Piezoresistive structural composites reinforced by carbon nanotube-grafted quartz fibres
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Nano-engineered fibre/matrix interfaces can improve state-of-the-art fibre-reinforced composites. Grafting carbon nanotubes (CNTs) to high temperature quartz glass fibres produces “hairy” or “fuzzy” fibres, which combine reinforcements at micrometre and nanometre length scales. Fuzzy quartz fibres were produced continuously, reel-to-reel, on whole tows in an open chemical vapour deposition reactor. The resulting uniform coverage of 200 nm long CNTs increased the interfacial shear strength with epoxy (90.3 ± 2.1 MPa) by 12% compared to the commercially-sized counterpart, as measured by single fibre pull‑out tests. The improved interfacial properties were confirmed at the macroscale using unidirectional hierarchical bundle composites, which exhibited a delayed onset of fibre/matrix debonding. Although the quartz fibres are electrically insulating, the grafted CNT create a conductive path, predominantly parallel to the fibres. To explore the applicability for structural health monitoring, the resistivity was recorded in situ during mechanical testing, and correlated with simultaneous acoustic emission data. The baseline resistivity parallel to the fibres (ρ0 = 3.9 ± 0.4 x 10-1  m) displayed a linear piezoresistive response (K = 3.64) until failure at ca. 2.1% strain, also referred to as "gauge factor”, a two-fold improvement over traditional resistance strain gauges (e.g. constantan). Hierarchical, fuzzy quartz fibres, therefore, simultaneously enhance both structural and sensing performance, offering multifunctional opportunities in large composite parts.
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Introduction
[bookmark: _Hlk19641619]The incorporation of nanoscale reinforcements, and more specifically carbon nanotubes (CNTs), into conventional fibre reinforced polymer composites can improve the structural [1], electrical [2] and thermal properties [3] of these state-of-the-art lightweight materials. CNTs are typically introduced either by dispersion into the polymer matrices [4], grafting to fibre surfaces [5] or a combination thereof [6]. Dispersion into resin, usually by shear mixing [7], sonication [8], or calendering [9], provides modest loadings of nanofiller in the final fibre composites, but uses conventional, scalable methods. Depending on the type of filler and the nature of the dispersion, micro- and nano-scale toughening mechanisms such as crack diffusion/branching and CNT debonding/pull‑out [10, 11] can be observed. At the same time, the formation of an interconnected network of CNTs can increase the thermal and electrical conductivities of typically insulating polymeric materials [10]. Electrical percolation thresholds vary widely in the range 0.01 to 4 wt.% depending on aspect ratio and processing conditions. However, many thermosets can be optimised to exhibit an electrical percolation threshold of  wt.% and electrical conductivities ranging from 2 x 10-2 to 2 S m-1 at CNT loadings of 1.0 wt.% [12]. These types of CNT networks demonstrate a strain‑sensitive bulk resistance variation attributed to various mechanisms including deformation of the CNT network conductive path [13], changes in the intertube tunnelling resistance [14] and the inherent piezoresistivity of CNTs [15]. The composite matrix can therefore act as a sensitive strain sensor [16, 17], as well as responding to matrix microcracking, enabling non-invasive detection of in‑service damage, and the development of life prediction methodologies [18-20]. These in situ measurements provide an insight into the nature, onset and evolution of matrix‑dominated fracture mechanisms, such as transverse microcracking and ply delamination [18], yet are poorly sensitive to fibre breakage [21]. Despite the great potential of CNT as multifunctional reinforcement, the dispersion of CNTs in polymeric matrices is associated with a number of processing issues, especially when combined with a conventional microscale reinforcement, such as glass or carbon fibre. CNTs tend to entangle and/or aggregate, increasing resin viscosity and filtering against the fibre preform during infusion processes. Inhomogeneous CNT distributions can introduce voids and other stress concentrations detrimental to the nanocomposites mechanical properties [22]. In addition, the resin dispersion methods offer little control of CNTs spatial orientation or distribution [23].
Grafting CNTs onto fibre surfaces, on the other hand, forms a nanostructured interphase that directly reinforces the fibre/matrix interface, where stress concentrations dominate due to a mismatch in mechanical properties [24]. In contrast with traditional glass fibre surface treatments, such as silane coupling agents (SCA), which can also provide graded interfacial properties due to the formation of an SCA/matrix interpenetrating network [25], CNTs offer high electrical conductivity, high aspect ratio and surface area, leading to multifunctional opportunities including strain-sensing. Numerous methods have been reported to deposit CNTs to form “fuzzy” or “hairy” fibres, including: electrophoretic deposition [26-28], the application of a CNT‑containing size [29] or direct CNT growth through chemical vapour deposition (CVD) [5, 30-34]. CNTs typically act as a protective layer around the fibres, displacing stress concentrations away from the fibre/matrix interface to the end of the CNT forest/sizing [35] and developing a graded CNT/epoxy interphase [36]. The combination of a larger effective diameter, reduced stress concentrations, CNT breakage and/or mechanical keying leads to an increased interfacial shear strength (IFSS) [5]. Electrophoretic deposition and CNT-sizing commonly provides CNTs with a random planar