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Abstract

:

By the in-line nanostructuring of glass fibres (GF) during the glass fibre melt spinning process, the authors achieve an electro-mechanical-response-sensor. The glass fibre interphase was functionalized with different highly electrically conductive carbon allotropes such as carbon nanotubes, graphene nanoplatelets, or conductive carbon black. On-line structural health monitoring is demonstrated in continuous glass fibre-reinforced polypropylene composites during a static or dynamic three-point bending test. The different carbon fillers exhibit qualitative differences in their signal quality and sensitivity due to the differences in the aspect ratio of the nanoparticles, the film homogeneity, and the associated electrically conductive network density in the interphase. The occurrence of irreversible signal changes during dynamic loading may be attributed to filler reorientation processes caused by polymer creeping or to the destruction of the electrically conductive paths due to the presence of cracks in the glass fibre interphase. Further, the authors found that sensor embedding hardly influences the tensile properties of continuous GF reinforced polypropylene (PP) composite.
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1. Introduction


Glass fibre (GF)-reinforced thermoplastics are used for lightweight constructions due to their excellent characteristics in terms of stiffness, strength and design flexibility. To replace the commonly used metals, the long-term stability of lightweight constructions has to be ensured. Therefore, detailed information on the inner bulk phase and the GF-matrix interphase is required in order to obtain basic knowledge about the failure pattern of GF-reinforced thermoplastics. The integration of structural health sensors is required to obtain information from the inner bulk. However, the reinforcing fibres were mostly substituted by sensor fibres; e.g., carbon, carbon nanotube (CNT) yarns, piezo-resistive ceramics, or Bragg gratings [1,2,3,4,5,6,7,8,9,10]. Another approach of localizing material damage is the use of printed conductive paths [11,12] or CNT-filled coatings [13] which are deposited on the top of a composite. Furthermore, due to the incorporated piezoresistive effect by filling the whole polymer matrix with electrically conductive fillers such as CNT [14], carbon nano fibres (CNF) [15,16], and graphene nanoplatelets (GNP) [17,18], an analysis of mechanical stresses in parts is also possible.



Unfortunately, no information on the most critical interfacial region [19,20,21,22] for the stress transfer between GF and the surrounding matrix, e.g., polypropylene (PP), is accessible with the above-described sensor systems. To detect the mechanical stress level in the GF thermoplastic interphase, an embedded electrically conductive network enables the detection of mechanical stress–strain behaviour. Due to the implemented piezoresistive effect, it is possible to correlate the occurring mechanical deformation with the monitored electrically conductive change [23,24,25,26,27,28,29,30]. The use of carbon nanotubes (CNT) for the nanostructuring of GF results in sensor fibres which are suitable for measuring the interphase deformation in a quantitative manner [27,31,32,33,34,35]. Furthermore, early stage damage can be predicted by on-line resistance measurements, since the GF interphase fails prior to ultimate structural failure. Also, other electrically conductive carbon fillers such as carbon black (CB) and graphite nanoplatelets (GNP) show the suitable implementability of structural health monitoring in the interphase [23]. Respectively, due to the different nanoparticle shapes (1D to 3D [21]), such as fibre-like and sheet-like as well as spherical-like shapes, qualitative differences in the signal quality and sensitivity are obtained. For market entrance, a reproducible in-line nanostructuring of glass fibre surfaces with a higher productivity level is necessary. Therefore, the results of the preliminary work on off-line nanostructuring [23] have to be transferred to an in-situ sizing process during continuous fibre melt spinning.



In this study, the authors investigated the possibility of up-scaling glass fibre nanostructuring manufacture for the industrial-scale preparation of composites with embedded interface sensing abilities. Therefore, the equipment had to be changed from a secondary fibre coating device [23,27,28] with a low velocity (0.1–16 m∙min−1) to a glass fibre melt spinning device using a high spinning velocity (100–550 m∙min−1). Consequently, the authors investigated the influence of the filler morphology of CNT, CB, GNP and the spinning velocity on the glass fibre nanostructuring process to finally prepare a sensor fibre with suitable electro-mechanical-response behaviour for structural health monitoring applications in GF/PP composites.




