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In this study, we report on different approaches for tailoring the resistance as well as the sensitivity of interphase sensors based on carbon nanotubes (CNTs). The two main aspects in affecting their initial resistance as well as the sensitivity of the systems during mechanical loading are the yarn coating content and the CNT-weight fraction of the coating. Varying those factors, the conducted tensile tests show that the initial resistance as well as the sensitivity of the interphase sensors can be adjusted within a certain range. Additionally, it is shown that glass fibre (GF)-yarns with low coating contents allow indentifying critical loads for the interphase, which are found to be below the ones for GF failure. Performing cyclic tensile loading above and below this critical stress has a significant effect on the interphase life-time. In order to assess the interphase damage quantitatively, new parameters based on the resistance change are introduced. Those parameters allow for direct comparison and characterisation of different GF modifications, i.e. interphases, during mechanical testing by cyclic loading of the interphase sensors.

Introduction

In recent years there has been an increasing interest in health monitoring of composite structures. Besides the already established fibre Bragg grating sensors [START_REF] Rao | Recent progress in applications of in-fibre Bragg grating sensors[END_REF][START_REF] Okabe | Detection of microscopic damages in compsite laminates with embedded small-diameter fibre Bragg grating sensors[END_REF][START_REF] Zhou | Damage detection and assessment in fibre-reinforced composite structures with embedded fibre optic sensors -review[END_REF] the introduction of CNTs into the composites matrix is a promising approach for damagemonitoring by resistance change measurements. The concept was pioneered by Fiedler et al. [START_REF] Fiedler | Can carbon nanotubes be used to sense damage in composites?[END_REF] in 2004. Some years later, additional studies appeared dealing with several aspects of resistance change measurements in conjunction with GF reinforced CNTfilled epoxy composites. Within this context, the sensitivity of CNT-filled systems upon mechanical loading was compared with carbon black filled systems [START_REF] Park | Inherent sensing and interfacial evaluation of carbon nanofiber and nanotube/epoxy composites using electrical resistance measurement and micromechanical technique[END_REF][START_REF] Böger | Load and health monitoring in glass fibre reinforced composites with an electrically conductive nanocomposite epoxy matrix[END_REF]. The results are diverging, as one study claims a higher sensitivity of CNT-modified systems, whereas the other found carbon black to result in improved resistivity. However, Böger et al. [START_REF] Böger | Load and health monitoring in glass fibre reinforced composites with an electrically conductive nanocomposite epoxy matrix[END_REF] mentioned that for direct comparison of different fillers the different percolation threshold of systems has to be taken into account, as the redundancy of conductive paths is one major aspect in determining the systems sensitivity.

Generally, resistance change measurements are based on the principle that any change in the dimensions of the matrix affects the conductive paths within it. The change in network structure of the percolated CNTs due to mechanical strain or the appearance of micro cracks causes a resistance change, providing additional information on structural integrity of the composite. This basic principle has been used for investigating the damage within CNT-filled epoxy composites during mechanical loading [START_REF] Böger | Load and health monitoring in glass fibre reinforced composites with an electrically conductive nanocomposite epoxy matrix[END_REF][START_REF] Wichmann | Direction sensitive bending sensors based on multi-wall carbon nanotube/epoxy nanocomposites[END_REF][START_REF] Thostenson | Carbon nanotube networks: sensing of distributed strain and damage for life prediction and self healing[END_REF][START_REF] Thostenson | Real-time in situ sensing of damage evolution in advanced fiber composites using carbon nanotube networks[END_REF][START_REF] Li | Modeling of damage sensing in fiber composites using carbon nanotube networks[END_REF].

Thostenson et al. [START_REF] Thostenson | Real-time in situ sensing of damage evolution in advanced fiber composites using carbon nanotube networks[END_REF] investigated the effect of cyclic loading on the evolution of damage within GF reinforced CNT-modified epoxy laminates. They found that by the asymmetric shape of the resistance change curve one can identify the onset of micro cracking in the matrix. Moreover, they introduced a damaged resistance change parameter for quantifying the degree of damage in the GF laminate during cyclic loading. A simulation on resistance change in mechanically loaded GF laminates [START_REF] Li | Modeling of damage sensing in fiber composites using carbon nanotube networks[END_REF] supports the experimentally obtained results, showing how the accumulated micro cracks as well as inter-ply failure affect the resistance change. The suitability of CNT filled epoxy matrices for assessing the accumulated damage of composites was also demonstrated for fatigue testing [START_REF] Böger | Load and health monitoring in glass fibre reinforced composites with an electrically conductive nanocomposite epoxy matrix[END_REF]. It was shown that the increase in resistance corresponds to the decrease in Youngs modulus, which is known to be a result of multiple micro cracks within the matrix [START_REF] Gagel | On the relation between crack densities, stiffness degradation, and surface temperature distribution of tensile fatigue loaded glass-fibre non-crimp-fabric reinforced epoxy[END_REF].

