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Abstract

:

Self-structural health monitoring (SHM) functionalities for fiber-reinforced polymer composites have become highly sought after to ensure the structural safety of newly advancing components in the automotive, civil, mechanical, and aerospace industries. This paper introduces a self-damage detection and memory (SDDM) hybrid composite material, where the structural carbon fiber tow is transformed into a piezoresistive sensor network, and the structural glass fiber operates as electrical insulation. In this study, SDDM specimens were fabricated, and tensile and impact tests were performed. The tensile tests of SDDM specimens find two distinct loading peaks: first where the carbon fiber fails, and second where the glass fiber fails. A linear correlation was observed between the carbon fiber resistance and composite strain up to a threshold, beyond which a sharp nonlinear increase in resistance occurred. The resistance then approached infinity, coinciding with the first loading peak and failure of the carbon fiber elements. This demonstrates the potential for a damage early warning threshold. Additionally, the effect of stitching the sensor tow in a zig-zag pattern over a large area was investigated using tailored fiber placement (TFP) of 1-loop, 3-loop, and 5-loop specimens. Tensile testing found that increasing the number of loops improved the sensor’s accuracy for strain sensing. Furthermore, impact tests were conducted, and as the impact energy progressively increased, the sensor resistance permanently increased. This illustrates a capability for self-memory of microdamage throughout the life cycle of the structure, potentially useful for predicting the remaining life of the composite.
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1. Introduction


Fiber-reinforced polymer (FRP) composites, being light in weight and high in strength and stiffness, have emerged as the next-generation structural materials. However, such materials are susceptible to impact damage, which is difficult to detect by the naked eye. It commonly requires the component to be taken out of service and inspected using expensive non-destructive evaluation equipment such as ultrasonics and infrared thermography. Furthermore, the failure mechanism in FRP composites is often unpredictable and could be catastrophic with no early-warning signs. Therefore, vigilant in situ continuous SHM functionality is needed to ensure structural safety and reduce maintenance costs of FRP composite structures.



The currently available SHM methods often require a sensor system to be installed after curing, which takes up space and adds weight. Additionally, the cost of manufacturing, installation, maintenance, and data processing makes the practice of SHM increasingly complex and costly to implement. A recent literature review publication [1] discusses the ongoing developments in advanced SHM systems for FRP composites, including fiber Bragg grating sensors, infrared thermography digital image correlation (DIC), and piezoresistive and semiconductor strain sensors. They each have specific limitations inhibiting full-scale manufacturing and continuous monitoring of composite structures.



A 2021 literature review paper focuses on the more promising piezoresistive strain sensing methods for SHM of FRP composites via monitoring the sensing materials’ electrical resistance [2]. The paper reviewed four primary strategies: self-sensing by electroding elements of the complete carbon FRP (CFRP) part, the use of surface-attached films or patterns, the impregnation of reinforcements with piezoresistive matrices, and lastly, the integration of filaments/yarns during manufacturing. CFRP electrical property measurement has been shown to be a successful method of tracking a larger area of a composite [3,4]. This is conventionally achieved with electrodes installed at the edges of the composite. A recent study demonstrated how a grid of surface-mounted electrodes can be used to detect impact damage [5]. However, current practices are cumbersome; electrodes are applied to the surface after curing, where contact with the conductive carbon fiber requires sanding and preparation. Multiple electrode pairs can be set up; however, each pair requires its own set of lead wires to the control unit. These multiple sets of surface electrodes add to the bulkiness of the monitoring system. Additionally, a nonspecific width between the electrodes is monitored rather than a specific sensing line and nearby microcracks can go undetected. This is unattractive in many applications. Often, the precise location of the damage is desired. With surface electroding, this would require a network of electrodes with individual electrical attachments, similar to the grid method in [5].



The following three strain monitoring strategies require sensor materials to be added to the FRP composite structures. For example, conductive nanoparticles were applied to the surface in patterns to effectively measure surface strain [6,7,8,9]. They take the form of various graphene and silver nanoparticles printed in serpentine patterns that resemble conventional strain gauges. Such surface strain sensors can be strategically placed in regions of interest. However, a major downside is introduced since damage detection is limited to these adhered regions. Another example is to impregnate conductive nanofillers into composite matrices for strain monitoring. They are effective in capturing matrix-dominated failure modes, and the nanofillers could strengthen the mechanical properties of the composite [10]. However, even the dispersion of nanoparticles into the matrix has proven burdensome and difficult for industrial manufacturing.



Two works [11,12] have shown the feasibility of woven carbon fiber sensors cured into a large FRP plate with applications in concrete beam monitoring and reinforcement. Uniaxial strain measurements were captured using the inherent piezoresistive effect of a tow woven into basalt-reinforcing fibers. Additional research into piezoresistive fibers has shown the sensing capabilities of mixing carbon and glass filaments at the microscale, with the carbon fiber bundle measuring 0.5 mm in diameter [13]. The study highlighted how quasi-static load/unload tension cycles create a nonstationary resistance change in the sensor. This work was expanded on by a study demonstrating the nonlinear behavior of carbon fiber tows near failure [14].



