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The focus of this study is to investigate the capabilities of three dimensional (3D) RVE models in predicting the tensile modulus of carbon nanotube/polypropylene (CNT/PP) composites, which differ slightly in the dispersion, agglomeration, and orientation states of CNT within the PP matrix. The composites are made using melt mixing followed by either injection molding or melt spinning of fibers. The dispersion, agglomeration, and orientation of CNT within the PP are experimentally altered by using a surfactant and by forcing the molten material to flow through a narrow orifice (melt spinning) that promotes alignment of CNT along the flow/drawing direction. An elaborate image analysis technique is used to quantify the CNT characteristics in terms of probability distribution functions (PDF). The PDF are then introduced to the 3D RVE models that also account for the CNT–PP interfacial interactions. It is concluded that the 3D RVE models can accurately distinguish among the different cases (dispersion, distribution, geometry, and alignment of CNT) as the predicted tensile modulus is in good agreement with the experimentally determined one.
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INTRODUCTION

Polymer nanocomposites (PCNs) reinforced with carbon nanotube (CNT) can exhibit improved mechanical properties, high electrical and thermal conductivity, resistance against corrosion, noise damping, thermal stability over metallic materials, and many more (Godovsky, 2000; Mylvaganam and Zhang, 2007). Preliminary studies demonstrate that the addition of up to 3 wt%, of CNT can improve the properties substantially, compared to the properties of the host polymer (Andrews et al., 1999; Qian et al., 2000; Kumar et al., 2002; Liang et al., 2009). CNT has the potential to provide lightweight and multifunctional composites with superior mechanical properties (Chen and Liu, 2004) for various applications, including aerospace structures, sporting goods, automotive components, consumers electronics, optical barriers, electromagnetic interference shielding, transmission line cables, and nanosensors (Calvert, 1999; Ajayan and Tour, 2007; Mylvaganam and Zhang, 2007; Endo et al., 2008).

Despite their great potential, the property enhancement that is currently realized in CNT/polymer composites is much lower than expected mainly due to non-uniform dispersion and non-homogeneous distribution of CNT, random orientation and waviness of CNT within the polymer, inefficient load transfer from matrix to CNT, etc. (Du et al., 2007; Jancar et al., 2010; Song et al., 2013; Liu and Kumar, 2014; Peponib et al., 2014). Non-uniform dispersion of CNT results in CNT agglomerates that act as stress concentration sites. On the other hand, non-homogeneous distribution of CNT leads to uneven stress transfer between the polymer and CNT in presence of an applied mechanical load. The random orientation and waviness of CNT, with respect to the applied load direction and the presence of agglomerates result in drastic reduction of the effective CNT length and thus of the CNT reinforcing efficiency (Fisher et al., 2002; Shi et al., 2004; Anumandla and Gibson, 2006). The CNT–polymer interfacial interactions are also important as they dictate the performance of the PNCs, including modulus, strength, and stiffness (Andrews et al., 2002; Luo et al., 2007). Therefore, more research is needed in order to realize the full potential of CNT/polymer composites in engineering applications. In addition, there is lack of systematic approaches that can eliminate the time intensive and cost inefficient “trial-and-error” approaches often used and facilitate manufacture of CNT/polymer composites with engineered properties. Such an approach should be based on up-front computational design tools (Pucha and Worthy, 2014) with minimum experimental iterations.

