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01069 Dresden, Germany 

 

 

Abstract 

In this study, a new approach for health monitoring of GF reinforced composites is 

presented by incorporating percolated carbon nanotubes (CNTs) into the composites 

interphase. This is achieved applying CNT-filled coatings to glass fibres (GF). Taking 

advantage of the electrical properties of CNTs, this allows a highly localized monitoring 

of the composites interphase. 

 

The approach is largely independent on matrix material and can be applied to 

thermoplastic or thermoset resin matrix materials with minor adjustments. The 

resistance of CNT-coated GF yarns shows a linear dependence on the yarn length and 

depends on the CNT weight fraction of the coating, as well as on the amount of coating 

on the GF yarn. Performing tensile tests in combination with simultaneous resistance 

measurements on CNT- coated GF yarns embedded in a polypropylene matrix, the 

interphase behaviour during mechanical loading is monitored, providing information on 

this specific area. This allows relating interphase failure or GF breakage to the 

resistance data and demonstrates the potential of this approach for health monitoring of 

GF reinforced composites. 
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1. Introduction   

Over the past several years there has been an increasing effort in developing strategies 

for health monitoring of fibrous composites [1-6]. Among the variety of different sensor 

concepts, the application of CNTs shows great potential for this purpose in composite 

materials. When the amount of CNTs exceeds the systems percolation threshold, a CNT 

network within the matrix is formed and any applied mechanical strain causes a 

dimensional change on the nano-scale. Thus, the electrical resistance is a function of the 

applied strain and allows to in-situ monitor the strain and the therewith possibly 

associated damage in the composite. As the extent of many defects in composite 

materials is in the sub-m range, CNTs are well-suited for strain mapping on that scale 

due to their small dimensions.  

 

Schulte et al. were the first in exploring the suitability of percolated CNT networks for 

health monitoring of continuous glass fibre/epoxy composites [7] and in the recent years 

numerous studies have followed dealing with different aspects of  in-situ strain sensing 

by recording the change in electrical resistance upon variation of mechanical strain 

[8,9].The sensitivity of CNT networks with regard to the onset of matrix dominated 

failure and the failure propagation could be demonstrated [10,11] as well as the 

possibility to monitor the fatigue life of glass fibre (GF) reinforced epoxy composites 

[12]. The current state of research related to sensing with CNTs has been 

comprehensively reviewed by Chou et al. [13,14].  

 

Most of the literature using CNTs for sensing of mechanical strain involves CNTs 

distributed throughout the bulk matrix. Consequently, any change in resistance may be 

related to any response of the CNT network in the bulk. However, as the mechanical 

performance of fibre reinforced composites is closely related to the fibre/matrix 

interface and its ability to transfer the applied stress from the bulk into the fibres, it is 

desirable to assess the interfacial strain separately from that of the bulk. In this context, 

interface strain mapping of GF/epoxy composites has already  been performed by 

Raman spectroscopy relating certain band shifts to the externally applied strain [15-17].  

 

In this study we present a new concept for health monitoring in GF reinforced 

composites by depositing multi walled CNTs within an aqueous coating onto the GF 

surface. Hence, the extension of the CNT network is restricted solely to the interphase, 
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which forms upon consolidation of the composite. Thus any change in electrical 

resistance can be regarded as a true interphase response rather than a bulk related 

phenomenon. We see the potential of this approach in its versatility: (i) as only the 

coating recipe needs to be modified, it can be tailored for improved adhesion strength 

adopted to either thermoplastic or thermoset matrices, respectively, without causing 

internal stress concentrations or additional interfaces, (ii) only very little volume of the 

composite contains CNTs, i.e. the absolute weight fraction of CNTs in the composite is 

very low compared to bulk nanocomposites, (iii) the GF yarns can be coated on a large 

scale employing industrial processing routes, (iv) single GF yarns can be introduced 

into macroscopic textile composites for surveillance purposes of highly stressed areas.  

 

In the following, the manufacturing of CNT-coated yarns and their characterization with 

regard to their electrical resistance are described. Moreover, results of the tensile testing 

and the simultaneous recording of resistance change for a CNT-coated GF yarn 

embedded in polypropylene (PP) are presented.  