Moreover, two studies have reviewed the recent advancements in the electrical resistance change (ERC) method [15,16]. Analytical solutions of the coupled electromechanical behavior of self-sensing carbon fiber have shown promise. A shear–lag model was created to determine the stress–strain damage fiber relationship, which was then input into an electrical model to determine fiber–fiber contacts. Additionally, monitoring a carbon fiber laminate’s resistance under quasi-static cyclic tension loading has shown to be an effective strain sensor, with the study finding that longitudinal resistance decreases and transverse resistance increases with cyclic stress [17]. The authors used an   S u   stress level of 32% and attributed the behavior to fiber straightening.



Strain has also been successfully measured via the ERC method for continuous carbon fiber tows. A study on a parallel array of long-gauge carbon fiber tows also found a high degree of correlation between resistance and strain, highlighting that the noise followed a normal distribution with a standard deviation of 50 microstrain [18]. Further work on carbon fiber tows as strain sensors demonstrated that pre-tensioning methods were able to improve the sensor’s performance [19]. Similarly, post-tensioning methods, where the composite underwent 3 h at 60%   F u  , were shown to reduce signal fluctuation errors by a factor greater than 4 [20].



However, there still remains a need for affordable and continuous in situ solutions for monitoring large area composites. Single-line carbon fiber sensing tows are able to fill this role: they can be located in an predetermined path to sense a unique region, and can also be routed to cover more area. Among the limited work in this area, one study utilized a carbon fiber sensor tow placed in a zig-zag pattern to monitor the strain of a GFRP composite [21]. The authors used one carbon fiber sensor tow pattern, with a primary goal to investigate typical measurement errors, finding a linearity error of less than 8%, hysteresis error of 2%, and creep error of less than 4%.



This paper aims to build upon the sparse prior research into single-line carbon fiber tows as strain sensors, especially in larger area composites. Past work has demonstrated that there is a nontrivial degree of error in the ERC method for carbon fiber composites. Certain factors have been shown to improve performance, such as the pre-tensioning and post-tensioning effects; however, these methods are limited in their industrial applications. Pre-tensioning requires intricate and costly jigs that are not suited to interface with high-volume resin transfer molding processes. Moreover, post-tensioning is difficult in practice; loading cured 3D parts presents a major obstacle in production, and even if achieved, could induce damage due to the high stress required for fiber alignment. Therefore, there still remains a major need to more accurately monitor large-scale composites.



The zig-zag sensor tow pattern has been shown to reliably monitor a large area, however, performance improvements due to variations in the zig-zag pattern have yet to be investigated. This is among the primary aims of this study. Moreover, the sensor’s integration into newly developing hybrid carbon–glass material systems has yet to be studied. These hybrid systems are having increasing appeal in industry due to their lower material costs and high energy absorption. This work aims to create an integrated multifunctional hybrid carbon and glass system, where accurate strain sensing is achieved by a low gsm zig-zag carbon fiber sensor layer, and electrical insulation is provided by the structural glass fibers that are comingled with the structural carbon fibers. The zig-zag sensor pattern can be adapted to monitor specific complex regions or the entire composite part.



Addressing the limitations in prior work and the unmet needs for SHM of FRP composites, this work seeks to provide a self-damage detection and memory (SDDM) composite with (i) strain-sensing via continuous spatial monitoring rather than point-wise monitoring; (ii) a zig-zag pattern to improve performance; (iii) simple layer-wise low-gsm preform integration enabling high-volume manufacturing with limited post-molding installation; (iv) multifunctional utilization of the hybrid material system; (v) damage early warning due to lower strain-to-failure of the sensor versus the hybrid system; and (vi) an ability to monitor large and complex areas.



This paper first presents the conceptual design of the proposed multifunctional FRP composites (Section 2). The paper then focuses on the experimental investigation of self-damage detection and damage memory functionalities, including test specimen fabrication (Section 3), tensile tests (Section 4), and progressive impact tests (Section 5).




2. Proposed SDDM FRP Composite


The concept of the proposed SDDM FRP composite is illustrated in Figure 1a, a cross-sectional view of a hypothetical four-layer unidirectional hybrid composite comprised of commingled carbon fiber and glass fiber tows in a polymer matrix. Taking advantage of the electrical conductivity and the inherent piezoresistive effect of carbon fibers, any structural carbon fiber tow (such as the one in red in Figure 1a) can be selected to serve as a uniaxial strain sensor. Furthermore, the structural glass fiber tows are used for the electrical insulation of the sensor tow. This eliminates the need for adding a foreign insulation material, which would increase not only the weight and cost but also cause concerns of sensor debonding. The proposed SDDM composite can be manufactured using a variety of fiber-reinforcing material systems, not just comingled glass fiber and carbon fiber tows. Figure 1b depicts a hypothetical two-layer carbon SDDM composite that includes two thin glass veils for electrical insulation.



Under mechanical stress, the electrical resistance of the sensor tow increases as the strain increases. Thus, the current strain level can be determined and used for damage detection by tracking the live in situ resistance of the sensor tow. A threshold tolerance level can be set, and a pass–fail alarm system for damage early warning can be established.