Continuum mechanics based finite element analysis (FEA) methods have been successfully used to investigate the mechanical behavior of PNCs reinforced with CNT (Liu and Chen, 2003; Chen and Liu, 2004; Gade, 2005; Hu et al., 2005; Wan et al., 2005; Ashrafi and Hubert, 2006; Pantano et al., 2008; Hernández-Pérez and Avilés, 2010). FEA has also been used to study the interfacial stress transfer and possible stress singularities (Xu and Sengupta, 2005), as well as the effect of interphase thickness on the elastic properties of PNC (Wan et al., 2005; Hernández-Pérez and Avilés, 2010). The effect of CNT waviness, orientation and random distribution in polymers, and the failure of PNC have also investigated using FEA (Fisher et al., 2002, 2003; Shi et al., 2004; Anumandla and Gibson, 2006). In these studies, random distribution of CNT characteristics within the polymer is considered, which is due to the difficulty in experimentally quantifying their distribution within the polymer. Efforts to experimentally determine the distribution of CNT characteristics have been made (Yokozeki et al., 2010; Young et al., 2010; Blighe et al., 2011); however, only qualitative information was provided. Image analysis techniques of electron microscopy have been used to quantitatively characterize CNT dispersion, distribution, and orientation state in polymer (Gommes et al., 2003; Thostenson and Chou, 2003; Sarkar and Banerjee, 2004; Fan and Advani, 2005; Wang et al., 2006). However, such techniques are either not automated to analyze large number of CNT or cannot account for all the CNT characteristics together and therefore are not capable of giving an estimate of the synergistic effect of all the factors on the overall properties of the composites.

Each of the models discussed above provides important and unique contributions to the modeling of nanoscale carbon reinforced polymers. However, a comprehensive three dimensional (3D) RVE model to capture the synergistic effect of all the CNT characteristics on the composites elastic modulus and that is sensitive enough to differentiate between composites with small changes in the microstructure is absent. This study fills this gap, i.e., it investigates the ability of a multi-CNT 3D RVE model, developed combining image analysis approach and finite element method (FEM), as presented in our previous studies (Bhuiyan et al., 2012, 2013), to capture small changes in the CNT characteristics, such as dispersion, distribution, orientation, and waviness of CNT, within the polymer matrix and provides a systematic approach to understand the synergistic effect of these CNT characteristics, which can be altered by processing conditions, on the elastic properties of PCNs. Such an approach has the potential to lead to composites with engineered properties.

EXPERIMENTAL

Materials Used and Fabrication of Composites

The polypropylene (PP) (trade name: pro-fax 6301 with melt flow index of 12 g/10 min) purchased from LyondellBasell, Lansing, MI, USA and Multi-walled CNT were purchased from Cheap Tubes, VT, USA. The specifications of the CNT as provided by the supplier are outer diameter (OD): 20–30 nm, inner diameter (ID): 5–10 nm, length: 10–30 μm, purity: >95 wt%, ash: <1.5 wt%, specific surface area: 110 m2/g, density: ~2.1 g/cm3, and electrical conductivity: >100 S/cm.

Carbon nanotube/PP bulk composites with CNT content from 0 to 5 wt% were made by using the coating method described in Kalaitzidou et al. (2007), according to which the PP powder is coated with CNT, followed by melt compounding and injection molding. A DSM Micro 15 cc Compounder (vertical, corotating twin-screw micro extruder) and a 10-cc injection molding machine were used. The conditions used are mixing time of 3 min, Tbarrel = 180°C and screw speed of 245 rpm. The mold temperature and the injection pressure were set to Tmold = 80°C and ~758 kPa, respectively. CNT/PP fibers were made using a fiber spinning set up consisted of a single holed spinneret of 0.8 mm diameter, two 10.5 cm diameter rolls (take-up and collection rolls) with independent speed controls and a heating zone set to 80°C between them through which fiber is passed as it is drawn. Fiber take-up and collection is done at 200 and 800 mm/min, respectively, resulting in a fiber draw ratio of 4. Sodium dodecylbenzene sulfonate (SDBS) (chemical formula C12H25C6H4SO3Na) was used as surfactant to improve the dispersion of CNT within the polymer. SDBS and CNT at 1:1 weight ratio were dispersed in 100 ml of H2O through sonication (Q700 Sonicator, QSONICA) for 2 h at ambient temperature. The suspension was then dried in a vacuum oven at 60°C and the dried mixture of CNT and surfactant was mixed with PP powder manually and fed into the extruder for melt mixing and injection molding.

Characterization of Composites

The tensile properties of bulk composites were determined using Instron 33R-4466 apparatus with a 500 N load cell according to ASTM D638. The tensile properties of the fibers were determined according to ASTM D3822 using an Instron with a 2.5 N load cell. A single fiber was fixed on the specific fiber test tab with 25.4 mm gage and tested at a rate of 25.4 mm/min.

