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摘 要

	碳纳米管的结构特性吸引了人们对碳纳米管的研究兴趣。碳纳米管具有优良的本征特性，如耐热、耐腐蚀、耐热冲击、传热和导电性能好、强度高等一系列综合性能。碳纳米管和石墨烯一样都是由自然界已知的最强的共价键组成的，碳纳米管也是已知刚度最高的材料之一。由于碳纳米管的高弹性以及它的纳米尺寸，在各种扫描探针显微镜中的探针上有很好的应用，同时还可利用碳纳米管来制成纳米尺度的操纵器及晶体管收音机。碳纳米管的优越特性将会使得它有很大的应用潜力。

分子动力学模拟在研究碳纳米管中得到了广泛的应用。分子动力学计算的关键是确定原子间的作用势，模拟的真实性依赖于原子间作用势的准确程度。分子动力学模拟的巨大计算规模使得它目前受限于纳秒时间尺度和微米空间尺度内，不能满足碳纳米管在工程中的应用要求。连续介质方法被运用到碳纳米管力学问题的研究中来解脱分子模拟所受的制约。

连续介质方法在研究碳纳米管的力学问题中也有很多发展。这些方法大体上可分为两类。一类是将碳纳米管用弹簧、杆、梁、薄膜、板、壳等元件来构造。元件的力学与几何参数通过在少数几个典型变形情况下由原子模拟得到的相应结果来进行拟合。但这种方法不能保证在选择的典型变形情况以外其它更多情况下模拟的准确性，而且只能进行线性分析。另外一类方法是基于原子势和碳纳米管原子结构的连续介质方法，通过Born律将原子的键能等效于连续膜的应变能，从而对碳纳米管进行连续化，但是由于连续膜理论没有考虑碳管壁的弯曲，是一个薄膜理论，不能考虑碳纳米管壁的弯曲以及屈曲，而这对于碳纳米管作为传感器、振荡器的研究却很重要。

本文首次将原子势引入到壳体模型，壳壁可以承受弯曲，从而建立了基于原子势的碳纳米管有限变形壳体理论。克服了对时间和空间尺度的限制，避免主观用任何一个上述力学元件来模拟，而直接由原子势导出大变形非线性本构关系，没有任何的拟合参数。
1． 石墨烯与碳纳米管基于原子势的线弹性壳体理论
以往在采用经典壳体模型研究碳纳米管时需要给出碳纳米管的厚度和弹性模量，但不同文献中给出的厚度和弹性模量差异很大。在本文的石墨烯和碳纳米管小变形的线弹性壳体理论中，直接由原子势解析地导出了石墨烯和碳纳米管的拉伸刚度和弯曲刚度，无需引入厚度和弹性模量。由原子势得到的石墨烯线弹性本构关系是各向同性的，但与经典的各向同性平板理论不同，石墨烯的小变形扭转刚度为零，由原子势得到的石墨烯的弯曲刚度仅依赖于多体原子势中原子键夹角的部分，它不同于经典壳体中由中性面两侧拉/压形成的弯曲刚度。石墨烯和碳纳米管的线弹性壳体理论中无需单独定义碳纳米管的弹性模量和厚度，若将石墨烯与碳纳米管的小变形线弹性本构关系运用到经典壳体理论的模型中，来定义石墨烯和碳纳米管的等效厚度，得到的等效厚度不是一个固定的值，它依赖于加载方式，这个结果可以解释以往通过拟合分子动力学势能而建立的碳纳米管经典壳体模型的文献所给出的碳纳米管的等效厚度不同的原因。（Physical Review B, 74, 245413, 2006,paper no.2）
这部分工作发表在2006年Physical Review B上，被15个国家的170多位学者引用了66次（至2009年11月14日），在同年所有中国大陆学者参与发表在PRB上的511篇文章中，引用率排名第2。同时在2006年中国大陆学者在SCI上归类为凝聚态物理类的58种期刊上发表的3000多篇文章中，引用率排名第9（至2009年11月14日）。该部分工作同时被著名的力学网站Imechanica发布在其网站上，引起了热烈讨论，并有高达上万人次的浏览。（http://www.imechanica.org/node/791）
该方法已被美国及加拿大的学者采用。美国University of Illinois的J. Song采用本理论研究了氮化硼纳米管的厚度和刚度的问题（Journal of Nanoscience and Nanotechnology, 8, 1-7, 2007）。该校的W. Zhou将该方法用到碳纳米管与基体的黏附研究中（NANO, 2, 175-179, 2007）。加拿大University of Western Ontario的L.Y. Jiang将其运用到碳纳米管增强的复合材料的连续化模型中（NANO, 2, 139-148, 2007）。
2．基于原子势的碳纳米管有限变形壳体理论

首次将原子势引入到壳体模型中建立了基于原子势的碳纳米管连续介质大变形非线性本构关系。通过格林应变张量与曲率张量来表示变形过程中原子键长以及相邻键间的夹角，并将原子键能在特征单元内连续化为应变能，给出了碳纳米管在大变形过程中的应变能。由应变能得到分别与应变及曲率“功共轭”的内力与内力矩，内力和内力矩与应变和曲率之间的的率形式关系直接由拉伸刚度、弯曲刚度以及耦合刚度表示。碳纳米管的本构关系充分利用原子势所描述的原子间的关系，并且考虑了碳纳米管的原子分布（如碳纳米管的原子六边形排列及手性）以及变形的非线性。这个本构关系中的所有材料参数（拉伸、弯曲以及耦合切向刚度）都直接来自于原子势，没有引入任何拟合参数。采用碳纳米管的壳体理论研究石墨烯卷曲成单壁碳纳米管的问题，结果显示这个壳体理论所描述的碳纳米管的变形与分子动力学的结果吻合得很好，它抓住了碳纳米曲面主要的变形特点。建立碳纳米管本构关系的方法对原子势以及碳纳米管的原子分布都没有特定的要求，因此建立碳纳米管本构关系的思想方法同样也可用于除碳以外的其它纳米管或纳米材料发展基于原子势的连续介质力学方法，克服时间与空间尺度的限制。

