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Abstract

:

The curing process and thermoresistive response of a single carbon nanotube yarn (CNTY) embedded in a room temperature vulcanizing (RTV) silicone forming a CNTY monofilament composite were investigated toward potential applications in integrated curing monitoring and temperature sensing. Two RTV silicones of different crosslinking mechanisms, SR1 and SR2 (tin- and platinum-cured, respectively), were used to investigate their curing kinetics using the electrical response of the CNTY. It is shown that the relative electrical resistance change of CNTY/SR1 and CNTY/SR2 monofilament composites increased by 3.8% and 3.3%, respectively, after completion of the curing process. The thermoresistive characterization of the CNTY monofilament composites was conducted during heating–cooling ramps ranging from room temperature (RT~25 °C) to 100 °C. The thermoresistive response was nearly linear with a negative temperature coefficient of resistance (TCR) at heating and cooling sections for both CNTY/SR1 and CNTY/SR2 monofilament composites. The average TCR value was −8.36 × 10−4 °C−1 for CNTY/SR1 and −7.26 × 10−4 °C−1 for CNTY/SR2. Both monofilament composites showed a negligible negative residual relative electrical resistance change with average values of ~−0.11% for CNTY/SR1 and ~−0.16% for CNTY/SR2 after each cycle. The hysteresis amounted to ~21.85% in CNTY/SR1 and ~29.80% in CNTY/SR2 after each cycle. In addition, the effect of heating rate on the thermoresistive sensitivity of CNTY monofilament composites was investigated and it was shown that it reduces as the heating rate increases.
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1. Introduction


Carbon nanotube yarns (CNTYs), continuous fiber-like materials comprised of carbon nanotube (CNT) bundles, may become candidates for in situ sensors in structural health monitoring (SHM) because of their significant sensitivity to temperature and strain, small size, light weight, high surface area, high electrical and thermal conductivity, and multifunctionality [1,2,3,4,5]. The coupling between the electrical resistance (R) of the yarn and temperature (T) makes them candidates for the development of self-sensing smart materials for thermal analysis inside structures [4,5,6]. To correlate the change in the electrical resistance and temperature, the temperature coefficient of resistance (TCR) is quantified as the slope of the linear relationship between the relative electrical resistance change or fractional change in electrical resistance (∆R/R0) of the CNTY per unit change of temperature (∆T). There are several factors affecting the electrical response of the CNTY in contact with liquids during the polymerization process. The porous structure of the yarn increases interactions between the polymeric matrix and the yarn [1]. In addition, the high porosity of the CNTYs may promote infiltration of liquids between the CNT bundles affecting the stiffness, toughness, and electrical conductivity of the yarn by separating the adjacent CNT bundles and increasing the contact electrical resistance [3,7,8,9]. It was observed that the thermoresistive properties of the embedded CNTY strongly depend on the chemical structure of the polymeric matrix, temperature range, porosity, and capillary diffusion of polar liquids [3,8,10,11,12,13,14,15]. Rodríguez-Uicab et al. [10] investigated the effect of the curing kinetics of epoxy resins with different viscosities on the thermoresistive response of the CNTY monofilament composites at different curing temperatures. The results showed that the fractional change in electrical resistance of the CNTY/epoxy resin increased (~9%) during the curing process of an epoxy resin with a viscosity of 59 cP cured at 130 °C, while it decreased (~−9%) for another epoxy with viscosity of 115 cP cured at 60 °C. It was observed that the curing kinetics of epoxy resin has a dominant role on the electrical resistance of CNTY monofilament composites due to the resin infiltration, electrochemical charge transfer, chemical and thermal shrinkage, and thermal stresses. Rodríguez-Uicab et al. [13] also investigated the effect of polymerization kinetics of the resin on the electrical response of CNTY/vinyl ester monofilament composites using three different levels of initiator (methyl ethyl ketone peroxide). It was observed that upon resin wetting, wicking, and infiltration, the fractional change in electrical resistance of the CNTY decreased (~−0.8%) for all initiator concentrations during the polymerization process. Moreover, the increase in the initiator concentration resulted in a faster and more negative change in the relative electrical resistance change of the CNTY due to the faster residual stresses built up. The thermoresistive response of CNTYs embedded in thermosetting resins was also studied by a few authors. Balam et al. [14] investigated the thermoresistive response of CNTY/vinyl ester composites and isolated CNTYs above RT. The electrical resistance per unit length of the isolated CNTY was ~20 Ω mm−1, and it increased by 37% during the curing process of the resin. Balam et al. [14] also compared the cyclic and hysteretic thermoresistive response of an isolated CNTY to that of one embedded in vinyl ester. They reported a negative temperature coefficient of resistance of −9.5 × 10−4 K−1, which decreased about 28% by embedding the CNTY into the vinyl ester resin. Therefore, the polymeric matrix plays a paramount role in the electrical response of the CNTY. This study aims to investigate the curing process of RTV silicones using the electrical resistance changes of CNTY and the thermoresistive response of CNTY monofilament composites using heating–cooling processes. Two room temperature vulcanizing (RTV) silicones with different properties were used for this purpose. Toward the potential fabrication of integrated thermoresistive sensors that are commensurate with other thermal sensors (thermistors) offering stability, consistency, and low hysteresis, the effect of the temperature rate variation on the thermoresistive response of these CNTY/silicone monofilament composites was also studied.




