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Abstract

:

Nanoscale tailoring the filler morphology in experiment offers new opportunities to modulate the mechanical properties of polymer nanocomposites. Based on the conventical rod and experimentally available tetrapod filler, I compare the nanofiller dispersion and elastic moduli of these two kinds of nanocomposites via molecular dynamics simulation and a lattice spring model. The results show that the tetrapod has better dispersion than the rod, which is facilitate forming the percolation network and thus benefitting the mechanical reinforcement. The elastic modulus of tetrapod filled nanocomposites is much higher than those filled with rod, and the modulus disparity strongly depends on the aspect ratio of fillers and particle-polymer interaction, which agrees well with experimental results. From the stress distribution analysis on single particles, it is concluded that the mechanical disparity between bare rod and tetrapod filled composites is due to the effective stress transfer in the polymer/tetrapod composites.
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1. Introduction


The incorporation of rigid particles with dimensions in the nanometer or micrometer range into polymers affords engineers an opportunity to design polymer composites with optimized mechanical properties [1,2]. Many studies [3,4] have been conducted in this field because of its technological and scientific importance. Undoubtedly, the mechanical properties of particulate-polymer composites are affected by the particle size [5,6], shape, loading and particle-matrix interface adhesion [7,8]. With the availability of controlled manipulation to obtain uniform-sized fine structures [9,10], the filler morphology is becoming increasingly important to modulate the mechanical behavior.



Different filler morphologies usually result in the disparity of mechanical properties in corresponding polymer composites [11,12]. For example, platelets are more efficient for reinforcing composites than rods and spheres under the same conditions [13]. As a shape-isotropic filler, the tetrapod particle [14,15] is usually made of various semiconductor materials and shows significant potential in the electrical [16] and optical [17,18] applications. The tetrapod has four pods binding together in one point as the center and stretching to each corner of the tetrahedron [19]. This peculiar shape may potentially be an alternative to fibers or rods as additives for mechanical reinforcement of polymers [20,21]. Recently, Alivisatos et al. prepared the nanoscale tetrapod with surface treatment and showed its superior ability in mechanical reinforcement of polymer nanocomposites as fillers, which was mainly contributed by the orientation of the strong X-type bonds at the nanoparticle-ligand interface [22]. To avoid the influence of alkyl chain ligands and examine the shape effect solely, another work claims that tetrapod as filler is more efficient to enhance the elastic modulus of polymer than rod as filler [23], which is probably due to the difficulty of reorientation and low packing density of tetrapod. Furthermore, the tetrapod varieties, such as three-dimensional aerographite networks [24] which are built from interconnected hollow tubular tetrapods, show their challenging mechanical properties [25], e.g., extremely robust to bear strong deformations [26]. Inspired by these works, one would think about the intrinsic factor of the superiority of tetrapod filler in the mechanical enhancement, which receives only limited attention.



To show the advantage of tetrapod filler on the mechanical reinforcement, it is reasonable to compare the mechanical behavior of tetrapod filled polymer composites with the other branched particle filled ones. Rod-shaped filler is one of the most common fillers to offer the possibility of substantial mechanical improvements [27,28], which is suitable for this comparison. The experimental study has been playing a pivotal role in this field since the invention of polymer nanocomposites. However, the understanding the shape effect at nanoscale is largely empirical, and a finer degree control of the structure-property relationship is not easy to achieve so far. On the other hand, the accuracy of computer simulation for mechanical behaviors has improved greatly to obtain a reasonable interpretation of experimental results. In particular, the simulation can precisely examine the effect of a single factor (branch type) on the final mechanical performance, accompanied with the analysis of local microstructure evolution [29,30].



In order to efficiently describe the elastic deformation and local stress/strain distribution, numerical solutions for analysing the continuum mechanics of a material’s microstructure are required. For the purpose here, it is time-consuming and unnecessary to perform large-scale computer simulations at the atomic or molecular scale, though these small-scale methods could well predict some macroscopic properties of solids [31]. The lattice spring model (LSM) is adopted from condensed matter physics as a highly efficient method of discretizing continuum media, and is shown to be algebraically equivalent to a simple finite element method (FEM) [32]. This method is particularly well suited to investigating the physics of stress transfer and stress/strain distribution in complicated heterogeneous systems (such as polymer nanocomposites). The simulation of heterogeneous materials by LSM is achieved through assigning force constants to individual bonds depending upon the composition on each grid and thereby avoiding complicated mesh generation in FEM. However, the Born LSM adopted in this work [32,33] is only valid under small strain, and the input structure is considered as the equilibrium structure, where the LSM cannot be used to study the micro-structural evolution. Therefore, micro-scale or meso-scale simulation methods (such as molecular dynamics (MD) simulation [34]) are required to study the spatial organization of particles. To clarify the prominent enhancement effect of tetrapod filler on the final mechanical properties, an innovative strategy is adopted to reveal the intrinsic mechanism, which involves the local stress analysis by highly efficient 3D LSM and spatial distribution prediction by MD simulation. I hope that this effective prediction strategy could apply to more types of fillers (such as interconnected fillers) and provide theoretical backgrounds for rational design of polymer nanocomposites.



In the present work, based on tetrapod or rod particle as filler in the composites, the mechanical response is modelled by continuum mechanics based LSM, while the dispersion state is simulated by a coarse-grained MD method. The stress transfer between particle and polymer matrix is studied in detail with the variation of particle size, shape, intrinsic material properties and particle-polymer interaction (NPI). Meanwhile, the dispersion and spatial organization of particles in polymer melts are examined with various NPIs.