基于原子势的碳纳米管有限变形壳体理论（论文序号1）于2008年发表在JMPS期刊上（Journal of the Mechanics and Physics of Solids. 56, 279-292, 2008），被9个国家的50余名学者引用了30次（至2009年11月14日），是2008年度JMPS所刊登的186篇论文中引用率最高的论文，也在2008年SCI上归类在力学领域的112种期刊所刊登的12000多篇论文中引用率位列第二。该论文在2008年SCI收录的力学领域及工程类其它14个领域共880多种期刊所刊登的近11万多篇论文中引用率排名第20。该论文同时被Thomson Reuters的Science Watch选为2009年5月的New Hot Paper，是力学类文章首次入选New Hot Paper。Thomson Reuters 是全球最大的信息服务提供商，ISI Web of Knowledge和Web of Science（SCI）也是该公司的产品。New Hot Paper是由Science Watch每两个月从22个科学领域（工程是其中一个领域）引用率在前0.1％的论文中，每个领域遴选一篇的论文。（http://sciencewatch.com/dr/nhp/2009/09maynhp/ 09maynhpWu/）
此项成果已应邀在Advances in Applied Mechanics上作为综述性论文发表。AAM是力学领域重要的、影响因子很高的年鉴式综述性刊物，至今在该刊物发表文章的中国大陆学者仅有钱学森、钱伟长、张涵信与庄逢甘、孙庆平与黄克智、陈宜亨与卢天键、李家春、及段惠玲、王建祥与英国合作者等，共 7篇，本文已作为第8篇刊登。
碳纳米管的壳体理论不同于传统的壳体理论：本构关系中的内力与内力矩张量是对称的；本构模型在应变超过约1%时，表现出非线性，对于半径小于1nm的碳纳米管的本构关系是各向异性的；对于半径大于1nm的碳纳米管随着变形的增大也表现出各向异性；本构关系中内力与曲率之间，内力矩与应变之间存在耦合，（ Mechanics Research Communications, 35, 2-9, 2008论文序号5）。将基于原子势的碳纳米管本构关系嵌入到有限元软件ABAQUS中，模拟碳纳米管的变形与分子模拟的结果一致，但它减小了计算规模，提高了壳体理论研究碳纳米管变形的能力，对于研究碳纳米管增强的复合材料、碳纳米管传感器和电子元件在工程的应用问题，该方法更有实际的工程价值（International Journal of Plasticity, 25, 1879-1887, 2009）。
该理论方法已被美国University of Illinois的J. Song运用到建立氮化硼纳米管的壳体理论（Nanotechnology, 19, 445705, 2008）。美国Northwestern University的J. Xiao将该理论应用到弹性基体上碳纳米管失稳问题中（Journal of Applied Physics, 104, 033543, 2008）。清华大学陈玉丽在研究碳纳米管储氢的问题中采用了本文的碳纳米管壳体理论（Journal of the Mechanics and Physics of Solids, 56, 3224-3241, 2008）。
3．基于原子势碳纳米管壳体理论的误差估算
碳纳米管壳体理论的误差量级为O[(/R)3，其中为原子间距，R为碳纳米管半径。对于(5,5)的碳纳米管，≈0.14 nm，R=0.35 nm，误差量级为(/R)3≈。其本构关系中内力与曲率、内力矩与应变耦合，此时碳纳米管不能等效为经典圆柱壳。在允许误差量级增为O[(/R)2时[对于(5,5)的碳纳米管这个值是16%]，碳纳米管在小变形条件下可等效为正交各向异性线弹性薄壳；只有在误差量级增加到O(/R)时[对于(5,5)的碳纳米管这个值是40%]，碳纳米管在小变形条件下才有固定的厚度和弹性模量，此时碳纳米管可以等效为各向同性线弹性薄壳。（Advances in Applied Mechanics, vol. 43, 2009）
4．碳纳米管的屈曲失稳
在基于原子势的碳纳米管有限变形壳体理论下研究了在拉/压、内/外压以及扭转作用下碳纳米管的失稳问题。碳纳米管在压缩、外压以及扭转载荷作用下的屈曲失稳与经典圆柱壳很相似，在拉伸/内压载荷作用发生的失稳则不同于经典壳体（Journal of Applied Mechanics, 75, 061006和061007, 2008，论文序号3与4）。碳纳米管在拉伸载荷作用下发生失稳时，原子势能已进入软化的阶段，此时发生的是材料失稳，而在压缩/扭转载荷作用下发生的失稳与Euler失稳相似都为结构失稳（Acta Mechanica Sinica, 24, 285-288, 2008）。清华大学吕卫帮在基于原子势的碳纳米管有限变形壳体理论基础上增加了van der Waals力描述碳纳米管管壁之间的相互作用（Nanotubes. Philosophical Magazine, 87, 2221-2232, 2007; Computer Methods in Applied Mechanics and Engineering, 197, 3261-3267, 2008），建立了研究多壁碳纳米管的有限变形壳体理论，用于研究多壁碳纳米管的失稳。
