidal placement allows for a maximum surface coverage of the area to be monitored. As a summary, the critical point that should be kept in mind is the possibility of using distributed FOS in a large spectrum of structures of various dimensions and shapes in various industries. For these sensors to give the full measure of their physical means without turning out to be “flaws”, their sizes should be as miniaturized as possible and they should be placed far enough from edges so as to prevent the composite from delamination. Finally, the placement of sensors must be designed and technologically chosen to ease up the fineness of measurements.



In current article, the capacity of distributed FOS to monitor strain under fatigue loading is studied. The target here was not to conduct a full campaign of fatigue, but rather, to obtain a preliminary appraisal of actual capabilities of the smart composite, especially, how damage qualitatively proceeds when smart composites are loaded under fatigue through a comparison between specimens with and without FOS, and how FOS accommodates mechanical loading while continuing to send meaningful signals. A comparison was conducted between FOS and MTS mechanical sensors; throughout the experiments, due to the slight difference in strain measurement resulting from the fact that FOS is recording the strain at the location where it is embedded, within tensile surface of the flexured specimens, FOS will naturally indicate a lower strain than the one recorded by MTS mechanical sensor, which is bonded at the external part of tensile surface.



Some additional fatigue tests were conducted up to 106 cycles to validate the sensor functionality at a high number of cycles. The scope is also to show that embedding sensors is far from being a straightforward technology and that some fiber-architectures not subject to easy-delamination are the best candidates to “host” FOS.




2. Experiments


2.1. Specimen Preparation and Instrumentation


The composite was manufactured by prepreg method using a matrix volume fraction of 34% and volume fraction of fibers of 66%. HexPly M79/34%/UD300/CHS type laminates were considered. UD stands for unidirectional plies and ‘34’ stands for percentage of resin concentration. The materials are fully in-line with wind-turbine manufacturing standards. The material properties are shown in Table 1.



The composite plates were made by ’Autoclave vacuum-bag’ method. Individual sheets of prepreg material were laid-up and placed in an open mold. The material was covered with release film, bleeder/breather material, and a vacuum bag (Figure 5). CFRP prepreg laminates were spread on a work table.



Twelve plies and the top layer were covered by ’breather cloth’ to ensure uniform vacuum pressure across the component, and the ’caul plate’ protected the bottom layer to define the second surface. For unidirectional composite (UD) specimens, all laminates were oriented towards 0° of coordinate system of specimen. So, laminates were arranged in a [0°]6S format. For angle-ply specimens, the laminates were oriented at [±45]3S. A vacuum pressure was applied on part and the entire mold was placed into an autoclave (heated pressure vessel) [13,14,15]. The part was cured with a continuous vacuum to extract entrapped gases from laminate. It affords precise control during the molding process. The polymerization cycle worked on 80 °C for 360 min (Figure 5). After curing, the specimen plate was removed. This final product was reduced to specimen dimensions described by ASTM D790 standard [16] (Figure 6). Specimen length of 200 mm, width of 20 mm, and thickness of 3.5 mm were considered.



There are several ways to embedded sensors in composite laminates. We used a hand-layup and aligning method. The FOS with 125-μm outer diameter and acrylate coating is cut down according to the work plate dimensions. The specimen dimensions were noted initially on work-plane. The sensor was aligned exactly at the midpoint of the specimen, lengthwise. Therefore, FOS is parallel to the fiber’s orientation in UD laminates and oriented 45° in angle-ply laminates. The FOS should not be placed in the neutral axis of the specimen stacking, because of strain neutralization under bending load [17]. So, to collect the appropriate strain information of composite material, FOS was placed between the 2nd and 3rd (from tensile side of specimen—bottom side) layers of the specimen lay-up stacking. Once the FOS was placed in a specific position, it was checked for straightness to avoid sensor waviness. Thereafter, the remaining plies were stacked-up and the fabrication process continues similarly to the known procedure. After the curing process, FOS connectors were connected to the excess FOS that comes out of the plate. The FC/PC connector was used in our work, see Figure 7. The specimens were polished and verified by ultrasonic method to detect the presence of flaws prior to testing. In this work, source specimen represents specimen without sensor and smart specimen represents specimen with sensors. In addition, we considered only distributed FOS and assumed that distributed sensors are suitable to collect the strain for long distance with less error.



