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Abstract

:

We investigated the reinforcement behavior of small amounts of chemically unmodified cellulose nanofiber (CNF) in eco-friendly natural rubber (NR) nanocomposites. For this purpose, NR nanocomposites filled with 1, 3, and 5 parts per hundred rubber (phr) of cellulose nanofiber (CNF) were prepared by a latex mixing method. By using TEM, a tensile test, DMA, WAXD, a bound rubber test, and gel content measurements, the effect of CNF concentration on the structure–property relationship and reinforcing mechanism of the CNF/NR nanocomposite was revealed. Increasing the content of CNF resulted in decreased dispersibility of the nanofiber in the NR matrix. It was found that the stress upturn in the stress–strain curves was remarkably enhanced when the NR was combined with 1–3 phr CNF, and a noticeable increase in tensile strength (an approximately 122% increase in tensile strength over that of NR) was observed without sacrificing the flexibility of the NR in the NR filled with 1 phr CNF, though no acceleration in their strain-induced crystallization was observed. Since the NR chains were not inserted in the uniformly dispersed CNF bundles, the reinforcement behavior by the small content of CNF might be attributed to the shear stress transfer at the CNF/NR interface through the interfacial interaction (i.e., physical entanglement) between the nano-dispersed CNFs and the NR chains. However, at a higher CNF filling content (5 phr), the CNFs formed micron-sized aggregates in the NR matrix, which significantly induced the local stress concentration and promoted strain-induced crystallization, causing a substantially increased modulus but reduced the strain at the rupture of the NR.
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1. Introduction


Natural rubber (NR), a natural polymer of cis-1,4-polyisoprene obtained from natural sources, is an important raw material in the rubber industry. NR is known to have excellent mechanical properties due to its stretchable nature and its ability to crystallize after stretching [1,2]. It is, therefore, widely used in the rubber industry to manufacture rubber products, specifically, automobile tires, vibration insulators, and surgical gloves [3,4,5,6]. In the manufacturing process, NR is often added with fillers to achieve a desirable reinforcement, lower its price, and improve processability.



Currently, the addition of cellulose nanofibers (CNFs) as a load-bearing filler has received significant attention for the formulation of high-performance polymer nanocomposites due to the outstanding mechanical properties presented by these CNFs. The CNFs were reported to exhibit high Young’s moduli (~100–160 GPa) [7,8,9,10,11] and high strength (~1.6–3 GPa) [12,13]. Due to the impressive mechanical properties of CNF, along with its inherent biodegradability, abundant availability, renewability, and low density, several research groups have investigated the use of CNF in a wide variety of polymers, such as thermosets/thermoplastics [14,15,16], biodegradable polymers [17,18,19], and synthetic rubbers [20,21,22,23]. Over the years, CNFs have become a potential nano-filler candidate to be combined with NR. Abraham et al. [24] dispersed CNF together with sulfur and zinc-based crosslinking agents in an NR matrix using an NR latex mixing method, and they found that the introduction of increasing CNF contents (1–10 wt% based on the weight of the dried NR) markedly increased the tensile modulus and strength of the NR. Similar observations have also been presented by other authors [25,26,27,28]. These authors have ascribed the properties increase in the NR to the establishment of a chemical network of Zn/cellulose nanofiber complex in the NR. Kato et al. [28] reported a great increase in the reinforcing efficiency of pristine CNFs in NR with increasing the filling level from 1 to 5 wt%. The use of chemically modified CNFs further increased the stiffness and reduced the thermal expansion of the NR nanocomposite due to the finely dispersed CNF and the formation of chemical crosslinks between the CNF and the NR. Owing to the above observations, the findings have clearly shown that both CNF dispersion and bonding strength at the interface between the CNF and the NR were the main reasons for the rise in mechanical and thermal properties at low levels of addition.