The distribution of CNT diameter (used as a measure of CNT agglomeration), the CNT orientation, waviness, and spatial distribution within the PP matrix were evaluated by studying the polished and etched surfaces, details can be found in Bhuiyan et al. (2013), of CNT/PP composites using SEM (Zeiss Ultra 60-SEM, accelerating voltage of 5 kV). About 15 SEM images, taken from various locations of the composites surface, were used so that a statistically meaningful distribution of the CNT characteristics could be obtained. A typical SEM image of 4 wt% CNT/PP composites is presented in Figure 1A. The CNT/polymer interphase was characterized using AFM in terms of its’ thickness and stiffness, as we reported in our prior studies (Bhuiyan et al., 2012, 2013).
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FIGURE 1 | (A) Representative SEM image of 4 wt% CNT/PP composites; (B) definition of in-plane (φ) and out-of-plane (θ) angles used to describe CNT orientation.



Determination of the Probability Distribution Functions of CNT Characteristics

The probability distribution functions (PDF) of the CNT orientation were determined based on the CNT geometry and footprint just below the polished surface shown in the SEM images. The CNT projection on the plane (polished surface) can be an ellipse or a circular disk depending on the CNT inclination below the surface (Kawamura et al., 2005). The two angles θ and φ, which define the 3D orientation of each CNT (Hine and Duckett, 2004), can be obtained by measuring the elliptical parameters that are the center of the ellipse (xc,yc), the major (2a) and minor (2b) axes, and the in-plane angle (φ), all shown in Figure 1B. Specifically, the out-of-plane angle θ is defined as the angle formed between the CNT and the injection/applied load direction (z axis), while the angle φ is defined as the angle that the ellipses major axis makes with the x-axis in the x–y plane (Hine and Duckett, 2004; Velez-Garcia et al., 2012). An image analysis algorithm using a series of SEM images was used to determine 2a, 2b, θ, φ, and the center of ellipses.

However, using just the elliptical marks creates ambiguity in the determination of the in-plane angle φ. As indicated in the schematic of Figure 1B there can be two possible orientation configurations, (θ, φ) and (θ, φ + π), for the same elliptical cross section in the x–y plane that cannot be distinguishable. This ambiguity is resolved by using the dark regions, “etch marks,” around the CNT cross sections shown in the SEM images. These etch marks are amplified by chemical etching of the polished surface, which removes a thin polymer layer exposing some portion of the CNT underneath the surface being studied. The way the etch marks are related to the CNT orientation and the correction methodology for the in-plane angle are also shown in Figure 1B. If the etch mark is located at the opposite side with respect to the measured in-plane angle then no correction is required. A correction of φ = φ + π is applied when the etch mark is in the same side with the measured in-plane angle (Kawamura et al., 2005; Velez-Garcia et al., 2012).

The CNT diameter is determined based on the major (2a) and minor (2b) axes, see Figure 1B, of the CNT cross sections shown in the SEM images. Using the following three criteria the diameter of CNT is calculated: (i) if for a CNT cross section the major axis equals the minor then the CNT diameter = 2a = 2b; (ii) if the major axis is larger than 2*2b, then the CNT diameter = 2b; (iii) CNT diameter = (2a + 2b)/2 for all other cases (Bhuiyan et al., 2013).

The CNT spatial distribution was determined using a method developed for studying the spatial distribution of fibers in polymer composites (Fischer and Eyerer, 1988). The two parameters R and α, shown in Figure 2A, are chosen in a convenient relation to the coordinates of the CNT centroids and are used to describe the spatial position of the CNT. Specifically, R is the distance between the CNT cross-section centroid (xc, yc) and the origin, defined as, [image: image1] and α is the angle between the x axis and R defined as [image: image1]. In this schematic, circular and elliptical cross sections represent CNT that are perpendicular and at an angle to the plane, respectively.
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FIGURE 2 | (A) CNT cross sections as extracted from SEM images using binary conversion to determine spatial distribution; (B) schematic of a wavy CNT with the definition of measured parameters used to determine CNT waviness (Bhuiyan et al., 2013).



