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Abstract
Cellulose nanofibrils (NFCs) are slender nanoparticles with outstanding mechanical properties. NFCs are used to enhance the mechanical properties of polymer matrices and to fabricate dense and transparent nanopapers. However, the reinforcing effect of these nanoparticles is not as efficient for the elastic properties as expected from the classical models for polymer composites. In this study, model nanocomposite films made of TEMPO-oxidized NFCs and polyethylene oxide (PEO) were prepared by varying the NFC content over a wide range. The structural properties of these materials were characterized using AFM, TEM, SEM-FEG and XRD. These techniques showed that the fabricated nanocomposites consisted of dense networks of tortuous NFCs with planar and random orientations. DMA experiments revealed that the cohesive bonds between NFCs greatly contributed to the overall elastic response, even for low NFC contents. From these observations, we have developped an original multiscale network model that describes the elasticity of NFC nanocomposites where the governing deformation mechanisms occurred at the numerous bonds between NFCs and in the NFC kinked regions, whereas the crystalline domains were considered to be rigid bodies. This approach led to the formulation of an analytical expression for the stiffness tensors of nanocomposites and nanopapers and revealed the effects of the network structure on their mechanical responses. 
1. Introduction
Cellulose nanofibrils (NFCs) are renewable semicrystalline nanofibers that are the main reinforcing constituents of plant cell walls [1]. They are commonly isolated from cellulosic fibers using a combination of chemical and mechanical treatments. The most commonly used pre-treatment to obtain suspensions of well individualized NFCs is TEMPO-mediated oxidation of cellulose fibers [1-2]. These nanofibers can be used to manufacture many promising materials including yarns, foams and composites [1]. Polymer nanocomposites reinforced with cellulose nanofibrils (NFCs) as well as dense and transparent NFC nanopapers have received considerable attention over the last ten years. One of the main reasons for the growing interest in utilizing NFCs as reinforcing nanoparticles in composites stems from the possibility of exploiting both their outstanding intrinsic mechanical properties and their pronounced slenderness (100 < l/d < 500). These emerging biobased nanomaterials, often produced in the form of films, have great potential in a wide variety of applications, such as electronics [3] and packaging [4].
When they are well-dispersed in polymer matrices, NFCs provide a considerable reinforcing effect, even at very low volume fractions [5]. In general, NFC-reinforced polymers exhibit a drastic increase in both their elastic and plastic properties. The elastic properties of NFC nanocomposites and nanopapers increase linearly with the NFC volume fraction Φ. Surprisingly, the elastic moduli of these materials are systematically lower than the theoretical predictions of most of the classical micromechanical models that were developed for fiber-reinforced polymer composites, papers or non-woven fabrics [6-7]. For instance, Josefsson et al. [7] reported that various analytical micromechanical models, namely, classical laminate theory and the Tsai–Pagano, Cox and Krenchel models, failed to predict the macroscale elastic properties of NFC-reinforced nanocomposites and nanopapers. Using these models to estimate the NFC elastic moduli led to values that were much lower than those commonly reported in the literature. Several factors could explain this discrepancy: (i) the dispersion of NFCs in polymer matrices, (ii) the description of NFC nanosctructure (e.g., the spatial distribution and conformation of NFCs, the presence of defects along the nanofibers, etc.) considered in analytical estimates and (iii) the complexity of the governing deformation mechanisms at the NFC scale. 