When the composite undergoes repetitive loading, the sensor tow might suffer microdamage, such as microfractures of some carbon filaments, causing a permanent increase in the sensor tow’s resistance (because electrical continuity along the tow is partially disrupted). In other words, the microdamage that occurs can be memorized by the sensor tow’s permanently increased resistance value. By tracking the resistance history, there is a potential for predicting the remaining life of the composite structure.



The sensor tow can be designed in various patterns, as depicted in Figure 2. Sensor tow arrangements, such as the one shown in Figure 2b, can be implemented to monitor a larger area using only one pair of electrodes. Such a strain gauge pattern also increases the accuracy of the strain sensor.



The low-cost manufacturing process of the sensor is a further novelty of the proposed SDDM composite. Prefabricated carbon fiber sensor tows and microcircuits can be stitched to the carbon–glass fiber preforms during their weaving process. The presence of the sensor in the fiber preform was not found to inhibit the FRP composite molding process and is, therefore, compliant with both high-pressure resin transfer molding (HP-RTM) and vacuum-assisted resin transfer molding (VARTM).



The proposed SDDM composite provides some significant advantages over the previous sensor systems reported in the literature: First, the use of the structural fiber tow itself as a sensor (versus installing a foreign sensor fiber/device) is expected to produce more direct, accurate, and reliable damage detection and SHM results. Second, there is flexibility to design the sensor tow layout patterns to minimize the number of electrodes while maximizing the sensitivity of the strain sensor. Third, no foreign materials are added or need to be installed on the surface after composite curing, making SDDM composites attractive for applications in, for example, automotive vehicles where a single-part composite panel is necessary that does not take up extra space or require expensive post-molding installation. Lastly, and most importantly, SDDM functionalities are introduced, which are experimentally demonstrated as follows.




3. Design and Fabrication of Test Specimens


SDDM composite specimens with an embedded carbon fiber sensor tow were designed and fabricated for two modes of testing: (i) tensile testing and (ii) progressive impact testing. In each test method, the electromechanical response of the sensor was evaluated, and the resistance was measured with a BK Precision 5492C Digital Benchtop Multimeter. Specimens were molded using a standard VARTM process.



(i) Quasi-static monotonic tensile tests were conducted to investigate the composite’s self-damage detection functionality. Moreover, the effect of stitching the sensor tow in a zig-zag pattern, similar to a foil strain gauge, was investigated. Six specimens were fabricated: two 1-loop, two 3-loop, and two 5-loop. The tensile specimens consisted of two preforms stitched with tailored fiber placement (TFP): one preform with unidirectional hybrid glass tows and carbon fiber tows (81% and 21%, respectively), and another preform with the looped carbon fiber sensor tows. The specimens were tabbed at each end to ensure failure within the gauge length. Two types of strain sensors were used as references: a non-contact digital image correlation (DIC) camera and a surface-clipped extensometer.



(ii) Progressively increasing free-fall impact tests were carried out to evaluate the sensor’s capability for damage memory. The impact specimens consisted of two layers placed in a 0/90 orientation for two-way bending. The specimens were restrained with aluminum plates and C-clamps.



3.1. Materials


The specimens consisted of a hybrid carbon fiber and glass fiber custom preform and an additional single 3k sensor tow. The primary TFP single-layer unidirectional hybrid material, fabricated by Coats Group (Figure 3a), was composed of Toray 24k T700S carbon and OC SE8380 T30 H-Glass. The carbon and glass tows were stitched to a 50 gsm glass backing layer in a ratio of 19:81, respectively.



The carbon fiber sensor tow, electrically isolated by the glass fiber and connected to the resistance measurement circuit, consisted of 3k filament count Toray T700 fibers. To cure the specimens, Hexion EPIKOTE 06150 epoxy resin and EPIKURE 06150 curing agent were used in conjunction with HELOXY 06805 additive.




3.2. Electrical Insulation of Carbon Fiber Sensor Tow


To ensure the carbon fiber sensor tow was electrically insulated from the other structural carbon fibers, the sensor tow was placed only in contact with glass fibers, as shown in Figure 4. In this study, the electrical insulation results from being bounded by the two adjacent 50 gsm glass backing layers that hold the hybrid structural carbon–glass tows in place. No foreign material was used for the sensor insulation.




3.3. Molding and Specimen Preparation


The tensile test specimen plaque was fabricated using two preforms: a TPF sensor tow preform and a hybrid fabric preform. The TFP sensor tow preform consisted of a 3k carbon fiber tow custom stitched in a looped pattern to a glass backing layer, as shown in Figure 3b. The sensor tows and structural layers were cured at temperature into a laminate using a VARTM process. The Hexion epoxy system described previously was used, and the plaque was cured in the oven at 60 degrees Celsius for 25 min with a constant 1 atm vacuum pressure applied.