2. Model and Simulation Methods


2.1. Lattice Spring Model (LSM)


Born LSM [35,36] is a numerical technique for discretizing the linear elasticity theory. Here, a material is represented by a network of springs that occupy the nearest and next nearest neighbour bonds of a simple cubic lattice. Although the LSM model lacks rotational invariance, it is useful in the study of heterogeneous systems because the next nearest neighbour’s central and bond-bending interactions can be locally changed to account for local variations in the stiffness of heterogeneous systems. Typically, the LSM allows one to determine micromechanical properties in a computationally efficient way.



The energy associated with a node m in the cubic lattice is given by


   E m  =  1 2    ∑ n   (  u m  −    u n   ) T  ⋅  M  m n   ⋅ (  u m  −  u n  ) ,  



(1)




where n is the neighbouring nodes connected to m by a spring, the vector um is the displacement of the mth node from its original position, Mnm is a symmetric 3 × 3 tensor which describes the interaction between various nodes through central and noncentral force constants. For example, the matrix associated with the spring in the [101] directions are of the form


   M  [ 101 ]   =  1 2  (    k + c   0   k − c     0   2 c   0     k − c   0   k + c    ) .  



(2)







The matrix for the remaining 17 directions can be obtained by a similarity transformation [32]. The central force constant energetically compensates for the spring extension, while the noncentral force constant penalizes the rotation of springs from their original orientation. The central force constant k and noncentral force constant c take the following forms:


   k =  E  5 ( 1 − 2 ν )   ,   c =   E ( 1 − 4 ν )   5 ( 1 + ν ) ( 1 − 2 ν )   ,   



(3)




where E and v are the Young’s modulus and Poisson’s ratio, respectively.



The elastic force acting on the mth node is a linear function of the displacement because of the harmonic form of energy in Equation (1). The force acting on the mth node, due to the local displacement of the spring between nodes m and all neighbouring n, is given by


   F m  =   ∑ n   M  n m    ⋅ (  u m  −  u n  ) .  



(4)







If the external forces are applied to the boundary nodes with the spring constants specified, the constraint that all these linear forces must balance at each node at equilibrium results in a set of sparse linear equations. The solution of these equations is obtained by using a conjugate gradient method to find the equilibrium configuration corresponding to the situation without a net force at each node. The stress and strain tensors are calculated using the forces and displacements. The strain tensor is obtained by using a finite difference approximation of the displacement field. A central difference approximation is given by


   δ x   u  ( i , j , k )   =    [  −  u  ( i + 2 , j , k )   + 8  u  ( i + 1 , j , k )   − 8  u  ( i − 1 , j , k )   +  u  ( i − 2 , j , k )    ]    12 h   ,  



(5)




where u(i,j,k) is the displacement field at coordinates i, j and k. The x represents the tensile direction. The ijth component σm,ij of the stress tensor acting on the central node m of a cubic unit cell is defined as


   σ  m , i j   =     ∑ s    F  m , s   ⋅  p  i j   m , s      A  ,  



(6)




where Fm,s is the force acting on a surface s across node m of the cubic cell, A is the area of surface perpendicular to the spring of tensile direction in the cubic cell, ∑s represents a sum over all the cube surfaces across node m, while p is a unit vector with its components either normal or parallel to the surface s. The average strain and the applied stress can then be used to calculate the Young’s modulus, which is defined as the stress of a material divided by its strain. For more details, see Ref. [37,38,39,40].



Spring Network in Particle Filled Composites


Based on the composites structure filled with rod with aspect ratio of 5, Figure 1 shows a layer of interconnectivity across the branched particle. Two kinds of beads are shown in different colors. The spring constant depends on the bead on both sides of spring. Here, three kinds of spring constants are considered in the model: polymer and polymer (Epp), polymer and particle (Enp) and particle and particle (Enn). In the surface modified particle filled system, the surficial ligand exists between polymer and particle, and two new spring constants need to be defined.



In the initial structure, the particle is randomly dispersed in the polymer matrix under periodic boundary conditions. During the mechanical test, a uniaxial strain field equivalent to 1% global strain is applied and the system equilibrated. Each elastic modulus value in the following figures takes an average of 10 tests.





2.2. Molecular Dynamics Simulation


All simulations were performed with the help of parallelized LAMMPS code [41]. I employed a coarse-grained bead spring model [34] to capture the key physics of polymer nanocomposites. The idealized polymer consists of thirty beads. The total number of simulated polymer beads is 8100. Each nanorod consists of five beads, and each tetrapod contains 17 beads. The total numbers of rod are 34, 68, 136, 204, 272, 344, 442 or 544; accordingly, the total numbers of tetrapod are 10, 20, 40, 60, 80, 100, 130 or 160. These short chains here are helpful for the improvement of computational efficiency and can also capture the static and dynamic behavior characteristics of long chains [42]. All non-bonded beads interact through a truncated Lennard-Jones potential:


       U  I J    ( r )  = 0 ,     r ≥  r  cutoff          U  I J    ( r )  = 4 ε  [     (   σ / r   )    12   −    (   σ / r   )   6   ]  + C ,     r <  r  cutoff       ,  



(7)




where C is a constant that satisfies that the potential is continuous everywhere (C = 4εnp[(σ/rcutoff)6 − (σ/rcutoff)12]). In the following, ε = 1 and σ = 1 are taken as units of energy and length, respectively. Note that all calculated quantities are dimensionless. rcutoff stands for the distance at which the interaction is truncated and shifted. The polymer-polymer interaction parameter and its cutoff distance are εpp = 1.0 and rcutoff = 2.24 and the particle-particle interaction parameter and its cutoff distance are εnn = 1.0 and rcutoff = 1.12, while the polymer–nanorod interaction parameter εnp= 0.5, 1.5 or 4.0 with its cutoff distance rcutoff = 2.5. These force filed parameters (such as εnp, εnn, εpp and rcutoff) are adopted from Refs. [42,43]. Figure 2 shows the plot of interaction energy versus distance with different interactions, where the lowest points of energy are all located at the distance of 21/6 ≈ 1.12. The pure repulsive interaction between nanoparticles is applied to avoid the particle aggregation. For the polymer-particle interaction, the higher εnp leads to stronger interaction.