Due to the stereoregularity of NR, the crystallization in NR under deformation, called strain-induced crystallization (SIC), presents a major interest in rubber technology. The formation of crystallites in a natural rubber network leads to a strengthening of this material, providing NR with a self-reinforcement character [29,30,31]. Generally, it is well-established that the strain-induced crystallization of NR is sensitive to the microstructure of the NR network and its changes during deformation [1,32]. Furthermore, the presence of popular nano-fillers such as nanoclay, silica, carbon black, carbon nanotubes, and graphene was found to activate an early crystallization, as well as promote the overall crystallization of NR during uniaxial deformation [4,5,33,34,35,36]. Recently, Wongvasana and co-workers [37] was the first group to compare the structure–property relationship of NR nanocomposites reinforced with nanoclay and CNF at a filling level of 5 phr. The results from this study showed clear distinctions between the nanoclay and the CNF in terms of their reinforcing effects and mechanisms. The nanoclays were found to finely disperse in the NR, and they effectively increased the crystalline phase in the NR due to the orientation of the NR chains introduced by the cooperation of the clay rotation and crosslinking in the NR network during stretching. As a consequence, the 5 phr nanoclay/NR nanocomposite exhibited high tensile strength and breaking strain. On the contrary, the CNF at a content of 5 phr formed an aggregated structure consisting of entangled nanofibers dispersed in the NR. The CNF aggregates were shown to impart high stiffness to the NR, with a low breaking strain. Interestingly, the ability of the aggregated CNFs to induce the NR crystallization upon stretching was also noted, even at low strain of approximately 150%.



NR has shown different mechanical properties when combined with different loadings of fillers [4,38,39]. Previous works [4] have shown that the microstructure of NR was changed by the dispersed fillers and their contents, and the NR microstructure strongly affected the strain-induced crystallization and mechanical properties of the NR nanocomposites. Up to now, studies on the strain-induced crystallization of NR reinforced with CNF have been very limited, and therefore, information on the mechanistic reinforcement is not adequate for the development of eco-friendly and sustainable materials which require the effective use of CNFs.



In this study, we aimed to explore CNF’s effects and the structures they form at different contents on the properties of NR. Pristine CNFs were used at concentrations of 1, 3, and 5 phr. The use of CNF without chemical modification is of benefit to manufacturing from an economical and environmental perspective. The CNFs were mixed with NR using a latex mixing method, as previously outlined in the literature [37], and crosslinked with dicumyl peroxide (DCP) to obtain CNF/NR nanocomposites. The neat NR was prepared and used as a control. To clarify the CNF’s effects on the mechanistic reinforcement of the NR at different contents, we investigated the microstructures, mechanical properties, bound rubber contents, crosslink densities, and strain-induced crystallization levels of the CNF/NR nanocomposites by transmission electron microscopy (TEM), tensile tests, dynamic mechanical analyses, measurements of bound rubber, solvent-induced swelling, and gel contents, and wide-angle X-ray diffraction (WAXD), respectively.




2. Materials and Methods


2.1. Materials


High ammonia (HA) concentrated natural rubber (NR) latex containing a dry rubber content (DRC) of 60% was supplied by Yala Latex Co., Ltd. (Yala, Thailand). Cellulose nanofibers (CNF, Nanoforest-S) made from wood pulp using the aqueous counter collision (ACC) method were kindly supplied by Chuetsu Pulp and Paper Co., Ltd. (Tokyo, Japan). Dicumyl peroxide (DCP) was manufactured by Wuzhou International Co., Ltd. (Shenzhen, China), and 2, 2, 4-trimethyl-1,2-dihydroquinone (TMQ) was supplied by Lanxess AG (Cologne, Germany). Paraffinic oil (white oil grade A, no. 15) was provided by China Petrochemical International Co., Ltd. (Shanghai, China).




2.2. Preparation of CNF/NR Nanocomposites


The CNF/NR nanocomposites were prepared through the latex mixing method schematically shown in Figure 1. In the latex mixing method, the aqueous CNF suspension (1 wt%), obtained by mixing the CNFs in water, as outlined in the literature [37], was firstly mixed with NR latex under vigorous stirring (600 rpm) at room temperature for 30 min using an IKA® RW 20 digital mixer (IKA®-Werke, Staufen, Germany). The obtainable CNF/NR mixtures having amounts of CNF of 1, 3, and 5 phr were then dried at 50 °C for 2 days. The dried CNF/NR masterbatches were later compounded with the rubber additives in a Hakke internal mixer (Thermo Electron Corporation, Karlsruhe, Germany) at a temperature and rotor speed of 50 °C and 60 rpm, respectively, for 12 min. The compositions of the CNF/NR nanocomposite compounds are listed in Table 1. The compounded CNF/NR nanocomposites were crosslinked with DCP in a hot-pressing machine at 160 °C for 10 min. The neat NR used as a reference specimen was also prepared using the same procedure as described above. Photographs of the NR and NR nanocomposite samples are shown in Figure 1. The chemically unmodified CNF-reinforced NR was visibly transparent at CNF filling levels of 1–5 wt%. In this study, the DCP-crosslinked NR nanocomposites with 1, 3, and 5 phr CNF were designated CNF1/NR, CNF3/NR, and CNF5/NR, respectively.