基于原子势的碳纳米管有限变形壳体理论中首次将原子势引入到壳体理论中，由原子势和原子结构直接导出大变形非线性本构关系，不引入任何拟合参数，其内力与曲率、内力距与应变之间的耦合完全不同于经典的壳体理论。将碳纳米管的壳体理论与有限元结合提供了研究碳纳米管问题的有力的方法，对于研究碳纳米管增强的复合材料在工程中的应用更有实际的工程价值。石墨烯和碳纳米管的基于原子势的线弹性小变形壳体理论很好的解释了Yakobson佯谬。碳纳米管的壳体理论已被国内外其他学者应用到碳纳米管以及其它材料纳米管的研究中，显示了碳纳米管壳体理论的应用潜力。
关键词：碳纳米管；原子势；有限变形；壳体理论；屈曲失稳


An Atomistic-Based Finite-Deformation Shell Theory for Carbon Nanotubes
Wu Jian
ABSTRACT
	Interests in carbon naotubes (CNTs) continue to grow since their first discovery.  CNTs possess many novel and unique properties including low mass density, high elastic modulus and strength, and excellent electric properties and bio-compatibility.  CNTs and graphene have the strongest covalent bond, and CNT is the most stiff material per unit mass.  As a result, CNTs may have a wide range of technological applications such as nano-electro-mechanical systems, nano-electronics, and drug delivery.
There are extensive atomistic studies of CNT mechanical behavior.  The accuracy of atomistic simulations is determined by the interatomic potential used.  Atomistic simulations, in general, are limited in time scale (up to 1 ns) and size scale (up to 1 m), which fall short to meet the requirement for engineering applications.  The continuum models of CNTs are applied to overcome the limitations.
There exist two types of continuum models for CNTs.  The first is to model CNTs by continuum structural elements, such as spring, truss, beam, membrane, plate and shell.  For a few representative loading cases (e.g., tension, bending), the material and geometric properties of continuum elements (e.g., elastic modulus, thickness) are determined by fitting the atomistic simulation results.  This first type of continuum models is also limited to the linear analysis.  Another type of continuum models is based on the interatomic potential and atomic structure of carbon nanotubes.  They incorporate the nonlinear, multi-body interatomic potential for carbon directly into the continuum analysis via the Born rule, i.e., to equate the continuum strain energy to energy in atomic bonds.  However, they are membrane theories that cannot account for the effect of graphene bending, which is important in the experimental determination of the CNT elastic modulus from their buckling, and in many applications such as CNT-based sensors, oscillators.