arrangement on fibre surfaces which is of interest for reducing crack opening displacement after fibre failure [37] but inefficient for enhancing transverse mechanical and electrical properties. In contrast, CVD can control the CNT orientation, typically providing either fully random or radially aligned structures [34]. In addition to higher CNT densities at the critical fibre/matrix interface, which correlate to higher IFSS [38], CVD CNT growth methods, in principle, may be integrated directly into the fibre production. However, the majority of literature studies have grafted CNTs onto small batches of short fibre sections. Larger scale studies and commercial application rely on the development of a continuous, reel-to-reel process. Whilst some progress has been made [5, 39-43], depending on the supporting material used, challenges arise, particularly in the retention of the underlying fibre substrate mechanical properties. Carbon fibres are typically etched by the catalysts used for CVD growth; whilst some potential solutions have been proposed recently [44-48], carbon systems themselves are not the best choice for piezoresistive monitoring parallel to the fibre direction; they have a high conductivity, with a limited sensitivity to strain before final failure [49, 50]. General purpose glass fibres melt/soften at typical CVD growth temperatures (600-1000 °C) [51, 52], and their mechanical properties can even degrade at temperatures as low as 250 °C [53]. Special purpose glass fibres, however, and more specifically quartz fibres (also referred to as “ultrapure silica fibres”), are designed for high in-use temperatures, and are an interesting candidate for the direct production of hierarchical reinforcements. The introduction of a conductive, nanostructured, interfacial region could both provide a piezo‑resistive response and improved interfacial properties. 
The present work focusses on the production of CNT-grafted quartz fibres in a continuous fashion (Fig. 1). The CNT growth was carried out on a full tow in an open CVD reactor, as developed previously for carbon fibres [5]. The effect of the CNT microstructure on the mechanical performance and failure of the fibre/matrix interface was investigated at the single fibre level. Unidirectional hierarchical bundle composites were manufactured, and their mechanical properties assessed in tension. Simultaneous real time monitoring through both acoustic emission (AE) and electronic transport measurements, allowed the capabilities for structural health monitoring to be explored. 
Experimental section
Materials
A continuous roving of 6000 filaments of sized quartz fibres (QFs), Quartzel® C14 1600 QS1318, was kindly provided by Saint-Gobain, FR. The fibre diameter was 13.0 ± 0.2 m as determined from field emission scanning electron microscopy (FE‑SEM). The precursor bi-catalyst solution for CNT synthesis consisted of nickel(II) acetylacetonate (≥98%, VWR, GB) and iron(III) acetylacetonate (≥99% ACS reagent, Merck, DE) in ethanol (EtOH, 96%, Brenntag, AT). Acetylene in nitrogen (N2: 98.7 vol.% and C2H2: 1.3 vol.%, C certificate), hydrogen in N2 (N2: 97.6 vol.% and H2: 2.4 vol.%, C certificate) and N2 (99.998 vol.% minimum) were respectively used as carbon source, reduction and carrier gases. All gases were purchased from BOC gases, GB. Epon 828 (Netmro, US) and Jeffamine T-403 (Huntsman, US) were used as resin epoxy and hardener (100:42 by weight), respectively, for the preparation of single fibre composites. The epoxy infusion system employed for the production of the unidirectional bundle composites was PRIME 20LV (Gurit, GB) with a slow hardener (ULV); epoxy/hardener mixing weight ratio of 100:19 as per manufacturer recommendations.
Experimental methods
The continuous production of carbon nanotube-grafted quartz fibres (CNT-g-QFs), can be separated into two distinct sections (Fig. 1). Prior to their insertion into the open chemical vapour deposition (CVD) reactor, the as-received sized quartz fibre (AR-QF-S) must be decorated with catalyst precursor, by passing the continuous QF tow through a bath containing a mixture of 1 wt.% nickel(II) acetylacetonate and iron(III) acetylacetonate (2:1 mol.) in ethanol (previously vigorously stirred), for 2 min. The Fe/Ni bimetallic catalyst system was previously found to be especially effective at catalysing CNT growth on carbon fibres (CFs) [5] as it displays a higher activity than its individual elements [52] and a lower eutectoid [44] allowing CNT growth at a reduced temperature. The tow was kept under modest tension (ca. 0.4-0.5 N) during deposition to allow for sufficient spreading in the catalyst precursor containing bath. The QFs were then dried in a set of infrared-furnaces (Fig. 1) at temperature of ca. 40 °C and 70 °C, and collected on a reel.
The bi‑catalyst precursor coated QFs (QF-BiCat) were subsequently passed through a hot-walled CVD set-up, described previously [5]; briefly, an open 3-zone tubular furnace (PTF 15/‑/610, Lenton, GB) was designed with an adjustable arrangement of internal quartz tubes that define successive regions with specific gas conditions to separate zones for catalyst reduction and CNT growth. The QF tow was kept taut during the entire process by passing it over a set of tensioning pins. As the QF tow entered the furnace it was initially exposed to N2 (7500 SCCM). Then, once in the hot-zone (760 °C) to a mixture of 2.4 vol.% H2 in N2 (3400 SCCM) for catalyst reduction and afterwards, the QFs were subjected to a mixture of 1.3 vol.% C2H2 in N2 (325 SCCM), acting as the carbon source. The growth of CNTs was completed for two different line speeds through the continuous CVD set-up, 1.2 and 2.4 m h-1 corresponding to a dwell time in the furnace stable hot zone of 30 and 15 min, respectively. Finally, the fibres were cooled down in an inert gas sleeve to exit the reactor unimpeded. As a control, similar conditions were used to produce heat-treated (thermally desized) fibres (QF-HT), exposed to high temperature (760 °C) for 30 min under an equivalent absolute flow of N2 (11140 SCCM at a line speed of 1.2 m h-1) but in absence of active gases. It should be noted that the pre-catalyst deposition and CNT growth lines were not combined into a single run, due to the requirement for an overall length exceeding 15 m, not feasible in our laboratory; however, since both operate reel-to-reel, there is no difficulty in principle to integrate them in the future.