 

2. Experimental 

Multi-walled CNTs (NC3150, Nanocyl S.A., Belgium) were added to surfactant 

solution and treated with a horn sonicator for 120 min at constant output power of 

40 W. The aqueous surfactant solution was prepared dissolving Brij76 (polyoxyethylene 

(10) stearyl ether; Sigma Aldrich) in deionised water. The surfactant to CNT ratio was 

adjusted to 1.5/1, using 0.3 wt% CNT in 100 ml deionised water. Throughout sonication 

of the batches with 100 ml, the beaker with the CNTs was cooled in a water bath. 

 

In the next step, different quantities of pre-dispersed CNTs were added to a PP-film 

former. In order to homogenise the system, the pre-dispersed CNTs and the film former 

were magnetically stirred for several minutes. Afterwards, the system was freeze dried 

(Alpha 1-2 LD plus, Christ GmbH, Germany) and the obtained powder was used for 

compression moulding of thin films (K207, Rucks GmbH, Germany). In detail, the 

powder was heated from 25 °C to 200 °C with 15 K/min including a degassing step at 

180 °C. After having reached 200 °C, the films were compression moulded at 30 bar for 

2 min, before cooling down to 25 °C. As described elsewhere [18], volume resistivity 

measurements of the 80 m thick films were carried out using a 4-point test fixture in 
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combination with the electrometers 6517a and DMM2000 (Keithley Instruments Inc.), 

respectively. The films were cut into pieces of about 30 x 25 mm and the through-

thickness volume resistivity measured separately. The presented values are mean values 

of at least 4 measurements.  

 

For preparation of the CNT-coated GF yarns, E-glass fibres with an average diameter of 

15 m were continuously spun and coated with an aqueous 1 wt% -

aminopropyltriethoxysilane (APS) solution at the Leibniz Institute of Polymer Research 

Dresden. The yarn count of the GF filament yarn was 111 tex, containing 204 filaments. 

In a subsequent step the GF-yarns were coated with a CNT/film former system 

containing 0.5 wt% CNTs relative to the solid content of the film former on a horizontal 

vertical padder type HVF in combination with a continuous coating system type KTF 

(both Werner Mathis AG, Switzerland). The solid content of the CNT-coating on the 

GF yarns was determined by thermogravimetric analysis (TGA; Q500, TA 

Instruments). For obtaining images of the CNT-coated GF surfaces, a scanning electron 

microscope (SEM) Ultra 55 (Carl Zeiss SMT AG, Germany) was employed. Apart from 

the charge contrast image, all samples had been sputtered with a 5 nm thick platinum 

layer before SEM characterization. Prior to measuring the electrical resistance using a 

Keithley 6514 programmable electrometer, the yarns were annealed in an oven at 200°C 

for 15 min. Depending on the measured yarn length, the GF were contacted with 

electrically conductive silver paint at the corresponding distances. For each 

measurement length at least five GF yarns were measured. 

 

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. 5 min 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 

60x15x4 mm 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 center 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 
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yarn could be contacted using electrically conductive silver paint. 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. Figure 1 shows the scheme of a tensile specimen with an 

embedded GF yarn.  

 

3. Results and Discussion 

 

3.1. Modification of the polymeric film former system by dispersed CNTs  

By adding pre-dispersed CNTs [19] to the aqueous film former, different CNT weight 

fractions within a GF coating can be adjusted. After the CNTs are homogenized within 

the polymeric film former they can be deposited onto the GF in a separate sizing or 

coating step. The polymeric film former can be regarded as a latex which provides one 

way for manufacturing CNT-nanocomposites [20-24] alternatively to melt processing 

[25-27] sonication [28,29] or calandering [30].  

 

Aiming at electrically conductive interphases, it is desirable to know the percolation 

threshold of the film former/CNT system. This is achieved by removing the aqueous 

part of the CNT-coating and compression moulding of the resulting solid content into 

films. Different amounts of pre-dispersed CNTs were added to the film former and the 

volume resistivity of the films as a function of CNT weight fraction was determined. 

However, it has to be taken into account that due to differing compression moulding 

parameters, the resistivity of the films is not necessarily identical with the interphase 

resistivity, as the processing conditions are know to affect the systems resistivity [18]. 