2. Experimental


2.1. Materials


The CNTY used in this study was fabricated from a vertically aligned CNT array at Nanoworld Laboratories (Cincinnati, OH, USA). The diameter, density, angle of twist, and average electrical resistivity of the densified CNTYs are ~30 μm, ~0.65 g/cm3, ~30° and 1.7 × 10−3 Ω cm, respectively [1,2]. Figure 1 shows images of the twisted yarn obtained by Scanning Electron Microscopy (SEM). Figure 1a shows an image with a magnification of 5000 and Figure 1b shows an image with a magnification of 50,000.



Two commercially available RTV silicones, OOMOOTM 00-30 labeled SR1 and ECOFLEXTM 00-50 labeled SR2 both from Smooth-On Inc. (Macungie, PA, USA) were used as the polymeric matrices by mixing two premixes denoted as a crosslinker and a base polymer with a mixing ratio of 1:1 [16,17]. RTV silicones are mainly crosslinked by two different methods: titanium-catalyzed condensation cure and platinum-catalyzed hydrosilylation addition cure [18,19,20]. SR1 is a condensation-cure silicone in which a silicon-terminated polydimethylsiloxane (PDMS) reacts with an organosilicon crosslinker in the presence of tin (Sn) catalyst [16], and SR2 is an addition-cure silicone rubber [17]. Table 1 shows the description and physical properties of SR1 and SR2, respectively.




2.2. Fabrication of Monofilament Composites


Figure 2 shows the schematic and dimensions of the CNTY/silicone monofilament composites for electrical and thermal measurements. Four electrical copper wires were secured across an acrylonitrile butadiene styrene (ABS) mold at the mid center of the mold to measure the electrical resistance (R) of the CNTY. Then, the CNTY was placed longitudinally at the center of the mold and on top of the copper wires. The CNTY was secured in place using a small tape and it was pretensioned using a small mass (116 mg) to ensure the same configuration in all specimens during the fabrication. An electrically conductive paint from Bare ConductiveTM (Thief River Falls, MN, USA) was used to make ohmic contact between the copper wires and the CNTY at their intersections. The elastic structure of the paint protects the CNTY against stiffening during bonding. Once the paint was dried (about 10–15 min), two parts of each material (SR1 or SR2) were mixed well together with the ratio of 1:1 and poured into the mold using a syringe. Three samples of each material were made for each experiment using the exact same procedure. CNTY/SR1 and CNTY/SR2 specimens were cured at room temperature for 6 h and 3 h, respectively.