The sensors that are considered are Rayleigh ones [18,19]. The mentioned method operates by reflectometer. Rayleigh scattering is interrogated by LUNA 4600 OBR equipment. The spatial resolution defines the quality of strain values; it is 1 mm for Luna 4600 OBR. In addition, by using spot scan method, we can go up to 3 Hz of strain acquisition speed. The sensor coverage length is 2 km [13].




2.2. Experimental Setup


The mechanical experiment was carried out on MTS 100-kN hydraulic testing machine. All experiments were maintained at room temperature (23 °C). The temperature of testing space was controlled by a climate chamber with an effective air-conditioning system. Bending test set-up is shown in Figure 8. Roller supports were used, where the distance between outer spans were maintained at 150 mm for all experiments. Specimens were placed at the midsection of the roller to distribute the stress equally over their width. The two bottom rollers were fixed to a mobile actuator and the top roller was connected with the fixed frame. The load was applied in the middle of the specimen by raising the bottom rollers (displacement measurement). The force transducer was connected to the top roller. The displacement was measured from the mobile actuator’s translation. The mechanical component was controlled by testsuiteTM TW software. Before every experiment, the software was controlled for error and proper calibration. The bending test was performed under quasi-static, load–unload, and fatigue modes. The specimen was placed on bottom rollers and the fiber optic connectors were fixed to LUNA OBR inlet port, ensuring special care to specimen edges to avoid FOS failure. Figure 9 shows the final experimental setup. In the results section, quasi-static and load–unload experiment results are shown initially. Afterwards, the specimens are observed by numerical microscope for microdamage evaluation. Next, the LNCF (Low Number of Fatigue Cycles) experiment results are demonstrated. The mechanical property (stiffness) between source and smart specimen is compared. Thereafter, stiffness and sensor’s strain are compared in smart specimens. Later, HNCF (High Number of Cycles Fatigue) experiment results are shown to check the sensors functionality.





3. Results


3.1. Quasi-Static Test


Mechanical tests were force-controlled; the rate of applied force was 0.1 kN/min, as per ASTM D790 standard [16]. The mechanical behavior of CFRP specimens under quasi-static bending load is shown in Figure 9.



The Young’s modulus calculated (from the slope of curves [20]) for UD CFRP composite is higher than the one of angle-ply CFRP specimen [21]. The method described by Christiansen et al. was used to calculate the material properties under bending load. It is difficult to see the difference in material properties between source and smart specimens under quasi-static loading. The calculated material properties are shown in Table 2 and will be used in the fatigue loading stress definition.




3.2. Load–Unload Tests


The load–unload experiment was conducted with imposed displacement in step-by-step regime. The mechanical behavior of load–unload test on UD and angle-ply composites are illustrated in Figure 10 and Figure 11, respectively. The following equations have been used to calculate mechanical properties, where F is the load at the fracture point, L is the length between outer spans, b is the width of a specimen, d is the thickness of a specimen, E is the Young’s modulus, and I is the area moment of inertia.


Flexural stress = σflexural = 3 FL/2 bd2



(1)






Flexural strain = ε = 6 δd/L2



(2)






Maximum deflection = δ = FL3/48 EI



(3)






Flexural modulus = FL3/4 bd3δ



(4)







In UD specimens, nonlinearity is not visible in the initial cycles, but situation is changing on further sequences. In addition, smart specimen’s curve falls lower than the source specimen’s curve, it shows that the presence of FOS affects somewhat the mechanical properties of smart composites. In the source composite, nonlinear behavior arises because of matrix damage that was revealed through microscopy observations (Figure 10). On smart composite, nonlinear behavior was expressed because of an accumulation of microdamage in matrix and resin concentration around FOS encapsulation.



Unlike UD composites, nonlinear behavior is clearly recognizable when loading/unloading angle-ply specimens with a tendency that starts very early (Figure 11).