This dissertation represents the first study to introduce the interatomic potential directly into the continuum model to establish the atomistic-based finite-deformation shell theory.  It overcomes the limitations of atomistic simulations on the time and size scales, and also avoids the fitting of atomistic simulations results by continuum elements.  The nonlinear finite-deformation constitutive model is derived from the atomic structure and the interatomic potential, without any parameter fitting.
1. A Linear Elastic Shell Theory for Graphene and Carbon Nanotubes Based on Interatomic Potential
Prior shell models for CNTs require the elastic modulus and thickness be fitted from atomistic simulations, which are largely scattered.  In this dissertation the linear elastic tension stiffness and bending stiffness of CNTs and graphene, which is a single, planar layer of carbon atoms, are derived analytically from the interatomic potential.  Such an approach avoids the ambiguously defined elastic modulus and thickness for graphene.  It gives an isotropic constitutive model for graphene, but its torsion rigidity is zero, which is different from the classical plate theory.  The bending rigidity of graphene results from the multi-body atomistic interactions, rather than from tension and compression on the opposite sides of the neutral plane as in the classical shell theory.
It is unnecessary to define the elastic modulus and thickness separately.  In the prior continuum shell model of CNTs, it was used to define the thickness of CNTs such that the ratio of bending to tension rigidities equals h2/12, where h is the thickness of shell.  Such defined thickness, however, does not give a constant value for graphene and CNTs，and depends on the type of loading.  The thickness varies from 0.0618 nm to 0.0847 nm, which is consistent with the range of thickness reported in the prior continuum shell models. (Physical Review B, 74, 245413, 2006，paper no.2)
This work (paper no.2) is published in Physical Review B in 2006.  It has been cited 66 times by more than 170 scholars in 15 nations (as of November 14, 2009).  It is the second most cited paper among all 511 papers published in Physical Review B in the same year by Chinese scholars.  It is also the 9th most cited paper among more than 3000 papers published in all 58 journals in the area of condensed matter physics in the same year by Chinese scholars.  This work was selected to be posted in the famous mechanics website (Imechanica), and the discussion of this work has been browsed more than 10000 times (http://www.imechanica.org/node/791).
The theory and method developed in this work have been adopted by researchers in USA and Canada.  J. Song of the University of Illinios used this theory to study the thickness and elastic modulus of boron-nitride nanotubes (Journal of Nanoscience and Nanotechnology, 8, 1-7, 2007).  W. Zhou of the University of Illinios used it to study the adhesion between carbon nanotubes and substrate (NANO, 2, 175-179, 2007).  L.Y. Jiang of University of Western Ontario used it to establish the continuum model for composite reinforced by carbon nanotubes (NANO, 2, 139-148, 2007).
2．A Nonlinear, Finite-Deformation Shell Theory for Carbon Nanotubes Based on the Interatomic Potential
The interatomic potential is introduced for the first time to establish the atomistic-based nonlinear finite-deformation constitutive model for carbon nanotubes.  The bond length and angle are obtained from Green strain and curvatures.  The strain energy is equal to the bond energy via the modified Born rule, then the strain energy is the function of Green strain and curvature.  The second Piola-Kirchhoff membrane stress tensor is the work conjugate of the Green strain tensor, and the moment tensor is the work conjugate of the curvature tensor.  The constitutive model, which relates increments of the second Piola-Kirchhoff membrane stress and moment to increments of Green strain and curvature, is established from the interatomic potential and atomic structure. The atomistic-based finite-deformation shell theory in this paper is not limited to the special potential and carbon nanotubes, and can be linked to other interatomic potential to develop shell theory for other nano material (Journal of the Mechanics and Physics of Solids. 56, 279-292, 2008, paper no.1).
The work（paper no.1）, published in Journal of the Mechanics and Physics of Solids (JMPS) in 2008, has been cited 30 times (as of November 14, 2009) by more than 50 scholars from 9 countries.  It is the most cited paper among all 186 papers published in JMPS in the same year.  It is the second most cited paper among more than 12,000 papers published in all 112 mechanics journals in the same year.  It is the 20th most cited paper among 110,000 papers published in more than 880 journals in mechanics and all disciplines of engineering in 2008.  This paper was selected as a New Hot Paper by Science Watch in May, 2009, and it is the first mechanics paper receiving this honor.  Hot papers are selected by virtue of being cited among the top one-tenth of one percent (0.1%) in each of 22 fields of science (engineering is one field). (http://sciencewatch.com/dr/nhp/ 2009/09maynhp/09maynhpWu/)
This work has been invited to publish as a review paper in Advances in Applied Mechanics (AAM).  AAM is the most important journal of annual review in mechanics.  Up to date there are only 7 papers authored by scholars from mainland China appeared in AAM since the fifties of the last century, and these authors are H.S. Tsien, Wei-Zang Chien, Hanxin Zhang and Fenggan Zhuang, Qingping Sun and Keh-Chih Hwang, Yi-Heng Chen and Tian Jian Lu, Jianchun Li, Huiling Duan and Jianxiang Wang and English co-author.l.  This work appeared as the 8th in AAM.