The morphology of the CNT-g-QFs (short and long designated S and L, respectively) was investigated using high resolution FE-SEM (LEO Gemini 1525) operating at an accelerating voltage ranging from 2.0 to 5.0 kV to confirm the formation of CNTs. The fibres were arranged in small bundles (ca. 100 filaments) on an aluminium stub and fixed using silver DAG (Agar Scientific, GB). SEM of CNT‑g‑QFs cross-sections were taken on specimens prepared by isolating a single fibre from the tow and using carbon tape to fix the fibre onto a slotted aluminium stub (AGG301D, Agar Scientific, GB). Similarly, the morphology of AR-QF-S, QF-HT and QF-BiCat was assessed (Fig. S9).
The thermal stability of QFs and CNT‑g‑QFs was assessed via thermal gravimetric analysis (TGA) using a Mettler Toledo TGA/DSC 1 with a GC200 flow controller. Thermals scans were carried out in air (60 SCCM) from 100 to 850 °C at 10 °C min-1, after a pre-treatment from 30 to 100 °C at 35 °C min-1 and a 30 min isothermal plateau both under N2 to remove moisture.
Single fibre tensile tests were carried out on a TST350 Tensile Stress Tester (Linksys32, V1.9.1, Linkam Scientific Instruments Ltd., GB), following the standard BS EN ISO 11566, 1996, Method B [54]. The single fibre specimens were tested at a gauge length of 25 mm with a 20 N load cell at crosshead speed of 15 m s‑1.
Single fibre pull-out tests were carried out using a bespoke apparatus previously reported [55] following an identical procedure. In short, the specimens were prepared by embedding a single fibre in an epoxy droplet while altering the embedded length (ca. 30-100 m) using a fine vertical adjustment screw. The epoxy resin was then heated at 100 °C for 20 min using a built-in heating stage, removed from the holder, then placed in an oven for the completion of the curing cycle at 100 °C for 5 h 40 min. The specimens were then mounted on a piezo-force sensor, measuring the force with a resolution of 0.1 mN, while the free fibre end (ca. 10 mm) was glued (cyanoacrylate) to a needle, attached to a piezo‑translator (resolution of 1.8 nm). The pull-out test was operated at a cross-head speed of 0.2 m s-1. The apparent interfacial shear strength (IFSS, ) was calculated using the following Equation (1):
 ,								(1)
where the fibre diameter (), which includes any contribution from grafted CNTs, and embedded length () were measured via FE-SEM for each specimen after single fibre pull‑out tests. A minimum of 13 specimens were tested for each sample set, and the average IFSS was obtained from a linear fit fixed at the origin of the population when pull-out peak force () is plotted as a function of embedded fibre area ().
The graphitic nature of the CNTs produced was investigated through Raman spectroscopy using a Renishaw inVia micro-Raman spectrometer with 532 nm (2.33 eV) DPSS diode laser (NA 0.8/50x, sample power 3.2 mW), in a backscattered geometry with relative spot size diameter of 1.2 m [56]. Raman spectra in the range of 80-3200 cm-1 were collected and averaged for at least five different locations on the CNT-g-QFs tow. The intensity ratio of G- (1582 cm-1) to D-mode (1350 cm-1) (IG/ID), which characterises the degree of order of the sp2 framework, was measured [57]. In addition, Raman mapping was performed along the CNT-g-QF fracture surfaces after single fibre pull-out in an attempt to identify the locus of failure.
[bookmark: _Hlk39587996]Unidirectional (UD) bundle composites were manufactured following the ASTM D4018 standard. As required by this standard, the fibre mass fractions of the samples (Table S2) were kept between 40 and 65 wt.% (26-49 vol.%), by adjusting the mould dimensions. For comparative purposes, the data were normalized to the largest volume fraction (49 vol.%) permitted in the standard, which approaches values most typically used in practical composites. 250 mm long sections of the QF tows were cut and introduced into the slit of a stainless steel mould. To keep the fibres taut and ensure alignment, 30 g weights were attached at each end of the tow. Prime 20ULV, an ultra-low viscosity epoxy system was vigorously mixed and degassed for 20 min in a vacuum oven prior to infusion (in excess, ca. 8 ml). A lid was then pressed down on top of the mould to remove excess epoxy and adjust the composite thickness. Finally, the samples were cured at room temperature for 24 h followed by a post-cure in an oven for 16 h at 50 °C following manufacturer’s recommendations. The ends of cured UD bundle composites were then polished and end-tabbed using glass fibre-reinforced polymer (GFRP) panels and Araldite 2011 thus fixing the gauge length to 150 mm as per standard’s requirements. Tensile testing was carried out using an Instron 5980 equipped with a 250 kN load cell at quasi-static strain rate of 1 mm min-1. Strain was recorded tracking painted marks using a video gauge (iMETRUM MG223B PoE E0022522, iMETRUM Ltd, GB) equipped with a general purpose lens (iM‑LENS GP006) with a focal length of 50 mm. Acoustic emission (AE) events, characteristic of microcracking occurring in the composite under load and generally concentrated within the 10-550 kHz frequency range for GFRPs [58] were detected using a ultra-miniature wideband sensor (PICO, 200-750 kHz, Mistras Group Inc., Physical Acoustics Corporation, US). The sensor was held in place (ca. 10 mm from bottom end‑tab) using a purpose-built aluminium clamp and contact to the specimen ensured with a coupling agent gel (Sonagel W1, Sonatest, GB). The AE sensor was used in association with a 2/4/6 preamplifier with 20 dB gain, AE Express-8 PCI chassis and AEwin software (version E5.71) from the same supplier. Amplitude threshold, peak definition time, hit definition time, time drive rate and hit lockout time were set to 65 dB, 100 ms, 200 ms, 10 ms and 200 ms, respectively. In-situ electrical conductivity measurements were performed using a Gamry Instruments Interface 1000 potentiostat/galvanostat/ZRA, with Gamry Instruments Framework™ (v.6.24). UD hierarchical bundle composites had both ends, sticking out of the end-tabs (ca. 10 mm), silver painted and connected to the circuit with hook clips. A constant voltage of 500 mV was applied and the current measured using a sampling interval of 100 ms. The cross-sectional area along with the original length of each bundle specimens were measured to calculate the in-plane electrical conductivity. For clarity, plotting electrical conductivity and  (the ratio of electrical resistance variation  and initial electrical resistance ) as a function of strain, 30 and 10 data points were skipped between each displayed measurement, respectively. CNT loading was estimated from TGA data and associated bundle composite fibre volume fraction. Photographs of the bundle composite tensile test set-up (Fig. S11 and Fig. S12) along with the collated tensile data (Fig. S13) are included in the Supplementary Information. 
Results and discussion
Morphology of carbon nanotube-grafted quartz fibres
The presence of the catalyst particles on the QFs surface introduced a uniform yellow tinge to the previously colourless fibres, due to the presence of the metal salts (Fig. S1). After exposure to reactive gases, at high temperature, the tow turned black; longer dwell times produced a darker tint and noticeable fuzziness (Fig. S1). Adjusting the reduction and growth times, via the pull-through speed, promoted distinctive CNT morphologies: shorter dwell time produced a uniform, 200 nm thick layer of highly entangled CNTs (Fig. 2a, b and c); extended exposure to the active gas grew much longer (up to 30 μm) CNT arrays (Fig. 2e, f and g). For these longer CNTs, the radial symmetry around the fibres was broken, with the formation of a splayed “Mohawk” morphology, as reported previously in similar geometries [36, 39, 59]. In addition, the resulting longer arrays had a rather uneven length along the tow fluctuating from 5 to 30 μm (Fig. 2f, g). Both configurations, namely CNT-g-QF (S) and CNT-g-QF (L) exhibited CNT diameters of sub-20 nm (Fig. S10). 
Carbon nanotube loading and quality
Thermogravimetric analysis (TGA) in air (Fig. S2) provides information about the carbon/organic content and stability of the various samples. As-received (sized) QFs showed a mass loss (1.4 wt.%) at the lowest initial decomposition temperature (ca. 150 °C), corresponding to the degradation of the protective sizing present on their surface. Both QF-HT and QF-BiCat showed a delayed onset of degradation when compared to AR-QF-S at ca. 250 °C, likely due to the presence of partially carbonised residual sizing. CNT-g-QF (S) and CNT-g-QF (L) on the other hand were relatively stable up until ca. 450 °C, when the CNTs started to combust significantly. The weight ratio of CNTs introduced onto the QFs was estimated to be around 0.6 and 1.6 wt.% for CNT‑g-QF (S) and CNT-g-QF (L), respectively. The thermal stability of the nanoengineered QFs make them an interesting reinforcement, particularly if combined with resin systems designed for high service temperatures. 
The Raman spectra for both AR-QF-S and QF-BiCat (Fig. S3a, c) showed characteristic features associated with fused silica, ranging from 450 to 1200 cm-1. After thermal treatment of the QF-HT control at 760 °C in N2, the silica signals were greatly weakened, likely due to overcoating with amorphous carbon from the decomposition of the sizing, leading to a relatively featureless spectrum, with a rising fluorescent background (Fig. S3b). In contrast, in addition to the weak silica peaks, the CNT‑g-QF (S) sample showed strong D- and G-modes at ca. 1340 and 1580 cm-1, respectively, characteristic of the graphitic carbons such as CNTs (Fig. 2d). The CNT-g-QF (L) showed similar graphitic features (Fig. 2h), but the silica peaks were lost, due to the increased thickness of the CNT layer. The longer CNT array obtained for CNT-g-QF (L) was relatively crystalline with the appearance of a 2D-mode (also referred to as G′) around 2700 cm-1. The CNT‑g‑QF (L) also exhibited a higher intensity ratio of the G-mode to the D-mode (IG/ID) when compared to CNT‑g‑QF (S), 1.37 ± 0.01 and 1.11 ± 0.01, respectively, indicating greater ordering of the sp2 bonded graphitic domains. This morphological difference can be attributed to the transition from an unconstrained disordered growth (with a lower nucleation density [60]) to the concerted growth of arrays [61], at higher nucleation density [62]. In addition, the altered growth kinetics and more specifically the prolonged exposure to H2 may also reduce the defect concentration [63] and shift from random to aligned CNT growth [64]. 
Single fibre mechanical and interfacial properties