2. Experimental


2.1. Materials and Processing


2.1.1. Glass Fibre Spinning and Interface Modification


Two different types of yarns were produced by melt spinning. At first, a commingled hybrid yarn [36,37], 50/50 vol.% consisting of continuous E-glass filaments (average diameter of 17 µm) and PP filaments (average diameter of 22 µm, PP: HG455FB, Borealis, Austria) were simultaneously spun and sized using an aqueous 3-aminopropyltriethoxysilane (Dynasylan® AMEO, Evonik, Essen, Germany, 1 wt.%) and maleic anhydride grafted PP film former (10 wt.%, Aquacer 598, Byk, Wesel, Germany) solution. Further, E-glass fibres were melt-spun, which were in-line nanostructured with different electrically conductive carbon fillers (Table 1), using a fibre sizing solution containing an aqueous 3-aminopropyltriethoxysilane (Dynasylan® AMEO, Evonik, Essen, Germany, 1 wt.%) and maleic anhydride grafted PP film former (5–20 wt.%, Aquacer 598, Byk, Wesel, Germany) solution. The chosen filler content of the sizing amounted to 5 wt.% for CNT (Nanocyl™ NC7000, Sambreville, Belgium) and GNP (Graphit Kropfmühl, EXG 98 300, Hauzenberg, Germany) as well as 10 wt.% CB (Printex XE2B, Orion Engineered Carbons, Senningerberg, Luxembourg), relative to the solid content of the film former.




2.1.2. Preparation of the Nanostructured Fibre Sizing


The different carbon fillers were dispersed into a PP film former solution (Aquacer 598, Byk, Wesel, Germany) by an ultrasonic treatment process using a continuous flow cell (Hielscher UP200S + D14K, Teltow, Germany). The sonication cell was water-chilled to dissipate the heat produced during the ultrasonic treatment. To compare the influence of the different filler morphologies on the electromechanical response behaviour of nanostructured GFs, an equivalent state of dispersion is required. Based on recent systematic studies [23], all fibre sizings were prepared with an ultrasonic treatment of 60 min.




2.1.3. Electrical Characterization


Electrical resistivity measurements of the fibre bundles were carried out in accordance with ASTM-D257 [43] using a Keithley 8002A test fixture for 60 mm-long fibres combined with a Keithley electrometer 6517A for fibre resistances >108 Ω or a Keithley DMM 2001 multimeter for fibre resistances < 108 Ω. At least 3 fibres were measured to obtain the arithmetic mean value and the corresponding standard deviation of resistivity.




2.1.4. Mechanical Characterization


The 3-point bending tests (DIN ISO 14125 [44]) were performed using a universal test machine (All-round Line, Zwick Roell, Ulm, Germany). The tensile properties of the continuous unidirectional reinforced fibre composites were determined in accordance with ISO 527 [45], using 10 samples. Longitudinal tensile properties were measured on specimen type A, with the dimensions 190 mm × 15 mm × 1 mm using the Retro Line TIRA Test 2300 machine, and the transversal measurements tensile properties were measured on specimen type B, with the dimensions 180 mm × 25 mm × 2 mm using Zwick/Roell (Ulm, Germany) 1456. Both ends of the tensile test samples were equipped with supporting end tabs using a 3M DP 8010 acrylate adhesive (curing under pressure, for 24 h). The length between the end tabs amounted to 130 mm and 80–85 mm for longitudinal and transversal measurements, respectively. All strain values of the longitudinal measurements were determined at a crosshead corrected by the stiffness of the machine. The measuring velocity was set to 2 mm/min. For the transversal measurements, the velocity amounted to 1 mm/min.




2.1.5. GF-Composite Preparation


The preparation of the unidirectional GF composites for the electro-mechanical-response behaviour testing was conducted by a yarn winding process (in accordance to ISO 9291 [46]). As shown in Figure 1 (left), the nanostructured GF yarns were placed on a steel mandrel frame, with and without a noticeable conductive silver paint. Subsequently, several layers of non-conductive hybrid yarns were wound onto the frame, in the direction of the carbon filler-coated yarns (Figure 1, right).