Copper rivets and lead wires were then installed to make a reliable electrical connection to the sensor tow. To facilitate a robust connection, the sensor tow had predefined electrical terminal locations where the tow was densely weaved on top of itself in a 10 mm × 10 mm square. The built-up carbon fiber square creates a tolerance to ensure that the 1/8” rivet hole can adequately cut through enough carbon fibers and connect to the sensor tow cross-section. The rivets were located away from the gauge section to ensure the contacts were not influenced by the loading. Prior to the tensile testing regimen, a plaque was fabricated to compare the rivet connection and a traditional silver conductive epoxy connection. Eight connections were analyzed, finding that the rivets added an average of 0.111 ohms with a standard deviation of 0.037 ohms. The higher lead resistance remains very small, at 0.2% of the initial resistance of the sensor tow. Such resistance contributions can be subtracted when calculating the fractional change.



In line with the specifications of ASTM D3039 regarding the preparation of composite tensile testing coupons [22],   1 / 8  ” thick G10 garolite tabs were attached with an adhesive (Epon Resin 828 and Epikure 3125). The adhesive was cured for 2 h at 120 degrees Celsius. The bondline thickness was maintained using glass spacer beads within the adhesive and weighted plates on top of the tabs to remove entrapped air. After the elevated temperature cure, the tabbed plaque was left to rest for 24 h with the weighted plates. Next, specimens measuring approximately 60 mm × 250 mm were cut from the plaque using a diamond blade table saw.





4. Tensile Testing to Investigate Self-Damage Detection


One of the primary objectives of this study was to investigate the damage detection functionality of the SDDM composite material. Moreover, 1-loop, 3-loop, and 5-loop configurations were explored. To accomplish this, a parametric relationship between resistance and strain was analyzed. As the strain increases to the extent that the carbon fiber filaments in the tow start to break, the resistance of the tow drastically rises. When the carbon fiber tow completely breaks, the resistance increases to higher-order magnitudes, approaching infinity.



4.1. Tensile Test Setup


The tensile tests were carried out using an Instron 5984 34k universal testing machine. This is a PC-based load and displacement-controlled electromechanical testing machine with a maximum load capacity of 150 kN (34 kips) in tension and compression. The control platform Bluehill 3 allows the operator to define, program, and perform standardized test methods (e.g., ASTM, ANSI, etc.) and custom test methods. In addition, the program environment is tailored to support databasing and auto-reporting of both simple and complex, repetitive testing campaigns. The tensile test setup is displayed in Figure 5.



In total, six tension specimens are presented here: two 1-loop (specimens 1A and 1B), two 3-loop (specimens 3A and 3B), and two 5-loop (specimens 5A and 5B). Each tension specimen was tested to total failure, which was defined as a 70% drop in the relative load. The tests were conducted under displacement control with a cross-head speed of 1.0 mm/min. The geometric properties of the presented specimens are shown in Table 1.




4.2. Strain Measurement


Figure 6a shows the overall tensile test setup. Strain data of the test specimen was measured using two methods for cross-validation: (i) a surface-mounted extensometer measurement approach; and (ii) a non-contact computer vision-based DIC measurement method. The first approach used an Instron 2630-114/452 static axial clip-on extensometer, as shown in Figure 6b. This is a type 1 extensometer with a 0.2” travel and 2.0” gauge length. An iPhone 12 Pro with 12 MP resolution, as shown in Figure 6a, was used to take videos, which were then DIC-processed to obtain a strain–time history at any specimen surface location or even an entire surface strain map. The strain data obtained by the extensometer were compared with those obtained from DIC.



Computer vision DIC is a non-contact optical-based technique that can produce a time history of a full-field 2D strain map. This is achieved by solving an optimization problem founded on a transport model such as optical flow, where the pattern is assumed to follow the deformation of the underlying test markers. DIC is an established method used in the literature, and its full description goes beyond the scope of this work; the reader is referred to [23,24] for a more detailed treatment of this technique. In this study, DICe, an open-source digital image correlation software, was used to compute full-field displacements and strains [25]. The following DICe processing settings were used: sssig threshold of 152, pixel subset of 31, pixel step size of 15, pixel gauge size of 45, and Gauss filter enabled with a 5-pixel window. The source code and documentation can be found in the publicly accessible repository on Github [26]. In general, a visual pattern with high contrast is beneficial in order to more accurately track the object’s surface displacement. Accordingly, a speckle pattern of white dots was spray-painted onto the black surface of the tensile specimens, as shown in Figure 6b. The specimens were placed in a down draft fume/paint hood with their surface oriented vertically and the paint nozzle was depressed from approximately 18 inches away.



Figure 7 shows the strain measurement results obtained with the two approaches during one of the tensile tests. It was confirmed that they match well for all the tensile tests. Given the successful validation, the non-contact computer vision method is recommended for future tensile tests. All the test results presented below are based on the computer vision strain measurements.




4.3. Tensile Test Results


Figure 8 shows the tensile test results of the six tested specimens, grouped by the number of sensor tow loops. The stress data on the left vertical axis were derived from the applied load of the tensile test machine. Then, the resistance data on the right vertical axis refers to the normalized variation in the equivalent resistance measurements by the DMM. The resistance change is calculated as the percent change with respect to the initial resistance, which is measured for the unloaded state of the specimen.



From Figure 8, the tensile test specimen can be seen to exhibit a linear stress–strain relationship until the first failure initiation at approximately 900 MPa. During this loading, there were very limited signs of degradation from visual observation of the specimen. There were no warning signs before failure.



