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Abstract
In this research, a novel electrophoretic deposition (EPD) method is used to develop carbon nanotube based smart composites and the use for in situ sensing of deformation and damage in composites along with applications in structural health monitoring of steel and concrete structures are discussed. Integrating carbon nanotubes with conventional micron-sized fibers enables unique opportunities to enhance the properties of fiber composites. A highly efficient and scalable EPD technique is used for depositing carbon nanotubes on non-conductive fibers such as glass fibers and aramid fibers to create multifunctional composites. The EPD process is performed at ambient temperatures using a stable aqueous dispersion of functionalized carbon nanotubes. We have demonstrated that the EPD process can deposit carbon nanotubes on a variety of fibers such as carbon, glass, aramid, cotton, wool and nylon. Nanotubes deposited on glass fibers enable creation of multifunctional hybrid composites where the interfacial properties can be designed and the electrically conductive carbon nanotube network enables self-diagnosis and can be used for detecting the onset, nature and evolution of damage. Applications in structural health monitoring of steel and concrete have been explored by depositing carbon nanotubes on textiles can be bonded to steel/concrete infrastructure for structural health monitoring and crack detection. 
1.
Introduction
There has been a tremendous progress in the science and engineering of nanomaterials and its processing techniques over the two decades. Nanocarbons, such as carbon nanotubes and graphene, have been at the forefront of the development of the nanostructured composites due to their unique mechanical and physical properties [1, 2]. Integration of nanoscale reinforcement such as carbon nanotubes with conventional advanced fibers (such as glass/carbon/aramid fibers) offers unique opportunities to selectively tailor the mechanical and electrical properties of their composites. Conventionally, multiscale/hierarchical composites have been manufactured using chemical vapor deposition (CVD) to grow carbon nanotubes on the surface of the fibers [3-5]. The high temperature used to grow the carbon nanotubes using the CVD process (600°C – 1000°C) has been shown to deteriorate the properties of the reinforcing fibers and alters the surface by decomposing the fiber sizing. Electrophoretic deposition (EPD) is a process that has been recently established as a technique for creating multiscale/hierarchical composites. EPD, which is performed at ambient temperatures using an aqueous dispersion, does not degrade the properties of the reinforcing fibers in the composite and has the potential to be scaled up for future industrial applications. 
Initially, carbon nanotubes were deposited onto conductive carbon fibers using the EPD process where the carbon fiber acts as one of the electrodes. The process has been recently extended to non-conductive fibers by backing the fibers with an electrode [6, 7]. The improvement in the fiber/matrix interfacial properties due to the carbon nanotube coating enhances the mechanical properties and makes the composites conductive, which enables in situ self-sensing of strain and damage [8]. Carbon nanotubes, when deposited onto nonwoven, randomly oriented carrier fabrics, form an electrically isotropic conductive composite that can be used as a sensing skin for structural health monitoring of steel/concrete structures [9, 10]. 
In this work, carbon nanotubes are deposited onto single glass fibers to improve the interface properties of fiber/matrix. Functionalized carbon nanotubes are deposited on E-glass fibers and microdroplet tests were conducted to study the interfacial properties in an epoxy matrix. Due to the carbon nanotube coating, the interfacial shear strength increased and the failure mode changed from fiber-resin interface to the carbon nanotube coated interphase. Carbon nanotubes were also deposited onto unidirectional E-glass fabric. The carbon nanotube coated fabrics were used to manufacture cross ply laminates. The electrically conductive network formed by carbon nanotubes is piezoresistive and able to effectively detect formation of transverse cracks in the 90° plies. Additionally, carbon nanotubes were deposited on a non-woven aramid fabric with randomly oriented fibers to create a sensing skin which was bonded to steel specimens for strain and damage sensing. 
2. Experimental 