2.3. Experimental Setup for Curing and Cyclic Thermoresistive Characterization


To determine the electrical response of the CNTY/silicone monofilament composites during the curing process, the electrical resistance and temperature of three specimens of each monofilament composite were simultaneously measured and acquired at a rate of 1 Hz using NI Signal Express software. Figure 3a shows the schematic of the experimental setup during the curing process. A NI PXI-4072 LCR (Inductance-Capacitance-Resistance) reader mounted on a NI PXI-1033 chassis was used for electrical resistance measurements. The copper wires were attached to the LCR through wire clips for four-point probe measurements in which two probes measure the voltage drop within the inner terminals while a fixed current is applied between the outer terminals. The temperature was continuously measured by inserting a K-type thermocouple at a location close to the CNTY in the mold and connecting it to a NI-9219 reader mounted on a NI cDAQ-9178 chassis. To prevent the temperature fluctuations during the curing process at room temperature (RT~25 °C), the test was done under an insulated chamber.



Figure 3b shows the schematic of the experimental setup for thermoresistive characterization after the curing process of CNTY/silicone monofilament composites. A digital tube oven BR-12NT (Zhengzhou Brother Furnace Co., Ltd., Zhengzhou, China) was used to evaluate the thermoresistive response of the CNTY monofilament composites. The thermoresistive characterization of CNTY/silicone specimens was carried out using three temperature programs. Details of each program are explained in Sections S1, S2, and S3 of the Supplementary Information. The same temperature program was used for each monofilament composite and three replicates were tested for each program. During the temperature programs, specimens were equilibrated for 15 min at RT in stabilization zone (S). In order to evaluate the signal noise level, the signal to noise ratio (SNR) of the fractional change in electrical resistance was calculated according to [10]:


   SNR = 10    log   10   (   (   Δ R    R 0    )   Mean   /   (   Δ R    R 0    )   SD   )  



(1)




where (ΔR/R0)Mean is the mean value of fractional change in electrical resistance and (ΔR/R0)SD is the corresponding standard deviation.



The heating temperature coefficient of resistance (βH) was calculated at heating zones according to:


   β  H    =          Δ R    R 0        Heating     Δ T    



(2)




where (ΔR/R0)Heating corresponds to the fractional change in electrical resistance in heating zones (H1, H2, and H3), and ΔT is the corresponding change in temperature.



Similarly, the cooling temperature coefficient of resistance (βC) was calculated at cooling sections according to:


   β C   =          Δ R    R 0        Cooling     Δ T    



(3)




where (ΔR/R0)Cooling corresponds to the fractional change in electrical resistance in cooling zones (C1, C2, and C3), and ΔT is the corresponding change in temperature.




2.4. Swelling Characterization


To estimate the crosslinking morphology of RTV silicones, 3 cuboid specimens of each material with approximate dimensions of 1 cm by 1 cm by 3 mm thickness were dried in a vacuum oven and weighed (W0). These specimens were immersed in 20 mL of toluene for 48 h at room temperature, and the toluene was renewed every 24 h. The swelled samples were weighed (WSW) and dried in a vacuum oven until a constant weight (   W 0 ′   ) was obtained. The magnitude of soluble fraction (ST) and the degree of solubility (dSW) were determined according to [18,19,20,21]:


   S T =     W 0 ′  −  W 0     W 0 ′     × 100 %   



(4)






   d  SW    =     W  SW   −  W 0     W  SW      × 100 %   



(5)




where ST is the soluble fraction (%), W0 is the initial weight of the sample, WSW is the weight of the swollen sample, and    W 0 ′    is the final weight of the sample.




2.5. Scanning Electron Microscopy


In order to investigate the microstructure of the fracture surface, of CNTY/silicone monofilament composites, scanning electron microscopy (SEM) was conducted using a FEG-SEM field-emission MIRA3 TESCAN SEM (Kohoutovice, Czech Republic) operated at 15 kV.