The mechanical properties of composites depend both on the intrinsic tensile properties of the reinforcing fibres, and the fibre/matrix interface. The ability to transfer stress from the matrix to the parent fibres is characterised by the IFSS, a measure of adhesion. QFs are typically coated with a polymeric sizing and/or silanised which enhances compatibility and promotes adhesion to epoxy [65]. Commercial sizing is the industrial benchmark; however, the terminology commonly used in the research field creates confusion. Terms such as ‘pristine’, ‘barren’, ‘virgin’, ‘raw’ and ‘untreated’ do not clearly define the surface conditions of the reference fibres; it is frequently unclear whether the performance of the grafted fibres exceeds that of the commercial sizing. IFSS can be measured by a variety of micromechanical approaches or inferred from larger coupon tests [66, 67]. Single fibre pull-out tests, performed here, provide a full load-displacement curve for the interfacial failure as a fibre is removed from a resin block. The IFSS presented have an interaction area determined from the fracture surface for each fibres. For the baseline QFs, an initially elastic regime was followed by plastic yielding of the resin; after an abrupt drop, associated with complete debonding, there was a region of lower frictional force, linearly decreasing until the fibre was fully extracted from the resin. In direct comparison, the pull-out curves for CNT-g-QF (S) (Fig. 3 bottom) exhibited a stick-slip response in the extraction region (blue area) as a result of the presence of CNTs. The difference may be explained by the surface roughening of the quartz fibres and the introduction of a mechanical interlocking effect between the CNTs and epoxy.
The collated IFSS data (Fig. 3 top) showed that the partial removal of the sizing from as-received QFs, both thermally (QF-HT) and chemically (QF‑BiCat), greatly impaired performance, with decreases of 13% (70.3 ± 4.5 MPa) and 31% (55 ± 0.9 MPa), respectively, compared to the original commercially-sized QFs (AR-QF-S). The relatively large scatter associated with QF-HT IFSS measurements is consistent with incomplete sizing removal, in agreement with the TGA results (Fig. S2). QFs, nanoengineered with a short and uniform CNT coverage (CNT-g-QF (S)) had the highest IFSS of 90.3 ± 2.1 MPa, a 12% increase over the baseline sized fibres. CNT-g-QF (L), however, did not show any statistically significant difference when compared to AR-QF-S with an IFSS of 79.2 ± 2.2 MPa, possibly due to the asymmetric CNT coverage creating a complex stress state at the interface, leading to a premature failure. The fracture surface of CNT-g-QF (S) (Fig. 4a) was relatively rough due to the presence of epoxy residues. Moreover, the partially textured fibre surface indicated the presence of CNTs which would suggest a cohesive failure in the CNT/epoxy interphase close to the parent fibre, in agreement with the high IFSS measured. The CNT-g-QF (L) fracture surface (Fig. 4c), on the other hand, appeared cleaner with only limited matrix residue remaining on the fibres. CNTs can be seen to have bridged from the epoxy wetting cone (or “meniscus region”), aligned with the pull-out shear stresses generated during the test. Raman spectra performed on the fracture surfaces after pull-out of both CNT-g-QFs (Fig. 4b, d) and away from the fracture region (Fig. S4a, b) exhibited a strong D- and G-modes, further confirming the presence of CNTs on QF after fracture, and hence a cohesive failure for both CNT configurations. The enhancement of the adhesion is likely the result of mechanisms acting at different length scales: matrix cracking, CNT debonding, CNT detachment and CNT breakage may all contribute to various extents. Experimentally, given the complexity of the system, it is difficult to identify which of these competing mechanisms was predominant. CNT strength and CNT/epoxy interfacial adhesion, however, have been suggested to play an important role in the onset of these different failure modes [68]. 
The intrinsic tensile properties of the fibres were also evaluated at the single fibre level, after each treatment (Fig. S5 and Table S1). The modulus of all the fibres remained effectively unchanged, as the fibre core retained its properties. However, handling at high temperature halved the tensile strength, for both the CNT-grafted fibres, namely CNT-g-QF (S) and CNT-g-QF (L), and the thermally treated control (QF-HT); the initial loading of catalyst had no effect. High temperature treatment is known to damage glass fibres; surface defects may be created due to steam etching by adventitious moisture or simple mechanical damage after stripping the protective sizing [53]. At a commercial scale, such detrimental effects could likely be avoided.
Piezoresistive response of unidirectional hierarchical composites 
The normalised tow composite tensile strengths and Young’s moduli (Table 1) show qualitative trends in tensile performance consistent with those obtained from the single fibre tests: the stiffness, which relates to the bulk fibre properties remained unchanged, whilst the strength was reduced as a result of surface damage introduced during processing. 
[bookmark: _Hlk39585827]The presence of the grafted CNT layer provided a measurable electrically conductive path parallel to the fibres. The initial electrical conductivity increased from 2.7 ± 0.3 S m-1 for the shorter CNT‑g‑QF (S) to around 7.4 ± 0.3 S m-1 for the longer CNT-g-QF (L) (Fig. 5c), consistent with the higher carbon loading in the latter case (CNT loading of 0.3 and 0.8 wt.% for composites containing CNT‑g‑QF (S) and CNT‑g‑QF (L), respectively). For comparison, the absolute electrical conductivities of CNT/epoxy systems found in the literature typically range from 1 x 10‑5 to 2 S m-1 at CNT loadings suitable for conventional composite processing (i.e. ≤ 1 wt.