Besides the modification of the bulk by CNTs, they have been incorporated as well into the interphase of fibre reinforced composites in order to achieve multifunctional effects.

Differently to the processing of bulk modified composites, where the CNTs are incorporated into the matrix, e.g. by calandering [START_REF] Gojny | Carbon nanotubereinforced epoxy-composites -enhanced stiffness and fracture toughness at low nanotube contents[END_REF] or melt processing [START_REF] Ganß | Structural interpretations of deformation and fracture behavior of polypropylene/multiwalled carbon nanotube composites[END_REF][START_REF] Villmow | Influence of twin-screw extrusion conditions on the dispersion of multi-walled carbon nanotubes in a poly(lactic acid) matrix[END_REF][START_REF] Kasaliwal | Analysis of agglomerate dispersion mechanisms of multiwalled carbon nanotubes during melt mixing in polycarbonate[END_REF] in the case of thermoset and thermoplastic matrices, respectively, the incorporation of CNTs into GF sizings requires their dispersion in aqueous media [START_REF] Rausch | Surfactant assisted dispersion of functionalized multi-walled carbon nanotubes in aqueous media[END_REF]. This is achieved via a latex approach which has been shown to provide one way for achieving finely dispersed CNTs within thermoplastic matrices [START_REF] Dufresne | Processing and characterization of carbon nanotube/poly(styrene-co-butyl acrylate) nanocomposites[END_REF][START_REF] Regev | Preparation of conductive nanotubepolymer composites using latex technology[END_REF][START_REF] Miltner | Isotactic polypropylene/carbon nanotube composites prepared by latex technology. thermal analysis of carbon nanotube-induced nucleation[END_REF][START_REF] Lu | Carbon nanotube/isotactic polypropylene composites prepared by latex technology: morphology analysis of CNT-induced nucleation[END_REF][START_REF] Grossiord | High-conductivity polymer nanocomposites obtained by tailoring the characteristics of carbon nanotube fillers[END_REF]. Although only a comparably little volume is affected when CNTs are concentrated in the composites interphase, its modification results in improved mechanical properties [START_REF] Rausch | Application of nanomaterials in sizings for glass fibre/polypropylene hybrid yarn spinning[END_REF][START_REF] Zhang | Functional interphases with multi-walled carbon nanotubes in glass fibre/epoxy composites[END_REF][START_REF] Warrier | The effect of adding carbon nanotubes to glass/epoxy composites in the fibre sizing and/or the matrix[END_REF][START_REF] Godara | Interfacial shear strength of a glass fibre/epoxy bonding in composites modified with carbon nanotubes[END_REF]. Besides the attempts aiming at enhanced mechanical properties, CNTs have been used as well for functionalizing the interphase region. Performing Raman spectroscopy on CNT-modified GFs, certain band shifts of the CNTs can be related to the externally applied strain allowing for interface strain mapping [START_REF] Zhao | Stress fields around defects and fibers in a polymer using carbon nanotubes as sensors[END_REF][START_REF] Sureeyatanapas | SWNT composite coatings as a strain sensor on glass fibres in model epoxy composites[END_REF][START_REF] Sureeyatanapas | Comparing single-walled carbon nanotubes and samarium oxide as strain sensors for model glass-fibre/epoxy composites[END_REF]. Moreover, CNTs have been used to create electrically conductive interphases for realising sensing capabilities comparably to the sensing approach in bulk nanocomposites. It was shown that single GFs, coated by CNTs via electrophoretic deposition and dip coating can act as sensor element [START_REF] Zhang | Functional interphases with multi-walled carbon nanotubes in glass fibre/epoxy composites[END_REF][START_REF] Gao | Glass fibers with carbon nanotube networks as multifunctional sensors[END_REF].

In our previous study [START_REF] Rausch | Health monitoring in continuous glass fibre reinforced thermoplastics: Manufacturing and application of interphase sensors based on carbon nanotubes[END_REF], we presented a novel approach for interphase sensing by modifying GF-coatings with CNTs. The study was mainly concerned with the characterisation of the CNT-coated GF-yarns as well as the discussion of the challenges of this approach due to imperfect GF coverage by the CNT-coating. In this study, we present more data on the application of the CNT-coated yarns in GF/polypropylene (PP) model composites. In this context, we report on changes in sensitivity due to variation of the overall amount of coating in the yarn as well as different CNT-contents of the coating. Moreover, cyclic tensile loading of the model composites is performed highlighting the potential of the sensor for detection of interphase failure. Based on the resistance change curve during cyclic loading, we introduce new parameters allowing the quantification of the accumulated interphase damage.