Figure 2B shows the CNT parameters measured, in order to determine CNTs waviness distribution, from the SEM images captured from surfaces that are parallel to the injection/applied load direction of CNT/PP composites. These parameters are the distance between the endpoints of a CNT (lep) and the length of the CNT (lCNT ) and are measured using a modified image analysis algorithm originally developed for extracting the network geometry of 3D collagen gels (Stein et al., 2008). The algorithm is based on a principle of nucleation and local maxima points. Using the distance function and parameters set by the user; the program finds nucleation points and maps the CNT network through the local maxima points. The concept is then extended to output both the length and the endpoint to endpoint distance of the CNT. The straightness parameter (Ps) (Rezakhaniha et al., 2012), defined by Eq. 1, is used to characterize the CNT waviness. Ps value is bounded from 0 to 1, with Ps ~ 1 indicating a totally straight CNT whereas Ps ~ 0 indicates high degree of waviness.

[image: image1]

where lep = distance between the CNT endpoints, lCNT = Length of the CNT, Ps = straightness parameter (CNTs are very wavy if Ps = 0; and CNTs are straight if Ps = 1).

MODELING OF CNT/PP COMPOSITES

Three dimensional RVE models that consist of multiple CNT embedded in PP matrix, PP matrix and CNT/PP interphase, are developed and analyzed to evaluate the tensile modulus of CNT/PP composites. The dimensions of the RVEs were chosen as 2000 nm (L) × 1000 nm (W) × 1000 nm (H) so that the finite element analyses are not computationally intensive but large enough to accommodate the CNT characteristics, such as orientation, dispersion, distribution, waviness, and give convergent results when FEA is repeated.

The RVEs with different weight fractions of CNT are modeled by integrating analytical and solid modeling tools. The CNT centers of mass within the RVE are chosen according to the spatial PDF acquired from the SEM image analysis. Likewise, the CNT 3D orientation, waviness, and agglomerates of various sizes are modeled within the RVE utilizing the PDF obtained from image analysis. It is noted that the PDF of the CNT characteristics are expressed in terms of parameters, such as mean (μ) and SD (σ). These parameters are used to define the distribution of CNT characteristics within the RVE using a programing code written in MATLAB®. Next, the 3D RVE is generated in Autodex INVENTOR® and the geometry is imported to ANSYS® for FEA. The flow chart presented in Figure 3A outlines the process of RVE generation for FEA. While generating the RVE, a filler-to-filler distance algorithm (Pucha and Worthy, 2014) is used to make sure that the CNT are not overlapping/contacting with each other. The volume fraction is updated when CNT is added and the process continues until the desired volume fraction is achieved. Schematic representation of the steps to generate 3D RVE of the composite for FEA is shown in Figure 3B.
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FIGURE 3 | (A) Flow chart showing the steps used to generate RVE for the composites. (B) Schematic representation of the steps to generate 3D RVE of the composites for FEA.



A CNT length of 1500 nm is used, which is the critical length (minimum CNT length required to deliver the highest reinforcing efficiency of CNT) of the CNT based on a FEA parametric study. From the FEA parametric study, it was found that when CNT length is more than 1500 nm the modulus of CNT/PP composites is almost constant for all the CNT content used in the analysis. However, the modulus drops significantly when CNT length is below 1500 nm. Therefore, it is concluded that the load transfer capacity of the CNTs used in this study is maximized when the CNT length is 1500 nm. The details of the FEA parametric study can be found in Bhuiyan et al. (2012). In addition, the CNT is modeled as effective (solid) fiber of diameter equal to the CNT OD (Bhuiyan et al., 2013). The modulus of the effective fiber is calculated using Eq. 2, which is derived based on the assumption that an applied external force on the CNT and the effective fiber will result in an isostrain condition (Thostenson and Chou, 2003).
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where, rf (=d/2) is the radius of effective fiber, t (≅0.34 nm) is the thickness of CNT outer layer and ECNT = 1250 GPa is the average modulus of the CNT as provided by the supplier.