Matrix microcracking as well as failure of weakest fibers and their fragmentation are responsible for this behavior [22]. The nonlinear strain value is larger for specimens with embedded sensors. It is also worth noting that the overall curve slope is lower in the case of smart specimens and this tendency has been systematically shown, which indicates once again that embedded FOS brings some mechanical disturbance to the host material, as will be clearly shown further.



3.2.1. Microscopy Analysis for Damage Assessment


Figure 12 illustrates microdamage evolution in both UD and angle-ply specimens.



At the early stage of loading, few matrix microcracks appear; as load increases, microcracks increase in length, followed by mode-II delamination. Matrix microcracking arose in various matrix areas as well as fiber-matrix debonding and weakest fibers failures [22,23,24,25,26,27]. It is important to note that big-resin-eye concentration around the sensors led to delamination, which is seemingly responsible for stiffness reduction (Figure 13).




3.2.2. Comparison between Mechanically Recorded Strain and FOS Measurements


Our focus is to check whether FOSs are able to deliver meaningful signals that can be continuously monitored up to the end of the experiment. Figure 14 shows load–unload test of UD smart specimens. The full slope of strain variation was finely recorded by embedded FOS, shown by the red color curve. The maximum strain detected by FOS in UD smart specimen is 4083 microstrain. The 3-D curve is plotted to show whether FOS is sticking to its original position without failure and/or sliding, which may come up with fatal errors. The 3-plot shows the bending profile of FOS signals during experiment (specific time). If FOS is broken uniquely in a specimen, signals will not appear in the FOS interface from broken location. In addition, if FOS slides inside composite plies, the location of curve will be shifted from its initial position [17,28]. Therefore, 3-D plot is a complimentary curve to confirm the performance of FOS.



In angle-ply specimens, FOS strain curve reflects the finely nonlinear behavior of smart composite. Nonlinear strain values are continuously increasing in each load–unload cycle, which is highlighted by circles in Figure 15. The mechanical strain does not show nonlinear behavior because tests were displacement-imposed. In both experiments, 3-D profile confirms the proper working of FOS.



The mechanical behavior under quasi-static loading came up with valuable pieces of information that helped us figure out how damage initiates and propagates in either standard and/or smart composites. It is therefore time to check more precisely how damage proceeds with repeated cycling and this has been investigated under a low number of fatigue cycles (LNFC) tests. It is worthwhile to note once again that the idea here was not to carry out a full campaign of fatigue, since the target was not yet of composite reliability. Fatigue stress values at which tests were conducted were chosen with regard to proportional stress limit (σp) determined by quasi-static curves. Accordingly, tests were carried-out at 60%, 80%, and 100% of the proportional limit. By doing so, our focus is to investigate the area of mechanical behavior, where there is no damage and/or limited damage initiation and development, in a way, enabling us to assume that damage accumulation brings “minor” perturbation to the mechanical system considered, let us say with no variation in volume [29,30]. Therefore, fatigue tests with a low number of cycles (LNFC = 104 cycles) on specimens with and without embedded sensors can allow us to make clear comparisons on the effects of sensors presence in parent materials. Besides, once the maximum stress at which there is no stiffness decreases, even after 104 cycles were identified, an additional fatigue test over 106 cycles (HNFC = 106 cycles) was carried out to check whether the tendency is still the same after 1 million cycles. Our fatigue tests were conducted at a constant amplitude, which merely refers to the fact that the maximum (Smax) and minimum stresses (Smin) are constant for each cycle [31,32]. The other factors were referred from ASTM standard D3479/D3479 M [31], i.e., Smax or σmax—maximum stress; Smin or σmin—minimum stress.