Experimental

GF-yarns were spun and coated as described elsewhere [START_REF] Rausch | Health monitoring in continuous glass fibre reinforced thermoplastics: Manufacturing and application of interphase sensors based on carbon nanotubes[END_REF]. Thermal gravimetric analysis (TGA) was employed for determination of the yarn coating content. All GFyarns with different CNT-contents but equal amount of coating were determined to have yarn coating content of 13.5±1wt%. The TGA-analysis of GF-yarns with an equal CNT-content of 0.5 wt% in the coating but different coating contents revealed 5.5, 10.4, 14.5, 21.6, and 29.4 wt% as coating contents, respectively.

For the preparation of the tensile specimens, the CNT-coated GF yarns were embedded in polypropylene (PP; Borealis HG455 FB) and compression moulded (K207, Rucks GmbH, Germany). The computer controlled cycle under vacuum comprised a heating step from 25 °C to 225 °C. Five minutes after reaching this temperature a pressure of 30 MPa was applied for 1 min, before cooling down to 25 °C. The heating and cooling was performed with a rate of 15 K/min. Tensile specimens with the dimensions of 60 x 15 x 4 mm 3 were cut out of the compression moulded PP plate containing the embedded GF yarns. The mould was prepared in a way that the direction of the yarn axis points along the centre line of each specimen in tensile direction. As the yarn length was chosen to be longer than the specimen length of 60 mm, the overlapping GF yarn could be contacted using electrically conductive silver paint. A schematic of the specimens used is shown in our previous study [START_REF] Rausch | Health monitoring in continuous glass fibre reinforced thermoplastics: Manufacturing and application of interphase sensors based on carbon nanotubes[END_REF].

The tensile testing was conducted on a UPM Zwicki 2.5 (Zwick GmbH & Co KG, Germany) with a crosshead velocity of 1 mm/min. No additional extensometer was used due to the small gauge length of 20 mm. The change in resistance of the embedded GF yarn during tensile testing was recorded simultaneously to the tensile loading using a Keithley 6514 programmable electrometer.

When investigating the sensitivity of the sensor, for each variation of yarn coating content or CNT-weight fraction of the coating, respectively, at least 5 specimens were subjected to quasi-static tensile loading. The embedded GF-yarns used for cyclic tensile loading of model composites had a coating content of 13.5±1wt% with 0.5 wt% CNT.

At least three samples were tested in stress-controlled cycling tensile loading, with upper stress limits of 20 and 22 MPa, respectively. The lower stress limit was set to 0 MPa for both cases.

Results and Discussion

Affecting sensitivity by adjustment of yarn coating content

As the CNT-modified coating is the main sensor element, it is of interest how and to what extent its sensitivity with regard to the applied stress can be affected by varying either the coating content of the yarn or its CNT-weight fraction.

At first, the variation of the coating content is investigated. One point of interest is the change in initial resistance with increasing coating content of the GF-yarns. Similarly to the results presented in our previous study [START_REF] Rausch | Health monitoring in continuous glass fibre reinforced thermoplastics: Manufacturing and application of interphase sensors based on carbon nanotubes[END_REF], one can expect a decrease in resistance with increasing coating content, as this is related to a bigger cross-sectional area in the GF-yarn. Figure 1a depicts the dependence of the initial resistance of the embedded yarn on the coating content. A pronounced change in resistance for every variation in yarn coating content can be seen. However, the difference in resistance between the embedded yarns with lower coating content is much higher than the one for the yarns with coating weight fraction of 14.5 % or higher. This is related to the amount of interconnected areas of CNT-coating on the GF surface, which increase with higher coating contents as discussed elsewhere [START_REF] Rausch | Health monitoring in continuous glass fibre reinforced thermoplastics: Manufacturing and application of interphase sensors based on carbon nanotubes[END_REF]. Hence, by adjusting the coating content of the yarns their resistance is varied up to fifty times within a range of 250 kOhm and 12.5 MOhm.