In this context, the objective of this study is to develop from an experimental database, an analytical multiscale model for the prediction of the elastic properties of model NFC-reinforced nanocomposites and nanopapers. The developed model takes into account the tortuosity of TEMPO-oxidized NFCs and their spatially heterogeneous mechanical properties related to both the semicrystalline regions and kink zones. The model also takes into account the complexity of the networks formed by NFCs and their associated deformation mechanisms.
2.
Materials and methods

2.1 Nanocomposite processing
TEMPO-oxidized NFC suspensions (1 wt%) were prepared from a commercial eucalyptus bleached kraft pulp (Celbi, Portugal) using the procedure reported by Martoïa et al. [8]. A analysis of the microstructures showed that TEMPO-oxidized NFC suspensions were homogeneous and contained a very large amount of small and slender individualized fibrils (Fig. 1). Even if the precise determination of the size of these very slender elements is still challenging, the dimensions of the NFCs were determined from the TEM images (Fig. 1). We measured a mean diameter d of 4 nm and a mean length l of 1200 nm, i.e., a mean aspect ratio r = l/d ≈ 300. Also, TEM images revealed that the NFCs were tortuous and consisted of an assembly, on the average, of nseg = 7 slender straight segments with a mean length lseg = 169 nm interspersed with kinks or curved regions. The mean misorientation angle θseg between each consecutive segment of a NFC was close to 0.4 rad.
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Figure 1. TEM micrographs of the dry NFC suspensions after negative staining with 2 wt% uranyl acetate.

Polyethylene oxide (PEO) with a viscosity average molecular weight Mv of 1 000 000 (Sigma Aldrich, France) was first dissolved in deionized water to obtain a 1 wt% solution. Then, various amounts of NFC suspensions were added into the PEO solutions to prepare PEO/NFC mixtures containing 0, 5, 10, 15, 20, 30, 40, 50, 60, 70, 80, 90, and 100 wt% of NFCs. The mixtures were homogenized using a disperser (IKA T5, digital Ultra-Turrax) at 5000 rpm for 30 s and then placed in ultrasonic baths for 5 min to remove the air bubbles entrapped in the mixtures. Nanocomposites were obtained by casting the mixtures in circular Teflon molds with 150 mm diameter and drying under a fume hood at room temperature (T ≈20°C). The mean thickness of the nanocomposite films e ≈ 15-20 µm was measured using a digital paper micrometer, and the basic weight W was determined by measuring the weight of 70 mm×60 mm rectangular specimens of films. The NFC volume fractions were calculated using the film density ρ = W/e and the NFC mass fraction of each constituent x, i.e., Φ=x ρ/ρNFC, with ρNFC = 1500 kg m-3.
2.2 Microstructure characterization
The surface of the nanocomposites was observed using a Nanoscope III AFM (Veeco, Canada) operating in tapping mode with an OTESPA silicon cantilever (Bruker, USA) at different locations over scanning regions of 3 µm×3 µm and 1.1 µm×1.1 µm. The microstructure of the nanocomposite films was observed by scanning electron microscopy (SEM). Some films were fractured after freezing in liquid nitrogen and surface coated with a thin (2–3 nm) layer of Au/Pd. Secondary electron images of the material cross section were recorded in high vacuum using a Zeiss Ultra 55 microscope equipped with a field emission gun (FEG) and operating at 2 kV. Other films were embedded in Epon resin and the resulting blocks were surfaced with a diamond knife in a Leica Ultracut UC6 ultramicrotome in order to visualize the cross-section of the films. The blocks were observed in a low pressure of air (40 Pa) with a FEI Quanta-FEG 250 microscope operating at 3 kV. Transmission electron microscopy (TEM) was also used to characterize the inner structure of NFC nanopapers. Ultrathin (50–70 nm) cross-sections of Epon-embedded strips of NFC films were cut at room temperature using a Leica Ultracut UC6 ultramicrotome and collected on carbon-coated TEM grids. All specimens were observed in a Philips CM200 microscope operating at 80 kV and the images were recorded on Kodak SO163 films.The nanobril orientation in the nanocomposites was assessed by X-ray diffraction (XRD). Strips of cellulose films were fixed on a 0.2 mm collimator in such a way that they were oriented parallel or perpendicular to the X-ray beam. The specimens were X-rayed in transmission mode in a vacuum chamber with a Ni-filtered CuKa radiation (λ = 0.1542 nm), using a Philips PW3830 generator operating at 30 kV and 20 mA. 
2.3 Mechanical testing
Uniaxial tensile tests were conducted on rectangular specimens (mean width ≈ 4 mm and mean initial length l0 ≈ 40 mm) at a constant strain-rate of 0.01 using an electromechanical testing machine (Instron 5960, France) equipped with a force sensor of 50 N. Before testing, nanocomposites were stored for at least 1 day under controlled conditions: T ≈ 25°C and 56% relative humidity. Thermomechanical measurements were performed using a DMA (TA Instruments RSA3, USA) in tensile mode. The tests were performed at a constant frequency of 1 Hz and with a strain amplitude of 0.05% on rectangular specimens (mean width ≈ 4 mm and mean initial length l0 ≈10 mm). The rectangular samples were heated from 300 to 450 K at 5 K min-1.
3.
Experimental results