The CNT/polymer interphase is introduced in the RVE by replacing an equivalent volume of polymer matrix, while maintaining the CNT volume. The interphase was characterized in terms of thickness and modulus using phase images obtained by taping mode AFM of the composites. Phase images present the phase angle as a function of distance. Any change in phase angle reflects changes in the material stiffness (Gao and Mader, 2002) and by scanning across the CNT–PP interphase one can obtain the thickness/width of the interphase as well as the stiffness (modulus) profile across the interphase.

As reported in our previous studies (Bhuiyan et al., 2011, 2012, 2013), the average width/thickness of the interphase is ~20 nm and the interphase modulus varies from Eint = ECNT at the CNT surface to Eint = EPP at the interface surface adjacent to the polymer following a property (modulus) gradient profile across the thickness of the interphase. The modulus profile across the interphase can be better described using a fourth order polynomial equation as shown below that is derived using Matlab® polyfit function.

[image: image1]

where A, B, C, and D are constants. The constants are derived as A = 0.0005, B = −0. 0247, C = 0.4928, and D = −4.0909 and are determined by fitting the profile with a polynomial with a R2 value of 0.994. It is noted that several AFM images are taken from various locations (five in an average) at the surfaces of CNT/PP composites of different CNT concentrations (0.1, 1, and 4 wt%) to measure the thickness of interphase and the modulus profile across the interphase. The modulus profiles are sensitive enough to capture the presence of defects, such as voids, if there is any, at the CNT/PP interphase.

Commercially available software ANSYS® 14.5 is used to analyze the generated 3D RVE models. The RVE is subjected to uniform extension within the linear regime of the stress–strain curve as determined experimentally. For each model, one end (z = 0, see Figure 3B) is constrained in the axial direction (z direction) and free to move in the lateral directions. The free edges are constrained to their respective normal directions in order to allow the RVE to contract due to tension. An axial displacement, which corresponds to the experimental strain, is applied to all nodes on the surface of the other end (z = L) of the RVE. Periodic boundary conditions are applied to the other RVE faces. The element used for all phases is a 3D structural brick element namely, SOLID185, which is an eight-node quadratic element and has three degrees of freedom per node. It is assumed that the bonding at the interface is perfect (Hammeranda et al., 2007; Zhang et al., 2007; Kumar et al., 2010), and all the phases are isotropic, linear elastic, and homogeneous. A FEA parametric study is used to determine the optimum element size (mesh density) that leads to a fully converged solution with minimum computational time. The mechanical properties and the dimensions of each of the phases used in the analysis can be found in our prior studies (Bhuiyan et al., 2012, 2013).

RESULTS

Tensile Properties of CNT/PP Composites Determined Experimentally

Tensile stress–strain curves of CNT/PP composites bulk/dogbone and fibers are presented in Figures 4A,B, respectively. The corresponding values of strength and modulus are presented in Table 1. Each data point is the average value of 5 tests for bulk composites and 10 tests for fiber composites. Tensile moduli of CNT/PP bulk composites obtained using theoretical micromechanical models, such as Halpin–Tsai (H–T) (Halpin and Kardos, 1976) and Tandon–Weng (T–W) (Tandon and Weng, 1984), and using rule of mixtures (RoM) as a function of CNT content are also presented in Table 1 for comparison.
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FIGURE 4 | Tensile stress–strain plots of CNT/PP composites: (A) bulk and (B) fiber.



TABLE 1 | Tensile properties of CNT/PP composites: bulk vs. fibers and experiments vs. models.