Covalent bonds between adjacent beads for both polymer chains and particles are modeled using the finitely extensible nonlinear elastic (FENE) potential:


   U  F E N E    ( r )  = − 0.5 K  R 0 2  ln    [  1 −    (   r /   R 0     )   2   ]     ,  



(8)




where R0 = 1.5σ and K = 30ε/σ2. The chain is unbreakable in this work.



To maintain the structure of rod or tetrapod, a bending potential is applied to particles, given by


   U  angle   =  K a     [  1 − cos  (  θ −  θ 0   )   ]     ,  



(9)




where θ is the bending angle formed by three consecutive rod beads, and Ka is equal to 300. For the angle in the nanorod and straight arm in tetrapod, θ0 = 180°, and, for the angle between different arms in tetrapod, θ0 = 109.5°. The equations of motion are integrated with the velocity-Verlet algorithm and a time step dt = 0.01tLJ (tLJ = (mσ2/ε)1/2, m = 1 is the bead mass). Temperature is controlled with a Nosé-Hoover thermostat.



The initial structure was built by self-avoiding random walk method, and periodic boundary condition was imposed in all directions. NPT (Isothermal–isobaric and constant number of particles) ensemble is adopted until the number density of polymers becomes greater than 0.8, where the temperature and pressure were fixed at T = 1.0 and P = 2.0, respectively. Further equilibration under NPT with T = 1.0 and P = 0 was performed. The equilibration temperature here is well above the glass transition temperature for bulk polymers Tg ≈ 0.56ε/kB [42]. More detailed simulation processes can be found in Ref. [43].





3. Results


The mechanical response of polymer composites is modeled by 3D LSM, while the equilibrium structure is simulated by molecular dynamics method.



3.1. Nanocomposites Filled with Branched Particles with Surface Ligands (BPSL)


The model systems in LSM are based on (CdSe/CdS)/SEBS nanocomposites [44] (SEBS: poly(styrene block-ethylene-butylene block-styrene)), and the fillers in these composites are nanoscale nanorods or tetrapod quantum dots with surface ligands. The bond between ligands and nanoparticles is a strong X-type bond, which is a strong interaction of an anionic phosphonate/phosphinate moiety with a surface Cd2+ ion [45]. To fit for the real experiment, the spring constant between ligand and nanoparticle (Enl) is 1000 times greater than Epp. According to the literature value [22], Enn = 2000Epp. The ligand/polymer spring constant is critical to the overall mechanical reinforcement. Based on the assumption in 2D LSM [22], which gives the best agreement between theory and experiment, I used the same spring constant relationships in our 3D model, Elp = 0.75Epp and Ell = 0.5Epp. Previous results show that the tetrapod with surface ligands has superior ability in mechanical reinforcement than the rod as fillers [22].



Inspired by Guth’s equation [46], which claims that the modulus of rod-like particle reinforced elastomers is based on the aspect ratio and volume fraction of the filler, I measured the elastic modulus for rod and tetrapod nanocomposites with the increase of filler’s aspect ratio. I decrease the total number of particles to ensure that the number of X-type bond is almost unchanged with the increase of the aspect ratio. Figure 3 shows that the relative elastic moduli for both rod and tetrapod nanocomposites increase with the increase of aspect ratio. Especially for the tetrapod nanocomposites, the elastic modulus is influenced by the aspect ratio. It indicates that the mechanical disparity between branched rod and tetrapod as fillers is also related to the filler shape.




3.2. Nanocomposites Filled with Barely Branched Particles


To study the shape effect solely, I prepared the composites filled with bare rod or tetrapod based on ZnO/PDMS composites [23] (PDMS: Polydimethylsiloxane). According to the literature value for the Young’s modulus of ZnO [47] and PDMS [23], Enn = 25000Epp. To give the best agreement between simulation and experiment, Enp = 17.5Epp is chosen. Figure 4 shows that the elastic modules of composites increase with the increase of particle concentration. The simulation data fits quite well with the experimental data. The tetrapod filler is more efficient to enhance the elastic modulus of composites than the rod at the same particle concentration. All particles here are bare particles without surface ligands, which indicates that solely the shape difference can also lead to different mechanical enhancement effects. Therefore, the shape effect might be considered to explain the mechanical disparity between rod and tetrapod filled composites.




3.3. Effect of Ssurface Treatment of Particle on the Mechanical Reinforcement


Based on the analysis above, the shape difference is a factor to lead to the mechanical disparity, while the effect of surface treatment (ligands) is still unclear. Using the same input parameters in LSM as defined in Section 3.1 (Figure 3), I compared the elastic modulus of composites filled with bare particles or BPSL. The interaction between polymer and particle in bare particle composites is the same as the interaction between ligand and polymer in BPSL composites. The blue line in Figure 5 shows the relative elastic modulus of BPSL filled composites, while the black line shows the result from bare particle filled composites. Apparently, the BPSL is much more efficient to reinforce the composites comparing to the bare particle. It means that the surface ligands on the particle leads to the amplification of this disparity. One can also claim that this disparity for nanocomposites filled with BPSL is mainly contributed by the orientation of the strong bonds at the nanoparticle−ligand interface [22]. From the micromechanical point of view, surface treatment is also a way to enhance the interaction between particle and polymer matrix. It may correspond to the strong restriction of polymer chains near the branched particle in polymer composites.