Mean stress (σm) = (Smax + Smin)/2



(5)






Stress range (σr) = Smax − Smin



(6)






Stress amplitude (σa) = (Smax − Smin)/2



(7)






Stress ratio (R) = Smax/Smin



(8)









3.3. Low Number of Fatigue Cycles (LNFC) Tests


In our constant amplitude fatigue condition, the maximum stress (Smax) applied was 60%, 80%, and 100% of proportional limit (σp). The equivalent force and displacement were calculated from these stress values and introduced in our testing machine software. A ratio R = 0.1 (tension–tension) type fatigue condition with 1 Hz frequency was used. This value was chosen based on offshore technology, which shows that wind frequency lies between 0.5 and 2 Hz [15]. To avoid specimen slippage, Smin = 10% of Smax was calculated and applied to specimens prior to the experiments. The maximum stress was maintained constant in all fatigue cycles. So, if microdamage is generated, strain increases along with number of cycles, which will result in stiffness drop [25,33,34]. Stiffness change was normalized in our study.


Normalized stiffness = Actual stiffness/initial stiffness



(9)







Figure 16 shows the fatigue behavior at a load of 0.6 σp of specimens made of UD composite. Results are comparable for source composite (without embedded sensors) and smart composites. The curves display no stiffness reduction; accordingly, the presence of FOS clearly does not bring any loss of mechanical properties. When loading the specimens at 0.8 σp maximum stress, stiffness loss is observed in the initial cycles (up to 5000 cycles); thereafter, steady-state regime is attained. FOS presence generates additional loss of mechanical properties as if it was a “flaw”. Stiffness drop in smart composite is due to the presence of large resin eye concentration around the FOS that promotes matrix microdamage at low stress levels, as will be shown later. Once damage reaches a steady-state level (stiffness drop is too low), there is no further stiffness reduction (after 5000 cycles). The same tendency is shown when loading under fatigue at a maximum stress of σp, where a sharp decrease in stiffness up to 5000 cycles followed by a steady state up to 104 cycles is observed. The presence of FOS (resin eye concentration) induces matrix microcracking, delamination, and failure of weakest fibers, which leads to stiffness reduction.



In the case of fatigue behavior of angle-ply source and smart composite specimens tested under 0.6 σp, there was a minor stiffness decrease observed in the first cycles. However, overall normalized stiffness values were maintained close to 1 for source and smart specimens. Therefore, FOS does not feature any loss of mechanical properties to host material at this stress value. In the test carried out at 0.8 σp load fatigue, stiffness drop was observed in the initial cycles (up to 4000 cycles). Thereafter, steady-state regime is attained. This behavior demonstrates that damage initiation took place at initial cycles and slowed down subsequently. After few cycles, damage initiation is stopped, so the specimen retains the same stiffness. The presence of FOS is clearly shown to come up with a visible intrusive effect on the test conducted at a maximum stress of 1 σp. Up to 4000 cycles, stiffness drop is high for smart specimens and, afterwards, the curve reaches a steady state regime. Damage that starts and extends within matrix resin-eye concentration creates a stiffness reduction in the first cycles. Compared with UD specimens, the stiffness decrease of angle-ply specimens is high. The stiffness reduction falls by up to 0.91 normalized value.



3.3.1. Comparison between Mechanically Recorded Strain and FOS Measurements


The evolution of stiffness is plotted as a function of fatigue cycles (Figure 17a). In the secondary axis, we plotted the values of strain delivered by FOS as a function of the number of cycles as well. As a reminder, our focus is to check whether FOSs are able to deliver meaningful signals that can be continuously monitored until the end of fatigue tests. Additionally, FOS signals should be coherent with stiffness evolution as a function of fatigue cycles, this last point will be checked out through comparison with the mechanical displacement sensor delivered by MTS testing machine. In the case of quasi-static tests, the coherence between the two signals is clearly shown. As previously mentioned, the slight difference comes from the fact that FOSs are recording the strain at the location where FOS is embedded, within the tensile surface of the specimen loaded under bending, which naturally will indicate a lower strain than the one recorded by MTS mechanical sensor. Indeed, the positioning of the later sensor is at the exterior of the tensile surface of the same specimen, which corresponds to the area of maximum bending deformation.