[image: image1]

As shown in Figure 4B, the fibers have a very high initial modulus followed by a very sharp yield that is a result of shear band nucleation at the necked zone. The stress decrease after yield corresponds to the intrinsic softening of the polymer. Similar behavior of CNT/PP fibers is reported elsewhere (Moore et al., 2004). The elongation at the break of the PP fiber is also higher than that of the bulk PP specimen (see Figure 4A), which is due to the higher degree of alignment of amorphous chains in case of fibers during tensile stretching. It is noted that addition of CNT results in significant improvement in the tensile properties of the fibers and lower elongation at break. The modulus and the strength of CNT/PP fiber composites are approximately twice and eight times the modulus and strength of the bulk CNT/PP composites, respectively, for the same CNT content that is attributed to the alignment of CNT and polymer chains along the applied load direction and the increased crystallinity of the polymers due to the addition of CNT (Moore et al., 2004). Similar trends have been observed when bulk PP specimens are compared to neat PP fiber, as a result of the orientation of polymer chains along the draw direction and the strain-induced crystallization within the amorphous region in case of the fibers (Dabrowska et al., 2015).

As shown, the strength and modulus of composites (both bulk and fiber) increase with CNT content but are significantly lower than the properties predicted by the theoretical micromechanical models H–T, T–W, and RoM. The higher predicted values are due to the assumption of the ideal case: (i) uniform distribution of unidirectional CNTs, (ii) perfect bonding between CNT and PP, and (iii) absence of voids within the matrix. However, this is not the case for composites made using melt mixing and injection molding as evident from the SEM images captured from the fracture surfaces of CNT/PP composites (bulk). A representative SEM image of 4 wt% CNT/PP (bulk) composite, Figure 5A, indicates that there are microvoids at the CNT/PP interphase and CNT agglomerates and the CNT are wavy and not straight within the PP matrix. Agglomerates that act as stress concentration sites, and CNT waviness reduce the reinforcing efficiency of CNT within the polymer and result to composites with compromised tensile properties. The existence of voids at the CNT/PP interface leads to inefficient load transfer between the two phases. It is noted that at higher CNT content (>3 wt%) RoM predictions are significantly higher than the H–T and T–W predictions, which is the effect of the type of reinforcement considered in the models. Reinforcement is considered as continuous in RoM, whereas it is discontinuous for both the H–T and T–W models.
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FIGURE 5 | SEM images of the fracture surface of (A) 4 wt% CNT/PP bulk composites and (B) 3 wt% CNT/PP fiber composites showing the presence of CNT agglomerates (circled) and voids at the CNT/PP interface.



Another factor that contributes to this large improvement in the tensile properties in case of the CNT/PP fibers is the CNT dispersion. A typical SEM image of the fracture surface of 3 wt% CNT/PP fiber composites, shown in Figure 5B, indicates that the dispersion of CNT within the PP matrix is almost uniform with very few CNT agglomerates present. The boundary conditions induced by the melt spinning process help both the CNT and polymer chains to align along the loading direction that in effect helps to develop good interaction between CNT and polymer chains (Dabrowska et al., 2015) resulting in good dispersion of CNTs within the polymer matrix. In addition, no evidence of CNT pull out is observed, which indicates good CNT–PP interfacial interactions.

The dispersion state of CNT within the polymer was altered by using SDBS. Figure 6 shows the tensile properties of SDBS-modified CNT and as received (non-modified) CNT composites (bulk), as a function of CNT content up to 5 wt%. As shown, the modified CNT result in composites with higher modulus and strength compared to the corresponding properties of the non-modified CNT composites. SDBS that consists of hydrophilic head groups and hydrophobic hydrocarbon chain molecules acts as an intermediate agent improving the interfacial interactions between CNT and PP and resulting in better dispersion of CNT within the PP matrix (Cheng et al., 2012; Mirjalili et al., 2014; Rahman et al., 2014). In addition, modification of the surface of CNT using SDBS reduces their surface tension, thereby preventing the formation of CNT agglomerates (Zhou et al., 2008; Mičušík et al., 2011). According to Figure 6, the modulus and strength of the SDBS-modified CNT/PP composites reach a plateau value at 4 wt% of CNT despite the presence of SDBS. This may be due to the fact that at higher CNT content the surface of CNT increases significantly and CNT are closer together, so there are strong van der Waals forces acting against the action of the SDBS (Rahman et al., 2014). Also, as the CNT content increases, so does the SDBS (their ration is 1:1), which means that the high molecular weight PP is replaced by the low molecular SDBS resulting in a decrease of the modulus and strength (Wang et al., 2008). Typical SEM micrographs of the fracture surfaces of 4 wt% CNT/PP composites, with modified and non-modified CNT, are presented in Figures 7A,B, respectively. As shown, there is uniform dispersion of CNT within the PP only in the case of SDBS-modified CNT/PP composites, Figure 7A, whereas a large number of CNT agglomerates can be seen in Figure 7B.
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FIGURE 6 | Effects of CNT dispersion on the tensile properties of CNT/PP composites.
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FIGURE 7 | SEM images of the fracture surfaces of 4 wt% CNT/PP composites with (A) SDBS-modified CNT; and (B) non-modified CNT.