Figure 2 shows the dependence of the resistivity on the CNT weight fraction for the PP 

film former/CNT system used. As expected, a significant drop in resistivity is observed 

after the percolation threshold of the system at around 0.1 wt% is exceeded and further 

addition of CNTs has only a minor effect on the resistivity values. Using the latex 

approach, a low percolation threshold as well as a low volume resistivity of 4.5 

Ohm*cm at 3 wt.% are observed compared with melt processed PP nanocomposites 

[31-34]. Although the percolation threshold is known to be affected by various factors, 

e.g. aspect ratio of CNTs [35,36], CNT waviness [37-39], processing conditions [40-
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42], the obtained results clearly demonstrate the potential of the aqueous film former 

systems for the deposition of CNT networks on GF.  

 

3.2. Preparation and characterization of CNT-coated GF yarns  

Based on the information presented in figure 2, for the coating of the yarns a system 

containing 0.5 wt% CNTs with regard to the solid content of the film former was 

chosen. The coating of the yarns allows a larger variation of the solid content on the GF, 

i.e. the amount of CNT-coating, than it is possible by sizing the GF directly in the 

spinning process. As determined by TGA measurements, the GF yarns prepared had a 

solid content of  5.5, 10.4, 14.5, 21.6, and 29.4 wt%, respectively.  

Figure 3 shows SEM micrographs of the coated GF yarns. In figure 3a the CNT-coating 

on the surface of GF yarn with 5.5 wt% solid content can be seen. At a higher 

magnification (fig. 3b) the spherical shape of the PP film former particles as well as the 

therein dispersed CNTs become visible. From the SEM micrographs in figure 3a and 

3b, respectively, it becomes evident that the GF surface is inhomogeneously covered by 

the film former system. Relatively large areas of the GF appear to be uncovered by the 

film former, while others are covered by a thin layer or show cluster-like structures. 

This illustrates the challenges of this approach: Theoretically, a very thin and 

homogeneous layer of the film former/CNT-system on the GF surface would be ideal, 

as this allows the formation of continuous conductive paths. However, when GF are 

sized or coated the surface can rarely be assumed to be homogeneously and completely 

covered by the sizing/coating. Hence, the amount of film former on the GF has to be 

increased until continuous and interconnected areas, rather than an island-in-the-sea 

topography, are formed and one can take advantage of the electrical properties of the 

CNTs forming a network on the GF surface. This means that higher film former 

contents on the fibres are necessary, compared with GF used as reinforcing fibres, 

where the solid content on the fibres is about 1 wt%.  

 

In spite of the initial film former distribution after the coating process, the topography 

and homogeneity of the film former/CNT layer can be affected by annealing the GF 

yarns. Figure 3c depicts a GF with 5.5 wt% solid content on the fibre after being 

annealed at 200°C for 15 min. Although the solid content is similar to the GF shown in 

figure 3a, the topography is very different to the one of the as-coated fibres. The PP 

particles of the film former are molten and have wetted the GF surface. Thus, the 
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topography is levelled and the film former/CNT system covers the GF surface in a more 

continuous manner. The latter effect is most important as this supports the formation of 

continuous conductive paths within the film former/CNT system on the GF surface even 

for low solid contents. For the prepared GF yarns with higher solid contents of coating 

the strand integrity of the yarn is improved and the individual filaments are held 

together by the coating forming fibre bundles. After the annealing CNTs can hardly be 

observed sticking out the PP film on the GF. However, charge contrast imaging [42-45] 

enables one to derive information about the distribution of CNTs within the outermost 

layer of nanocomposites. Figure 3d visualizes the CNT network within the PP film 

former on a annealed GF employing the charge contrast imaging technique. It can be 

observed that the CNTs are both, well dispersed and distributed within the PP film 

former. A similar distribution and state of dispersion of CNTs can expected for all areas 

on the GF covered by the film former. Hence, in the case of interphase sensors based on 

CNT-networks on the GF surface, any change in electrical resistance as a function of 

applied stress involves information of all continuously connected areas on the GF 

covered with the CNT-coating as well as conductive paths between adjacent fibres. 