The hybrid yarn was consolidated by compression molding (K207, Rucks GmbH, Glauchau, Germany) at 225 °C. The fibre consolidation procedure is shown in Figure 2. The wound fibres were heated in a rectangular pre-form; after heating to 225 °C (10 K/min), the temperature was kept constant for 21 min at a pressure of 10 bar to ensure a full yarn melt down. The void-free consolidation was experimentally investigated in a previous study [47]; by choosing a suitable combination of temperature and time, the mechanical composite properties were enhanced.



Subsequently, the pressure was increased to the value at which the glass fibres were fully wetted (45 bar, 2 min), followed by cooling down (rate 70 K/min) to room temperature. The test specimens were prepared using a diamond circular saw. All specimens were conducted with electrical cables using silver adhesive in order to facilitate electrical measurements.




2.1.6. Electro-Mechanical Response during a 3-Point Bending Test


In order to monitor the electro-mechanical response during three-point bending, the sensor fibres, each consisting of a bundle of 204 nanostructured glass filaments, were placed in the neutral plane where typically no compression or tension stresses occur (Figure 3). However, in reality, the sensor fibre is not always placed in the geometric middle, and as a result a mixture of compression and tension stress is applied to the nanostructured fibre. Further, the nanostructured fibre bundle experiences displacement from the exact position by a pressure increase up to 45 bar during the holding-pressure phase, whereby the nanostructured and the normal fibre bundles interfuse partially into each other. If the occurring shear forces are too high, the molten fibre coating can be sheared off and the required conductive pathway will be disturbed. The 3-point bending test was performed in accordance to DIN EN 2562 [48] using rectangular specimens with a length (l) of 80 mm, a width (b) of 20 mm and a height (h) of 1.5 mm. The span length (L) was set to 50 mm. The electrical surface resistance change of the sensor fibres was recorded using a Keithley 2000 electrometer. The data recording was realized by a LabView program on a personal computer.


GF=ΔRRΔll



(1)







The sensitivity of the sensor fibre was determined by the gauge factor (GF), which is defined by Equation (1), the ratio of relative change in the electrical surface resistance (ΔRR) to the relative change of the mechanical strain (Δll) in the linear range (starting by first signal reply up to 1% deformation).






3. Results and Discussion


The purpose of the study is the development of an in-line nanostructuring glass fibre surface process which enables a higher productivity level. Therefore, the results of the preliminary work on off-line nanostructuring [23] have to be transferred to an in-situ sizing process during continuous fibre melt spinning. In order to realize the process of in-line nanostructuring, the PP/nanofiller emulsion was prepared in the same manner as the off-line nanostructuring process [23]. To compare the influence of different filler morphologies on the electromechanical response behaviour of nanostructured GF, an equivalent state of dispersion is required. Therefore, an ultrasonic treatment time of 60 min was selected for all prepared fibre sizings.



In the first step, the required filler content of the different nanofillers in the electrically over-percolated region (5 wt.% CNT, 5 wt.% GNP and 10 wt.% of CB) was selected in order to achieve a piezo-resistive glass fibre during the in-line structuring process. Even though the electrical percolation threshold of the consolidated PP/nanofiller sizing films are in the range of 1 wt.% and 3 wt.% CNT and GNP and for CB between 7 wt.% and 9 wt.% [23], lower filler contents near the electrical percolation threshold can economize the material expenses. However, they are very sensitive to the processing conditions, and in the worst case, the sensing ability can be lost. In particular, an excessive yarn winding velocity during the fibre drawing process leads to an inhomogeneous and very thin fibre coating. The inhomogeneity can be eliminated by reducing the winding velocity. A problematic thin fibre coating can be additionally optimized by the material characteristic of the sizing system. Since every small imperfection in a thin coating layer can destroy the electrically conductive pathway, a higher filler network density, using an electrically over-percolated sizing system, ensures the sensor reliability by creating more electrical pathways.



In Figure 4, the resulting electrical surface resistivity, measured on in-line nanostructured glass fibres, is plotted against the selected yarn winding velocity during the glass fibre drawing. The yarn winding velocity is directly correlated with the yarn diameter; an increase in speed leads to smaller filament diameters of the yarns.