3.1 Microstructure of NFC-reinforced nanocomposite films
The AFM and SEM micrographs of the nanocomposites films showed that the nanofibers were homogenously distributed in the PEO matrix (Fig. 2a). Indeed, neither NFC aggregates nor sedimentation of the fibrous reinforcement were observed. In addition, the AFM micrographs of the surface of NFC-reinforced nanocomposites (Fig. 2a) and nanopapers (not shown) revealed that NFCs were entangled at the nanoscale. These observations were confirmed by the TEM image of an ultrathin crosssection of a nanopaper shown in Fig. 3c. However, even using high-resolution imaging techniques, the observations of the fibrillar architecture and the presence of pores in the bulk of the materials still remains challenging. 
The overall orientation of the nanofibrils in the PEO/NFC nanocomposites with varying NFC contents 

was evaluated by XRD diffraction. All the X-ray diffraction patterns gathered in this study, confirmed that most NFCs were randomly oriented within the plane of the films. This is consistent with the layered texture which was observed in the SEM-FEG micrographs in Figs. 2b and 3b. Therefore, in the following, we considered that NFC nanopapers and nanocomposites could be regarded as mostly planar fibrous microstructures.
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Figure 2. (a) AFM micrograph of the surface of a nanocomposite film (Φ = 0.14), (b) SEM-FEG image of the cross-section of a fractured nanocomposite film (Φ =0.31). The inset shows a X-ray diffraction pattern of a nanocomposite (Φ =0.31) oriented parallel to the X-ray beam. 
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Figure 3. (a-b) SEM-FEG images of the cross-sections of a TEMPO-oxidized NFC nanopaper. In Fig. b, the inset shows a X-ray diffraction pattern of a nanopaper oriented parallel to the X-ray beam. (c) TEM micrograph of the ultrathin transverse section of the NFC nanopaper. 
3.2 Mechanical behaviour
Fig. 4a shows that the elastic modulus E of the nanocomposites increased linearly with increasing nanofiber content Φ. The variation of E with Φ was nicely fitted using Cox's model for planar fibrous structures with random orientations, i.e., with ECOX = ΦENFC/3. However, this result was obtained for a irrealistic low value of the NFC Young's modulus of ENFC = 35 GPa (Fig. 4a). This suggests that the elastic behavior of the studied nanocomposites and nanopapers is ruled by microstructures and elementary deformation mechanisms different from those assumed in Cox's theory [9]. Indeed, in the model proposed by Cox [9], each fiber is straight and assumed to extend elastically from one side of the network to the other (elastic infinite bars), carrying only axial load and without interacting with neighboring fibers. 
The DMA curves in Fig. 4b provide evidence of the progressive thermal stabilization of the PEO matrix for T > Tm =338 K with increasing the NFC content. The PEO matrix exhibited the typical behavior of a soft thermoplastic polymer: the dynamic modulus E’ decreased with increasing temperature T before suddenly collapsing close to the melting temperature Tm = 338 K. Above this temperature the matrix exhibited a fluid-like behavior. The nanocomposites displayed a very different