Besides the effect on the initial resistance of the embedded yarns, the coating content, and consequently the average coating layer thickness on the GF surface, is likely to affect the magnitude of the resistance change upon tensile loading. In figure 1b the influence of the coating content on the sensitivity of CNT-coated GF-yarns during tensile loading is shown for different displacements. At the beginning of the tensile loading, the interphase is homogeneously strained and the resistance change increases slowly. The latest displacement value at around 3.5 mm is specific for each system and corresponds to the critical value where interphase failure or GF breakage takes place, causing a sudden resistance change to "infinity". For all displacement values a clear dependence of the resistance change, i.e. the sensitivity of the system, on the coating content is observed. Although the standard deviations are partly overlapping, the system with the lowest coating content shows superior sensitivity compared to embedded yarns with the higher coating weight fractions. In the region of displacements up to 3 mm the resistance change of the system with 5.5 wt% coating is always two times higher than for the system with 29.4 wt% coating. However, for all systems a significant increase in resistance change between 3 mm displacement and the displacement value at failure is observed. Here, the differences in sensitivity are more pronounced than at lower displacements. Especially for the system with low coating content a comparably high resistance change is observed. However, the standard deviations for the resistance change have increased strongly as well. This is related to the limited data acquisition rate and the very steep increase right before failure. For CNT/epoxy composites it was suggested that the resistance follows an exponential power law [START_REF] Böger | Load and health monitoring in glass fibre reinforced composites with an electrically conductive nanocomposite epoxy matrix[END_REF], thus the value of the last data point recorded before the stepwise increase of resistance change is affected by the data acquisition rate. An infinitely high rate would allow identifying exactly the threshold value, whereas lower rates allow only coming close to this point resulting in additional scatter due to the very fast increase of resistance right before failure. In this study, the change in resistance was followed using a data acquisition rate of 2 Hz. Although much higher rates would be desirable, this ensures that the resistance change data upon failure is comparable and not biased by using different data acquisition rates.

Especially regarding the resistance change at the critical displacement value, the sensitivity of the systems is ranked by the amount of coating content on the yarns. Due to the higher amount of coating in the yarn the strand integrity is increased and the GFs are bundled together. Owing to this, the interface area between matrix polymer and the CNT-coating on the GFs is reduced, whereas the systems with lower coating contents tend to filamentize, i.e. open up upon infiltration with the PP in the course of compression moulding. Since the amount of interface between coating and matrix is higher, the external load is transferred to bigger area of the CNT-coating, thus causing a more pronounced resistance change. Obviously, this effect is very distinctive for the yarn with the coating content of 5.5 wt%. The resistance change is tree times higher at the critical displacement than for all other yarns, although the amount of scatter within this test series increased significantly as well.

Affecting sensitivity by adjustment of CNT-weight fraction of the coating

While altering the coating content of the yarns affects its resistance by changing the amount of the interconnected coating areas on the GF surface as well as the strand integrity of the yarn, a variation of the CNT-weight fraction of the coating can similarly affect the yarn resistance. Figure 2a shows the influence of CNT-weight fraction of the coating on the initial resistance of GF-yarns embedded in a PP matrix. As known, an increasing amount of CNTs results in lower resistances [START_REF] Pegel | Dispersion, agglomeration, and network formation of multi-walled carbon nanotubes in polycarbonate melts[END_REF][START_REF] Gojny | Influence of nano-modification on the mechanical and electrical properties of conventional fibrereinforced composites[END_REF]. For the given system, the variation of the CNT-weight fraction in the coating between 0.2 and 0.5 wt% results in initial resistances between approximately 1.5 and 25.5 MOhm, respectively. This is equal to a change in resistance of 17 times. When comparing the effect of yarn coating content and CNT-weight fraction of the coating on the initial resistance, the variation of the former one is affecting the resistance to a bigger extent than a mere variation of CNT-weight fraction in the coating close to its percolation threshold. However, as well composites with a CNT-weight fraction of 0.1 % in the coating were characterised, but found to exceed the measurement limits of the electrometer used. This is in agreement with the investigated percolation threshold of the system used, which was found to be in the region of 0.1 wt% [START_REF] Rausch | Health monitoring in continuous glass fibre reinforced thermoplastics: Manufacturing and application of interphase sensors based on carbon nanotubes[END_REF].