Despite the absence of warning signs during testing, the resistance characteristics of the carbon sensor tow did reveal signals for damage early warning. As shown in Figure 8b, the sensor resistance exhibited a linear relationship with the specimen strain up to a certain strain value—referred to as the linear–nonlinear transition strain   ϵ  L N L T    and the corresponding sensor resistance   Δ R  /  R  0 , L N L T   , abbreviated as   R  L N L T   . After the strain reaches   ϵ  L N L T   , the sensor resistance drastically increased, ultimately approaching infinity when the specimen completely failed. Past research has observed a similar phenomenon, i.e., the two distinct phases—an initial linear resistance–strain phase followed by a nonlinear phase [3,26,27].



Furthermore, the results were compared to the analytical model presented by Park et al. [28]. The work was based on a DC circuit model and utilized the concept of electrical ineffective length, where damage causes fibers to no longer create electrical continuity. The equation was based on the global load sharing model and the probabilistic Weibull fiber strength distribution curve:


    Δ R   R 0   =   ( 1 + α ϵ )   exp  −    d  e c    L 0          E f  ϵ    σ 0    m     − 1  



(1)







In the previous equation,  ϵ  is the applied strain,    d e  c   is the fiber electrical ineffective length,   L 0   is the gauge length,   E f   is the fiber modulus,   σ 0   is the Weibull scale parameter, m is the Weibull shape parameter, and  α  is the proportionality constant. Park et al., found the optimal    d e  c   value to be 5 mm, which was also used in this work. The 3k sensor tow was composed of Toray T700 carbon fiber, with Weibull parameters   σ 0   and m of 2.70 GPa and 9.03, respectively, as found empirically in literature [29]. The proportionality constant  α  can be found using the aforementioned linear–nonlinear transition parameters   ϵ  L N L T    and   R  L N L T   .


  α =   R  L N L T    ϵ  L N L T     











The   Δ R  /  R 0   data for each of the six specimens were analyzed using a cost-minimization function [30] to determine the LNLT points, which is reported in Table 2. The LNLT values were then used to plot and compare the DC parallel circuit model equation developed by Park et al. to the results found here. The model provides a good approximation for the nonlinear regression but does not accurately capture the initial stages of loading.



The resistance–strain data in conjunction with Park’s model highlight important differences between the 1-loop, 3-loop, and 5-loop specimens; the root-mean-square errors were found to be 4.91, 3.18, and 1.63, respectively. Thus, similar to a foil strain gauge, it appears that a greater number of loops provides increased sensor accuracy.



Additional mechanical properties obtained from the tensile tests are summarized in Table 2, where, for example, specimen 1A has a 1-loop sensor tow and specimen 3A consists of a 3-loop sensor tow. Slight variations in Young’s modulus occur between the specimens; 5-loop specimens are the stiffest due to the increase in carbon fiber volume, while the 1-loop specimens are the most compliant. Specimen 3A appears to have some inconsistencies in fabrication, resulting in lower E and   σ c   values than expected. Additionally,   ϵ  L N L T    were nearly identical for all specimens. An interesting linear relationship between   R  L N L T    and Young’s modulus can be observed, with a correlation coefficient of 0.94 among all samples.




4.4. Damage Early Warning


The tensile test results in Figure 8 demonstrate a potential for using the linear–nonlinear transition value of resistance   R  L N L T    as a threshold for early warning of composite damage. A variety of work has been performed to characterize the stochastic failure mechanism, including experimental work based on mesoscale (tow level) fatigue strength [31] and microscale (filament level) probabilistic failure [32]. On the mesoscale level, this phenomenon has a direct effect on the overall electrical resistance of a carbon fiber tow. Once a filament is broken, the most optimal continuous electrical path is discontinued, which increases the overall measured sensor resistance. Li et al. built upon the DC circuit model to track the continuity between failing filaments within a tow [33], which was later expanded upon by Kalashnyk et al. [14].



Returning to the tensile tests reported here, when the load surpassed the linear–nonlinear transition strain (  ϵ  L N L T   ) and resistance (  R  L N L T   ), the sensor and the composite both underwent permanent damage. This damage resulted from individual filaments rupturing, which were imperceptible to the observer before the composite failure initiated and audible breakage was heard. The evolution of damage is highlighted in Figure 9, where still-frames from the tensile test are shown. Therefore, by tracking the resistance of the sensor tow, a direct assessment of the composite health can be made. And importantly, because the sensor tow is composed of identical carbon fiber as the base structural composite fabric, damage occurring in the composite structure is accurately reflected in the carbon fiber sensor tow. In other words, the sensor tow’s electrical resistance can be used as a reliable indicator of the overall composite health condition.