mechanical response: for T < Tm, the dynamic modulus E’ was almost constant and then slightly decreased at T = Tm before reaching a second plateau for T >> Tm. In this situation, the material exhibited a solid-like behavior and did not flow even at very high temperature. This peculiar behavior is inherent to nanocomposites that are reinforced with a sufficient amount of cellulosic nanofibers and is usually attributed to the presence of a continuous rigid network of NFCs connected via cohesive hydrogen bonds [10]. Hence, cohesive bonds between NFCs greatly contribute to the overall elastic response of the considered nanocomposites and nanopapers, even for low NFC contents.
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Figure 4. Evolution of the elastic modulus E as a function of the nanofiber content Φ. The lines show the predictions of Cox's model for different values of NFC elastic moduli. (b) Normalized dynamic tensile modulus E’/E’313K as a function of the temperature at 1 Hz for various NFC-reinforced nanocomposites. 
4.
Micromechanical modeling

3.1 Microstructure idealization and micromechanical assumption

The network model described in this study was built on several assumptions related both to the fibrous NFC architectures and deformation mechanisms at the NFC scale. From the analysis of TEM and AFM images and XRD patterns of NFCs and NFC nanocomposites, realistic elementary volumes of the fibrous nanostructures (Fig. 5a) were numerically generated using a procedure reported in Martoïa et al. [11]. Hence, several microstructural descriptors, such as the mean number of contacts per nanofiber, were determined. In particular, these numerical results showed that the mean number of contacts per nanofiber Zh was very high for the investigated range of NFC contents: Zh increased from 16 for Φ≈0.03 up to Zh ≈ 490 in pure NFC nanopapers. Thus, the considered NFC-based nanocomposites and nanopapers are highly connected fibrous materials in which contact micromechanics is a crucial parameter in the theoretical modeling. Hence, the elasticity of the NFC-based nanocomposites and nanopapers was interpreted in light of the NFC network mechanics, assuming that their properties were mainly governed by the fibrous architectures and their mechanics (the mechanics of nanocomposites was assumed to be weakly affected by the presence of the PEO matrix). To study the mechanics of the NFC networks and, consequently, the mechanics of the nanocomposites with equivalent nanofiber contents, it was assumed that NFCs were slender and kinked beams consisting of an average of nseg = 7 straight and mostly crystalline rods linked by short less organized or damaged regions. Each kink (noted ba) with a length la = d was assumed to be an amorphous or disordered cellulose region. Kinks were assigned a mean elastic modulus of Ea = 5 GPa and, assuming a Poisson ratio of ν = 0.3, a mean shear modulus of Ga =1.9 GPa. In contrast, the semicrystalline rods of length lc = 167 nm (Fig. 5a) were assigned a mean longitudinal elastic modulus of Elc ≈120 GPa, a mean transverse modulus of Etc ≈40 GPa and, assuming a transverse Poisson ratio of ν = 0.3, a mean transverse shear modulus of [image: image6.png]Cc= (kag(nse, 1) + kyZt 12‘ (1 - "7,',4)) nd2i2,,A



Gtc 19 GPa. Moreover, as it has already been reported in many theoretical and numerical studies dealing with the mechanics of papers and NFC nanopapers [12], the elastic deformations of the fiber-to-fiber bond regions also play significant roles in their elasticity. In accordance with these studies, it was assumed that NFCs were connected through rod–rod elastic bonds bh.