Probability Distribution Functions of CNT Parameters within the PP Matrix

The PDF of the 3D orientation (θ and φ) of CNT within the PP matrix for 4 wt% CNT/PP bulk and 3 wt% CNT/PP fiber composites are shown in Figures 8A,B, respectively. The PDF were obtained using the image analysis algorithm and a series of SEM images as described above. It can be seen that for fiber composites most CNT are oriented within ±35° range with respect to the applied load/spinning direction (Z-axis, Figure 3B), whereas this range is broader (from −40° to 70°) for CNT/PP bulk composites.
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FIGURE 8 | CNT orientation distribution within the PP matrix obtained through SEM image analysis: (A) bulk and (B) fiber composites.



The spatial distribution of CNT within PP matrix, described by two parameters, R [distance of the centroid (xc, yc) of CNT cross section from the origin in nanometer] and α (angular position of the centroid of CNT cross section with respect to the horizontal axis in degrees), are presented in Figures 9A,B for bulk and fiber CNT/PP composites, respectively. As shown, the CNT spatial distribution within the polymer is non-homogeneous for bulk composites and close to homogeneous for fiber composites.
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FIGURE 9 | CNT spatial distribution within the PP matrix as extracted from the SEM micrographs of (A) 4 wt% CNT/PP bulk composites; (B) 3 wt% CNT/PP fiber composites.



The PDF of the CNT diameter for (i) 4 wt% non-modified CNT/PP bulk composites, (ii) 4 wt% SDBS-modified CNT/PP bulk composites, and (iii) 3 wt% non-modified CNT/PP fiber composites are presented in Figures 10A–C, respectively. In case of the bulk composites with non-modified CNT, there are agglomerates with diameters ranging from 40 to 180 nm due to the strong van der Waals attractions among the CNT and their large aspect ratio. An improvement in dispersion of CNT within the PP matrix is observed for the case of SDBS-modified CNT/PP composites where the maximum size of the CNT agglomerates is ~80 nm.
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FIGURE 10 | PDF of CNT diameter according to the image analysis: (A) bulk (non-modified CNT); (B) bulk (SDBS-modified CNT); and (C) fiber (non-modified CNT) composites.



The distribution of CNT diameter in CNT/PP fibers, presented in Figure 10C, shows that the CNT diameter varies from 20 to 100 nm with a mean of ~30 nm, which is very close to the diameter of a single CNT as provided by the supplier. Although no surface treatment of CNT is performed, the size of the CNT agglomerates present in the CNT/PP fiber composites is much lower than the size of the agglomerates present in the CNT/PP bulk composites. This is mainly because during the fiber spinning process, CNT are always under tension, which helps CNT alignment and dispersion (Haggenmueller et al., 2000; Kearns and Shambaugh, 2002; Sennett et al., 2003). The alignment of CNT along the applied load direction, as well as small CNT diameter (better dispersion) results in CNT/PP fibers with tensile properties better than those of the CNT/PP bulk composites.