Multiwall carbon nanotubes (CM-95, Hanwha Nanotech, Korea) are dispersed in aqueous solution using ultrasonicated ozonolysis to create a stable aqueous dispersion. The carbon nanotube dispersion, cooled to 5°C is treated with ozone while being sonicated using a high power sonicator operating at 60W for 16 hours. Branched polyethyleneimine (PEI) (Mw: 25,000, Sigma-Aldrich) was added to the ozone-treated carbon nanotube dispersion and sonicated for an additional four hours. The concentration of carbon nanotubes and PEI in the solution is equal. The pH of the PEI and ozone-treated carbon nanotubes was adjusted using glacial-acetic acid (Sigma–Aldrich) to a pH of 6. The PEI used for functionalizing carbon nanotubes protonates, giving the carbon nanotubes a positive charge aiding in creating a stable dispersion and enabling the deposition of nanotubes on various substrates used in this work, such as E-glass and aramid fabric by applying an electric field. Figure 1(a) shows the schematic representation of the EPD setup for deposition of nanotubes onto individual fibers and Figure 1(b) shows a schematic used to coat fabric. Figure 1(c) is a photograph of non-woven aramid fabric before and after coating with carbon nanotubes, showing the uniformity of the coating.  
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Figure 1 Schematic of the EPD process for deposition of carbon nanotubes on (a) single fibers and (b) unidirectional E-glass or aramid fabric. (c) A photograph of a non-woven aramid fabric before and after coating with carbon nanotubes using the EPD process
After depositing carbon nanotubes on individual E-glass fibers, microdroplet specimens were prepared by laying a single fiber on a tray and depositing a droplet of epoxy resin onto the glass fiber using a carbon fiber applicator. The resin droplets were allowed to gel at room temperature for 5 hours followed by curing at an elevated temperature of 80°C and 150°C for 2 hours. The gauge length and embedded length was measured before the tests. The test was conducted using the details and setup described by Gao et al. [11]. A schematic of the test setup is shown in Figure 2(a). 

For the fabrics, both unidirectional E-glass (7721, Thayercraft Inc) and non-woven aramid (Technical Fiber Products), a field strength of 40 V/cm was used for 10 minutes. The coated E-glass fabrics were arranged to form a crossply composite, [0/90]s and infused with epoxy resin EPON 862 using vacuum assisted resin transfer molding (VARTM). Electrodes and lead wires were attached to the specimen to measure resistance using conductive silver paint and conductive silver epoxy adhesive respectively. The specimens were tested using a screw driven mechanical testing equipment (Instron 5985) in a displacement-controlled mode at the rate of 0.05 inches/minutes. The tests were paused at peak loads to take a replica of the specimen edge using acetate solution, which was later analyzed under the microscope to determine transverse crack density.
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	Figure 2 (a) A schematic illustration of the test setup for a microdroplet specimen and (b) a schematic representation of steel specimen with carbon nanotube sensing skin for structural health monitoring.


Figure 2(b) shows a schematic of the test specimen for structural monitoring of steel. The non-woven aramid-carbon nanotube based sensing skin was bonded onto a steel substrate and subjected to axial testing to characterize the tensile and compressive response of the sensor. Steel specimens 300 mm x 50 mm were cleaned with acetone followed by sandblasting to improve adhesion. A thin layer of adhesive (Hysol 9309) was applied and partially cured. This layer prevents the sensing layer from coming in direct contact with steel and hence acts as electrical insulator. The sensing layer is then glued on the insulating layer. The steel coupons are tested under axial tension and compression. 

3. Results and Discussion
Figure 3(a) shows the scanning electron micrograph of a single E-glass fiber coated with PEI functionalized carbon nanotubes using EPD process. A uniform coating of the carbon nanotubes is visible on the E-glass fiber confirming that the deposition method is effective. By varying the process parameters such as field strength and time of deposition, the thickness of the carbon nanotube coating can be controlled. Increased surface roughness and thickness due to the carbon nanotubes improves the interphase properties of the glass fiber-epoxy composites. The carbon nanotube coating can also play a critical role in arresting or slowing crack propagation and provides a gradient in elastic modulus between the high modulus fiber and low modulus matrix. 

Figure 3(b) shows the microdroplet specimen after failure where interphase debonding is evident. Carbon nanotubes still adhered to the surface of the fiber are clearly visible. This type of fracture surface is consistent with the results from a model interphase study where the surface of a planar glass surface was modified with a silane coupling agent and PEI functionalized carbon nanotubes. Surface analysis of the fracture surfaces showed evidence of a covalent bond formed between the nanotubes and the fiber surface [12].
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	Figure 3 (a) SEM micrograph showing the uniform deposition of PEI-functionalized carbon nanotubes on a single glass fiber (b) SEM micrographs (left) the debonded microdroplet and (right) the fiber surfaces after debonding, showing carbon nanotubes bonded to the surface.[7]  