2.3. Characterization


2.3.1. Transmission Electron Microscopy (TEM)


TEM was used to study the dispersion of the CNFs in the CNF/NR nanocomposites. TEM imaging was conducted using a JEOL JEM 2010 (JEOL Co., Tokyo, Japan). Ultra-thin sections (approximately 100 nm) were cut with a diamond knife at a temperature of −120 °C using an ultramicrotome (RMC MT-XL, RMC Products Group, Ventana Medical System, Inc., Oro Valley, AZ, USA).




2.3.2. Wide-Angle X-ray Diffraction (WAXD) Measurements


The degree of crystallinity in the NR and the CNF/NR nanocomposites during tensile stretching was assessed by wide-angle X-ray diffraction (WAXD) using a NANO-Viewer system (Rigaku Co., Ltd., Tokyo, Japan). Cu-Kα radiation with a wavelength of 0.154 nm was generated at an accelerated voltage of 46 kV and a target current of 60 mA. The sample-to-detector distance was 15 mm. An imaging plate (IP) (Fujifilm BAS-SR 127) was used as a two-dimensional detector and an IP reading device (R-AXIS Ds3, Rigaku Co., Japan) was used to transform the obtained image to text data. The sample was stretched in steps after WAXD measurements at a fixed strain using a miniature tensile machine (Imoto Machinery Co., Ltd., Kyoto, Japan). The exposure time was 15 min at room temperature (20 °C). The scattering intensity was corrected with respect to the exposure time, the sample thickness, and the transmittance.



The area of the crystalline diffraction peaks assigned to the (200) and (120) planes and the area of the amorphous halo were fitted using Origin®9.1 software. The value of Xc was calculated using Equation (1):


   X c  =    A c     A c  +  A a    × 100   % ,  



(1)




where Ac represents the areas of the crystalline region and Aa corresponds to the amorphous region.




2.3.3. Mechanical Property Measurements


The mechanical properties were measured on a Hounsfield Tensometer (H10KS, Hounsfield Test Equipment Co., Ltd., Surrey, UK) at a temperature of 25 ± 2 °C with an extension rate of 500 ± 50 mm/min by ASTM D412. The dumb-bell-shaped specimens were cut from the crosslinked rubber films. An average of ten specimens was considered for the tensile test.




2.3.4. Dynamic Mechanical Analysis (DMA)


The dynamic mechanical properties of the NR and the CNF/NR nanocomposites were measured using an advanced rheometric expansion system rheometer (model ARES-RDA W/FCO, TA Instruments Ltd., New Castle, DE, USA). The storage modulus (E′) and loss factor or damping factor (tan δ = E″/E′, where E″ is a loss modulus) were determined with the tension mode at temperatures ranging from −95 °C to 80 °C using a heating rate of 2 °C/min, a frequency of 1.0 Hz, and a dynamic strain amplitude of 0.5%.




2.3.5. Bound Rubber


Bound rubber measurements were performed to determine the physical linkages between the rubber and the CNF. Approximately 0.2 g (g) of uncured rubber compounds contained in a metal cage were immersed in 20 mL of toluene at room temperature for 3 days, with the solvent replaced every day. Then, the samples were removed from the toluene solvent and dried at 105 °C until they reached a consistent weight. The bound rubber content was estimated using the following equation [40]:


  B o u n d   r u b b e r    %  =    W  f g   −  W f     W p    ,  



(2)




where Wfg represents to the weighted sample after immersion, Wf is the weight of the CNF in the specimen, and Wp refers to the weight of the NR in the specimen.




2.3.6. Gel Content


Gel content measurements were performed to measure the extent of the crosslinking of the NR phase in the NR and the CNF/NR nanocomposites. Specimens weighing between 0.17 and 0.20 g were cut into small pieces and directly immersed in a 250 mL round bottom boiling flask containing ~100 mL of toluene and attached to a condenser. The gel content determination was carried out for 8 h. The insoluble residues were taken out and dried at room temperature for 48 h prior to weighting. The gel content was calculated using the following equation [41]:


  G e l   c o n t e n t   = 100 −        W  f i n a l       1 − F     W r u b b       ×   100   ,  



(3)




where Wfinal is the weight of the sample after extraction, Wrubb is the initial weight of the rubber in the sample, and F is the volume fraction of the filler.