Figure 17b shows a comparative mechanical strain recorded by MTS testing machine and FOS. The maximum strain detected by FOS in UD smart specimen is 4083 micro strain. The 3-D curve is plotted to show whether FOS is sticking to its original position without breaking and/or sliding. It shows bending profile of FOS signals during the whole experiment. If FOS breaks, no signals will appear. Moreover, if FOS slides inside a composite ply, the location of curve will be shifted from its initial position. Therefore, 3-D plot is a complimentary curve to confirm the performance of FOS. It is clearly shown from the 3-D profile curve that same increase is recorded by the two sensors.



In angle-ply specimens, FOS fits the mechanical strain. 3-D profile confirms that FOS finely worked without failure nor sliding. The FOS strain value reaches 7000 microstrain, because angle-ply specimen’s mechanical strain (0.0143) is higher than UD specimen’s strain (0.0085).




3.3.2. Load–Unload Test


Figure 18 shows the load–unload test of a UD smart specimen. The ascending and descending parts of displacement were finely detected by embedded FOS and are shown by red color. The strain range is similar to the strain values observed in quasi-static test. Therefore, FOS strain may be used directly without conversion factor. In angle-ply specimens, FOS strain curve reflects the nonlinear behavior of smart composites (Figure 19). Nonlinear strain values increase in each load–unload cycle, which is highlighted by circles in the figure. The mechanical strain does not show nonlinear behavior, because the test was displacement-imposed. Finally, in both experiments, 3-D profile confirms the proper working of FOS, and neither curve shift nor fluctuations are shown.




3.3.3. Low Number Fatigue Cycles (LNCF) Tests


This section is proposed to confirm whether FOS signals are coherent and operating throughout the cycles. Initiation of nonlinear strain in material leads to stiffness reduction. Stiffness and FOS strain were analyzed by normalized values. Figure 20a–c show the LCF curves corresponding to 0.6 σp, 0.8 σp, and 1.0 σp loads, respectively. In all tests, FOS provides strain values up to the end of cycling. The 3-D profile also confirms that FOSs are fulfilling their mission without any degradation.



In the case of UD specimen loaded at 0.6 σp, results show constant stiffness and constant FOS strain over all the 104 cycles, which indicates that damage is negligible (Figure 20). Indeed, in both Y-axes, the values remain constant, which confirms that the stiffness values and FOS strains were maintained in all fatigue test cycles. For fatigue test on UD specimen that was loaded at 0.8 σp, stiffness drop was estimated as 1.5%. This stiffness drop is coherent with the FOS strain that increased. The stiffness values become stabilized after some number of cycles. Damage such as matrix microcracking, fiber debonding, and delamination are assumed to be at the origin of this stiffness drop. For the case of fatigue test on UD specimen that was loaded at 1.0 σp, the curve indicates a significant drop in stiffness up to the end of cycling. The stiffness drop is estimated to be 2%. FOS strain curve shows an ascending profile, which is coherent with stiffness loss. Once again, matrix microcracking, fiber-matrix decohesion, maybe the higher number of carbon fibers failures compared with previous tests, as well as delamination around FOS encapsulation can explain higher stiffness loss.



Fatigue curves of angle-ply specimens corresponding to 0.6 σp, 0.8 σp, and 1.0 σp are depicted in Figure 21; further, in angle-ply specimens, FOS strain is measured for all cycles. Reliable behavior of FOS is shown on 3-D curves throughout fatigue tests. The test carried out at 0.6 σp load shows no decrease in stiffness overall, which confirms that damage is negligible. FOS strain values are constant too. On the Y-axis of FOS strain, the values remain close to 1 and there is no variation noted. For the test performed at a maximum stress of 0.8 σp, stiffness drop is estimated as 2% and FOS strain values increased too. For the test conducted at a maximum load of 1.0 σp, the curve indicates a drop in stiffness that was estimated to be 2%. This behavior is confirmed by FOS strain curve that shows a high angle in ascending part. It confirms damage initiation and propagation. It can be noted from what precedes that FOSs are able to record variation of strain during fatigue tests in a reliable way and this is proven by the high coherence between strain values recorded by FOS and the ones recorded by MTS mechanical sensor.