We also demonstrate an approach for analyzing the microstructural evolution transverse cracks in cross-ply laminates subjected to progressively increasing loads. Figure 4(a) shows the electrical resistance response of the carbon nanotube coated cross-ply laminates when subjected to increasing cyclic loads. The resistance signal closely follows the applied stress. Due to the formation of transverse microcracks, a permanent change in resistance is observed. The number of cracks increases at higher stresses causing increased permanent damage, indicated by a higher permanent resistance change. Therefore, with knowledge of electrical resistance in the undamaged and damaged states it may be possible to establish resistance change as a function of accumulated cracks.
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	Figure 4 (a) Resistance response for a cross ply laminate [0/90]s when subject to cyclically increasing tensile loading (b) magnified view of the resistance response to the last complete loading cycle before failure. The non-linear regions indicating damage evolution in the laminate (c) crack density versus stress for glass fiber cross ply laminate (d) micrographs of the edge replica at 91MPa and 273 MPa, showing transverse microcracks


Figure 4(b), focuses on the 8th loading/unloading cycle of the data shown in Figure 4(a). The non-linear loading curves can be distinguished into three distinct regions. When the transverse cracks are formed in the previous (7th) loading cycle, they close during unloading since the longitudinal plies continue to behave elastically. During the early stages of the next loading cycle (8th), the cracks re-open easily when stress is applied and hence the increased slope of the resistance change curve. After all cracks have re-opened, the slope of the resistance change curve decreases, indicating piezoresistive elastic deformation without additional cracks being formed. The increase in slope in the last stage of the loading cycle corresponds to the continued damage accumulation and formation of transverse cracks. This response is similar to what Thostenson et al. [13] observed for crack detection in fiber composites using uniformly dispersed carbon nanotubes. The crack density in the transverse plies increases with increasing loads and saturates at higher loads. At saturation, the spacing between the cracks is consistent. Preliminary results show that the presence of carbon nanotubes at the interphase suppresses transverse crack formation and also results in a higher level of crack saturation before delamination. This is likely due to the decrease in stress concentration at the fiber-matrix interphase delaying the formation of transverse cracks. Figure 4(d) shows the edge replica of a carbon nanotube coated specimen analyzed under a microscope for two different stress states. At 91 MPa, the crack density is < 5 cracks/cm whereas at 273 MPa, the crack density is almost 40 cracks/cm.
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	Figure 5 Transient resistance change and strain under progressively increasing cyclic loading when a steel coupon with carbon nanotube sensing skin is subjected to compressive stresses.


Figure 5 shows the transient electrical/mechanical response under compression for carbon nanotube sensing layer manufactured using the EPD approach. The sensing response of the nanotube/fiber composites were characterized under progressively increasing cyclic loading in both tension and compression. The carbon nanotube sensors have 2 pairs of electrodes, measuring longitudinal and transverse change in resistance. All of the sensors show a highly linear response with applied strain. The sensitivity of the sensors varied with the amount of carbon nanotubes deposited. Intuitively, the transverse resistance is expected to increase due to positive transverse strain, which will increase the tunneling gap and decrease the number of contacts between carbon nanotubes. Here, we see a significant decrease in resistance. This is because, at the nanoscale, there are changes in tunneling gaps associated with both longitudinal and transverse strains. Contrary to a conventional strain gage, the conductive carbon nanotube network between the electrodes may not be a straight line of carbon nanotubes in contact. It could be a more complex and random path which is sensitive to both longitudinal and transverse strain. In the current loading scenario, the longitudinal strain is much higher than transverse strain. Hence we observe a net increase in resistance. 
4. Conclusions
A novel EPD approach has been established as a highly repeatable technique to uniformly coat non-conductive E-glass and aramid fibers. As-coated fibers show a highly uniform and dense coating of nanotubes that completely surround the fibers. Microdroplet tests show improvement in interfacial shear strength when single glass fibers are coated with carbon nanotubes using EPD. Increased roughness and improved adhesion at the interface changes the failure mode of specimens. The EPD technique when scaled up to ASTM standard coupons can be used for in situ damage sensing and investigating the evolution of damage in fiber composites. The piezoresistive electrical-mechanical sensing behavior of the carbon nanotube sensing skins was characterized by bonding the composite sensor onto a steel substrate and subjecting axial compressive loading. All specimens show linear piezoresistivity under applied deformation. Carbon nanotube based novel multiscale composites can be used for self-diagnosis and in situ sensing of composites as well as sensing skins that can be externally bonded to steel/concrete members for structural health monitoring.
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