Furthermore, the tensile tests of the SDDM hybrid composite showed two distinct loading peaks, highlighting the predominant failure mechanism of hybrid composites. In Figure 9, the load increases to the highest value of 900 MPa, after which the carbon fiber tows were observed to fracture. Throughout this sequence, the glass fiber remains intact and, therefore, after the carbon fiber fails the glass fiber becomes the primary load-carrying component due to its higher ultimate strain capacity. Afterward, the displacement-controlled loading continues, and increasing strain is applied to the specimen. The stiffest and highest-strength carbon fiber elements have now failed, and consequently, the stress decreases as the weaker glass fibers carry the load. The composite ultimately fails when the glass fiber’s strength is overcome. Compared to the immediate failure of CFRP composites, hybrid composites behave very differently. This two-peak mechanism is why the carbon fiber sensor tow demonstrates potential to serve as damage early warning for composite failure: the sensor detects strain throughout the microdamage loading phase, and can serve as a pass–fail mechanism with the resistance approaching infinity once irreversible damage occurs at the loading peak.



In addition, the light green and yellow time instances displayed in Figure 9 are expanded on in Figure 10 by showing the computer vision displacement and strain results: the light green instance occurs at 200 s as the strain reaches the transition value   ϵ  L N L T    (Figure 10a,c), and the yellow instance occurs at 350 s right before the first loading peak (Figure 10b,d). From Figure 10a,b it is possible to observe the increasing displacement of the specimen’s bottom section, which reaches about 5 mm before failure. The corresponding strain maps in Figure 10c,d show a consistent strain field along the specimen, with strain values remaining small around 0.5% at the composite’s   ϵ  L N L T    and then approaching 1.5–2% at the first loading peak where the carbon fiber fails and the glass fiber takes over.





5. Progressive Impact Testing to Demonstrate Sensor Damage Memory


As revealed in the tensile tests, when the specimen strain increased to the linear–nonlinear transition value, some sensing carbon fiber filaments started to break, resulting in a drastic increase in the overall resistance, which is non-reversible and permanent. To further investigate this phenomenon and potentially use the permanent increase in resistance for damage memory, impact tests were designed and conducted in this study, in which the impact load was progressively increased.



As shown previously, the carbon fiber tow sensor resistance has a permanent, nonlinear response to increasing tensile loads. This behavior can be utilized to determine the health of a monitored part. For example, a baseline sensor resistance measurement is taken when the composite is known to be unloaded (similarly, an advanced continuous monitoring campaign can evaluate many data points to determine an average, standard deviation, etc.). Then, resistance is tracked as the part undergoes loading. After loading is complete, the resistance is compared to the baseline case, and if they are the same, then it is known that no fibers within the sensor have broken. Each continuous electrical fiber path remains unchanged, and the overall tow resistance also stays the same. In this case, no damage has occurred to the part. The applied stress was maintained below the   R  L N L T    observed in the tensile testing program. Conversely, if there was a permanent increase in resistance, then it is assumed that a breakage happened in the sensor tow’s fibers. The applied stress surpassed the LNLT. And importantly, because the sensor tow fibers have nearly identical mechanical properties to the structural carbon fibers of the part, it is then known that irreversible damage has occurred in the entire composite. This must be distinguished from recoverable elastic strain.



5.1. Progressive Impact Test Setup


When selecting the appropriate test method to demonstrate the sensor’s ability to track cumulative damage, it is important to acknowledge that there are multiple ways to apply loads to cause damage. In the present study, an impact load test was selected, and the testing machine was custom-built, involving a free-fall weight (impactor). The overall setup is illustrated in Figure 11. The 4.23 kg steel impactor with a 1/2” spherical head was released from a designed height, generating an impact load on the test specimen that is fully restrained at its circular edge.



During the impact test, the impactor height was progressively increased in order to increase the impact energy to induce progressive damage to the composite specimen. The impactor was raised using a cable winch inside a 4” clear diameter PVC pipe secured with aluminum struts to facilitate a consistent impact location. Before dropping the impactor, slack in the cable was let out to minimize the effects of friction. To this end, low friction tape was placed around the cylindrical portion of the impactor that could potentially contact the PVC pipe. The impact specimen was composed of two layers of hybrid fabric oriented in a 0/90 layup. The fabric used was the same as that described in Section 3.2. Included in the layup was the 3k carbon fiber tow sensor located at the tension face of the 0/90 structural layers, which was enclosed with an electrically insulating glass veil layer on the bottom. Figure 12 shows an impact specimen before and after testing.



The 5” × 5” composite laminate is fully restrained by two 1/2” thick 5” × 5” aluminum plates, each with a 3” clear hole in the center, allowing for vertical deflection. The primary failure mode is fixed–fixed bending between the continuously circular restraint plates. The carbon fiber sensor tow embedded in the composite specimen monitors the resistance change during the entire impact event. The resistance data were acquired at a 1000 Hz sampling rate using a similar data acquisition system as described in the tensile tests referenced in Section 4.1.




5.2. Progressive Impact Test Results


In total, three identical specimens were built and tested (C.1, C.2, and C.3), and each was subjected to seven impact tests with progressively increased weight-dropping height. The first test was conducted with a drop height of 2 cm, which corresponds to an impact energy of 0.85 J. Each subsequent test was 2 cm higher than the previous test. Testing was concluded once the specimens reached total failure and the sensor resistance approached infinity.



Figure 13 is included to show an example of two potential impact loading scenarios: low impact energy with minimal damage shown in Figure 13a, and high impact energy with significant damage shown in Figure 13b.