3. Results


3.1. Electrical Response of CNTY during Curing Process


The change in electrical resistance of the CNTY during the curing process was used to identify the various stages that the RTV silicones undergo during the curing process. Figure 4 shows the fractional change in electrical resistance (∆R/R0) and temperature change (∆T) plotted as a function of time during the curing process of both CNTY/SR1 and CNTY/SR2 specimens. The negligible temperature variation during the experiments is a result of the room temperature oscillation. The data was acquired a few minutes before pouring the premixed polymer into the mold. The close-ups of the initial zone I (inset graphs in the lower right corner of Figure 4a,b) show a sharp decrease in ∆R/R0 (−0.70% in CNTY/SR1 and −0.2% in CNTY/SR2) at the time of pouring the premixed polymer into the mold, which could be attributed to the interaction between the polymer and the CNTY [10]. In zone II, an inter-connected, three-dimensional (3D) network starts to form by a crosslinking reaction between the polymer chains and the crosslinker [16,17] resulting in a sharp increase in ∆R/R0 during the polymerization of SR1 and SR2 (Figure 4a,b). In CNTY/SR1 (Figure 4a), the crosslinking happens by a condensation reaction of methoxy groups in the presence of a tin-based catalyst [16]. The final network consists of viscoelastic crosslinked polymer chains along with a byproduct [16]. The evaporation of the byproduct results in a slight shrinkage (~0.25%) [16] in its 3D network. During the addition reaction of the RTV silicone, SR2, the hydrosilylation between the vinyl and hydride functional groups in the presence of a platinum catalyst results in a faster formation of a covalent 3D network without any side products (Figure 4b) [17]. The shrinkage in the final product is almost negligible (~<0.1%) [17]. ∆R/R0 starts to level off and reaches a plateau for both specimens in zone III. In this zone, the crosslinking reaction is almost completed [16,17]. After polymerization, ∆R/R0 reaches 3.8% in CNTY/SR1 and 3.3% in CNTY/SR2. This final positive residual fractional change in electrical resistance, (∆R/R0)res after completion of the polymerization process is attributed to the crosslinking and formation of a 3D network during the polymerization process. A similar positive residual fractional change in electrical resistance was previously reported by Rodríguez-Uicab et al. during the curing of epoxy resin at RT (~∆R/R0 = 4.1%) [10].



It is observed that the curing process of SR1 and SR2 does not affect the final or residual value of ∆R/R0 significantly (~3.8% in CNTY/SR1 and ~3.3% in CNTY/SR2). The difference between the electrical response of CNTY/SR1 and CNTY/SR2 during the polymerization process could be attributed to the difference in the curing kinetics and crosslinking density during the polymerization process [10,13,14].




3.2. Swelling Experiments of CNTY/Silicone Composites


Swelling/extraction experiments were conducted in order to investigate the effect of crosslinking density on the electrical response of the CNTY/silicone monofilament composites. The average soluble fraction calculated according to Equation (4) was 22.9 ± 0.78% for CNTY/SR1 and 38.21 ± 2.01% for CNTY/SR2 in absolute terms. The average degree of swelling calculated according to Equation (5) was 66.93 ± 4.04% for CNTY/SR1 and 134.35 ± 13.03% for CNTY/SR2. The crosslinking density of the matrix network is inversely proportional to the degree of swelling [18,19,20,21,22,23]. By comparing the results of the swelling experiments, it could be concluded that the larger (∆R/R0)res after completion of polymerization process in CNTY/SR1 could be attributed to the higher crosslinking density in CNTY/SR1, which results in a more compact 3D network and less free volume in its molecular 3D network [22,24]. It could also be concluded that the residual stresses due to chemical shrinkage did not have a dominant effect on the final ∆R/R0 values due to the negligible amount of shrinkage in both monofilament composites [16,17]. According to Table 1, it could also be concluded that due to the high viscosity in both specimens, the ingress of polymer into the porous structure of the embedded CNTY is prevented and only the outer CNT bundles within the cross-sectional area of the CNTY may be affected.




3.3. Electrical Response of CNTY during Heating-Dwell Thermoresistive Characterization


The thermoresistive response of the CNTY/silicone monofilament composites after the curing process was investigated using an incremental heating-dwell temperature program. Details of the temperature program can be found in Section S1 of the Supplementary Information. Figure 5 shows the measurements of ∆T and ∆R/R0 as a function of time for the CNTY/SR1 and CNTY/SR2 monofilament composites. Initially, the specimens were stabilized at RT for 15 min (stabilization zone, S). Small oscillations observed during the stabilization zone in both graphs, could be due to electric noise [25,26] and CNTY’s relaxation effects [27,28]. After the stabilization zone, the temperature increases from RT to ~38 °C (zone H1) and then remains constant in the first dwell zone (D1). In the second heating zone (H2), the temperature increases from 38 °C to 60 °C and remains constant in the second dwell zone (D2). The temperature increases from 60 °C to 80 °C in the third heating zone (H3) and remains constant at the third dwell zone (D3).