3.4. Stress Distribution on a Single Bare Particle and Intrinsic Mechanism of Filler Effect


The shape difference will lead to the mechanical disparity for bare particle filled composites. To reveal the intrinsic mechanism based on this phenomenon, I plot the local stress distribution on single particle by using LSM. As shown in Figure 6, the left three figures (a, c, e) show the stress distribution of bare particle filled composites with weak particle-polymer interaction (NPI), and the right three figures (b, d, f) show the stress distribution of particle filled composites with strong NPI. The fourth arm in tetrapod cannot be shown in this two-dimensional profile, and the color bar on the right shows the relative value of the stress. After deforming the rod filled sample at the same strain, the stress is not concentrated on the vertically aligned rod (Figure 6c), while the stress concertation is observed on a horizontally aligned rod (Figure 6e). Hence, the horizontally aligned rod is more efficient to reinforce the composite than a vertically aligned rod. The effective elastic modulus for rod composites is a combination of elastic modulus of vertically aligned rod composites and horizontally aligned rod composites. Due to the isotropic structure of tetrapod, it is impossible to let all arms align perpendicular to the tensile direction. Figure 6a shows the stress concertation on each arm in tetrapod, even though the arm is not horizontally aligned along the tensile direction. Because of the strong connection between each arm in a tetrapod, the stress will transfer from the strong arm (relatively horizontally aligned arm) to a weak arm (relatively vertically aligned arm); this results in the overall enhancement of the stress on the filler. This stress transfer process finally leads to the mechanical disparity between rod and tetrapod composites. Comparing the stress concertation on particles with strong or weak NPI, the value of the stress is significantly enhanced with the increase of NPI. It means that composites with strong NPI are much more efficient to improve the elastic modulus of corresponding composites and amplify the disparity between rod and tetrapod composites [48].



It is clear that the final Young’s modulus of polymer composites is strongly affected by many factors including the filler shape, aspect ratio, NPI and intrinsic material properties. Figure 7 shows the enhancement of Young’s modulus with the variation of different impact factors. These factors are permeating and influencing one another, and thus, for the rational design of nanocomposites, it is difficult to modulate a factor without variation of other factors. Notably, the strong NPI and uniform distribution seem like the basis for mechanical improvement unless the fillers are interconnected and filled with the whole matrix.




3.5. Dispersion State Comparison of Rod with Tetrapod as Fillers


In the simulation by LSM, the initial structures are generated by the random dispersion method. The particle agglomeration is not considered in the above analysis. However, the mechanical properties of composites are strongly relying on the dispersion state of fillers. Nanofillers agglomeration usually negatively affected mechanical behavior of the resulting composites, e.g., particle aggregation in polymer composites leads to only a slight increase or even a decrease [56] of the elastic modulus compared to the pristine polymer. Here, coarse-grained molecular dynamics is adopted to study the dispersion and aggregation mechanisms of rods and tetrapods in polymer melts. When the polymer-filler interaction (εnp) is lower than the filler–filler interaction (εnn = 0.5), the direct contact aggregation of particles occurs in both rod and tetrapod composites. To further characterize the nanoparticle dispersion state, I plot the inter-nanoparticle radial distribution function (RDF) and RDF between nanoparticle and polymer beads in Figure 8. The results are based on systems with nanoparticle concentration of 17.3%. The first peak of “weak” (εnp = 0.5) interaction systems in Figure 8a is around 1.12, which corresponds to the distance of nearest neighbors. It confirms that the nanoparticle is aggregated at εnp = 0.5. In “moderate” (εnp = 1.5) and “strong” (εnp = 4) interaction systems, the first peak is around 2, which corresponds to the second neighboring beads; this means that the direct contact of nanoparticle does not occur under these two interactions. In addition, the first peak of tetrapod nanocomposites is much lower than that of rod nanocomposites; this can only be explained by the loose aggregation of tetrapod systems. Note that the local bridging [57] via polymer beads in rod systems can be observed with further increase of the polymer-particle interaction. From the neighboring polymer beads distribution in Figure 8b, the first peak (around 1.12) in systems with “weak” interaction is much lower than that with “moderate” or “strong” interaction due to the particle aggregation. The density of neighboring polymer beads increases with the increase of εnp. Notably, the first peak of rod nanocomposites is higher than that of tetrapod nanocomposites, and this disparity is amplified with the increase of εnp. This disparity can only be explained that the polymer chain wraps more closely on the tetrapod than rod (effect of steric hindrance) and the smaller surface-area-to-volume ratio on the tetrapod than rod (the aspect ratios of both particles are not two high in current model systems, and thus four rods have a larger surface area than one tetrapod on condition that the rods are not aggregated).



Undoubtedly, for systems with low nanoparticle concentration, Φn (e.g., Φn < 10%), the probability to form percolation network of high-density polymer regions increases with the increase of Φn. When polymer beads are not enough to fulfill the vicinity of nanoparticles, the further increase of nanoparticle loading leads to direct contact of nanoparticles and then destroys the percolation network. To find the optimum Φn, Φno, with the highest probability, the number density of nearest neighbor polymer beads ρ*n would be an efficient parameter. Figure 9 plots ρ*n as a function of Φn. A higher ρ*n usually leads to higher percolation probability without considering the effect of fillers. It shows that rod nanocomposites have the highest ρ*n at Φno around 17.3%, while the tetrapod nanocomposites sample is around 21.4%. This difference of Φno is due to the smaller surface area and larger occupied volume of a tetrapod. Notice that the increase of εnp results in the increase of ρ*n but has no influence on determining the Φno. Compared with the probability of percolation as a function of nanoparticle volume fraction in spherical particles nanocomposites [58], the Φno determined by number density of nearest neighbors are all located in the high probability area. As a supplement, a maximum effective Φn, Φno, exists to form the percolation network, and the percolation probability may decrease by further adding particles beyond Φno. In addition, the effect of particle shape should be taken into account to calculate the percolation probability; for example, the tetrapod filler is more efficient to become a “bridge” to connect different stress concentrated areas than spherical filler due to the stronger constraint in the polymer matrix.