Whenever a single GF fails or the interfacial shear stress exceeds a critical limit and 

locally causes the interphase to fail this will be reflected in a permanent increase of 

resistance, as certain conductive paths cease to exist.  

 

Figure 4 schematically illustrates the differences between an ideally coated GF surface 

and the coating pattern like it can be observed on real GF surfaces. Figure 4a shows the 

cross section of an ideally coated GF, with all coating being present as a homogeneous 

and thin layer covering the GF surface. The top view on the surface of an ideally coated 

GF in figure 4b depicts a coating layer with no inhomogeneities, neither in terms of 

surface coverage nor regarding the thickness of the layer. This is different for GF 

surfaces like they can be found after coating application in real life. The cross section of 

such a GF (figure 4c) is characterised by a inhomogeneous coating distribution on the 

GF surface. Besides the fact that not all coated areas are interconnected, the coating 

layer thickness varies to a certain extent. This results in an irregular coating pattern on 

the GF surface, as presented in figure 4d. However, homogeneous coating layers are 

crucial as only interconnected areas can form continuous conductive paths along the 

fibre surface, thus taking part in the charge transfer.  
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In figure 5 the dependence of the GF yarn resistance on its length is illustrated for 

varying amounts of CNT-coating on the GF. Firstly, one can observe that for an 

identical yarn length the resistance decreases with increasing solid content on the fibre. 

This is expected since the resistance of the yarn is given by 

coat
coatingyarn A

lR   .      (1) 

Taking the volume resistance, coating, as well as the yarn length, l, as constant, an 

increasing amount of CNT-coating is related to an increase of the cross-sectional area, 

Acoat,  of the CNT-coating in the GF yarn. However, an exact value for Acoat can not be 

provided since it has not a geometrically defined shape. Moreover, the thickness of the 

coating layer varies locally, thus Acoat is not identical for the whole measurement length. 

For the different amounts of CNT-coating on the GF yarns, distinct resistances are 

observed. For all GF yarns with coating contents >10 wt.%, the resistances range 

between several hundreds of kOhm for 5 cm yarn length and 10 MOhm for 30 cm yarn 

length, respectively. The GF yarn with 5.5 wt% CNT-coating lies well above that range 

between 15 and 86 MOhm. Moreover, it is noteworthy that the standard deviation 

becomes bigger for the yarns with lower coating content, which is related to 

inhomogeneities of the coating layers on the fibres. For higher coating contents on the 

GF it is more likely that besides all inhomogeneities in thickness a continuous layer is 

formed providing continuous conductive paths on the fibre surface, whereas for lower 

coating contents a growing percentage of the film former is not connected to the 

continuous structure of the film former and therefore does not contribute to the charge 

transfer. Similarly to this, the increase of the standard deviation with increasing 

measurement length is related to statistically distributed inhomogeneities in the 

conductive layer along the measured length of the yarn (cf. fig.5 and table 1). These 

inhomogeneities can be regarded as a bottleneck for the charge transfer. Consequently, a 

reduced measurement length results in less scattered and lower resistance values, 

similarly to the effect of gauge length on the tensile strength of brittle fibres as a 

consequence of the statistical distribution of the critical flaws [46]. Furthermore, a 

pronounced linear dependence of the resistance on the yarn length can be observed as 

predicted by equation 1. A linear least square fit through the origin was performed in 

order to derive the different slopes of the data sets. As expected, the smallest slope is 

found for the yarn with the highest coating content and a clear trend to steeper slopes 

with decreasing amount of CNT-coating on the yarn is observed.  The differences 

between the yarns with 14.5, 21.6, and 29.4 wt%, respectively, are relatively modest, 
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but the yarns with lower coating contents show a comparably pronounced increase in 

the slope. The data of figure 5 is summarized in table 1.  