The gradual decrease in ∆R/R0 in dwell zones could be related to the thermo-viscoelastic behavior of the silicone matrix and dielectric relaxation effects in the CNTY [28]. This shows that the electrical signal of the embedded CNTY could be sensitive to the polymer stress relaxation [12,29]. The average SNR values were calculated at every dwell zone according to Equation (1). The average SNR values of CNTY/SR1 in D1, D2 and D3 zones were 29.72 ± 1.3 dB, 27.85 ± 1.9 dB, and 28.12 ± 1.7 dB, respectively. The average SNR values of CNTY/SR2 in D1, D2, and D3 zones were 29.72 ± 1.6 dB, 28.2 ± 1.7 dB, and 30.32 ± 0.9 dB, respectively. The SNR values are in agreement with SNR values reported previously [10]. In both graphs of Figure 5, a decrease in the electrical resistance with increasing temperature was observed, which corresponds to a negative TCR (βH). Table 2 shows the TCR values with standard deviations for CNTY/SR1 and CNTY/SR2. This negative thermoresistive behavior was reported previously for individual CNTYs [4,6,10,14], CNTs [30,31] and carbon fibers [32,33], and could be explained by quantum mechanics mechanisms such as variable range hopping (VRH) and fluctuation-induced tunneling (FIT) [34,35]. Increasing temperature can enhance the electron transport at CNT junctions and decrease the electrical resistance of individual CNTs [35], as well as the contact resistance between CNTs [10,15].




3.4. Electrical Response of CNTY during Cyclic Thermoresistive Characterization


A heating–cooling temperature program was also used to evaluate the thermoresistive characterization of CNTY monofilament composites during heating–cooling ramps for each specimen (see Supplementary Information, Section S2). The temperature and fractional change in electrical resistance of the samples were continuously measured throughout the experiment and were plotted against time for both CNTY monofilament composites (Figure 6).



The SNR values of ∆R/R0, calculated at the stabilization zone (S) using Equation (1), were similar to those obtained in Section 3.3 (33.15 dB for CNTY/SR1 and 27.30 dB for CNTY/SR2). After the stabilization zone, two heating–dwell–cooling cycles were repeated for every specimen. Table 3 shows the TCR values with standard deviations of each specimen at heating (βH) and cooling (βC) sections calculated according to Equations (2) and (3), respectively.



A negative and quasilinear thermoresistive response was observed in both graphs, which agrees with the results obtained in Section 3.3. The rationale for this negative thermoresistive behavior was explained in Section 3.3. The temperature coefficients of resistance (thermoresistive sensitivity) of the CNTY/silicone monofilament composites in the heating and cooling zones are of the same order of magnitude.



To study the thermoresistive hysteresis after each cycle, a thermoresistive characterization of CNTY/SR1 and CNTY/SR2 specimens during four continuous heating–cooling cycles was performed according to the temperature program described in Section S3, Supplementary Information. Each cycle corresponds to heating of the samples above RT to 100 °C and cooling back to RT. The electrical resistance and temperature of the specimens were simultaneously measured throughout the heating and cooling sections of the experiment and the graphs were obtained for the last three cycles. The first cycle was not considered in order to disregard any thermal history of the material, which may cause the first cycle to behave differently than the subsequent ones [12,14]. Figure 7 shows the fractional change in electrical resistance as a function of temperature change of the CNTY/silicone monofilament composites. The thermoresistive sensitivity for CNTY/SR1 and CNTY/SR2 was obtained by calculating the average TCR values of three replicates of each specimen during heating–cooling sections according to Equations (2) and (3). The TCR values are shown in Table 4 and are in agreement with the values obtained for CNTY/vinyl ester reported by Balam et al. [14], and for CNTY/epoxy resin reported by Rodríguez-Uicab et al. [10]. It is observed that the intrinsic thermoresistive response of CNTs plays a paramount role in the thermoresistive response of the CNTY and is not affected by the presence of the polymeric matrix.