While subjecting such idealized NFC networks (Fig. 5a) to macroscopic mechanical loadings, each inter-contact NFC segment could be stretched, sheared, bent and twisted. Likewise, at Φ = 0.5, the length λ ≈ l/Zh of the semicrystalline rod segments and the length la of kinks were practically equal. Thus, as the elastic properties of the semicrystalline rod segments were ten times higher than those of amorphous regions, it was reasonable to assume that their deformation was negligible compared with that of amorphous kinks. At higher NFC contents, this assumption was even more valid because the length of the semicrystalline rod segments decreased and consequently, their stiffness increased. Thus, at least for Φ >0.5, the micromechanics was reduced to the problem of quasi-rigid beams, namely, the semicrystalline rodlike segments linked by amorphous kinks or bonds ba and hydrogen bonds bh in each NFC–NFC contact zone. Below Φ = 0.5, its validity becomes questionable. These elements were then implemented in a theoretical upscaling technique in which additional kinematical assumptions were stated (further details are reported in Martoïa et al. [13]) to obtain a compact and analytical estimate for the stiffness tensor ℂ:
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where A is the fourth-order rod orientation tensor [14].
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Figure 5. (a) Example of an idealized NFC network with a low nanofiber content Φ = 0.01 and with random planar orientation. The mean orientation vectors pi of each tortuous NFC i were represented using a stereographic projection along the e2 direction.Young's modulus E of the films as a function of the NFC content Φ. The continuous red line shows the prediction of the micromechanical model stated in Eq. (1). The other black lines represent the contributions that are induced by the kink bonds Ea (dash-dotted line) and NFC–NFC bonds Eh (continuous line). The fits were obtained using an equivalent bond stiffness of 7.44 ×1015 Nm-3. The grey dashed lines are the prediction of Cox's model.
3.2 Model prediction and discussion
The bond stiffnesses ka and kh were the only remaining parameters of the model (Eq. 1) to be determined. A first order estimate of the shear stiffness of the kinks ka is Ga/la. By introducing this estimate into Eq. (1), the macroscale amorphous contribution Ea to the overall Young's modulus E was estimated. This contribution is shown in Fig. 5b. Similarly, with the knowledge of Ea, the bond stiffness kh was estimated from the best fit of the overall Young's modulus E to the experimental data. We found that kh = 7.44×1015 N m-3. This led to the macroscale contribution Eh plotted in Fig. 5b. The curves plotted in Fig. 5b showed the predominant role played by the amorphous or damaged kinks on the elastic properties. The contribution of the NFC–NFC bonds was significant for the highest NFC contents.The NFC–NFC bond stiffness was very low compared with the theoretical estimate of this property, assuming a simple shear of a perfect, bonding region between contacting NFCs. Irregular and partial bonding surface areas as well as poor physicochemical interfacial bonding mechanisms could explain these low values.

5.
Conclusions
The objective of this study was to relate the macroscale elasticity of NFC-reinforced polymer nanocomposites and NFC nanopapers to their complex nanostructures and deformation mechanisms. The nanostructure of these materials was studied using AFM, TEM, SEM-FEG and XRD, showing that NFCs formed intricate planar fibrous networks. Tensile tests revealed that their elastic moduli increased linearly as a function of the NFC content. In addition, DMA tests showed a progressive thermal stabilization of the polymer matrix with increasing NFC content. This particular thermomechanical behavior was attributed to the presence of a continuous and rigid network of NFC connected through cohesive hydrogen bonds.
Based on these observations a multiscale model was developed to predict the elastic properties of NFC nanocomposites and nanopapers. The upscaling approach was based on the theoretical framework of the homogenization with multiscale asymptotic expansions for discrete structures. In the proposed model, the deformation of the nanocomposites was assumed to be loacalized at the numerous NFC–NFC interfaces between NFCs and in the less organized NFC regions, whereas the semicrystalline NFC regions were considered to be rigid bodies because of their high intrinsic stiffness compared with the kink zones. Furthermore, the role of the polymer matrix was reasonably neglected. The model prediction showed the predominant role played by the amorphous or damaged kinks on the elastic properties of NFC nanocomposites and nanopapers. The contribution of the NFC–NFC bonds was significant for the highest NFC contents. The developed original modeling approach provides a practical framework and offers new possibilities for optimizing the structural, mechanical properties of NFC nanopapers and NFC nanocomposites. Furthermore, the developed approach could easily be extended to the prediction of the mechanical and physical properties, e.g. the thermal or electrical properties, of a broad family of nanopapers and nanocomposites reinforced with nanofibers, such as carbon nanotubes, or graphene.
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