 

In order to calculate the volume resistance, coating, of the coating according to equation 

1, one must define the cross sectional area of the coating for the multifilament yarn. The 

latter quantity can be estimated using simple geometric considerations and the 

experimentally determined coating content of the yarn. For sake of calculation it is 

necessary to convert the volume of a certain length of the multifilament yarn, Vyarn,  into 

a single GF with an identical volume, VGF.  

l
d

TVV
GF

yarnGF       (2) 

Here, for E-glass density, dGF,  the value of 2.56 g/cm
3 

was used, while for the yarn 

count, T, the known values of the titer in g/1000m were used. Now, the formerly 

geometrically undefined cross sectional area of the coating in the multifilament yarn can 

be assumed forming a homogeneous layer on the single GF. For a GF with a known 

volume, the radius can be easily deduced considering its cylindrical shape. Once the 

equivalent radius is known, the cross sectional area of the GF, Aequiv, can be calculated 

and the experimentally determined coating content of the multifilament yarn is assumed 

to be present on the single GF forming a concentric circle with a certain thickness. The 

cross sectional area of the coated single GF is composed of two partial areas: the cross 

sectional area of the GF itself, Aequiv, and the additional cross sectional area due to the 

thickness of the coating layer, Acoat. Knowing  Aequiv, the cross sectional area of the 

coating can be expressed as  

equivcoat
coa

GF
coat AM

d
d

A        (3) 

using the density ratio of GF and coating, dGF/dcoat, and the known solid content on the 

GF, Mcoat. The estimation of the cross sectional area in equation 3 for different coating 

weight fractions in the multifilament yarns yields the missing quantity to be used in 

equation 1 for the calculation of the volume resistivity of the yarns.  

 

In figure 6 the calculated values for the GF yarns with different coating weight fractions 

are shown. It can be seen that coating does not change with the measured GF yarn length, 

which is reasonable since the volume resistivity is a materials property of the 

characterized system, i.e. the film former/CNT system. However, figure 6 shows a 

strong dependence of coating on the CNT- coating weight fraction. For the yarn with 
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5.5 wt% coating content comparably high volume resistivities of almost 200 Ohm*cm 

are calculated, whereas the yarn with 10.4 wt.% coating content shows significantly 

lower values of around 45 Ohm*cm. Any further increase of the coating weight fraction 

of the yarn results only in minor decreases of the resistivity which levels off at around 

30 Ohm*cm. The fact that coating is not found to be constant and apparently depends on 

the coating weight fraction seems to be incorrect at first glance. However, bearing in 

mind that the calculated results relate to coated GF they are reasonable and provide 

additional information on the coated GF surface. Nonetheless, it should be pointed out 

that coating has to be regarded as a constant value depending for the given system on the 

CNT weight fraction only (cf. figure 2). Here, the dependence of  coating on the coating 

weight fraction is related to the wetting of the GF by the coating system and the 

determination of the coating weight fraction by TGA.  Irrespective of the coating 

content of the yarn, the coverage of the GF by the film former/CNT system can never be 

assumed to be perfectly homogeneous. However, for higher coating contents the 

inhomogeneities do not result in a high degree of discontinuous film former layers, 

whereas with lower coating contents an increasing part of the CNT-coating forms 

island-in-the-sea structures on the GF surfaces and is not involved in forming 

continuous conductive paths (cf. fig. 3a and fig. 4). As the calculation of the volume 

resistivity in figure 6 is based on the film former content determined by TGA 

measurements, the whole film former content is taken into account, including as well 

the discontinuous and isolated coating structures. For yarns with a lower coating weight 

fraction these structures are more abundant than for yarns with higher coating weight 

fractions, causing the experimentally determined coating contents to be higher than the 

effective coating weight fraction on the GF surface being involved in charge transfer. 

As a consequence, higher volume resistivities are calculated for the yarns with 5.5 and 

10.4 wt% coating content, respectively. The deviation of the volume resistivity from its 

plateau value at approximately 30 Ohm*cm between 14.5 to 29.4 wt%  can be 

interpreted as a measure for an increasing percentage of coating forming discontinuous 

areas on the GF surface and not being involved into charge transfer. For the CNT-

coating used, approximately 15 wt% result in an almost continuous film former layer. 