3. Results and Discussion


3.1. Dispersion of CNF in the CNF/NR Nanocomposites


The effect of the CNF content on the filler dispersion state in the NR matrix was examined by the TEM technique, and the results are shown in Figure 2 and Figure 3. Figure 2 shows TEM photomicrographs of thin sections of the CNF/NRs containing 1, 3, and 5 phr CNF taken at low magnification levels. In the early work of Thomas et al. [25], in a TEM photograph of NR without filler, the absence of fillers was apparent. However, the obtained TEM images of the NR nanocomposites concerning the dispersion of the CNF showed the CNF structure in the NR matrix. The sizes of the CNFs in the various CNF/NR samples were measured from the TEM images using Image J software, and their sizes were represented by the thicknesses. The results are given in Table 2. From Figure 2A–C, it can be seen that different grades of CNF dispersion were formed in the NR matrixes, depending on the content of CNF. It has been reported that individual CNFs obtained from wood sources had thicknesses of approximately 3–5 nm [13,42,43]. Based on the measured sizes of the nanofibers shown in Figure 2 and Table 2, it was clear that the CNF1/NR consisted of CNFs which were separate from the nanofiber and bundles of nanofibers due to high extent of CNF-CNF interactions via the hydrogen bonding of the active hydroxyl group (-OH) on the CNF surfaces [14,22,44]. When the addition of the CNFs was increased to 3 phr, the nanofibers were held together to form fiber bundles, and their thicknesses were apparently increased (Figure 2B and Table 2). With further addition of CNFs of up to 5 phr, the CNFs were mostly aggregated, and the aggregated dimensions were approximately 1–3 µm (Figure 2C and Table 2). At higher magnification, as shown in Figure 3, the TEM images clearly displayed the nanofiber structure in the CNF1/NR sample and the aggregated structure composed of highly entangled nanofibers in the CNF5/NR sample. In an early work by Fiorote et al. [45], the effect of CNF content (0.5, 1, 2.5, and 5 phr) on the morphology of CNF/NR nanocomposites was investigated. The results showed that the degree of nanofiber dispersion decreased with increasing contents of CNF. Similarly, Zhang et al. [46] incorporated CNFs of different contents (1–10 phr) in NR nanocomposites, and they demonstrated that poor nanofiber dispersion was observed for the nanocomposites loaded with CNF in the amounts of 5 and 10 phr. In this study, the findings from the TEM analysis led to the conclusion that there was a homogeneously dispersed, nano-sized CNF in the CNF1/NR sample and a micro-sized domain of aggregated nanofiber in the CNF5/NR sample.




3.2. Stress-Strain Behavior of NR and CNF/NR Nanocomposites


Figure 4 shows the representative stress–strain behavior of the CNF/NRs filled with different CNF contents. As can be seen in Figure 4, it was obvious that the characteristic stress–strain curves of the NR, CNF1/NR, and CNF3/NR samples, but not that of the CNF5/NR sample, were very similar; that is, their stresses gradually increased as a function of the applied strain and turned upward sharply beyond a certain strain, as indicated by the arrows. It was also interesting to see that the upward turn was pronounced upon the addition of the CNFs into the NR. In the unfilled NR, the abrupt upturn of stress at high strains was generally assigned to the strain-induced crystallization (SIC) process [4,47,48]. Conversely, the CNF5/NR sample showed a different stress–strain behavior. The tensile stress exerted on this sample was dramatically raised upon stretching until it reached the rupture stress at low applied strain (~300%), where the abrupt upturn in stress was about to occur. As we clearly demonstrated that the CNFs in the CNF5/NR sample were inhomogeneously dispersed in the NR (Figure 2 and Figure 3), the aggregated nanofibers in the CNF5/NR sample could have acted as crack precursors that reduced the breaking strain of the NR.



The tensile moduli at 50%, 100%, and 300%, as well as the tensile strength, strain at break of the NR, and various CNF/NRs, were also compared, as shown in Table 3. These results clearly showed the influence of the different CNF addition levels on the mechanical properties of the NR nanocomposites. The tensile moduli at 50%, 100%, and 300% strains obviously increased with the increasing CNF content. Several authors have reported a dependence of the modulus of a polymer on the filler content [49,50,51]. In Table 3, it is seen that the increases in the moduli at the 50%, 100%, and 300% strains of the NR were significant in the CNF5/NR sample (the increases were 110%, 304%, and 420% for the 50% modulus, 100% modulus, and 300% modulus, respectively). The tensile strength of the CNF/NR samples increased when CNFs were incorporated at 1 phr, and then they leveled off as the CNF contents of 3–5 phr were added. For the CNF1/NR sample, it was seen that the tensile strength of the CNF1/NR sample was remarkably improved by approximately 122% over that of the NR, and its strain at break was approximately 757% comparable to that of the NR (which had a breaking strain of approximately 759%). The high tensile strength and good flexibility may be ascribed to the well-dispersed CNFs in the CNF1/NR sample. The crosslink density determined from the equilibrium swelling measurement is also included in Table 3. In general, the crosslink density of a composite material is a measure of the filler–rubber interaction [27,39]. Based on the data, it was clear that increments in overall crosslink density resulted from more interaction between the CNF and the NR. Therefore, the addition of more CNF caused higher restricted NR chain mobility, which accounted for the increase in the tensile modulus and the decrease in the rubber flexibility. However, the tensile strength was inconsistently increased with the increasing crosslink density.