3.4. High Number Fatigue Cycles (HNFC) Test


As stated above, one of the targets of current research was also to check for reliability of FOS over 106 cycles fatigue test. As the test that was conducted at 0.6 σp showed no stiffness loss in LNFC test for both UD and angle-ply smart specimens, this maximum fatigue stress value was used for HNFC experiment. The idea is to check whether the initial stiffness can be kept safe over 1 million cycles, which will help us obtain a snapshot of the performance status of the current smart composite and how reliable it is for possible structural applications. The HNFC test result of UD smart specimen is depicted in Figure 22. No stiffness decrease was recorded up to the end of the test. FOS also detected strains for all cycles, confirmed by the associated 3-D profile curve.



In HNFC test conducted on angle-ply specimens, the stiffness is same for all fatigue test cycles. The FOS records strain up to the end of the test (Figure 23). It confirms that FOS was not damaged during fatigue loading. Once again, 3-D profile curve proves reliable signal recording throughout the experiment.





4. Discussion


From what precedes, one can conclude that FOS are able to record strain in composite material under high number fatigue cycles test for both UD and angle-ply composites. FOS kept safe its mechanical integrity, as well as its sensing potential. This potential allows them to be reliable embedded sensors for smart composite structures. For the maximum fatigue stress levels studied and up to one million cycles, it is clearly shown that the reliability of the intelligent composite is certainly not related to the mechanical and/or physical performance of optical fiber sensors.



The point that seems crucial to us is related to the damage that arises around the zones where the optical fiber is embedded and to its future and rapid propagation in mode II (Figure 24 and Figure 25) under complex mechanical stresses that may happen in-service. Let us not forget that compared with the parent composite material, the optical fiber sensor is a “flaw”, whose harmfulness depends on its size; positioning; and physicochemical, thermal, and physical compatibility with the parent material. Even if the size of the optical fibers were reduced and the physicochemical, physical, and thermal compatibilities were totally controlled, the danger of delamination and propagation in mode II around the sensor would remain. Indeed, it seems to us that certain fibrous reinforcement architectures are not compatible with the insertion of sensors, and this is the case, in particular, with cross-ply composites.




5. Conclusions


This work showed, through some fatigue experiments under 3-point bending, some encouraging results regarding the effectiveness of embedding FOS in CFRP material. Current mechanical properties of CFRP, while FOS is embedded, have been evaluated. Results showed that there is no detrimental decrease in mechanical properties of the smart composite resulting from embedding FOS. Although, some additional care should be taken when encapsulating FOS to avoid premature delamination. Besides, the smart composite was able to show that embedded FOS performs well and provides significant strain values even after one million cycles, under a maximum stress value of 470 MPa for UD composite and 52 MPa in the case of ±45°-oriented material.