4. Discussion


3D LSM simulation results show that the tetrapod filler is more efficient to enhance the Young’s modulus of the corresponding polymer composite than rod filler at the same concentration; this disparity is observed in both bare and surface modified particles as fillers and fits well with the experimental data. As for particles with surficial ligands, the mechanical disparity of their nanocomposites can be mainly contributed by the orientation of the strong X-type bonds at the nanoparticle-ligand interface, which is important for amplifying the disparity between rod and tetrapod composites. Here, the discussion related to the disparity of bare particle filled composites is mainly from two aspects: stress transfer and particle agglomeration. The stress transfer in tetrapod filler (Figure 6) could be the key explanation and origin for elastic modulus difference between rod and tetrapod filled composites. The arms in tetrapod are connected via the strong particle bond. Assuming that this strong bond is replaced by a weak spring between polymers, the composites turn to the random rod filled composites and elastic modulus of composites would be dramatically decreased. In addition, the stress on the tetrapod with strong NPI is much higher than that with weak NPI, which leads to a higher elastic modulus. Secondly, as for the particle agglomeration, achieving a uniform dispersion of particle in a polymer matrix is a possible way to get high performance structural materials. Due to the special isotropic shape, the tetrapod will be more loosely packed than a rod in real polymer composites, and thus it is easy to achieve the percolation network of high-density polymer regions. A simple experiment that I performed by LSM is that of the elastic modulus being only slightly increased if the branched tetrapod is aggregated in the center of the cubic box. Particle agglomeration would be an additional effect to lead to the elastic modulus disparity.




5. Conclusions


The elastic moduli of polymer composites using rod or tetrapod as fillers are examined by a 3D lattice spring model. Meanwhile, the dispersion and spatial organization in polymer melts of these two fillers are studied by molecular dynamics simulation. The elastic modulus of tetrapod filled composites is much higher than that of rod filled composites. For the bare particles, the disparity is due to the effective stress transfer in tetrapod, and the strong NPI amplifies this disparity. An additional effect is the particle agglomeration in the composites, and molecular dynamics simulation results show that a tetrapod is more likely to achieve uniform dispersion than a rod, and the uniform dispersion would give better mechanical performance.



Based on the comparison of tetrapod and rod filled composites, I conclude that the final mechanical behavior of branched particle filled nanocomposites is controlled by many factors including particle size, shape, intrinsic material properties and NPI. While the dispersion state and efficiency of stress transfer can be modulated by these factors, e.g., on condition that the particle size are comparable with or smaller than the entanglement length of polymer matrix, and the branched shape facilitates the polymer chain wrapping closely on the particle, the stress transfer would become more efficient and the particle probably develops into an entanglement point. In general, this work provides the shape effect on the Young’s modulus of branched filled polymer nanocomposites; it yields guidelines on mechanical property prediction and rational design of polymer nanocomposites.







Funding


This research was funded by the National Natural Science Foundation of China (No. 21706229).




Acknowledgments


The author acknowledges the financial support from the National Natural Science Foundation of China (No. 21706229) and thanks Eyal Zussman for helpful discussions.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Jancar, J.; Douglas, J.; Starr, F.W.; Kumar, S.; Cassagnau, P.; Lesser, A.; Sternstein, S.S.; Buehler, M. Current issues in research on structure–property relationships in polymer nanocomposites. Polymer 2010, 51, 3321–3343. [Google Scholar] [CrossRef]

	



Dong, Y.; Umer, R.; Lau, A.K.T. Fillers and Reinforcements for Advanced Nanocomposites; Woodhead Publishing: Sawston, UK, 2015. [Google Scholar]

	



Herrera, N.; Mathew, A.P.; Oksman, K. Plasticized polylactic acid/cellulose nanocomposites prepared using melt-extrusion and liquid feeding: Mechanical, thermal and optical properties. Compos. Sci. Technol. 2015, 106, 149–155. [Google Scholar] [CrossRef]

	



Chen, Q.; Gong, S.; Moll, J.; Zhao, D.; Kumar, S.K.; Colby, R.H. Mechanical reinforcement of polymer nanocomposites from percolation of a nanoparticle network. ACS Macro Lett. 2015, 4, 398–402. [Google Scholar] [CrossRef]

	



Chao, H.; Riggleman, R.A. Effect of particle size and grafting density on the mechanical properties of polymer nanocomposites. Polymer 2013, 54, 5222–5229. [Google Scholar] [CrossRef]

	



Cho, J.; Joshi, M.; Sun, C. Effect of inclusion size on mechanical properties of polymeric composites with micro and nano particles. Compos. Sci. Technol. 2006, 66, 1941–1952. [Google Scholar] [CrossRef]

	



Huang, J.-C.; He, C.-B.; Xiao, Y.; Mya, K.Y.; Dai, J.; Siow, Y.P. Polyimide/POSS nanocomposites: Interfacial interaction, thermal properties and mechanical properties. Polymer 2003, 44, 4491–4499. [Google Scholar] [CrossRef]

	



She, X.; He, C.; Peng, Z.; Kong, L. Molecular-level dispersion of graphene into epoxidized natural rubber: Morphology, interfacial interaction and mechanical reinforcement. Polymer 2014, 55, 6803–6810. [Google Scholar] [CrossRef]

	



Manna, L.; Milliron, D.J.; Meisel, A.; Scher, E.C.; Alivisatos, A.P. Controlled growth of tetrapod-branched inorganic nanocrystals. Nat. Mater. 2003, 2, 382–385. [Google Scholar] [CrossRef] [PubMed]

	



Wu, X.-J.; Chen, J.; Tan, C.; Zhu, Y.; Han, Y.; Zhang, H. Controlled growth of high-density CdS and CdSe nanorod arrays on selective facets of two-dimensional semiconductor nanoplates. Nat. Chem. 2016, 8, 470. [Google Scholar] [CrossRef] [PubMed]

	