Typical industrially used glass fibre diameters of 17 µm were obtained at a velocity of 550 m∙min−1. However, at this velocity, the achieved surface resistivity values are too high for a sufficient electro-mechanical-response behaviour. One of the reasons for this might be related to the low transfer of sizing material onto the glass fibres during the in-situ sizing process to form a continuous film along the fibre axis. The percentage numbers in Figure 4 specify the transferred amount of sizing material. To enhance the transfer of sizing materials during the in-situ sizing process, the centrifugal forces at the yarn winder, which act on the organic material and hurl it away, have to be decreased. Otherwise, a large loss of sizing material to the surrounding containment during the melt spinning process will occur. A simple solution is the reduction of the yarn winding velocity during the melt spinning process. Starting from a melt-spinning winding speed of 500 m∙min−1, a decrease of the winding velocity down to 100 m∙min−1 increases the transferred amount of organic material from 2.1 wt.% to 3.6 wt.% using PP/5 wt.% CNT sizing, from 7.8 wt.% to 9.1 wt.% using PP/10wt.% CB sizing and from 2.1 wt.% to 4.8 wt.% using PP/5wt.% GNP sizing (Figure 4). In the case of CNTs, an organic content on the glass fibre surface of more than 2.1 wt.% leads to a continuous conductive pathway along the fibre axes. Using CB or GNP fillers, no continuous pathways are formed, even at larger quantities of sizing material (up to 9.1%) on the glass fibre surface. One reason for this is related to differences in the state of CNT, GNP and CB nanodispersion. Electron-charge-contrast-imaging of nanostructured glass fibres (Figure 5, centre) shows only the filler material which is involved in the electrical network. Charge contrast appears to be related to differences in electronic properties. Therefore, filler materials light up brightly if the filler particles are electrically percolated. The filler material, which did not contribute to the electrical network, did not illuminate in this SEM-mode. The CNTs established a more compact electrical network in comparison to the use of GNP or CB fillers. Furthermore, CNTs are able to bridge imperfections in the surface coating, and such bridging is not obtained using GNP or CB (Figure 5C). Consequently, with CNT fillers, a continuous conductive pathway can be achieved, even in the case of imperfect film formation on the microscale. However, due to the thermal post-processing of the sensor fibre, which takes place during the following consolidation process by compression moulding, the film homogeneity of the GNP and CB coatings on the glass fibre surface can be improved (Figure 6). Thus, the usage of sensor fibres produced at a winding velocity of 100 m∙min−1 exhibits a suitable conductivity for our sensing application. Even if the resistivity value of the CB-coated fibres is not in the targeted range, the electro-mechanical response can be measured by the multimeter which was used. For the preparation of structural monitorable continuous glass fibre reinforced composites, PP/GF hybrid yarns were used. Such a low drawing velocity leads to relatively thick glass fibre diameters, between 30–40 µm, and relatively low fibre mechanical characteristics. Hence, the objective is to realize commonly used diameters of about 17 µm. For this purpose, the glass melt temperature was changed to allow for a homogeneous nanostructuring process at low winding velocities (e.g., 100 m∙min−1 to 250 m∙min−1). In the diameter range below 17 µm, only the use of CNT leads to a piezo-resistive fibre (two-coloured box symbol in Figure 6). However, regarding the establishing of a correlation between filler morphology and signal characteristics, a winding velocity of 100 m∙min−1 is more suitable.



To determine the strain-sensing behaviour of these nanostructured glass fibres, a mechanical 3-point bending test on PP/GF composites was chosen. Therefore, the sensor fibres were embedded in the neutral plane in the centre of the bending test sample (Figure 3). Due to the sensor fibre bundle thickness of around 0.17 mm, the whole fibre is not accurately located in the neutral plane. As a result, a mixture of compression and tensile stress is applied to the nanostructured fibre. Using a static test assembly, the measured electrical resistance shows a clear correlation with the applied mechanical deformation (Figure 7). In such a testing configuration, the differences in the signal quality and sensitivity between respective carbon allotropes can be obtained (Table 2). In comparison to off-line nanostructured fibres [23], the sensitivity or gauge factor of the in-line structured fibre is increased by 5 to 32 times. This is obtained by using a higher filler content of 5 wt.% for CNT and GNP as well as 10 wt.% for CB, which should theoretically lead to lower sensitivity.



