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Abstract

:

Carbon fiber-reinforced polymer composites are used in various applications, and the interface of fibers and polymer is critical to the composites’ structural properties. We have investigated the impact of introducing different carbon nanotube loadings to the surfaces of carbon fibers and characterized the interfacial properties by molecular dynamics simulations. The carbon fiber (CF) surface structure was explicitly modeled to replicate the graphite crystallites’ interior consisting of turbostratic interconnected graphene multilayers. Then, single-walled carbon nanotubes and polypropylene chains were packed with the modeled CFs to construct a nano-engineered “fuzzy” CF composite. The mechanical properties of the CF models were calculated through uniaxial tensile simulations. Finally, the strength to peel the polypropylene from the nano-engineered CFs and interfacial energy were calculated. The interfacial strength and energy results indicate that a higher concentration of single-walled carbon nanotubes improves the interfacial properties.
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1. Introduction


Greenhouse gases trap heat in the atmosphere, increasing Earth’s surface temperature from 1–4 °C by 2100 [1]. One of the significant contributors to emitting these gases is the transportation sector [2]. Energy consumption in transport is dependent on a vehicle’s mass. Therefore, reducing the vehicle’s weight will have an immediate positive impact on reducing the emitted gases. A study showed that reducing the weight of a passenger car by 27% can reduce its emissions by 40% [3]. New materials with low density and high strength need to be utilized to replace conventional metals for weight reduction, and carbon fiber-reinforced polymer (CFRP) composites are the most fitting candidate for this job. Carbon fibers (CFs) have high strength, high modulus, and low density [4]. These outstanding properties have made them essential as reinforcement in structural materials for many areas, such as aerospace, automotive, high-grade sports, and many other applications [5]. However, under compression, fiber-reinforced composites suffer a range of failures typically associated with fiber micro-buckling or kinking linked to the interfacial issues. Additionally, the anisotropic nature of composite materials and their internal interface tend to drive the accumulation of internal damage and result in a possible catastrophic failure [6].



A conventional solution is the dispersion of additives such as carbon nanotubes (CNTs) in a polymer matrix. Computational studies indicated improvement in the elastic-plastic response, fracture toughness, and fiber/matrix stiffness by altering the load path under debonding. However, local agglomeration of CNTs causes microscopic stress concentrations that induce premature damage [7,8]. Therefore, new constituents and processes became available to create nano-engineered interphases of CNTs on the CF surface. This concept has been experimentally demonstrated using a chemical vapor deposition process and electro-deposition methods for linking CNTs to CF surfaces via van der Waals interaction [9,10]. The so-called “fuzzy” CFs contain a microfiber core made of carbon coated with CNTs prior to matrix impregnation. The fuzzy fiber is hierarchical and shows enhanced fracture toughness, interlaminar shear strength, and thermal and electrical properties [11]. To further understand this type of hierarchical fiber and its potential without the challenging experimental parametrization, an atomistic model framework was constructed for investigating the interface interaction between the fuzzy CF and the polymer matrix.



Molecular dynamics (MD) simulation is a well-established and reliable atomistic model for various applications [12,13,14]. A series of MD simulations were conducted first to construct the following components individually: CFs, single-walled carbon nanotubes (SWCNTs), and polypropylene (PP) as the matrix. This model was then subjected to uniaxial stress deformation through MD simulation. In MD simulations, materials are a combination of atoms that are regarded as classical mass particles. This technique is based on tracking the trajectories of atoms in a modeled system that can provide data with the time evolution of a nanostructured material subjected to external conditions. Ultimately, the computation involves position, velocity, and acceleration as a solution to Newton’s second law [15]. Additionally, force fields are used to describe the interatomic interactions. The selection of an appropriate force field is critical for the validity of MD simulations. Therefore, several force fields have been developed for different material systems [16,17,18,19]. Subsequently, the motivation of this study is to demonstrate efficiently, via MD computational methods, the significance of nano-engineering CF surfaces with CNTs in thermoplastic-based composites as a valuable lightweight structure for transportation applications.