Chow, T. The effect of particle shape on the mechanical properties of filled polymers. J. Mater. Sci. 1980, 15, 1873–1888. [Google Scholar] [CrossRef]

	



Jančář, J. Influence of filler particle shape on elastic moduli of PP/CaCO3 and PP/Mg (OH)2 composites. J. Mater. Sci. 1989, 24, 3947–3955. [Google Scholar] [CrossRef]

	



Buxton, G.A.; Balazs, A.C. Lattice spring model of filled polymers and nanocomposites. J. Chem. Phys. 2002, 117, 7649–7658. [Google Scholar] [CrossRef]

	



Iwanaga, H.; Fujii, M.; Takeuchi, S. Growth model of tetrapod zinc oxide particles. J. Cryst. Growth 1993, 134, 275–280. [Google Scholar] [CrossRef]

	



Manna, L.; Scher, E.C.; Alivisatos, A.P. Synthesis of soluble and processable rod-, arrow-, teardrop-, and tetrapod-shaped CdSe nanocrystals. J. Am. Chem. Soc. 2000, 122, 12700–12706. [Google Scholar] [CrossRef]

	



Ponhan, W.; Thepnurat, M.; Phadungdhitidhada, S.; Wongratanaphisan, D.; Choopun, S. Electrical properties of field-effect transistor with interlinked ZnO tetrapod network as an active layer. Surf. Coat. Technol. 2016, 306, 41–44. [Google Scholar] [CrossRef]

	



Mishra, Y.K.; Modi, G.; Cretu, V.; Postica, V.; Lupan, O.; Reimer, T.; Paulowicz, I.; Hrkac, V.; Benecke, W.; Kienle, L. Direct growth of freestanding ZnO tetrapod networks for multifunctional applications in photocatalysis, UV photodetection, and gas sensing. ACS Appl. Mater. Interfaces 2015, 7, 14303–14316. [Google Scholar] [CrossRef] [PubMed]

	



Raja, S.N.; Olson, A.C.; Thorkelsson, K.; Luong, A.J.; Hsueh, L.; Chang, G.; Gludovatz, B.; Lin, L.; Xu, T.; Ritchie, R.O. Tetrapod nanocrystals as fluorescent stress probes of electrospun nanocomposites. Nano Lett. 2013, 13, 3915–3922. [Google Scholar] [CrossRef] [PubMed]

	



Meija, R.; Signetti, S.; Schuchardt, A.; Meurisch, K.; Smazna, D.; Mecklenburg, M.; Schulte, K.; Erts, D.; Lupan, O.; Fiedler, B.; et al. Nanomechanics of individual aerographite tetrapods. Nat. Commun. 2017, 8, 14982. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Guo, W.; Zhao, F.; Wang, Y.; Tang, J.; Chen, X. Characterization of the mechanical behaviors and bioactivity of tetrapod ZnO whiskers reinforced bioactive glass/gelatin composite scaffolds. J. Mech. Behav. Biomed. Mater. 2017, 68, 8–15. [Google Scholar] [CrossRef]

	



Heo, H.; Lee, M.H.; Yang, J.; Han, S.W.; Lim, J.; Hahm, D.; Ji, W.Y.; Wan, K.B.; Lee, W.B.; Kang, M.S. Assemblies of Colloidal CdSe Tetrapod Nanocrystals with Lengthy Arms for Flexible Thin-Film Transistors. Nano Lett. 2017, 17, 2433–2439. [Google Scholar] [CrossRef]

	



Raja, S.N.; Olson, A.C.; Limaye, A.; Thorkelsson, K.; Luong, A.; Lin, L.; Ritchie, R.O.; Xu, T.; Alivisatos, A.P. Influence of three-dimensional nanoparticle branching on the Young’s modulus of nanocomposites: Effect of interface orientation. Proc. Natl. Acad. Sci. USA 2015, 112, 6533–6538. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Jin, X.; Deng, M.; Kaps, S.; Zhu, X.; Hölken, I.; Mess, K.; Adelung, R.; Mishra, Y.K. Study of tetrapodal ZnO-PDMS composites: A comparison of fillers shapes in stiffness and hydrophobicity improvements. PLoS ONE 2014, 9, e106991. [Google Scholar] [CrossRef] [PubMed]

	



Mecklenburg, M.; Schuchardt, A.; Mishra, Y.K.; Kaps, S.; Adelung, R.; Lotnyk, A.; Kienle, L.; Schulte, K. Aerographite: Ultra lightweight, flexible nanowall, carbon microtube material with outstanding mechanical performance. Adv. Mater. 2012, 24, 3486–3490. [Google Scholar] [CrossRef] [PubMed]

	



Schuchardt, A.; Braniste, T.; Mishra, Y.K.; Deng, M.; Mecklenburg, M.; Stevens-Kalceff, M.A.; Raevschi, S.; Schulte, K.; Kienle, L.; Adelung, R.; et al. Three-dimensional Aerographite-GaN hybrid networks: Single step fabrication of porous and mechanically flexible materials for multifunctional applications. Sci. Rep. 2015, 5, 8839. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Schutt, F.; Signetti, S.; Kruger, H.; Roder, S.; Smazna, D.; Kaps, S.; Gorb, S.N.; Mishra, Y.K.; Pugno, N.M.; Adelung, R. Hierarchical self-entangled carbon nanotube tube networks. Nat. Commun. 2017, 8, 1215. [Google Scholar] [CrossRef] [PubMed]

	



Spitalsky, Z.; Tasis, D.; Papagelis, K.; Galiotis, C. Carbon nanotube–polymer composites: Chemistry, processing, mechanical and electrical properties. Prog. Polym. Sci. 2010, 35, 357–401. [Google Scholar] [CrossRef]

	