In figure 2b the resistance change at different displacements upon tensile loading is shown for embedded yarns with varying CNT-contents in the coating. At first glance, a similar picture to that presented in figure 1b is observed. Although figure 1b and2b show the effect of a systematic variation of different factors, the results in terms of resistance change are similar. Again, a clear ranking in the sensitivity of the different test series is revealed, this time relating to the CNT-weight fraction of the coating. The lower the CNT-weight fraction of the coating, the higher the sensitivity of the composite with regard to the applied load. The sensitivity of the system with 0.2 wt% CNTs is approximately twice as high as the one of the system with 0.5 wt% CNTs at comparable displacements. Generally, the number of conducting paths as well as the number of contact points between the CNTs increases above the percolation threshold of the system with higher amounts of CNTs. Thus, the charge transfer can be distributed on the entirety of all conductive paths. Upon mechanical loading of such a system any local failure of a conductive path does not result in significant changes of the resistance value, since the electrical current is bypassed via the nearby existing and undisturbed conductive paths. In the case of systems close to the percolation threshold, significantly less conductive paths exist and the failure of any of those connections is related to a correspondingly higher relative change in resistance than it is found for systems with CNT-contents well above the percolation threshold.

The results discussed in section 3.1 and 3.2, respectively, demonstrate the possibilities to tailor the sensitivity and initial resistance of interphase sensors within certain limits.

When designing interphase sensors, the interplay of the yarn coating content and the CNT-weight fraction of the coating has to be considered. Aiming at low initial resistances, the coating content of the yarn as well as the amount of CNTs should be as high as possible. However, the low initial resistance would be achieved at the cost of reduced sensitivity as well as misleading information on the interphase strain due to a heavily bundled structure of the GF. In terms of sensitivity, a low coating content as well as CNT-weight fractions slightly above the systems percolation threshold are favourable, although this can only be achieved for systems with high initial resistances.

Identification of critical stresses for interphase related damage

Besides its sensitivity towards the failure of single GFs, the failure of the interphase itself at lower stresses can be detected when using GF-yarns with low CNT-coating content. Generally, the breakage of reinforcement fibres upon mechanical loading is one indication for the onset of composite failure and is often preceded by an interphase failure. For the detection of the latter one, stress-strain measurements are not an adequate method. However, the identification of such flaws is crucial for the composite structure as any interphase failure can be regarded as a spot from where the defect continues to grow, thus limiting the performance and lifetime of the composite.

Therefore, the assessment of the interphase region separately from the critical load for GF breakage, which corresponds to a rather final state of loading right before composites failure, can provide valuable information for predicting composites life span.

Figure 3 shows the evolution of interphase failure of a coated GF-yarn containing 5.5 wt% CNT-coating embedded in PP. As becomes evident from the step-wise changes of the resistance change data, it can be inferred that the interphase region has been subjected to a critical load while the stress-displacement curve does not show any similar changes. Distinct regions can be identified in figure 3: 1) The resistance change curves shows a steady growth until a displacement of 2.15 mm, corresponding to approximately 80 % of the maximum stress of the composite. Up to this value the interphase is strained homogeneously and no failure occurred yet. 2) Exceeding this stress level, a first local interphase failure occurs which is characterized by a sudden change in slope of the resistance change curve. However, after this event the resistance change continues to grow steadily until a displacement of 2.62 mm. 3) Form here on, multiple interphase failures occur shortly one after another, causing a fivefold increase of the resistance change. However, these events are not reflected in the stressdisplacement curve which does not show any irregularities up to a displacement of 3.24 mm. 4) After reaching approximately 97.5 % of the maximum stress, the GFs start to fail and resistance change increases beyond the measurement limits. This demonstrates that the onset of interphase failure is well before the onset GF failure as the two events occur at 80 % and 97.5 % of the maximum stress, respectively. Based on this information one can conclude that for the given system and loading case, stresses of around 21 MPa are critical for the interphase. This corresponds well with the mechanical data of unidirectional GF/PP composites based on hybrid yarns, mentioned in our previous work [START_REF] Rausch | Surfactant assisted dispersion of functionalized multi-walled carbon nanotubes in aqueous media[END_REF][START_REF] Rausch | Application of nanomaterials in sizings for glass fibre/polypropylene hybrid yarn spinning[END_REF]. Performing transverse tensile tests on unidirectional GF/PP composites, the transverse tensile strength, mainly affected by the fibre/matrix bond, i.e. quality of the interphase, was found range around 25 MPa.

The stepwise resistance change behaviour shown in figure 3 is specific for the GF-yarns with low coating contents. Higher coating contents result in a gradual increase of resistance change until GFs start to fail. This is related to the fact that higher coating contents result in more bundled GF structure rather than individual GF filaments. Once embedded in a matrix, the whole fibre bundle is strained upon loading and local interphase failure does not result in a stepwise increase of the resistance change as the charge transfer can take place in the uninterrupted areas inside the GF bundle.