Based on these observations, a noteworthy result obtained was that the characteristic stress–strain behaviors of the NR and the NR nanocomposites with lower CNF contents (1–3 phr CNF) were clearly distinguishable from those of the high CNF content samples (5 phr CNF). Furthermore, the tensile properties of the NR nanocomposites changed in variation with the incorporated CNF contents. To explain these observations, a study on the microstructural evolution of NR networks in various CNF/NR samples using WAXD analysis was carried out, and their features of strain-induced crystallization were compared and are discussed in the next section.




3.3. Strain-Induced Crystallization of the NR and the CNF/NR Nanocomposites


Figure 5 displays two-dimensional (2D) WAXD images of the NR and the CNF/NR samples containing 1, 3, and 5 phr CNF at various applied strains.



Figure 5 shows that the different positions of the reflection spots seen in these photographs were assigned to different crystallographic planes, and the crystallographic planes that corresponded to (200) and (120) were of interest. It was clear that the applied strain had a significant impact on the patterns in the WAXD images. At strains of 0 and 150%, no reflection spots were observed in these images due to the fact that no crystallization had occurred. On the other hand, several reflection spots belonging to different crystallographic planes appeared when the samples were stretched up to strains of approximately 175–300%. These reflection spots became more pronounced, with increasing deformations, suggesting that the strain promoted crystallization and molecular chain orientation [3].



To obtain clear information about strain-induced crystallization in the CNF/NR samples, the 2D WAXD data were transformed into 1D data, and the results are shown in Figure 6. Figure 6 shows the 1D WAXD patterns of the NR and the various CNF/NR samples selected at strain levels of 200%, 300%, and 450%. The diffraction peaks observed at 2θ of approximately 16° and 24° corresponded to the (200) and (120) planes [52,53]. No crystal peaks were observed at 200% strains for the NR, CNF1/NR, and CNF3/NR samples, indicating crystallization had not occurred in these samples. The crystallization in the NR, CNF1/NR, and CNF3/NR samples was initially seen at a strain of 300%, in which the two diffraction peaks at 2θ of approximately 16° and 24° were observed. These two peaks became more pronounced with further deformation, implying the enhancement of the crystallinity with the strain. Unlike the NR and CNF/NR samples with 1–3 phr CNF, the diffraction peaks corresponding to the (200) and (120) planes in the CNF5/NR sample were observed at a low strain of 200%, suggesting an early crystallization process in this sample. Since the CNF5/NR sample was broken at strain of approximately 300%, no further enhancement of crystallinity was observed in this sample.



Based on the 1D WAXD images, the crystallinity (Xc) of the stretched NR and different CNF/NR samples could be estimated using Equation (1). The Xc results are shown in Figure 7.



Figure 7 shows the change in crystallinity degree (Xc) as a function of the applied strain for the NR and the various CNF/NR samples filled with different amounts of CNFs. It was obvious that the Xc of all samples increased with the increasing strain, indicating that the crystallization of the NR and the nanocomposites was caused by tensile deformations. The Xc values of the NR and the CNF1/NR and CNF3/NR samples were initially seen at a strain of approximately 300%. This implied that the onset strains of the strain-induced crystallization in these three samples were similar. The variation in Xc upon stretching and at the same strain levels was also comparable among these samples, suggesting that the crystallization process that took place in the NR was similar to those of the CNF1/NR and CNF3/NR samples, even though the latter contained CNF as reinforcement. Therefore, the characteristic patterns of the stress–strain curves of the NR and the CNF/NR samples containing 1 and 3 phr CNF were very similar, as discussed earlier (Figure 4). On the other hand, the CNF5/NR sample showed a dramatic decrease in strain value (175%) at the onset of crystallization and a progression of crystallization with increasing the applied strain from 175% to 225%. No further deformation and crystallization developed because the sample had failed (~300% strain). It was proposed that the immobilized NR chains at the surface of the aggregated CNF contributed to the local stress concentration and the strain-induced crystallization behavior in the CNF5/NR sample [37], and thereby, they significantly increased the moduli at different strains (Figure 4 and Table 3). As the CNF5/NR sample was strained up to approximately 300%, the amount of local stress concentration was significantly high, which resulted in the quick failure of the CNF5/NR sample.