Results also showed that significant progress has to be done in reducing as much as possible the size of resin pocket defects in the interplies areas located around FOS. These defects may strongly promote initiation and propagation of delamination cracks even at a very low stress level, especially in ±45° composites. Further, it is clear that using embedded optical fiber sensors with cross-ply composites does not come up with a full guarantee of service, since, after all, the embedded optical fiber sensor is and will still remain a “flaw” according to mechanics and materials theory and must absolutely be treated as such from a structural mechanics perspective to avoid any kind of future disillusioned industrial structural application.
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Figure 1. Resin-eye rich concentrations around FOS. The bigger is FO diameter, the more facilitated is mode-II delamina-tion crack initiation and extension. 
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Figure 2. Illustration of straight and sinusoidal Fiber FOS placement strategies [1,2,3,4]. 
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Figure 3. (a) E11 strain component; (b) E12 strain component; (c) E22 strain component (acrylate-coated FOS numerical model; the value observed in the host epoxy), sinusoidal alignment. Multiparameter strains are clearly visible in sinusoidal placement. Straight placement shows lateral strains only while sinusoidally placed FOS shows strain in linear, shear, and lateral directions. 
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Figure 4. (a) Loads and boundary conditions properties used for model having dual-sinusoidal optical fiber placement. (b) Dual-sinusoidal FOSs’ placement embedded on a glass composite specimen. (c) Strain measurements showing dual-sinusoidal FOSs placement (placement in dual-sinusoidal mode, in phase opposition, provides coverage complementary to that of a single sinusoidal fiber). 
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Figure 5. Polymerization cycle for composite specimen fabrication. 
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Figure 6. (a) Three-point bending specimen dimensions and loading condition; (b) UD and Angle-ply specimens. 
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Figure 7. CFRP composite specimen with embedded FOS and connectors. 
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Figure 8. Bending experiment final setup. 
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Figure 9. Quasi-static experiment result for CFRP specimen under 3-point bending. 
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Figure 10. Force–displacement curve of unidirectional specimens under load–unload condition. 
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Figure 11. Force–displacement curve of angle-ply specimens under load–unload condition. 
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Figure 12. Micrographies of unidirectional specimen (a) at proportional limit, (b) at 0.9 kN, and (c) at 1.1 kN; angle-ply specimen (d) at proportional limit, (e) at 0.11 kN, (f) and at 0.14 kN (microcracking extension). 
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Figure 13. Micrography of damage on a UD specimen with FOS, postmortem. 
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Figure 14. (a) Load–unload curve for smart UD specimen; (b) 3-D load–unload curve for smart UD specimen. 
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Figure 15. Load–unload test curve and 3D curve for smart angle-ply specimen. 
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Figure 16. Source vs. smart UD and angle-ply specimen behavior under fatigue at 0.6 σp, 0.8 σp, and 1.0 σp. (a) Fatigue tests for UD specimens. (b) Fatigue tests for angle-ply specimens. 
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Figure 17. (a) Quasi-static test curve of UD smart specimen along with the 3-D curve of UD smart specimen. (b) Quasi-static test curve of angle-ply smart specimen along with the 3-D profile curve. 
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Figure 18. Load–unload test curve for smart UD specimen along with 3-D load–unload test curve. 






Figure 18. Load–unload test curve for smart UD specimen along with 3-D load–unload test curve.



[image: Jcs 06 00002 g018]







[image: Jcs 06 00002 g019 550] 





Figure 19. Load–unload test curve for smart angle-ply specimen along with the 3-D load–unload curve. 
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Figure 20. LCF test and associated 3D profile curves of the (a) 0.6 σp, (b) 0.8 σp, and (c) 1.0 σp maximum applied stress of UD smart specimen. 
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Figure 21. LCF test at a maximum stress of 0.6 σp, 0.8 σp, and σp of angle-ply smart composite along with 3-D corresponding test curve. 
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Figure 22. HNCF test curve (0.6 σp) of UD smart specimen and corresponding 3-D HNCF test curve. 






Figure 22. HNCF test curve (0.6 σp) of UD smart specimen and corresponding 3-D HNCF test curve.
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Figure 23. HNCF test curve corresponding to a maximum stress 0.6 σp in angle-ply smart specimen along with corresponding 3-D HCF test curve. 
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Figure 24. (a) Cross-section of untested UD smart specimen. (b) Cross-section of untested angle-ply specimen. 
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Figure 25. Numerical microscopy analysis for damage in postmortem cross-section—angle-ply specimen with FOS. 
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Table 1. Properties of the materials used in the article [1].
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	Materials
	Density (kg/m3)
	Modulus (MPa)
	Poisson’s Ratio





	Composite (CFRP)
	1950
	E1 = 103,000
	0.05



	
	
	E2 = 10,400
	



	
	
	G12 = 54,000
	



	FOS Acrylate coating
	950
	2700
	0.35



	Silica Glass
	2400
	72,000
	0.17
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Table 2. Mechanical properties of UD and angle-ply CFRP specimens with FOS.
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	Properties
	UD with Sensor
	45 with Sensor





	Flexural modulus
	109 GPa
	17.4 GPa



	Maximum stress
	1557 MPa
	259.5 MPa



	Proportional limit
	(0.80 GPa, 0.0069)
	(0.08 GPa, 0.0050)
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