In Figure 13a, the resistance rose and then returned to very close to the starting value in a rapid duration. The shape of the resistance–time history resembled the impact loading pulse, and thus, the resistance appeared to be proportional to the applied load. The impact looked to have induced little damage to the specimen. No visible damage appeared on the specimen surface either. This is indicative of little to no damage to the specimen.



Figure 13b depicts an example of the opposite case where there was permanent damage due to high impact energy. The shape of the resistance–time history no longer exhibits a linear relationship (parabolic pulse) with the impact loading, and the post-impact resistance is permanently increased. Figure 13b shows a longer time-span where the impactor bounces multiple times before coming to a stop, giving a fluctuating signal The resistance rose and did not return to the initial value. This indicates that the impact ruptured some sensor tow filaments, resulting in an irreversible, permanent increase in the overall resistance of the sensor tow.



Figure 14 plots the post-impact resistance values (percent change versus the initial pre-experiment resistance) as a function of impact energy for the three tested specimens. All three specimens show a nearly linear relationship between impact energy and permanent change in resistance before complete failure. Specimens C.1 and C.3 failed after the seventh impact at 5.8 J, and the resistance concurrently approached infinity. Specimen C.2 saw a large increase in the resistance value after the sixth impact at 4.97 J before similarly failing afterward. Table 3 reports the mean   Δ R  /  R 0   values for each impact energy and the maximum difference between the mean and the three specimens.



As seen in both the tensile tests shown in Figure 8 and impact tests shown in Figure 13, significant damage accumulation occurs when   Δ R  /  R 0   surpasses   R  L N L T    and approaches approximately 10%. The lowest thresholds of C.1, C.2, and C.3 before ultimate failure each exceeded the   R  L N L T   . The progressive impact tests demonstrate the intrinsic damage memory and early-warning functionality of the carbon fiber sensor tow—the specimen’s impact history is captured by the sensor tow’s resistance values. Each time the specimen suffered impact damage, the resistance increased, which was irreversible. The observed permanent change in resistance must be distinguished from irreversible elastic strain. No direct assessment of the recoverable strain was measured, however, impact testing has demonstrated that resistance can be used as the primary variable for damage early warning. As shown by Li et al. [33] and Kalashnyk et al. [14], the change in resistance can be expressed as a function of discontinuous filament paths, and accordingly, the proportion of damaged fibers can be extrapolated. This correlation between electrical resistance and intact fibers gives a continuous, in situ assessment of overall composite health.



Future work can be performed to enumerate the correlation between the impact energy, plate strain, and sensor resistance. Such studies could produce a model for predicting the remaining life of a composite structure based on its past impact loading and microdamage history.





6. Conclusions


To address the difficulty in damage detection of fiber-reinforced polymer composites, this paper presents a low-cost SDDM hybrid composite material in which the structural carbon fiber tow itself is transformed into a piezoresistive sensor network, and the structural glass fiber operates as electrical insulation. The use of structural materials as sensors not only saves costs but also eliminates the discontinuities in the preform, thickness variations, and extensive wiring caused by embedding conventional sensors in the preform.



In this study, SDDM specimens were designed and fabricated, and tensile and impact tests were conducted to demonstrate the self-damage detection and damage memory functionalities in addition to the function as a structural material. Tensile testing found two distinct loading peaks: first where the carbon fiber fails, and second where the glass fiber fails. As the loading approached the first peak, the carbon fiber sensor tow resistance increased linearly up to a threshold (approximately 0.5% strain), beyond which the resistance drastically increased and ultimately approached infinity, which coincided with the first-peak failure of the carbon fiber load-carrying components (approximately 1.5% strain). Loading was observed to continue at higher strains, but lower stress levels, until the glass fiber finally failed. The findings here build upon the past research of single-line carbon fiber sensing tows [19,20], and furthermore integrate the sensor into a novel hybrid composite. Sensor tow patterns with 1 loop, 3 loops, and 5 loops were investigated, advancing the previous zig-zag sensor patterns [21] in order to more accurately monitor larger areas.



Tensile testing demonstrated that increasing the number of carbon fiber loops over a sensing area improved the sensor’s accuracy: the 5-loop design provided a significant reduction in RMS error over the 1-loop configuration, as measured in deviation from the idealized nonlinear resistance model developed by Park et al. [28]. The observed linear–nonlinear transition value of the sensor resistance could be useful as a threshold for damage early warning. Moreover, the finer spatial resolution of higher loop configurations demonstrates the potential for monitoring large-area composites.



Impact loading tests were conducted, in which the impact energy was progressively increased. It was found that when the impact energy was low, the measured resistance–time histories showed a pulse shape similar to the applied load, and the post-impact resistance returned very close to the pre-impact value, indicating little damage to the specimen. As the impact energy increases, the sensor tow’s after-impact resistance increases, which is irreversible and permanent. The permanent increase in the resistance is approximately proportional to the impact energy. The permanent increase in resistance is most likely caused by the microfracture of the sensor carbon fiber filaments. In other words, the impact-induced microdamage in the composite can be reflected and memorized in the sensor tow’s resistance value. A future study will be conducted to further investigate the damage memory functionality and develop a model for predicting the remaining life of a composite structure based on its loading and microdamage history.