%) [69]. Whilst the random nature of the percolated network commonly leads to electrically isotropic nanocomposites; the combination of CNT/epoxy with glass fibres generates anisotropic composites as in‑plane conductive pathways form more easily along the fibre direction [70, 71]. The absolute in-plane electrical conductivity of CNT‑dispersed GF/epoxy composites ranges from 5 x 10-7 to 1 x 10-2 S m-1 [71-75] and from 1 x 10-3 to 5 S m-1 for CNT-grafted GF/epoxy composites [26, 69, 71, 76, 77]. One recent study stands out as it reports an in-plane conductivity for CNT‑grafted GF/epoxy of up to 100 S m-1 [33]; however, the composite’s mechanical performance was drastically lowered, mainly because an excessive CNT length of 5.3 µm reduced the GF volume fraction. Thus, the bundle composites produced in this work exhibit one of the highest in-plane electrical conductivities for epoxy-based nanocomposites (Fig. 5b), with modest CNT loadings (<1 wt.%). The low percolation concentration achieved, here, can be attributed to the efficient network formation due to the CNT arrangement at the fibre/matrix interface. The local CNT loading within the interphase can be estimated to be around 13 vol.% (see supplementary information, section 4), well above the local percolation threshold, but macroscopic conductivity requires percolation, at a longer scale, between these regions. Analogous selective localisation of CNTs has been found to be efficient in co-continuous polymer blends and double percolated structures [78]; the use of continuous fibres to structure the network is particularly effective in the fibre direction. However, both CNT-g-QF bundle composites exhibited an anisotropic behaviour with a transverse electrical conductivity an order of magnitude lower than its longitudinal conductivity (Fig. S6).
With increasing load, the conductivity fell gently, until the sample approached its failure strain of ca. 2.1%, at which point the conductivity dropped to zero, in one or more abrupt steps (Fig. 5a). Over the linear elastic mechanical range, the variation of the electrical resistance was also linear (Fig. 5d). Thus, the strain sensitivity can be calculated from the following Equation (2): 
 ,									(2)
where  is the initial electrical resistance,  is electrical resistance variation between 0.5 - 2.0% strain, and = 1.5% strain. The strain sensitivity of the shorter CNT‑g‑QF (S) sample (3.64 ± 0.43) was greater than that of the CNT‑g‑QF (L) sample decorated with longer CNTs (2.79 ± 0.16). A lower concentration of short CNTs is closer to the critical percolation network and, therefore, more sensitive to changes in network geometry as commonly observed in CNT/polymer systems [14]. The CNT-g-QF (S) bundle composites already show a two-fold increase in sensitivity over traditional resistance-type strain gauges [16], which might be improved further by optimising the CNT network architecture further towards criticality. In addition, the sensing network is embedded within the composite, intrinsically where the load is carried, rather than bonded to the surface; the arrangement of the conductive path along the primary reinforcing fibres provides a measure of strain in the load bearing direction. On approaching failure, the conductivity should correlate to the onset of fibre fragmentation, as observed in carbon fibre composites where the carbon fibres are used both as electrically conductive pathways and load bearing elements [79]. At higher strains, there is a non‑linear region in the resistance change-strain curve; the gentle increase (Fig. 5d) could result from plastic deformation of the CNT network at the interphase [76], fibre fragmentation/debonding [21] or a combination thereof. The absence of abrupt changes in  below ~1.8% strain (Fig. 5d) suggests that the electrical conductivity is not sensitive to isolated fibre breaks as the continuity of the network is retained [21], likely due to contacts amongst the large number of fibres (ca. 6000) in these bundle composites. Moreover, the change in conductivity associated with the onset of fibre fragmentation should depend on the subsequent locus of debonding. A failure at the CNT-fibre interface would leave the conductive network unchanged; however, the single fibre pull-out fracture surfaces (Fig. 4) suggest a cohesive failure, disconnecting the conductive sheath from neighbouring fibres. Thus, the larger jumps in  at higher strains (Fig. 5d) were provisionally attributed to extended fibre debonding following fibre fracture.
Mechanistic study using correlated acoustic emission data
To confirm the origin of the  steps, the electrical data were correlated with simultaneous AE data: AE has been extensively used in the field of composite materials as a non-invasive/non-destructive method to monitor the onset of damage and identify failure events associated with single or fibre cluster fracture [80]. A range of time-dependent parameters have been extracted from the AE signal as possible indicators of specific mechanisms. Simple AE amplitude is used most commonly; however, its strong dependence on testing type, material composition and configuration has led to contradictory failure mode classifications [81]. In addition, the amplitude is greatly influenced by the distance between the sensor and the internal failure event. While this phenomenon can allow for the location of events using a network of receivers, amplitude dampening limits failure mode identification. Recent work suggests that peak frequency may be the most reliable parameter to differentiate between failure mechanisms in composites materials [81]. 