This result indicates that the film homogeneity of the in-line produced fibres is too low (Figure 5A). The higher signal scattering in comparison to the off-line structured fibres [23] is also an indication for this. The influence of the filler shape on electrical mechanical response behaviour is reflected in the relative resistance change values of strain at the breaking point (Figure 7). Due to differences in the electrical network density (Figure 5, centre), the CNT-coated fibres show the lowest relative resistance change during the bending test, followed by GNP and CB coating. Another difference in the off-line coated fibres [23] is the break-down of the electro-mechanical response signal before the samples failed, in the case of GNP and CNT filler. Additionally, the determination of the cyclic strain-sensing behaviour of the sensor fibre in PP/GF composites, using different carbon allotropes, was distinguished in order to reveal the reversible and irreversible effects on the sensor signal (Figure 8). With each cycle, the mechanical load was increased stepwise by 50 MPa until the composite failure occurred. The mechanical loading and unloading hysteresis is clearly shown by the sensor signal hysteresis. The GNP material shows the highest sensitivity in this group, and the CNT filler has the lowest one. Interestingly, an irreversible change of resistance in the unstrained state occurs in the unloaded stress mode. This can be attributed to filler reorientation processes caused by polymer creeping and a destruction of electrically conductive paths caused by cracks. For the GNP-coated sensor fibre, the electrical resistance increased with each mechanical loading cycle (Figure 8b), which is an indication that cracks in the GF–PP interphase occurred, which obviously propagate and lead to further crack tip opening, during the dynamic loading. Contrary to this irreversible response, the CNT and CB-based sensor fibres show a combination of reversible and irreversible processes in the interphase (Figure 8a,c).



One reason for this could be the senor fibre position inside the 3-point bending specimen being out of the center, whereby more compression stress acts on the nanostructured fibre. The negative relative resistance response can be caused by creating more electrically conductive pathways when, due to mechanical compression, the previously non-percolated and electrically percolated filler material come into contact. However, the filler shape influence and the filler reorientation behaviour have to be studied more in depth.



Mechanical Failure Behaviour


Since the in-line nanostructuring of glass fibres for an interface sensor can only be achieved by an increased polymer solid content of 10 to 30 wt.% (normally approx. 0.5 to 3 wt.%) in glass fibre sizing, the influence on the mechanical composite characteristics should be identified. Therefore, continuous reinforced GF/PP composites with one centrally embedded bundle of sensor fibres with increased solid content were produced. In accordance with the DIN 2563 [48] standard, the consolidated plates were cut into test tensile specimens longitudinal and transversal to the fibre orientation. The results reveal that an increased solid content (30 wt.%) of the sizing has no effect on the tensile test values if only one sensor fibre bundle in the GF-reinforced PP composite is used (Table 3 and Figure 9). Also, the embedded nanostructured fibres do not show a significant difference. In contrast, the use of the CB filler leads to a direct failure at the sensor fibre region (Figure 10c). One reason for this might be the higher sizing content of 9.1% in comparison to 4.8% for GNP and 3.6% for CNT (Figure 6).



Therefore, a higher proportion of low-molecular additives, which are mostly tensides to stabilize the water-based PP emulsion, are located on the glass fibre surface. This could be the reason that the weaker interphase between the PP matrix and the nanostructured matrix (Figure 10c) is the starting point of the sample failure.





4. Summary and Conclusions


The glass fibre interphase was successfully nanostructured with different highly electrically conductive carbon allotropes, such as carbon nanotubes, graphene nanoplatelets, or conductive carbon black. Therefore, the glass melt spinning parameters were adapted to ensure a homogeneous and continuous fibre coating to introduce a piezo-resistive feature in the glass fibre interphase. The electro-mechanical response behaviour of the functionalized glass interphase using carbon allotropes shows differences in the signal quality and sensitivity during a 3-point bending test. In comparison to the off-line nanostructured fibres [23], the signal differences are dominated by the differences in the generated lower film homogeneity and not due to the filler shape. Furthermore, the achieved sensitivity (gauge factor) of the in-line fibre is 6 times higher for GNP, 32 times higher for CNT and 20 times higher for CB in comparison to the off-line fibres. The embedding of sensor fibre bundles in GF/PP does not decrease the tensile strength; only the CB nanostructured fibre acts as a stress centre.