Gao, Y.; Liu, J.; Shen, J.; Zhang, L.; Guo, Z.; Cao, D. Uniaxial deformation of nanorod filled polymer nanocomposites: A coarse-grained molecular dynamics simulation. Phys. Chem. Chem. Phys. 2014, 16, 16039–16048. [Google Scholar] [CrossRef] [PubMed]

	



Subramanian, N.; Koo, B.; Rai, A.; Chattopadhyay, A. Molecular dynamics-based multiscale damage initiation model for CNT/epoxy nanopolymers. J. Mater. Sci. 2018, 53, 2604–2617. [Google Scholar] [CrossRef]

	



Wei, Q.; Zhang, Y.; Wang, Y.; Yang, M. A molecular dynamic simulation method to elucidate the interaction mechanism of nano-SiO2 in polymer blends. J. Mater. Sci. 2017, 52, 12889–12901. [Google Scholar] [CrossRef]

	



Ferdous, S.F.; Sarker, M.F.; Adnan, A. Role of nanoparticle dispersion and filler-matrix interface on the matrix dominated failure of rigid C 60-PE nanocomposites: A molecular dynamics simulation study. Polymer 2013, 54, 2565–2576. [Google Scholar] [CrossRef]

	



Buxton, G.A.; Care, C.M.; Cleaver, D.J. A lattice spring model of heterogeneous materials with plasticity. Model. Simul. Mater. Sci. Eng. 2001, 9, 485. [Google Scholar] [CrossRef]

	



Deng, S.; Huang, Y.; Xu, S.; Lin, S.; Liu, H.; Hu, Y. Mechanical properties of high-performance elastomeric nanocomposites: A sequential mesoscale simulation approach. RSC Adv. 2014, 4, 63586–63595. [Google Scholar] [CrossRef]

	



Auhl, R.; Everaers, R.; Grest, G.S.; Kremer, K.; Plimpton, S.J. Equilibration of long chain polymer melts in computer simulations. J. Chem. Phys. 2003, 119, 12718–12728. [Google Scholar] [CrossRef]

	



Born, M.; Huang, K. Dynamical Theory of Crystal Lattices; Clarendon Press: Oxford, UK, 1954. [Google Scholar]

	



Buxton, G.A.; Verberg, R.; Jasnow, D.; Balazs, A.C. Newtonian fluid meets an elastic solid: Coupling lattice Boltzmann and lattice-spring models. Phys. Rev. E 2005, 71, 056707. [Google Scholar] [CrossRef] [PubMed]

	



Buxton, G.A.; Lee, J.Y.; Balazs, A.C. Computer simulation of morphologies and optical properties of filled diblock copolymers. Macromolecules 2003, 36, 9631–9637. [Google Scholar] [CrossRef]

	



Zhao, X.; Deng, S.; Huang, Y.; Liu, H.; Ying, H. Simulation of morphologies and mechanical properties of A/B polymer blend film. Chin. J. Chem. Eng. 2011, 19, 549–557. [Google Scholar] [CrossRef]

	



Deng, S.; Zhao, X.; Huang, Y.; Han, X.; Liu, H.; Hu, Y. Deformation and fracture of polystyrene/polypropylene blends: A simulation study. Polymer 2011, 52, 5681–5694. [Google Scholar] [CrossRef]

	



Deng, S.; Huang, Y.; Lian, C.; Xu, S.; Liu, H.; Lin, S. Micromechanical simulation of molecular architecture and orientation effect on deformation and fracture of multiblock copolymers. Polymer 2014, 55, 4776–4785. [Google Scholar] [CrossRef]

	



Plimpton, S.; Crozier, P.; Thompson, A. LAMMPS-large-scale atomic/molecular massively parallel simulator. Sandia Natl. Lab. 2007, 18, 43. [Google Scholar]

	



Gao, Y.; Liu, J.; Shen, J.; Zhang, L.; Cao, D. Molecular dynamics simulation of dispersion and aggregation kinetics of nanorods in polymer nanocomposites. Polymer 2014, 55, 1273–1281. [Google Scholar] [CrossRef]

	



Gao, Y.; Cao, D.; Wu, Y.; Liu, J.; Zhang, L. Destruction and recovery of a nanorod conductive network in polymer nanocomposites via molecular dynamics simulation. Soft Matter 2016, 12, 3074–3083. [Google Scholar] [CrossRef] [PubMed]

	



Raja, S.N.; Luong, A.J.; Zhang, W.; Lin, L.; Ritchie, R.O.; Alivisatos, A.P. Cavitation-Induced Stiffness Reductions in Quantum Dot-Polymer Nanocomposites. Chem. Mater. 2016, 28, 2540–2549. [Google Scholar] [CrossRef]

	



Puzder, A.; Williamson, A.J.; Natalia Zaitseva, A.; Galli, G.; Manna, L.; Alivisatos, A.P. The Effect of Organic Ligand Binding on the Growth of CdSe Nanoparticles Probed by Ab Initio Calculations. Nano Lett. 2004, 4, 2361–2365. [Google Scholar] [CrossRef]

	



Guth, E. Theory of filler reinforcement. J. Appl. Phys. 1945, 16, 20–25. [Google Scholar] [CrossRef]

	



Chen, C.Q.; Shi, Y.; Zhang, Y.S.; Zhu, J.; Yan, Y.J. Size dependence of Young’s modulus in ZnO nanowires. Phys. Rev. Lett. 2006, 96, 075505. [Google Scholar] [CrossRef] [PubMed]

	



Chen, P.; Liang, X.; Zhou, Y.; Nie, W. Effective reinforcement of amino-functionalized molybdenum disulfide on epoxy-based composites via strengthened interfacial interaction. J. Mater. Sci. 2018, 53, 8221–8231. [Google Scholar] [CrossRef]

	