Here, both the signal amplitude and the peak frequency were recorded as a function of strain (Fig. 6 and Fig. S8). The amplitude signal indicates the onset of damage and its evolution throughout the test, but fails to aid differentiate between failure modes. The peak frequency, however, exhibits discrete levels which in ascending order of frequency are attributed to matrix cracking, fibre/matrix debonding, fibre breakage and fibre pull‑out [81]. Commercially-sized quartz fibres, AR-QF-S, show predominantly matrix cracking, with only limited interfacial failure, as their interface is optimised for epoxy systems. Both QF-HT and QF-BiCat, on the other hand, show more fibre/matrix debonding than matrix cracking events, consistent with their poor compatibility with the epoxy system and, therefore, poor stress transfer capabilities. CNT-g-QFs, similarly to AR-QF-S, both show more matrix cracking than interfacial failure as expected based on the good interfacial performance observed in single fibre pull-out. Fibre/matrix debonding was delayed for the CNT grafted fibres, beginning at 0.8 - 1.0% strain, rather than 0.4 - 0.5% strain for the various control fibres, consistent with an improved interfacial strength. The resistance-change increased linearly with the strain until the damage reached a threshold associated with a high amplitude event (Fig. 6, left). The peak frequency (Fig. 6, right), and especially the range from 400 to 500 kHz assigned to fibre breaks, indicated fibre fragmentation between 1.0 and 2.0% strain, without any noticeable deviation from linearity of the . The steady increase in  up to 2.0% strain did not correlate with specific composite damage mechanisms; the linear piezoresistive response can, therefore, be related to deformation of the CNT network conductive path [13], changes in the intertube tunnelling resistance [14], and/or the inherent piezoresistivity of CNTs [15]. Upon reaching ca. 2.1% strain, the broken fibres began to debond, as evidenced by lower frequency events between 200 and 300 kHz, disconnecting the CNT coating on those fibres from the network; at this point,  exhibited one or more sharp increases, before the final complete failure of the bundle and loss of the in-plane electrically conductive path. The conductivity along the CNT coatings provides a measure of strain across the load range and a warning of imminent failure as damage reaches a critical level.
Conclusions
A continuous process has been developed to graft CNTs onto quartz fibres, via in situ CVD, to create homogeneous, “fuzzy” fibre reinforcements, throughout whole tows. The resulting hierarchical system combines features spanning many length scales: tow length (~20 m), tow diameter (~1 mm), fibre diameter (13 µm), CNT length (200 nm – 30 µm), CNT diameter (~10 nm). The grafted layer effectively improves the interfacial shear strength between QF and epoxy by 12 % (90.3 ± 2.1 MPa) compared to the commercially-sized QF control; fractographic observations indicate a cohesive failure in the CNT/epoxy interphase close to the parent fibre. Grafting shorter CNTs (~200 nm) to QF was more uniform/symmetric, and improved the interface more efficiently, even at low absolute CNT loading in the composite (ca. 0.3 wt.%). At the macroscale, AE confirmed the improved fibre/matrix interaction through a delayed onset of fibre/matrix debonding and a greater proportion of matrix microcracking to fibre debonding. Both single fibre and macroscopic tow composite tensile tests consistently showed that the primary fibre modulus was preserved, though a reduction in tensile strength demonstrated a need for improvements in process control and/or fibre handling. More interestingly, despite the low loading, the organised CNT coatings provided an electrically conductive path through the otherwise insulating QF composites. The loading fractions, expected to be near percolation, combined with the distribution parallel to the primary fibres, provided a means to monitor strain in the fibre direction and the onset of fibre breakage. The fibres grafted with shorter CNTs, likely closer to the critical percolation threshold, had a particularly high strain sensitivity of 3.64 ± 0.43, a two-fold increase over traditional resistance strain gauges. In addition, the in-plane electrical conductivity was found to be significantly higher than conventional CNT/epoxy percolated networks and CNT‑dispersed GF/epoxy composites. The relatively high conductivity (reaching 2.7 ± 0.3 S m-1 for shorter CNTs (0.3 wt.%)) is particularly useful for electrically-monitored damage detection, and other applications, such as static dissipation in composite radomes [7]. The continuous CNT-synthesis process presented here demonstrates a potentially practical and scalable route to produce hierarchical quartz fibre reinforcements in large quantities. The very short grafted CNTs provide the best mechanical interfacial enhancement and the best strain sensing ability, without disrupting the primary fibre composite volume fraction. In addition, short CNTs do not activate nanotoxicological mechanisms (specifically frustrated phagocytosis) that have caused concerns about straight multiwalled-CNTs longer than around ten microns [82]. The continuous preparation of hierarchical fibrous reinforcements, suitable for implementation on carbon/glass fibres production lines, provides a route towards the manufacture of large multifunctional composite specimens. The growth of short CNT layers is a crucial requirement for practical structural composites, in which primary volume fraction is such a key factor, but is often over-looked in the literature since longer CNTs are typically easier to grow and study. In principle, the mechanically keyed CNT-rich interphase could provide enhancements in a range of matrices, including more challenging thermoplastic systems [30], and may be less water sensitive than conventional glass fibre sizings [83]. 
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Table 1. Mechanical and in-situ electrical properties of the unidirectional bundle composites measured in tension with standard error provided. Tensile properties were normalised to a nominal fibre mass fraction of 65 wt% following ASTM D4018 standard, which corresponds to a Quartzel® fibre volume fraction of 49 vol%.
	Sample
	Composite strength
	Composite Young’s modulus
	Initial resistance [R0]
	Strain gauge sensitivity†