 

3.3. Tensile test of CNT-coated GF yarn embedded in PP 

In order to verify the feasibility of the CNT-coating to be used as an interphase sensor 

on GF, the yarn with 14.5 wt% coating content was embedded in a PP matrix and 



ACCEPTED MANUSCRIPT 

 11 

subjected to tensile loading. Figure 7 shows representative results of the mechanical 

characterisation, where the resistance was recorded simultaneously to load and 

displacement. Although the CNT affected volume is very low with regard to the 

specimen volume and its extension is restricted to the interphase only, a pronounced 

resistance change with increasing displacement can be observed. This change in 

resistance can be regarded as an indirect measure of the interphase strain. Similarly to 

bulk nanocomposites, the initial slope and resistance change at low strain levels are 

fairly small [10,12]. With increasing displacement the slope becomes gradually steeper 

until the resistance changes stepwise at a certain stress level. This point coincides with 

the appearance of first discontinuities in the stress-displacement curve as can be inferred 

from the inset in figure 7.  The first local maximum of the stress curve corresponds to 

the onset of GF breakage, which is still well below the maximum stress of the sample 

and demonstrates the sensitivity of the approach with regard to the detection of the 

initial failure of the reinforcing fibres. Besides the stepwise resistance change, indirect 

information regarding the interphase strain can be deduced from the slope of the 

resistance change curve. Right before the first filaments fail and a stepwise increase of 

resistance change is observed the slope has reached a certain value which is 

characteristic for the applied CNT-coating formulation. Based on that information one 

can predict when the interphase is about to fail, although the exact location of the 

interphase failure can not be predicted. Nevertheless, as the fibre-matrix bonding can be 

assumed to be at the same level at any spot on the GF, the occurrence of a first 

interphase failure indicates that a critical interphase stress level has been exceeded and 

any further increase of the loading will cause additional failure. 

The effect of various issues, e.g. CNT weight fraction of the coating, coating weight 

fraction of the yarn, on the sensitivity are currently under investigation and will be 

presented in a separate study. 

 

4. Conclusions 

A new approach for in-situ interphase strain sensing in continuously reinforced GF 

composites is presented. In comparison to bulk nanocomposites, the CNTs are deposited 

solely onto the GF surface via an aqueous GF coating, making this approach 

independent of whether thermoplastic or thermoset resins are used as a matrix, 

respectively. The addition of dispersed CNTs to the coating formulation results in the 
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formation of CNT networks on the GF being capable of local strain mapping within the 

composites interphase.  

 

The two main factors determining the electrical resistance of the coated GF yarns are 

the CNT weight fraction of the film former and the solid content of the film 

former/CNT system on the GF. If the coating content on the GF is below 10 wt% (appr. 

30 vol%), the GF are inhomogeneously covered and characterized by a higher degree of 

discontinuous coating structures on the fibre surface, resulting in higher resistances. 

However, this percentage is specific for the system investigated and can be significantly 

lower, as it is mainly affected by the wettability of the GF by the chosen film former 

system. 

 

Tensile testing in combination with simultaneous recording of the resistance for CNT- 

coated GF yarns embedded in a PP matrix, demonstrates the potential of interphase 

sensors for health monitoring of GF reinforced composites. The onset of GF breakage 

can be detected by a sudden increase in resistance. Moreover, by the slope of the 

resistance change curve indirect information about the interphase strain can be derived 

and critical loads regarding the interphase strength can be identified.  
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Figure captions 

Figure 1: Scheme of specimen for tensile testing and simultaneous recording of 

resistance change of the CNT- coated GF yarn embedded in a PP matrix 

 

Figure 2: Volume resistivity as a function of CNT weight fraction of nanocomposites 

prepared by adding pre-dispersed CNTs to an aqueous film former system 

 

Figure 3: SEM micrographs of GF with CNT-coating. The solid content on the GF is 

5.5 wt%. a) as-coated GF with patchy coverage of GF surface by CNT-coating b) higher 

magnification of the as-coated GF showing dispersed CNTs within the spherically 

shaped PP particles of the film former, c) surfaces of GF after annealing at 200°C for 15 

min, d) charge contrast SEM image of CNT-coating on a GF after annealing at 200°C 

for 15 min 
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Figure 4: Schematical views of differently coated GF. Red areas indicate the CNT/film 

former system.a) cross section of an ideally coated GF. The coating forms a 

homogeneous and thin layer on the whole GF surface; b) Ideally coated GF surface, 

characterized by a continuous and thin coating layer stretching out on the whole GF 

surface; c) cross section of an coated GF, showing inhomogeneities in the coating 

distribution and coating layer thickness; d)  GF surface, showing an irregular coating 

pattern where certain parts of the coated surface are not connected to the continuously 

coated area providing a conductive path on the GF surface 

 