The proposed SDDM composite address the gap in prior art to provide a cost-effective, high-volume solution for monitoring large-area composites. The sensor system is greatly suited for advanced and rapid molding processes such as HP-RTM. A TFP sensor tow preform can be molded in conjunction with the structural carbon fiber and glass fiber layers, requiring limited assembly time, adding little weight, and taking up little space. The multi-loop design can be modified to cover large areas, with the higher-loop configurations enabling accurate monitoring of high stress regions.
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Figure 1. (a) Sensor can be designed in various patterns to monitor large areas; (b) an example of a traditional two-layer CFRP composite with an embedded sensor for SDDM capabilities (for more information regarding the tensile specimen configuration used in this study, refer to Figure 4 for the cross-section and Section 3.1 for the materials). 
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Figure 2. Examples of sensor tow design: (a) a straight sensor tow; (b) a sensor tow in a strain gauge pattern. 
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Figure 3. (a) Design of 1-loop, 3-loop, and-5 loop tensile specimens; (b) unidirectional carbon and glass hybrid fabric material; (c) tailored fiber placement (TFP) sensor preforms. 
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Figure 4. Cross-sectional view of hybrid composite layup used for tensile testing. The 3k sensor tow used is composed of T700 carbon fiber. 
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Figure 5. Tensile test setup with DIC strain capturing and benchtop DMM resistance monitoring. 
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Figure 6. Tensile testing setup: (a) view of the specimen installed on the Instron 5984 with the camera for non-contact DIC strain-field mapping; (b) tensile test specimen with patterns for DIC mapping. 
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Figure 7. Comparison of strain–time history measured using computer vision and extensometer. 
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Figure 8. Tensile test results of (a) 1-loop, (b) 3-loop, and (c) 5-loop specimens showing resistance–strain and stress–strain measurements. The green vertical line denotes the   R  L N L T    threshold, and the two gray vertical lines show the carbon fiber loading peak and then the glass fiber loading peak. 
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Figure 9. Tensile test of specimen 5A progressing left-to-right: testing begins (dark green), the resistance passes   R  L N L T    (light green), the specimen reaches max strength where the carbon fiber is mostly failed and resistance approaches infinity (yellow), the specimen undergoes high-strain loading predominantly resisted by the glass fibers (orange), then ultimately reaches complete failure (red). 
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Figure 10. Displacement maps (a,b) and strain maps (c,d) at two time instances within the linear and nonlinear resistance change zones. (a,c) show the specimen at 200 s before the strain reached the transition value, and (b,d) show the same specimen at 350 s at the first loading peak. 
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Figure 11. (a) Impact test setup with drop tower, impactor, and restraint plates; (b) close up view of impact test setup with impact specimen, restraint plates, clamps, and impactor above. 
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Figure 12. Photo of impact specimen C.1 taken (a) before test and (b) after test. 






Figure 12. Photo of impact specimen C.1 taken (a) before test and (b) after test.



[image: Jcs 07 00383 g012]







[image: Jcs 07 00383 g013] 





Figure 13. Sensor resistance–time histories measured during progressive impact tests: (a) low impact energy; (b) high impact energy. 
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Figure 14. Permanent change in resistance of 3 identical impact specimens with increasing impact energy. 
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Table 1. Geometrical properties of the tensile test specimens.
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	Specimen 1A
	Specimen 1B
	Specimen 3A
	Specimen 3B
	Specimen 5A
	Specimen 5B





	Thickness (mm)
	1.81
	1.73
	1.80
	1.80
	1.74
	1.78



	Width (mm)
	39.49
	39.50
	39.52
	39.51
	39.51
	39.50










 





Table 2. Electromechanical properties of test specimens: Young’s modulus (E); critical stress (  σ c  ); ultimate strain (  ϵ u  ); initial resistance (  R i  ); and resistance change and strain at the linear–nonlinear transition (  R  L N L T    and   ϵ  L N L T   ).
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	Specimen
	E (MPa)
	   σ c    (MPa)
	   ϵ u    (%)
	     R i   ( Ω )     
	   R LNLT    (%)
	   ϵ LNLT    (%)





	1A
	541
	876
	2.23
	50.5
	2.29
	0.49



	1B
	566
	897
	2.74
	51.2
	2.76
	0.51



	3A
	558
	817
	2.25
	127.9
	2.66
	0.52



	3B
	595
	878
	2.65
	130.6
	3.96
	0.57



	5A
	653
	896
	2.26
	193.6
	4.24
	0.52



	5B
	666
	899
	2.31
	188.8
	4.39
	0.52










 





Table 3. Impact test mean resistance change and maximum difference in resistance change from mean.
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	Impact Energy (J)
	   Δ R   /   R 0   , Mean
	Maximum Difference from Mean





	0.8
	0.58
	0.36



	1.6
	1.54
	0.44



	2.5
	2.16
	0.95



	3.3
	3.55
	1.44



	4.1
	4.66
	1.73



	5.0
	5.83
	1.95



	5.8
	8.92
	0.70
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