The most surprising aspect of the above observations was that the accelerated straininduced crystallization was not detected in the CNF/NR samples with comparatively lower CNF contents (1–3 phr), and their degrees of crystallization upon stretching did not depend on their CNF content, though the tensile properties showed different variations. Thus, further investigations to reveal the influence of CNF concentration on the nanocomposite structure and their reinforcement effects through DMA analysis, bound rubber formation, and gel content measurement were performed.




3.4. Dynamic Mechanical Properties of the CNF/NR Nanocomposites


Figure 8 shows the correlation between the storage modulus (E′) and the damping factor (Tan δ) as a function of the temperature for the NR and the CNF/NR samples containing 1, 3, and 5 phr CNF. Generally, the addition of CNF significantly enhanced the E′ in a rubbery state and decreased the tan δ, reflecting the influence of CNF on the reinforcement of the NR. The values of E′ at 25 °C, the tan δmax of the NR (the height of the tan δ peak), and the glass transition temperature (Tg) of the NR and the CNF/NR samples are also listed for comparison in Table 4.



As can be seen from Figure 8A and Table 4, the inclusion of CNF improved the E′ of the NR at 25 °C, and the magnitude of the increment increased with increasing CNF contents. This resulted from the rubber being more rigid as a result of the higher filling levels of CNF [37]. The rigidity of the pristine CNF could impede the movement of the chain segment of the NR through the filler–rubber interfacial actions [14,54]. Thus, in our study, it was likely that that the improvement in the E′ at 25 °C could mainly attributed to the physical interaction or entanglement between the pristine CNFs and the NR chains in the CNF/NR samples. Moreover, it was seen that the pristine CNFs reduced the tan δmax of the NR depending on the amount of CNF. The reduction in the tan δmax with the increasing CNF contents indicated the higher restricted movement of the NR chain segments at the interface of the CNF and the NR [37,55,56,57]. The glass transition temperature illustrated by the tan δ peak temperature of the NR (−60.1 °C) was systematically shifted to higher temperature as the CNF content was increased. When the NR chains adhered to the surfaces of CNFs via interfacial interactions, as discussed previously, a higher energy was required to achieve the same level of chain segment movement in the CNF/NR samples than in the neat NR. Similar results have been found in CNF-reinforced polyethylene oxide (PEO) [14] and styrene-butadiene (SBR) nanocomposites [22]. Therefore, the lowering of the tan δmax and the increment of the Tg with the incorporated CNF further substantiated the interfacial interaction between the nanofibers and the NR at the interface of the CNF/NR samples. Owing to the results demonstrated by the DMA technique, the CNF-reinforced NR nanocomposites showed better dynamic properties than the NR due to the interfacial reinforcement in the CNF/NR nanocomposites.




3.5. Bound Rubber and Gel Content of the CNF/NR Nanocomposites


Table 5 shows the effect of CNF concentration on bound rubber and gel content formation. The bound rubber is a measure of the elastomer adsorption onto the filler surface [40,58], while the gel content reveals information about the chemical crosslink density in the NR network [59].



It was seen that bound rubber was not detected in the CNF1/NR and CNF3/NR samples. This implied that the NR molecules did not interact chemically with the reinforcing nanofibers and they could be readily removed from the unreacted CNF1/NR and CNF3/NR compounds after being immersed in toluene for a given period of time. On the other hand, the CNF5/NR sample in which the nanofibers were mostly aggregated (Figure 2C and Figure 3B) showed a significant bound rubber content of approximately 9.06%. It was shown that the non-extractable NR observed in the CNF5/NR sample was formed by the insertion of NR chains into the aggregated CNFs. These inserted NR chains led to a number of immobilized NR chains and a significant local stress concentration, which had a large influence on the tensile properties and crystalline formation in the CNF5/NR sample, as discussed earlier in our previous work [37]. These results suggested that the NR chains were not inserted into the CNF bundles of the CNF1/NR and CNF3/NR samples.