The decrease in ∆R/R0 by increasing temperature and contrariwise confirms the intrinsic characteristics of the CNTY (negative thermoresistivity) explained in Section 3.3. The heating paths in both specimens showed more nonlinearity than the cooling ones. In both graphs, the initial resistance at the onset of each cycle decreased in comparison with its previous cycle (negative residual fractional change in electrical resistance). The residual fractional change in electrical resistance, (∆R/R0)res, yielded small values (−0.16% for CNTY/SR1 and −0.11% for CNTY/SR2) and the onset and end points are almost at the same location.



To analyze the reproducibility of the heating–cooling cycles, the normalized hysteresis (HN) parameter of each cycle is quantified according to:


    H N   =  H  Δ  T  max   Δ  R /  R  0 max       



(6)




where HN is the normalized hysteresis, H is the area under the hysteresis loop, (∆T)max represents the maximum change in temperature achieved in each cycle, and (∆R/R0)max is the maximum fractional change in electrical resistance associated with the temperature change, see Section S4 in Supplementary Information.



Table 4 shows the thermoresistive parameters of CNTY/SR1 and CNTY/SR2 during the cyclic thermoresistive characterization form RT to 100 °C.



It is observed that the HN value of CNTY/SR1 was 21.85%, which was lower than that of CNTY/SR2 (29.08%). As a reference, Balam et al. [14] reported a HN value of 21.6% during the cyclic thermoresistivity of CNTY/vinyl ester heated above RT. They also reported an average (∆R/R0)res value of −0.22% after each cycle for CNTY/vinyl ester monofilament composites. The higher hysteresis of CNTY/SR2 could be attributed to a lower crosslinking density that yields a less effective 3D network in the silicone matrix and a higher free volume within the polymeric chains [24,36]. By comparing the results of the swelling experiments in Section 3.2, it is observed that CNTY/SR1 could have a higher crosslinking density than CNTY/SR2, and thus restricting the molecular motion of the polymeric chains [18,19,24]. By increasing the crosslinking density, the mobility of the crosslinked segments decreases, and the polymeric chain segments in CNTY/SR1 need more heat to reach the same segment mobility as in CNTY/SR2 [24]. Therefore, by increasing the temperature, the specimens with higher crosslinking density exhibit less deformation in their matrix due to more crosslinking covalent bonds between the polymeric chains resulting in a lower hysteresis in the case of CNTY/SR1 [24,36].




3.5. Scanning Electron Microscopy Characterization


To study the interaction, the level of infiltration and the morphology of the interface between the polymeric matrix and the CNTY, SEM imaging of the fracture surfaces in the CNTY/silicone monofilament composites at 1000× (images on the left) and 5000× (images on the right) was conducted as described in Section 2.5. Figure 8a,c show the representative fractured surface morphology of CNTY/SR1 and CNTY/SR2 at 1000×, respectively. Higher resolution images of the interface between the CNTY and matrix are shown for CNTY/SR1 (Figure 8b) and for CNTY/SR2 (Figure 8d). It is observed that the polymeric matrices have a homogeneous structure in both specimens. The difference in the texture of the polymeric matrices could be attributed to the difference in surface morphologies of SR1 and SR2, and the type of the curing mechanisms [24]. The cross-sectional fracture of the embedded CNTY in both specimens shows the CNT bundles being comprised of thousands of individual CNTs and no evidence of inter-bundles matrix penetration. It can also be observed that there is a weak interface between the CNTY and the polymeric matrix in both specimens, but no CNTY/matrix debonding is detected. The bundles close to the external surface of the CNTY/silicone interface show a slight evidence of polymer infiltration and wetting of the CNT bundles in both specimens. The weak interface between the CNTY and silicone may reduce the presence of residual stresses due to the differential thermal expansion between the CNTY and the polymeric matrix [37]. The high viscosity of the polymeric matrices and low curing temperature in SR1 and SR2 reduce the penetration capability of the polymeric matrix into the CNTY.