Garlof, S.; Fukuda, T.; Mecklenburg, M.; Smazna, D.; Mishra, Y.K.; Adelung, R.; Fiedler, B.; Schulte, K. Electro-mechanical piezoresistive properties of three dimensionally interconnected carbon aerogel (Aerographite)-epoxy composites. Compos. Sci. Technol. 2016, 134, 226–233. [Google Scholar] [CrossRef]

	



Nasajpour, A.; Mandla, S.; Shree, S.; Mostafavi, E.; Sharifi, R.; Khalilpour, A.; Saghazadeh, S.; Hassan, S.; Mitchell, M.J.; Leijten, J.; et al. Nanostructured Fibrous Membranes with Rose Spike-Like Architecture. Nano Lett. 2017, 17, 6235–6240. [Google Scholar] [CrossRef]

	



Jin, X.; Gotz, M.; Wille, S.; Mishra, Y.K.; Adelung, R.; Zollfrank, C. A novel concept for self-reporting materials: Stress sensitive photoluminescence in ZnO tetrapod filled elastomers. Adv. Mater. 2013, 25, 1342–1347. [Google Scholar] [CrossRef]

	



Mishra, Y.K.; Adelung, R. ZnO tetrapod materials for functional applications. Mater. Today 2018, 21. [Google Scholar] [CrossRef]

	



Ali, A.M.; Ahmad, S.H. Mechanical Characterization And Morphology Of Polylactic Acid /Liquid Natural Rubber Filled With Multi Walled Carbon Nanotubes. In Proceedings of the AIP Conference Proceedings; AIP: College Park, MD, USA, 2013; pp. 83–89. [Google Scholar]

	



Srivastava, S.K.; Mishra, Y.K. Nanocarbon Reinforced Rubber Nanocomposites: Detailed Insights about Mechanical, Dynamical Mechanical Properties, Payne, and Mullin Effects. Nanomaterials 2018, 8, 945. [Google Scholar] [CrossRef] [PubMed]

	



Tarawneh, M.A.; Ahmad, S.H.; Ehnoum, S.; Lau, K.T. Sonication effect on the mechanical properties of MWCNTs reinforced natural rubber. J. Compos. Mater. 2013, 47, 579–585. [Google Scholar] [CrossRef]

	



Dorigato, A.; Dzenis, Y.; Pegoretti, A. Filler aggregation as a reinforcement mechanism in polymer nanocomposites. Mech. Mater. 2013, 61, 79–90. [Google Scholar] [CrossRef]

	



Liu, J.; Gao, Y.; Cao, D.; Zhang, L.; Guo, Z. Nanoparticle dispersion and aggregation in polymer nanocomposites: Insights from molecular dynamics simulation. Langmuir 2011, 27, 7926–7933. [Google Scholar] [CrossRef] [PubMed]

	



Padmanabhan, V. Percolation of high-density polymer regions in nanocomposites: The underlying property for mechanical reinforcement. J. Chem. Phys. 2013, 139, 144904. [Google Scholar] [CrossRef] [PubMed]








[image: Polymers 10 01368 g001 550] 





Figure 1. The interconnectivity of the 3D lattice spring model in a typical layer which depicts the branched rod incorporated in a polymer matrix, nearest [100] and next nearest [110] neighbor spring interactions are considered. Three kinds of springs are represented by different colors (different spring constants). The schematic diagrams of rod and tetrapod with aspect ratio of 5 are shown in the right bottom corner. 
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Figure 2. Plot of interaction energy versus distance for various interaction parameters. 
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Figure 3. Plot of relative elastic modulus versus aspect ratio for tetrapod and nanorod nanocomposites. Blue lines represent results from the tetrapod filled composites, while red lines represent results from the rod filled composites. 
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Figure 4. Comparison of experimental results from ZnO/PDMS (Polydimethylsiloxane) composites with simulated data by a lattice spring model. Plot of relative elastic modulus versus nanoparticle concentration for tetrapod and nanorod nanocomposites. Fits are clamped to the (0, 1) point. The experimental data are replotted from Ref. [23] under open access license. 
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Figure 5. Comparison of bare particles with BPSL (Branched particles with surface ligands) on the relative elastic modulus of composites by lattice spring model. Plot of relative elastic modulus versus nanoparticle concentration. Blue lines represent results from BPSL filled composites, while black lines represent results from bare particles filled composites. 
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Figure 6. Normal stress profiles through the center of the particles with weak (a,c,e) and strong (b,d,f) NPI. Yellow double arrows indicate the stretching direction. Particles include tetrapods (a,b), vertically aligned rods (c,d) and horizontally aligned rods (e,f). The color bars indicate the value of stress for each bead. 
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Figure 7. Plot of relative elastic modulus versus nanoparticle concentration for various nanocomposites. (A) the aerographite filled epoxy with particle aggregation [49]; (B) pristine PCL filled with tetrapod ZnO [50]; (C) pristine PCL filled with spherical ZnO [50]; (D) SEBS filled with surfaced modified CdSe/CdS tetrapod nanoparticles [44] and simulation results; (E) SEBS filled with surfaced modified CdSe/CdS nanorod nanoparticles [44] and simulation results; (F) SEBS filled with aggregated CdSe/CdS tetrapod nanoparticles [44]; (G) PDMS filled with tetrapod ZnO [51]; (H) silicone elastomer filled with tetrapod ZnO [52]; (I) PLA/LNR nanocomposite filled with MWCNTs [53]; (J) SBR nanocomposite filled with MWCNTs [54]; (K) TPNR nanocomposite filled with MWCNTs [55]. 
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Figure 8. The radial distribution function (RDF) of rod and tetrapod nanocomposites with different polymer-nanoparticle interactions: (a) inter-nanoparticle RDF; (b) RDF between nanoparticle and polymer matrix; the inset shows the partial enlarged view of the peak. 
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Figure 9. Plot of number density, ρ*n, of nearest neighbor polymer beads versus nanoparticle concentration, Φn, for tetrapod and rod nanocomposites. 
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