Considering the data of gel content measurements in Table 5, it was clearly seen that each gel content of the NR and the CNF/NR samples filled with 1, 3, and 5 CNF phr was not different, meaning that the incorporation of CNF did not change the degree of chemical crosslinking in the NR by the peroxide vulcanization. Therefore, the changes in the mechanical properties of the CNF/NR nanocomposites were largely governed by the CNFs’ dispersibility and their microstructure formations. Unlike the CNF5/NR sample, the NR nanocomposites reinforced with relatively lower CNF contents, particularly the CNF1/NR sample, showed high levels of improvement in the tensile strength of the NR, with good flexibility, even though the acceleration of the strain-induced crystallization by the CNF incorporation and the bound rubber in this sample were not observed. These results may interestingly suggest a different reinforcement mechanism of the CNFs in the NR nanocomposites with relatively low (1 phr) and high (5 phr) CNF contents.




3.6. Model of Reinforcement Mechanism


Based on the observations mentioned above, we proposed a mechanistic model explaining the reinforcement of the CNF/NR nanocomposites with low CNF contents, as depicted in Figure 9. The focus was on the NR nanocomposites filled with 1 phr CNF, as the reinforcement mechanism of the NR nanocomposites containing high CNF loading (5 phr) was well-described in our earlier publication [37]. It should be noted here that the CNF1/NR sample exhibited separate nanofibers and small bundles of a nano-sized scale (Figure 2(A)), implying that the surface area of the CNF for the interaction with the NR in this sample was relatively high.



In an unstretched state, the long chains of the NR molecules would most likely interact with the single CNF and bundled CNFs through physical entanglement, as shown in Figure 9. Upon tensile stretching, the NR network was deformed, whereas the stiff CNF was not deformed. Theoretically, in a classical model of short-fiber composites, the reinforcement of rigid fiber occurs through the transfer of tensile stress from the matrix to the fiber by means of interfacial shear stress [60,61]. By this mechanism, the tensile stress in the NR was built up by the transfer of the shear stress from the NR to the CNF across the CNF/NR interface. Therefore, the CNF in the CNF1/NR would contribute to carry more tensile stress upon deformation, owing to relatively large interfacial area for the stress transfer from the CNF to the NR. However, the nano-sized CNFs prevented the NR chains from aligning and crystallizing because of the lack of stress concentration at the interface between the CNF and the NR chains in the CNF1/NR sample. As a result, enhancement of the strain-induced crystallization caused by the nanofiber was not observed in the NR nanocomposites containing small amounts of CNF. On the other hand, the presence of the local stress concentration at the interface between the aggregated CNF and the NR caused by the mutually entangled structure of the CNF aggregates and the NR chains, as demonstrated by the bound rubber measurements (Table 5), was the main factor for the acceleration of the strain-induced crystallization at the low strain in the CNF5/NR sample (Figure 5, Figure 6 and Figure 7). When the tensile deformation reached a strain of 300%, crystallization was observed in the CNF1/NR sample, which was due to the strain-induced crystallization by the short NR chains around the dense crosslinking points. The crystallization of the NR matrix progressively increased with the applied strains because the strain caused the orientation and alignment of the NR chains. At a large tensile deformation (>600% strain), the interfacial shear stress at the interface region between the CNF and the NR was significantly high, leading to a large increase in load bearing in the CNF and, thus, a significant enhancement of the NR reinforcement. The breaking strain of CNF1/NR was also comparable to the neat NR owing to the stretching without debonding at the CNF1/NR interface by the interaction through the physical entanglement.