It is noted that the PDF for CNT orientation, spatial distribution, and waviness within the PP matrix for SDBS-modified CNT/PP composites were also determined but show no significant differences compared to the corresponding PDF of the non-modified CNT/PP composites thus they are presented here. This is expected as no special effort has been undertaken to control the distribution of these CNT parameters within the PP matrix. In addition, the PDF of CNT waviness within the PP matrix for CNT/PP fibers cannot be determined, due to the small number of CNT in the SEM images of CNT/PP fiber composites surface although, according to SEM the CNT are wavy in the CNT/PP fiber composites.

Ability of 3D RVE Models to Distinguish between Two Different Dispersion and Orientation States

The goal of this section is to demonstrate the ability of the multi-cell 3D RVE analysis models to capture the changes in the CNT dispersion state and orientation within the PP matrix. Bulk CNT/PP composites with as received and SDBS-modified CNT and fiber CNT/PP composites are modeled using the corresponding PDF presented in Figures 8–10. The interphase characteristics (thickness and modulus), as determined in Bhuiyan et al. (2013), are also accounted for in the model and considered the same for all three cases of composites studied. The FEA predictions of the modulus for the three composite systems as well as the corresponding modulus determined experimentally are presented in Figure 11. FEA simulations are repeated six times and the variations are shown using error bars. It is noted that in the case of the composite fibers the CNT waviness is modeled using a random distribution. The same RVE geometry and loading and boundary conditions, and the same materials properties are used for all three cases. As shown, the modulus predicted by the FEA is within the experimental deviation, for all three cases studied indicating that the model can capture changes in the CNT dispersion and agglomeration. It is noted that the model seems to under-predict the tensile modulus of 3 wt% CNT composite fibers. Some possible reasons for this may be the random distribution assumption for CNT waviness and the fact that the modulus of the PP matrix, which is an input parameter in the model, is higher in the case of the fibers due to polymer chain alignment.
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FIGURE 11 | FEA predictions for tensile modulus of CNT/PP bulk composites (both modified and non-modified CNT) and CNT/PP fiber composites.



It is noted that the model is also capable of capturing the change of CNT wt% while generating the 3D RVE for FEA. To verify, 3D RVE for 3 wt% CNT/PP composites is generated using the same distribution functions for CNT characteristics as obtained from SEM images of 4 wt% CNT/PP composites. A total of 8 CNT are counted within the RVE for 3 wt% CNT case, whereas this number is larger or equal to 11 for 4 wt% CNT case. The smaller number of CNT within the RVE suggests that FEA will predict lower modulus for 3 wt% CNT/PP composites as expected. Although, the distribution functions used to generate the RVEs represent the worst case scenario for 3 wt% CNT/PP composites the generated models are sufficient to verify the capability of the model to capture the changes of CNT wt% while generating the RVEs for FEA.

CONCLUSION

In this study, CNT/PP composites with different CNT orientation, dispersion, and distribution (agglomeration) states were fabricated and characterized in terms of their modulus. The CNT orientation and dispersion of bulk (dogbone) composites were altered by melt spinning fibers whereas the agglomeration was altered by using a surfactant. The PDF of the CNT characteristics was determined using series of SEM images and an image analysis algorithm. The experimentally determined modulus for the bulk composites with as received and SDBS-modified CNT and for the fiber composites was compared to the modulus of the corresponding composite system predicted by 3D RVE analysis models that accounted for the PDF of the of CNT orientation, dispersion, and agglomeration. The comparison with the experimental results indicated that this integrated modeling technique that combines experimental characterization and FEA through 3D RVE models is sensitive enough to capture small differences in the CNT characteristics and can quantify the effect of these characteristics (orientation, dispersion, and agglomeration) on the tensile modulus of CNT polymer composites.

It is concluded that the 3D RVE FEA model used in this study can reliably simulate the tensile modulus of PCNs and provide quantitative information regarding the impact of nanomaterials’ parameters, some of which are affected by the manufacturing method and conditions used, and their geometry on the composites tensile modulus. The modeling framework due to its capability to capture these differences in the structure/morphology of the nanocomposites can be used as a design tool to guide the manufacture of PCNs with engineered properties, namely, tensile modulus avoiding the costly and time intensive “trial-and-error” method commonly used.
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