2. Methods


2.1. Model


To model the complex nano-engineered fuzzy CFs embedded in the polymer matrix, subsequent simulation steps were required to construct the system and then perform mechanical and interfacial analysis. The CF microstructure has interior graphite crystallites consisting of turbostratic interconnected graphene multilayers. Several atomistic approaches and computational tools were used to generate 2D and 3D microstructures of CF. The simulations range from surface studies with simplified graphene layers [20,21,22] and graphite blocks annealing [23] to complex precursor and reactive simulations [24,25] for the analysis of CF chemistry and mechanical properties. Therefore, an MD simulation (See Section 2.2.1) was used to model the range of CF microstructures with varied degrees of graphitic region. The thermoplastic PP chain of 40 monomers with an atactic configuration was built through the Polymer Modeler tool [26]. In addition, an (8,6) SWCNT with a length of 2.5 nm and a diameter of 0.95 nm was built by the Visual Molecular Dynamics (VMD) extension of the nanobuilder tool [27]. The experimental diameter and length of nanotubes grown on a CF surface are typically about 10 nm and 125 nm, respectively [28]. Nonetheless, the interaction energy decreases as the nanotube diameter increases [29]. For the following study, the chosen dimensions are sufficient to investigate the interfacial properties. After building the above constitutes, the CFs were modified by introducing both CNTs on the surface and including 20 PP chains through the PACKMOL software package [30]. A tolerance level of 2.0 Å was selected to perform the PACKMOL packing through several iterations to find the optimum configuration. Additionally, the x- and y-axis dimensions were set based on the built CF models as the center of mass. Moreover, the SWCNT was varied in loading percentages as 0, 1, and 3 wt% based on the assumption that the model was a 60 wt% and 40 wt% of matrix and fibers, respectively. Finally, the nano-engineered CF composites were visualized by the Open Visualization Tool (OVITO) software [31], as shown in Figure 1.




2.2. Molecular Dynamic Simulations


The MD simulations were conducted using a large-scale atomic/molecular massively parallel simulator (LAMMPS) [32]. Through time and ensemble average of motion trajectory, the dynamic properties of the system were obtained. It can model extensive systems using a variety of interatomic potentials and boundary conditions. For CF model simulation, Tersoff empirical interatomic potential described the total binding energy. This potential incorporates a dependency on the number of bonds between a pair of atoms. The general form of the Tersoff formula is given in Equation (1), where i j indicates the interacting atoms, Bij is the bond order between i and j, and    ∅ R    and    ∅ A    are the repulsive and attractive potentials, respectively [33]. The remaining simulations have been conducted with the modified potential AIREBO-m. It replaces the singular Lennard–Jones potential with a Morse potential, compared to the original AIREBO potential. The Morse potential is presented in Equation (2), where   α   is a curvature modification parameter, and   𝜖   and    r  e q     correspond to the minimum energy depth and location, respectively [34]. Researchers have modified the cutoff distances based on specified system studies to adopt this potential for large deformation. This modification was mainly applied to count for the tilt grain boundaries effect on the strength of graphene [35,36,37]. In this paper, an    r  c c   min     parameter of the value of 1.92 Å was adopted based on previous work done on deformation of graphene structures [13,14].




    ∅  i j   (  r  i j   ) = [  ∅  R   (  r  i j   ) −  B  i j    ∅  A   (  r  i j   ) ]   



(1)






    U  i j   ( r ) = −   ϵ  i j   [ 1 −   ( 1 −   e  −  α  i j   ( r −  r  i j   eq   )    )  2  ]   



(2)





2.2.1. Carbon Fiber Simulation


The inspiration for CF models was taken from Zhu et al.’s work [38]. The concept is to stack several graphene layers and anneal them at high temperatures to disturb the crystalline structure and create turbostratic interconnected graphene multilayers that define a CF microstructure. A (56.3 × 109.6 × 28.0) Å3 simulation box consisting of eight graphene layers with 15,739 or 16,120 carbon atoms to vary the final densities was built. The system was first equilibrated at a temperature of 300 K in 10 ps using a Nose–Hoover thermostat [39] with periodic boundary conditions in a canonical ensemble (NVT). Next, the temperature was ramped to 3500–5500 K at a rate of 110 K/ps, followed by relaxation for 60 ps at the same temperature. Afterward, extremely rapid quenching of 2750 K/ps to a temperature of 300 K was performed to preserve the turbostratic arrangements and graphene regions. Finally, the system was fully relaxed in an isothermal-isobaric ensemble (NPT) for 10 ps at a temperature of 300 K to release any internal stresses. The simulation process is summarized in Figure 2 with illustrations of the structure evolution throughout the process in a polyhedral template matching to show the graphene regions and regular visualization via OVITO.