3.6. Effect of Heating Rate on Thermoresistive Response of CNTY Monofilaments Composites


The effect of the heating rate on the thermoresistive sensitivity of the CNTY monofilament composites was investigated by heating the specimens from RT to 100 °C at different heating rates (1.66 °C/min, 3.33 °C/min, and 10 °C/min). Three replicates of each CNTY monofilament composite were tested under the same conditions and an average of TCR values was obtained at each heating rate. Figure 9 shows the average TCR values of CNTY/SR1 and CNTY/SR2 versus the heating rate. At 1.66 °C/min, βH was calculated according to Equation (2) and determined to be −5.67 × 10−4 °C−1 and −6.12 × 10−4 °C−1 for CNTY/SR1 and CNTY/SR2, respectively. βH decreased to −5.35 × 10−4 °C−1 and −5.91 × 10−4 °C−1, respectively, by increasing the heating rate (3.33 °C/min). The lowest TCR values, in absolute terms, were observed at the 10 °C/min heating rate (−3.62 × 10−4 °C−1 and −3.75 × 10−4 °C−1 for CNTY/SR1 and CNTY/SR2, respectively).



It was observed that the sensitivity of the embedded CNTY reduces monotonically, in absolute terms, as the heating rate increases. This could be related to the low thermal conductivity in SR1 and SR2 [16,17] due to the dynamics of phonon transport in an elastic medium, which results in a low heat transfer [38,39]. Low thermal conductivity in both polymeric matrices takes a longer time to reach thermal equilibrium within the material. Therefore, by increasing the heating rate, there would be a temperature gradient.





4. Conclusions


An experimental study was conducted to investigate the thermoresistive behavior including the curing process of carbon nanotube yarns (CNTYs) embedded in room temperature vulcanizing (RTV) silicones using the electrical resistance of the embedded CNTY. Two RTV silicones with different curing mechanisms were used for this purpose. The residual fractional change in electrical resistance increased up to 3.8% for CNTY/SR1 and 3.3% for CNTY/SR2 after completion of the polymerization process. The fractional change in electrical resistance curve is concomitant with the polymerization curve in both specimens. The positive change in the electrical resistance during the curing process of both specimens correlates with the weak interaction between the polymer and the CNTY. High viscosity of the polymer matrix reduces infiltration through the porous structure of the embedded CNTY resulting in a weak interface between the matrix and CNTY. A thermoresistive characterization of CNTY/silicone monofilament composites was conducted using different temperature programs above room temperature. An average negative temperature coefficient of resistance of heating and cooling sections (−8.36 × 10−4 °C−1 for CNTY/SR1 and −7.26 × 10−4 °C−1 for CNTY/SR2) was observed for the embedded CNTYs, which could be explained by the intrinsic negative thermoresistive behavior of CNTYs and the exponentially decaying dependence of electrical conductivity of the yarn with temperature. The cyclic thermoresistive response of CNTY/silicone monofilament composites were determined from RT to 100 °C. CNTY monofilament composites showed a negligible negative residual fractional change in electrical resistance (~−0.11% for CNT/SR1 and ~−0.16% for CNTY/SR2) by returning almost to the initial value. The hysteresis upon heating–cooling cycles was about 21.85% for CNTY/SR1 and it increased to 29.80% for CNTY/SR2. The results of swelling experiments would predict higher values of crosslinking density in CNTY/SR1 in comparison to CNTY/SR2, which could be attributed to their different curing mechanisms. SEM images confirm a weaker interface and poorer interaction between the CNTY and silicone in CNTY/SR2 compared with CNTY/SR1. The effect of heating rate on the thermoresistive response of the CNTY was investigated by heating the monofilament composites from RT to 100 °C at different rates. It was observed that the thermoresistive sensitivity decreases by increasing the heating rate, which could be attributed to the development of a thermal gradient in the low electrically conductive polymeric matrices. A better understanding of the thermoresistive response of CNTY monofilament composites under various temperature programs increases the know-how toward the potential development of CNTY sensors integrated within the structures and their implementation as thermistors.
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Figure 1. Scanning Electron Microscopy (SEM) images of CNTY: (a) 5000×; (b) 50,000×. 
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Figure 2. Schematic and dimensions of CNTY/silicone monofilament composite specimens. 
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Figure 3. Schematic of the experimental setup for the: (a) curing process; (b) temperature programs. 
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Figure 4. Temperature change and fractional change in electrical resistance during the curing process of: (a) CNTY/SR1; (b) CNTY/SR2. Insets: details of zone I. 
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Figure 5. Temperature change and fractional change in electrical resistance during increasing-dwell temperature program of: (a) CNTY/SR1; (b) CNTY/SR2. 
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Figure 6. Temperature change and fractional change in electrical resistance during heating/cooling cycles of: (a) CNTY/SR1; (b) CNTY/SR2. 