However, for the low coating content, the GFs can be regarded to be more separated from each other, as the strand integrity of the yarn is lower and the PP can penetrate between the individual filaments more easily during the compression moulding process. For such a system, any individual GF or small GF bundle can be regarded as one conductive branch contributing to the measured resistance. Whenever the applied stress causes the interphase to fail at a certain spot, the conductive path suddenly ceases to exist and the charge transfer takes place via the still flawless interphase area of other GFs, resulting in a stepwise increase of resistance change as observed in figure 3.

Cycling loading of the interphase sensor and assessment of interphase damage

In figure 3 was shown that first interphase failures upon quasi-static tensile loading occur well before the breakage of GFs. For the fibre/coating /matrix system used, stresses 21 MPa turned out to be critical for the interphase, resulting in a stepwise increase of the resistance change thus indicating defective conductive paths in this region. In the following, interphase health-monitoring is conducted by performing cyclic loading below and above the critical stress of 21 MPa. Additionally, new parameters are introduced for assessing the overall damage of the interphase throughout the mechanical testing.

For the cyclic loading 20 and 22 MPa, respectively, were chosen as upper stress limits.

The lower stress limit was set to 0 MPa in both cases. Based on the data of the quasistatic tensile loading, GF failure can be excluded for the applied stress limits, as this is only expected at stresses 25 MPa. Hence, all resistance change occurring during testing is related to interphase damage, rather than to failure of the reinforcement fibres.

Combining mechanical testing with simultaneous resistance measurements, a set of data is originated consisting of force and displacement as well as information on resistance change. For CNT-filled nanocomposites it has been shown that resistance change data follows the displacement of the system and allows monitoring the systems deformation as well as the occurrence of micro cracks [START_REF] Park | Inherent sensing and interfacial evaluation of carbon nanofiber and nanotube/epoxy composites using electrical resistance measurement and micromechanical technique[END_REF][START_REF] Böger | Load and health monitoring in glass fibre reinforced composites with an electrically conductive nanocomposite epoxy matrix[END_REF][START_REF] Thostenson | Real-time in situ sensing of damage evolution in advanced fiber composites using carbon nanotube networks[END_REF][START_REF] Zhang | Functional interphases with multi-walled carbon nanotubes in glass fibre/epoxy composites[END_REF][START_REF] Gao | Glass fibers with carbon nanotube networks as multifunctional sensors[END_REF]. Similarly to the results shown in figure 4, the resistance change during cyclic loading between 0 and 20 MPa is displayed in figure 5. Lowering the upper stress limit by only 2 MPa but adjusting it below the critical interphase stress identified in figure 3, the structural integrity of the interphase region is preserved for much longer time than for the system stressed up to 22 MPa. For up to 22 h the amplitude of the resistance change remains stable at low levels, indicating that no severe damage of the interphase has occurred. However, at higher times the resistance change increases step-wise, related to the initiation of first larger defects which continue to grow with additional load cycles.

In general, the behaviour of the resistance change up to 22 h resembles the displacement or strain during fatigue loading. At the first 4 h the resistance changes faster as it is the case between 4 and 21 h, where a fairly linear increase is observed. This corresponds to the higher extent of plastic deformation at the beginning of the loading. In the linear part between 4 and 21 h the additional plastic deformation of every load cycle is comparably small. As the resistance change corresponds to the integrity of the conductive paths, one can assume that its increase is due to a deformation of the whole CNT-network structure as well as stable and slow growth of all existing micro cracks. As can be inferred from the inset in figure 5, at approximately 21 h, right before the resistance change shoots of for the first time, the resistance change follows not any more the linear relationship as before. It rather shows a distinct increase in resistance change with every load cycle, indicating the onset of a faster crack growth in the interphase region resulting in significantly increased amplitudes of resistance change.

Although the results presented in figure 4 and5, respectively, are representative for the chosen loading conditions, it is beyond the scope of this study to provide statistically proven values of interphase life-time. The intention of this study is rather the development of a novel method for assessing the interphase region of fibrous composites. In this context, we introduce new parameters for the quantification of the accumulated overall damage of the interphase during cyclic loading. Figure 6 shows schematically the resistance change curve of 3 subsequent load cycles. Two features characterise the behaviour of the resistance change. Firstly, the amplitude of the resistance change of during loading, a i , secondly, the difference between the resistance change of neighboured load cycles after unloading, ∆ρ i . The amplitude of the resistance change, a i , can be regarded as the sensitivity of the sensor with regard to any damage occurring within the interphase during the mechanical loading of the system. Unless no severe defects are present, for the systems investigated a i is found to range below 3%. ∆ρ i refers to the resistance change due to the viscoelastic and/or viscoplastic flow within the interphase. Even when a i remains constant and no micro cracks are introduced in the interphase region, the resistance change increases steadily. Although this is not necessarily linked with interphase defects at the early stage of cyclic loading, it represents indirectly the overall strain the interphase region has suffered.