2.2.2. Uniaxial Stress Simulation


Atomistic simulation of uniaxial tensile loading can be conducted with a parallel molecular dynamics code. After equilibrating any of the developed structures, the simulation box was deformed in the targeted direction at a strain rate of 0.001/ps. First, MD deformation in the long direction with periodic boundary conditions in all directions was conducted to analyze the strength of the developed CF models. The simulation was conducted at a temperature of 300 K using the Nose–Hoover thermostat and the AIREBO-m potential. Second, the interfacial analysis for the nano-engineered CF composite system was conducted by deformation in the z-direction with a fixed boundary and periodic boundary condition in the x- and y-directions, respectively. Moreover, the simulation was conducted at 50 K after an equilibration time of 20 ps using the AIREBO-m potential. Then, uniaxial stress of 15% strain was applied in the z-axis to peel the PP from the nano-engineered CF surface for theoretical strength and interfacial energy calculations.






3. Results and Discussions


3.1. Carbon Fiber Model Properties


After completing the CF microstructure simulation, four different models (Table 1) were developed by varying the number of carbon atoms and the maximum temperature. This resulted in densities close to the density of real CFs and graphene region percentages. All the developed models showed clear stress-strain curves (Figure 3), with a range of strength and Young’s modulus caused by the differences in densities and graphene region percentages. The simulated strength values ranged from 9.9 to 26.7 GPa and Young’s modulus of 129.6 to 277 GPa. In comparison, the experimental values of carbon fiber strength and Young’s modulus are 3.0–7.0 GPa and 200–450 GPa, respectively [4,40]. The computational tensile strength values were higher than the experimental values because of the absence of defects inside the components, the extremely high loading rate, and length-scale discrepancies. The simulated microstructures were around three orders of magnitude smaller than the experimental samples, and thus the maximum simulated pore size is small compared to the experimental. The larger pores in experimental samples act as stress concentration sites and thus lead to brittle fracture and lower strength. Moreover, the published work of computational large-scale carbon fiber microstructure stress-strain curves by Zhu et al. [25] for three different structures have resulted in a comparable range of strength values between 6.73–6.90 GPa and Young’s modulus of 95.9–284.5 GPa. Last, the simulated CF models showed crystallite arrangement around the longitudinal axis with turbostratic stacks of graphite structure, as shown in Figures S6–S9. This structure was reported for physical CF via X-ray diffraction and TEM images [41,42].




3.2. Nano-Engineered CF Composites Interfacial Properties


The four developed CF models were transformed into nano-engineered composites by introducing SWCNTs and PP via PACKMOL. The result was the construction of 12 different structures, with each CF model loaded with 0, 1, and 3 wt% SWCNTs. The calculations were conducted for the complex structures with the theoretical assumptions of low-temperature deformation after equilibration. However, the SWCNTs’ positions can represent a minimized arrangement as local minimum energy and not the global minimum energy. Nonetheless, the non-bonding van der Waals (vdW) interactions were the main interactions that governed the three different constitutes, and among the PP chains, SWCNTs, and graphene layers. The calculated interfacial strength of each CF model was the stress required to peel PP chains away from the nano-engineered CFs, plotted against the averaged loading percentages of SWCNTs, as shown in Figure 4. The required strength increased linearly with the addition of SWCNTs in comparison to the pristine CFs, and independently from the CF model. The enhancement of interfacial strength resulted in an improved load transfer to the CFs [43]. This observation can be attributed to the increase in non-bonded vdW interactions, as the PP chains can entangle and interact with a larger carbon surface area. Moreover, mechanical interlocking can also contribute to the increase in strength. Experimentally, S. Yumitori et al. [44] showed that the interfacial shear strength improved by 35% in a CF/PP composite after grafting CFs with CNTs by performing a fiber pull-out test.