To realize a glass fibre diameter of about 17 µm, which is typical for composite applications, the glass melt viscosity was changed by changing the temperature setting. However, due to the possibility of bridging between the polymer domains on the fibre surface, only the use of CNT leads to a piezo-resistive fibre with a diameter of about 17 µm. GNP and CB fillers are not able to connect the separated polymer domains in the same manner. As a consequence, sensor fibres with a diameter of 17 µm cannot be produced in this spinning configuration.
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Figure 1. Sensor fibre bundle (204 nanostructured glass filaments) placement in a rectangular mandrel (with (Left) and without (Right) silver paint pattern for improved conductivity) with adhesive tape during the glass fibre (GF)/ polypropylene (PP) unidirectional composite winding process. 
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Figure 2. Set heating rate and the resulting actual temperature of the compression moulding process. 
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Figure 3. Test device, specimen and sensor layout (sensor fibre embedded in the neutral plane) for the three-point bending test on a rectangular unidirectional GF/PP composite with the fibres in the direction of the specimen’s length axis. 
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Figure 4. Influence of the winding velocity during the fibre spinning process on electrical resistivity, measured on in-line nanostructured glass fibres (small percentage numbers specifies the organic content on the fibre surface). CNT: carbon nanotube; CB: carbon black. 
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Figure 5. SEM pictures of nanostructured glass fibre bundles (drawing velocity 100 m/min) using 5 wt.% CNT, GNP and 10 wt.% CB sizing. (A) Charge-contrast imaging to illustrate the electrical network density (B) and magnified SEM pictures (C) to provide information regarding the filler bridge ability between separate polymer islands. 
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Figure 6. Influence of the winding velocity during the fibre spinning process on electrical resistivity, measured on in-line nanostructured glass fibres which are embedded into continuous polypropylene/glass fibre composites via compression molding (small percentage numbers specify the organic content on the fibre surface). 
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Figure 7. Electro-mechanical response behaviour of in-line nanostructured sensor fibre using 5 wt.% CNT embedded in the neutral plane zone, during a static 3-point bending test (span to length L/h ratio of 33). 
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Figure 8. Cyclic electro-mechanical response behaviour of in-line nanostructured sensor fibre using 5 wt.% CNT (a), 5 wt.% GNP (b) and 10 wt.% CB (c) embedded in the neutral plane zone during a quasi-static 3-point bending test (span to length L/h ratio of 33, a stepwise increase of mechanical loading of 50 MPa). 
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Figure 9. Representative tensile curves for tensile behaviour, longitudinal (a) and transversal (b) of a unidirectional GF/PP composite with one centrally embedded sensor fibre (nanostructured with 5 wt.% CNT, 5 wt.% GNP and 10 wt.% CB, respectively); representative tensile curves are shown. 
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Figure 10. Fracture patterns of unidirectional PP/GF hybrid yarn composite with an embedded sensor fibre bundle (transversal tensile test, type B); horizontal tensile direction. 
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Table 1. Specifications of the used commercial carbon filler material powders.
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	Material as Named by the Producer/Producer
	Morphology
	Average Particle Size d50 [µm]
	Thickness/Diameter
	Electrical Conductivity [S∙cm−1]
	Specific Surface [m2∙g−1]
	Bulk Density [kg∙m−3]





	Nanocyl™ NC7000 (CNT) Nanocyl S.A.
	Fibre
	>675 [38]
	Ø 9.5 nm [39]
	15 [40] *2
	250–300 [39]
	66 [38]



	EXG 98 300 (GNP) Graphit Kropfmühl
	Lamellar
	305 *3
	-
	3 [40] *2
	>300 [41]
	1 *1



	Printex XE2B (CB) Orion Engineered Carbons
	Spherical
	60 *3
	Ø 30–35 nm [42]
	20 [40] *2
	1000 [42]
	100–400 [42]







*1 In-house measurement according to EN 1097-3 *2 at 30 MPa compression pressure *3 In-house laser diffraction measurement.
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