Figure 6. Temperature change and fractional change in electrical resistance during heating/cooling cycles of: (a) CNTY/SR1; (b) CNTY/SR2.



[image: Carbon 07 00060 g006]







[image: Carbon 07 00060 g007 550] 





Figure 7. Cyclic thermoresistive response (fractional change in electrical resistance versus temperature) above RT of: (a) CNTY/SR1; (b) CNTY/SR2. 
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Figure 8. SEM images of the cross-section of CNTY/silicone matrix. CNTY/SR1 at: (a) 1000×; (b) 5000×. CNTY/SR2 at: (c) 1000×; (d) 5000×. 
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Figure 9. Temperature coefficient of resistance of CNTY/SR1 and CNTY/SR2 monofilament composites for various heating rates, respectively. 
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Table 1. Description and physical properties of polymeric matrices [16,17].
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Code

	
Description and Curing Conditions

	
Physical Properties




	
Viscosity

(cP)

	
Density

(g.cm−3)

	
Shrinkage

(%)






	
SR1

	
OOMOO 00-30

1:1 by volume

Condensation-cure at RT (25 °C) for 6 h

	
4250

	
1.34

	
0.25




	
SR2

	
ECOFLEX 00-50

1:1 by volume

Addition-cure at RT (25 °C) for 3 h

	
3000

	
1.07

	
<0.1
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Table 2. Temperature coefficients of resistance extracted during heating-dwell temperature program.
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Zone

	
Temperature Coefficient of Resistance (βH) × 10−4 [°C−1]




	
CNTY/SR1

	
CNTY/SR2






	
H1

	
−5.50 ± 0.4

	
−5.44 ± 0.3




	
H2

	
−6.28 ± 0.3

	
−5.70 ± 0.3




	
H3

	
−9.45 ± 0.8

	
−8.31 ± 0.8











[image: Table] 





Table 3. Temperature coefficients of resistance extracted during heating–cooling temperature program.
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Zone

	
Temperature Coefficient of Resistance (βH, βC × 10−4 [°C−1]




	
CNTY/SR1

	
CNTY/SR2






	
H1

	
−6.42 ± 0.02

	
−5.53 ± 0.46




	
H2

	
−6.45 ± 0.45

	
−6.33 ± 0.14




	
C1

	
−3.81 ± 1.35

	
−3.29 ± 0.32




	
C2

	
−5.01 ± 0.12

	
−5.01 ± 0.21
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Table 4. Cyclic thermoresistive parameters of: (a) CNTY/SR1; (b) CNTY/SR2.
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	Material
	βH × 10−4 [°C−1]
	βC × 10−4 [°C−1]
	(∆R/R0)max [%]
	(∆R/R0)res [%]
	HN [%]





	CNTY/SR1
	−7.80 ± 0.07
	−8.92 ± 0.07
	5.86 ± 0.30
	−0.16 ± 0.2
	21.85 ± 0.5



	CNTY/SR2
	−6.58 ± 0.08
	−7.94 ± 0.07
	5.02 ± 0.08
	−0.11 ± 0.05
	29.80 ± 1.2
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