Figure 5: Dependence of resistance of CNT-coated GF on the yarn length for different 

coating contents. Linear lines show least square fit through the origin of the resistance 

data and the corresponding slopes 

 

Figure 6: Calculated volume resistivity of CNT-coated GF yarns for different coating 

weight fractions and various yarn lengths  

 

Figure 7: Stress displacement curve and simultaneous recording of the resistance change 

for a GF yarn embedded in PP matrix. CNT-coating weight fraction of the yarn is 

14.5 %. R0 for the sample is 494 kOhm 

 

 

 

 

Tables 

Table 1: Resistance data of GF yarns for different coating contents as a function of yarn 

length and slope of linear least square fit (cf. fig. 3) for the resistance data of differently 

coated GF yarns 

 resistance [Ohm]  

coating content of 
GF yarn [wt%] 

5 cm 
standard 
deviation 

10 cm 
standard 
deviation 

20 cm 
standard 
deviation 

30 cm 
standard 
deviation 

slope m of 
y=m*x [Ohm] 

5.5 1.47E+07 6.01E+06 3.01E+07 9.10E+06 5.84E+07 1.31E+07 8.62E+07 2.11E+07 2.92E+06 

10.4 1.74E+06 1.73E+05 3.53E+06 4.94E+05 7.11E+06 4.70E+05 1.08E+07 4.82E+05 3.58E+05 

14.5 8.98E+05 1.53E+05 1.85E+06 1.84E+05 3.64E+06 2.76E+05 5.49E+06 4.03E+05 1.83E+05 

21.6 5.93E+05 3.97E+04 1.22E+06 7.31E+04 2.41E+06 1.04E+05 3.65E+06 2.28E+05 1.21E+05 

29.4 3.56E+05 3.07E+04 7.53E+05 6.54E+04 1.56E+06 2.67E+05 2.38E+06 3.88E+05 7.64E+04 
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Figures 

 

Figure 1: Scheme of specimen for tensile testing and simultaneous recording of 

resistance change of the CNT-coated GF yarn embedded in a PP matrix 
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Figure 2: Volume resistivity as a function of CNT weight fraction of nanocomposites 

prepared by adding pre-dispersed CNTs to an aqueous film former system 

 

  

  

Figure 3: SEM micrographs of GF with CNT-coating. The solid content on the GF is 5.5 
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wt%. a) as-coated GF with patchy coverage of GF surface by CNT-coating b) higher 

magnification of the as-coated GF showing dispersed CNTs within the spherically shaped 

PP particles of the film former, c) surfaces of GF after annealing at 200°C for 15 min, d) 

charge contrast SEM image of CNT-coating on a GF after annealing at 200°C for 15 min 

 

 

 

 
 

  

Figure 4: Schematical views of differently coated GF. Red areas indicate the CNT/film 

former system. a) cross section of an ideally coated GF. The coating forms a homogeneous 

and thin layer on the whole GF surface; b) Ideally coated GF surface, characterized by a 

continuous and thin coating layer stretching out on the whole GF surface; c) cross section of 

an coated GF, showing inhomogeneities in the coating distribution and coating layer 

thickness; d)  GF surface, showing an irregular coating pattern where certain parts of the 

coated surface are not connected to the continuously coated area providing a conductive path 

on the GF surface 
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Figure 5: Dependence of resistance of CNT-coated GF on the yarn length for different 

coating contents. Linear lines show least square fit through the origin of the resistance 

data and the corresponding slopes 

 

Figure 6: Calculated volume resistivity of CNT-coated GF yarns for different coating 

weight fractions and various yarn lengths  
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Figure 7: Stress displacement curve and simultaneous recording of the resistance change 

for a GF yarn embedded in PP matrix. CNT-coating weight fraction of the yarn is 

14.5 %. R0 for the sample is 494 kOhm 

 