Potential energy is a function of several components, such as torsion, Lennard–Jones (LJ), pair, and REBO energies. Therefore, the calculated interfacial energy is the delta between the total potential energy and other components. Figure 5 shows the interfacial energy and other components as a function of displacement of the nano-engineered CFs from PP chains in the z-direction. This indicates that the dominant interfacial energy response to the complex model was based strictly on the non-bonded vdW interactions between the PP chains and the nano-engineered CFs. As a result, the interfacial energy increased linearly and reached a plateaus trend. The same behavior was reported previously on SWCNT interaction with polyethylene (PE) chains [45].



Accordingly, the interfacial energy of different SWCNT loadings was averaged and plotted in Figure 6. The models with 3 wt% loading showed a significant increase in the interfacial energy because of the increase in the non-bonded vdW interactions. Below the two angstroms mark, the interfacial energy peaked, and energy values increased with the SWCNTs’ higher loadings. This observation indicates an improvement in the interfacial properties of nano-engineered CFs compared to pristine CFs.





4. Conclusions


We have assessed the interfacial properties of nano-engineered CF composites using MD simulations. Four different CF models were developed with graphene sheets and an annealing process governed by Tersoff potential to produce models with a density range of 1.63–1.69 g/cm3, and graphene region percentage ranging from 70–85%. The built CF structures showed the turbostratic interconnected graphene multilayer arrangement with strengths ranging from 9.9–26.7 GPa and Young’s modulus of 129.6–277.0 GPa. The tensile strength values of the CFs were higher than the experimental because of the high loading rate and length-scale discrepancy.



Moreover, a nano-engineered CFRP was constructed with PP and SWCNTs using PACKMOL. The interfacial energy just below two angstroms increased by 180% and 700% for the 1 and 3 wt% SWCNT loading, respectively. The stress required to peel PP from the nano-engineered CFs also showed an increasing trend due to the enhancement in non-bonded vdW interactions. Finally, the nano-engineered CFRP is considered to be a multi-functional composite that can serve beyond structural applications [11]. This advancement in structural components for the automotive industry can contribute to emissions reduction. Therefore, the explored theoretical atomistic modeling in this paper may lay a building block for more advanced computational research to design and optimize nano-engineered CFs.
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Figure 1. Nano-engineered carbon fiber composite model built with PACKMOL consisting of carbon fibers and turbostratic interconnected graphene multilayered structure with a density of 1.69 g/cm3 coated with four (8, 6) 2.5 nm in length and 0.95 nm in diameter single-walled carbon nanotubes entangled with twenty atactic 40-monomer polypropylene chains. 
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Figure 2. Molecular dynamic simulation steps for building a carbon fiber structure via annealing methodology using the NVT and NPT ensembles with different graphene regions percentages and turbostratic arrangements. Polyhedral template matching represents the amorphous regions in white and the graphene regions in purple. 
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Figure 3. Stress-strain curves predicted in axial deformation of simulated carbon fiber structures with a maximum value of Young’s modulus equal to 277.0 GPa and tensile strength of 26.7 GPa for the B3 model. 
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Figure 4. Average value of peeling strength to separate polypropylene from nano-engineered carbon fibers for the four developed CF structures with different loading percentages of 0, 1, and 3 wt% for single-walled carbon nanotubes after a 15% strain in the z-direction. 
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Figure 5. Change of the potential energy as a function of the displacement of nano-engineered carbon fiber-B4 with 3 wt% (8,6) 2.5 nm in length and 0.95 nm in diameter single-walled carbon nanotubes from twenty atactic 40-monomer polypropylene chains in the z-direction. 
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Figure 6. Averaged interfacial energy of four models of nano-engineered carbon fibers for each single-walled carbon nanotube loading percentage as a function of displacement in the z-direction from the twenty atactic 40-monomer polypropylene chains. 
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Table 1. The resulting physical and mechanical properties of the used carbon fiber models.
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	Model
	Annealing Temperature (K)
	Number of Carbon Atoms
	Density (g/cm3)
	Graphene Region (%)
	Strength (GPa)
	Young’s Modulus (GPa)





	B1
	5500
	15,739
	1.64
	70
	9.9
	138.1



	B2
	4500
	15,739
	1.63
	71
	10.5
	129.6



	B3
	3500
	16,120
	1.68
	84
	26.7
	277.0



	B4
	4500
	16,120
	1.69
	85
	24.6
	261.0
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