4. Conclusions


We found the reinforcement behaviors of small amounts of chemically unmodified cellulose nanofiber (CNF) in eco-friendly natural rubber (NR). The tensile modulus and the storage modulus of the CNF-reinforced NR increased with increasing CNF concentrations. The NR nanocomposite with 1 phr CNF showed the maximum tensile strength, which was an approximate 122% increase over that of the NR, together with a large strain at break (757%). The CNF in amounts of 1–3 phr were well-dispersed in the NR matrixes, without microscaled aggregation, leading to significant enhancements in stress upturn during stretching. However, it was observed that the addition of CNF at low concentrations (1–3 phr) did not participate in the strain-induced crystallization process of the NR, and their degree of crystallinity was not dependent on the CNF filling contents. Therefore, the high tensile strength for the 1 phr CNF-filled NR nanocomposite was based on the increase in the dispersion state of the CNF, which, in turn, increased the CNF/NR interaction for the effective stress transfer capability from the NR to the embedded CNF. On the other hand, at a filling content of 5 phr CNF, the nanofibers were aggregated, resulting in a local stress concentration and accelerated strain-induced crystallization. This contributed to a high tensile modulus but low tensile strength and strain at break. Thus, this study revealed that the effects of CNF on the mechanistic reinforcement of NR varied depending on the different CNF filling concentrations.
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Figure 1. Schematic diagram of the preparation of the NR and the CNF/NR nanocomposites. 
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Figure 2. TEM images of (A) CNF1/NR, (B) CNF3/NR, and (C) CNF5/NR at low magnification (X5,000). 
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Figure 3. TEM images of (A) CNF1/NR and (B) CNF5/NR at high magnification (X15,000). 
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Figure 4. Stress–strain curves of the NR and the CNF/NR nanocomposites. 
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Figure 5. Typical two-dimensional WAXD images as a function of the applied strain for the NR and the CNF/NR nanocomposites. 
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Figure 6. The 1D WAXD patterns of the NR and the CNF/NR nanocomposites measured at strains of (A) 200%, (B) 300%, and (C) 450%. 
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Figure 7. Degree of crystallinity (Xc) as a function of the applied strain for the NR and the CNF/NR nanocomposites. 
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Figure 8. Variations in (A) storage modulus (log E′) and (B) tan δ as a function of temperature for the NR and the CNF/NR nanocomposites. 
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Figure 9. Proposed model for the strain-induced crystallization mechanism of the CNF/NR nanocomposite with 1 phr CNF. 
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Table 1. Formulation of the NR and the CNF/NR nanocomposites.
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Ingredients

	
Parts per Hundred Rubber (phr)




	
NR

	
CNF1/NR

	
CNF3/NR

	
CNF5/NR






	
NR

	
100

	
100

	
100

	
100




	
CNF

	
-

	
1

	
3

	
5




	
Paraffinic oil

	
20

	
20

	
20

	
20




	
TMQ

	
2

	
2

	
2

	
2




	
DCP

	
1

	
1

	
1

	
1
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Table 2. Dimensions of the dispersed CNFs in the CNF/NR nanocomposites.
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	Samples
	Dimension Range of CNFs

(nm)
	Average Thickness of the CNFs

(nm)





	CNF1/NR
	3–184
	65 ± 63



	CNF3/NR
	30–345
	140 ± 99



	CNF5/NR
	1000–3000
	1700 ± 700
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Table 3. Summary of the mechanical properties of the NR and the CNF/NR nanocomposites.
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	Samples
	50%

Modulus (MPa)
	100%

Modulus (MPa)
	300%

Modulus (MPa)
	Tensile Strength

(MPa)
	Elongation at Break

(%)
	Crosslink

Density

(×10−5 mol/g)





	NR
	0.22 ± 0.02
	0.24 ± 0.03
	0.49 ± 0.06
	3.26 ± 0.66
	759 ± 20
	3.22 ± 0.20



	CNF1/NR
	0.23 ± 0.03
	0.35 ± 0.02
	0.70 ± 0.06
	7.26 ± 1.03
	757 ± 38
	3.67 ± 0.14



	CNF3/NR
	0.42 ± 0.05
	0.76 ± 0.08
	1.56 ± 0.16
	3.08 ± 0.47
	470 ± 43
	4.79 ± 0.20



	CNF5/NR
	0.50 ± 0.06
	0.90 ± 0.03
	2.55 ± 0.43
	2.56 ± 0.31
	302 ± 21
	4.92 ± 0.11
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Table 4. Storage moduli (log E′) at 25 °C, maximum tan δ peaks (tan δmax), and glass transition temperatures (Tg) of the NR and the CNF/NR nanocomposites.
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	Samples
	Log E′ at 25 °C

(MPa)
	Tan δ max
	Tg

(°C)





	NR
	5.79
	2.85
	−60.1



	CNF1/NR
	6.18
	2.55
	−59.2



	CNF3/NR
	6.21
	1.71
	−58.9



	CNF5/NR
	6.30
	1.64
	−58.1
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Table 5. Bound rubber contents and gel contents of the NR and the CNF/NR nanocomposites.
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	Samples
	Bound Rubber

Content

(%)
	Gel Content

(%)





	NR
	N/A
	80.12 ± 0.11



	CNF1/NR
	N/A
	80.24 ± 0.32



	CNF3/NR
	N/A
	80.38 ± 0.08



	CNF5/NR
	9.06 ± 1.18
	80.43 ± 0.73
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