Using the ratio of neighboured resistance change amplitudes, we introduce the parameter ψ loaded for quantification of the accumulated interphase damage upon loading of the samples.
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c i max and c i min denote the maximum and the minimum of the resistance change of each load cycle, respectively (cf. fig. 6). As long as the structural integrity of the interphase is maintained and no cracks result in a cut-off of conductive paths, the magnitude of the amplitude remains constant for every load cycle yielding a value of 1 for the ratio of a i /a i-1 . Summing up the differences from the value of 1, ψ loaded expresses the extent of the accumulated damage during interphase loading. However, the parameter ψ loaded is not sufficient for describing the effect of cyclic loading on the interphase as it does not consider the permanent resistance change after unloading the sample due to viscoelastic and/or viscoplastic flow. Hence, a second parameter, ψ unloaded , is introduced, relating the resistance change due to the viscoelastic and/or viscoplastic flow to the amplitude of resistance change. ψ unloaded can be written as
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If the permanent resistance change after unloading of each load cycle did not increase, e.g. in a purely elastic loading regime, ∆ρ i and consequently ψ unloaded would yield zero.

Hence, ψ unloaded expresses the degree of plastic deformation within the interphase region as well as the impact of possible defects on the resistance in the unloaded state of the sample. In order to identify the occurrence of defects using ψ unloaded , the ratio of ∆ρ i /a i-1 instead of ∆ρ i /a i has to be used, since upon damage initiation a i as well as ∆ρ i increase simultaneously and might result in a similar ratio as for the load cycles before the damage has occurred.

Combining the equations ( 1) and ( 2 Figure 7 shows the introduced parameters calculated for the resistance change data of the cyclic loading between 0 and 22 MPa (cf. fig. 4). Up to the 18 th load cycle both parameters, ψ loaded and ψ unloaded , do not show any signs of interphase failure. ψ loaded remains constant at values close to zero, indicating a comparable ratio of neighboured resistance change amplitudes, whereas ψ unloaded increases steadily expressing the rise in resistance change due to the interphase strain. However, for the 19 th load cycle a significant change of ψ loaded is observed, corresponding to the increase of the resistance change amplitude due to the initiation of a larger interphase crack. After the step-wise change of ψ loaded , the parameter increases continuously with every additional load cycle, as the crack growth has not come to an end yet. For ψ unloaded a delay in the response by one load cycle is observed. Although a significant amount of damage has been generated during the mechanical loading in the 18 th cycle, the resistance change value has not increased considerably after unloading the specimen and closing the cracks. Thus, the ratio of ∆ρ i /a i-1 does not change significantly before the 19 th load cycle. The accumulated interphase damage, ψ intDam , according to equation ( 3) is displayed as well in figure 7. As can be seen from the comparison with the resistance change curve presented in figure 4, all introduced parameters are capable of identifying the onset of interphase damage providing a quantitative measure of the accumulated interphase damage due to cyclic loading.

In figure 8 the parameters are shown for the cyclic loading between 0 and 20 MPa (cf. fig. 5). Up to the initiation of the first interphase failure after approximately 550 load cycles, all parameters show a very modest increase without any sudden changes in slope. However, right after this point they show a step-wise increase and continue to growth faster as compared to the beginning of the cyclic loading. Similarly to the behaviour in figure 7, ψ loaded remains almost constant at its initial stage, as the deformation of the interphase at the beginning of the mechanical testing does not affect the conductive paths significantly. However, in the further course of the cyclic loading, ψ loaded starts increasing steadily, expressing a certain amount of interphase damage.

Interestingly, after the sudden increase of ψ loaded at approximately 550 load cycles, two regions with distinct slopes can be observed. Obviously, the crack continues to grow relatively fast, before crack growth slows down again, resulting in a change in slope after approximately 620 load cycles. The behaviour of ψ unloaded clearly shows the effect of the viscoelastic and/or viscoplastic deformation of the interphase at the very beginning of the cyclic loading. Here, ψ unloaded increases relatively fast before levelling off and increasing linearly in the further course of cyclic loading. However, right before its sudden increase at approximately 550 load cycles, ψ unloaded starts growing faster again, indicating the accumulation of new interphase damage.

The derived parameters are sensitive to interphase defects and comprise a novel approach for assessing interphase related damage in GF reinforced composites. They allow quantifying and comparing the life-time of interphases, i.e. differently modified GF, for distinct loading conditions.