	
	(MPa)
	(GPa)
	()
	

	AR-QF-S
	1387 ± 52
	38.9 ± 0.7
	N/A
	N/A

	QF-HT
	1003 ± 10
	38.7 ± 0.5
	N/A
	N/A

	QF-BiCat
	1480 ± 53
	38.8 ± 0.3
	N/A
	N/A

	CNT-g-QF (S)
	852 ± 18
	38.8 ± 0.3
	4.1 ± 0.5 x 104
	3.64 ± 0.43

	CNT-g-QF (L)
	854 ± 16
	39.7 ± 0.54
	1.4 ± 0.1 x 104
	2.79 ± 0.16



† Calculated between 0.5 and 2.0% strain, Equation 2.

Figures
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[bookmark: _Ref18319638]Fig. 1. Schematic of (a) the catalyst precursor deposition line with collection of the bi-catalyst decorated quartz fibres (after drying in infrared radiation (IR) furnaces) on the right-hand side reel; (b) The bi-catalyst deposited quartz fibres are introduced in the continuous chemical vapour deposition set-up for CNT-synthesis.
[image: ]
[bookmark: _Ref18319662]Fig. 2. Field emission-scanning electron microscopy micrographs of the hierarchical fibres produced with (a, b, c) a short and uniform CNT coverage, namely CNT-g-QF (S) and (e, f, g) long “mohawk” CNT arrays, referred to as CNT-g-QF (L). Arrows correspond to the scalpel cutting locations and directions, both scale bars in the inserts (c) are 200 nm. Raman spectra for CNT-g-QF (S) and CNT-g-QF (L), corresponding to a residence time in the furnace hot-zone of 15 min (d) and 30 min (h), respectively. 2D-peak (2700 cm-1), G‑peak (1582 cm-1) and D-peak (1350 cm-1) and corresponding IG to ID ratio are included.
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[bookmark: _Ref18326240]Fig. 3. Apparent interfacial shear strength obtained from single fibre pull-out tests (top) and typical single fibre pull-out test curves for heat-treated and short CNT-grafted quartz fibres (bottom). The green area corresponds to the debonding region where the fibre/epoxy interface has not yet failed; the blue area highlights the extraction region. Tabulated IFSS data can be found in the Supplementary Information (Table S3).
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[bookmark: _Ref18328343]Fig. 4. Field emission-scanning electron microscopy micrographs of fracture surfaces after pull-out from cured epoxy droplets with corresponding Raman spectra for (a, b) CNT-g-QF (S) and (c, d) CNT-g-QF (L), respectively. Red arrows indicate the location of CNTs whilst blue arrows show epoxy-CNTs agglomerates.


[image: ]
[bookmark: _Ref18331844]Fig. 5. (a) Representative stress-strain curve with real-time electrical conductivity measurements for CNT-g-QF (S). (b) Influence of CNT loading in composites on electrical conductivity for CNT-g-QF (S) (open squares) and CNT-g-QF (L) (open triangles) bundles both in the fibre direction (longitudinal). For comparison, various CNT/epoxy systems (filled circle) [12] and CNT/epoxy glass fibre composites (filled diamond) [71-75]. The typical CNT weight fraction upper limit for CNT/epoxy viable incorporation in composites (dashed vertical line) is included for reference. (c) Collated electrical conductivity for all CNT‑g‑QF (S) and CNT‑g‑QF (L) bundles. (d) Resistance variation ∆R/R0 for all hierarchical bundle composites; (dashed horizontal line) corresponds to a break in the ordinate with the upper part plotted on a logarithmic scale, for clarity.

[image: ]
[bookmark: _Ref32354415]Fig. 6. Signal amplitude (left column) and peak frequency (right column) from acoustic emission events measured for bundle composites (AR-QF-S, QF-BiCat and CNT-g-QF (S)) during tensile testing, and associated resistance-change (ΔR/R0) for the hierarchical bundle. Vertical and horizontal dashed line correspond to 65 dB threshold and the onset of fibre/matrix debonding, respectively. Coloured peak frequency ranges were obtained from [81]. 0 – 150 kHz (yellow): matrix cracking; 200 – 300 kHz (green): fibre/matrix debonding; 400 – 500 kHz (blue): fibre failure; 500 – 600 kHz (red): fibre pull-out.
22

image1.png
Quartz roving

/

O;-

>~

IR furnaces

-

L . Bi-catalystbath . -
Tensioning unit Pulling direction

.

CVD furnace

O

ooo

Nitrogen Hydrogen in nitrogen & Acetylene in nitrogen




image2.png
CNT-g-QFs (Long)

I/l =1.11:001
D

R I/l =137 £001

Normalised Intensity
Normalised Intensity

500 1000 1500 2000 2500 3000 500 1000 1500 2000 2500 3000

Raman shift (cm") Raman shift (cm")




image3.png
Force (N)

3
g

8

3

Interfacial Shear Strength (MPa)
g

&

QF-BiCat

CNT-g-QF
(S)

Embedded length I,

40 60
Displacement (um)

Force (N)

8

40 60
Displacement (um)




image4.tiff
CNT-g-QFs (Short) CNT-g-QFs (Long)

Wetting
Cone

Silica peaks

-

Silica peaks




image5.png
Composite Stress (MPa)

1000 T T T T

900 ] F—Composite Stress

Electrical Conductivity (S

= Electrical Conductivity|

T T
0.0 05 10 15 20
Strain (%)

. .
J[ o CNTg-QF (L)
]| » CNT-g-QF (S)|

T T
00 05 1.0 15 20
Strain (%)

&~
o

35

30

25

20

Electrical Conductivity (S m™)

ARIR, (%)

Electrical Conductivity (S m™')

100
a CNT-g-QF (L) ; B
10
A CNT-g-GF (8) a® &8
o CNT/EP o o 8 % E
01| & CNTEP+GF "o o ]
0014 % 0§‘1 % o° ]
1E3 4 o o ! o o
: o8
1E4 4 : F
1654 ° o ©
1E6 4 . ]
1E7 o |
1E8 " . . i ;
1E4  1E3 001 01 1 10 100
CNT weight fraction (wt.%)
r T T T
s CNT-g-QF (L) D
10000 4| 2 CNT-g-QF (S) s
g a8
1000 4 a &
|
Py,
100 4 - 1
s
I T T

10 15
Strain (%)




image6.png
120

1104

Amplitude (dB
8 8 8

3

2
2

15 20 25 30 35 00 05 10 15 20 25 30 35 40
Strain (%) Strain (%)

QF-BiCat

120 T T T T T T T 00 T T

°
°
°
°

1104

B
e 2
8 8

Amplitude (d
8
.

3

Sl e

2
2

00 05 10 15 20 25 30 35 15 20 25
Strain (%) Strain (%)

120 200

110 250 .

N

— E

@ 100 20 <

= g3

] =8

g 20 150 o E

= z 8

g 80 100 L

s

3

704 50 o
60 T T 0 T T T T
00 05 10 15 20 25 30 35 40 15 20 25 30

Strain (%) Strain (%)

[ Matrix cracking [ZX Fibre / matrix debonding
[ Fibre breakage [ Fibre pull-out