Conclusions

Main characteristics of the interphase sensors have been systematically varied by changing either the coating content of the GF-yarn or the CNT-weight fraction of the coating, in order to affect the sensitivity of the sensor to the applied load.

By increasing the yarn coating content the initial resistance can be varied to a large extent, showing lower resistances at higher coating contents. However, high coating contents are detrimental for the sensitivity of the systems as they result in a higher degree of bundled GF associated with less interface area between the matrix polymer and the coating itself. When changing the CNT-weight fraction of the coating, holding the yarn coating content constant, the systems resistance can be adjusted yielding lower resistances for higher CNT-weight fractions in the coating. However, the higher filled systems show reduced sensitivity compared with the systems, where the CNT-weight fraction of the coating is close to the systems percolation threshold.

The effect of the yarn coating content as well as the CNT-weight fraction of the coating on the initial resistance and sensitivity, demonstrates the possibilities of tailoring certain sensor characteristics to the needs of the corresponding application. However, the interplay of the two factors impedes the realisation of sensors having very low initial resistances as well as high sensitivities at the same time.

The GF-yarns with low coating contents were found to have an increased sensitivity with regard to interphase failure. While no evidence of interphase failure can be derived from stress-displacement curves, the resistance change curve clearly indicates the occurrence of interphase failure during the tensile loading well before the failure of the first GFs. Thus, for the corresponding load case and loading conditions a critical stress for the occurrence of interphase damage can be identified. Performing cyclic tensile loading with upper stress limits below and above this critical stress, the interphase lifetime is affected significantly. Moreover, new parameters based on the resistance change data are introduced for a quantitative assessment of the accumulated interphase damage during cyclic loading. Applying them to the data of the cyclic tensile loading, they are found to be suitable for identifying the onset as well as the severity of interphase damage. 

Figure captions

Figure 4

 4 Figure 4 shows the behaviour of the resistance change during the cyclic loading between 0 and 22 MPa. After the first load cycle, the viscoelastic and/or viscoplastic deformation results in an increase of resistance change of 5%. Any further load cycle causes as well an increase in resistance change due to sample deformation, however, only to a minor extent. Thus, a steady increase of resistance change up to approximately 1 h is observed, when the amplitude of the resistance change increases drastically together with the value of resistance change in the unloaded state. This is indicative of a severe interphase failure, cutting off the majority of the conductive paths. However, first signs of micro cracks can already be observed at the very beginning the cyclic loading (cf. inset of figure 4) by the unsymmetrical shape of the load cycles. As mentioned by Thostenson et al. [9], the "shoulders" in the resistance change curve at the beginning and end of the load cycles can be related to crack reopening and subsequent closing upon unloading of the system. Although the resistance change curve indicates clearly when the failure of the interphase takes place, it remains unclear whether the preexisting micro cracks have reached a critical size causing unstable crack growth or the sudden initiation of a bigger single crack in the interphase is the reason for the observed resistance change.

  obtained describing the accumulated interphase damage, ψ intDam , based on the effect of interphase damage on the resistance change in both loaded and unloaded conditions.
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 1 Figure 1: Influence of yarn coating content on a) initial resistance and b) sensitivity of CNT-coated GF-yarns embedded in a PP matrix. The CNT-weight fraction of the CNTcoating is 0.5 % for all yarns. Drawn lines are for visual guidance

Figure 2 :

 2 Figure 2: Influence of CNT-weight fraction of the coating on a) initial resistance and b) sensitivity of CNT-coated GF-yarns embedded in a PP matrix. The coating content of all yarns is 13.5±1 wt%. Drawn lines are for visual guidance

Figure 3 :

 3 Figure 3: Quasi-static tensile loading with simultaneous resistance change measurement. The stepwise increase of resistance change corresponds to the occurrence of interphase failures (see text for further details). The embedded GF-yarn has 5.5 wt% coating and a CNT-content of 0.5 wt% in the coating
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 45 Figure 4: Resistance change of interphase sensor during stress controlled cyclic loading between 0 and 22 MPa. The inset figure shows the amplitude of the resistance change before the occurrence of severe interphase damage, which causes a distinct change of the amplitude pattern
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 6 Figure 6: Definition of characteristic points within a schematic resistance change curve during cyclic loading

Figure 7 :

 7 Figure 7: Assessment and quantification of the interphase damage during cyclic loading between 0 and 22 MPa by applying the parameters ψ loaded , ψ unloaded , and ψ intDam , respectively, on the resistance change data
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 81 Figure 8: Assessment and quantification of the interphase damage during cyclic loading between 0 and 20 MPa by applying the parameters ψ loaded , ψ unloaded , and ψ intDam , respectively, on the resistance change data
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