The atomistic-based finite-deformation shell theory is very different from the linear elastic isotropic constitutive model in the following three aspects: (i) The constitutive model becomes nonlinear (with 2% tolerance) for strains beyond 1%; (ii) The constitutive model is anisotropic for CNTs with a diameter smaller than 1 nm.  For CNTs with a diameter larger than 1 nm, the constitutive model also becomes anisotropic as deformation increases; (iii) The constitutive model has couplings between the membrane stress and curvature, and between the moment and membrane strain (Mechanics Research Communications, 35, 2-9, 2008, paper no.5).  This shell theory established directly from the interatomic potential has been implemented in the finite element program ABAQUS via its user-material subroutine UGENS for shells.  We have compared with atomistic-based shell theory for carbon nanotubes with the atomistic simulations.  The numerical results for the representative loadings of tension, torsion and bending agree well with the atomistic simulations, which provide direct validation of this atomistic-based shell theory for CNTs.  The atomistic-based shell theory accounts for the effect of CNT charality. It has the same accuracy as molecular mechanics, but is much faster and more robust than the latter, and is suitable for the study of composite materials reinforced by carbon nanotubes (International Journal of Plasticity, 25, 1879-1887, 2009).
J. Song of the University of Illinios used this method to establish the shell theory for boron-nitride nanotubes (Nanotechnology, 19, 445705, 2008).  J. Xiao of Northwestern University used this theory to study the buckling of CNTs on elastic substrate (Journal of Applied Physics, 104, 033543, 2008).  Y.L. Chen of Tsinghua University used this theory to study hydrogen storage in CNTs (Journal of the Mechanics and Physics of Solids, 56, 3224-3241, 2008).
3．The Error Order of the Atomistic-based Finite-deformation Shell Theory

The error of the atomistic-based finite-deformation shell theory is on the order of O[(/R)3, where  is the atomic spacing, R is the radius of curvature.  For a small SCNT (5,5), ≈0.14 nm, R=0.35 nm, which give (/R)3≈.  For the order of error O[(/R)3, the structural response of a CNTs cannot be represented by any classical shell.  For the order of error O[(/R)2, which is about 16% for the (5,5) armchair CNT, a CNT can be approximated by a linear elastic orthotropic thin shell.  Only for the order of error O(/R), which is about 40% for the (5,5) armchair CNT, a universal constant shell thickness and elastic modulus can be defined, and CNTs can be represented by an elastic isotropic thin shell (Advances in Applied Mechanics, vol. 43, 1-68,2009 ).
4．Instability of Carbon Nanotubes
Based on the finite-deformation shell theory for CNTs established from the interatomic potential, we have studied the instability of CNTs subjected to different loadings (tension, compression, internal and external pressures, torsion).  Similar to the conventional shells, CNTs may undergo bifurcation under compression/torsion/external pressure.  Our analysis, however, shows that CNTs may also undergo bifurcation in tension and internal pressure, though the bifurcation modes for tension and compression are very different, and so are the modes for internal and external pressures (Journal of Applied Mechanics, 75, 061006 and 061007, 2008, papers no.3and4).  The bifurcation of single-wall carbon nanotubes in tension are due to softening in the atomistic interactions, i.e., material instability.  The bifurcations in compression and torsion are not due to softening in the atomistic interactions, i.e., structural instability, which is similar to Euler buckling (Acta Mechanica Sinica, 24, 285-288, 2008).  W.B. Lu of Tsinghua University modified the atomistic-based finite-deformation shell theory to account for the van der Waals force in the study of multi-wall carbon nanotubes (Nanotubes. Philosophical Magazine, 87, 2221-2232, 2007; Computer Methods in Applied Mechanics and Engineering, 197, 3261-3267, 2008).
A finite-deformation shell theory for single-wall carbon nanotubes (CNT) is established directly from the atomic structure of CNT and the interatomic potential.  It is different from all existing shell theories because of the coupling in the constitutive model between the membrane stress and curvature, and between moment and membrane strain.  It has the same accuracy as molecular mechanics, but is more robust and computationally efficient than the latter in the study of CNT deformation.  Its linear elastic version explains well the scatter of thickness and elastic modulus data of graphene and carbon nanotubes reported in the literature (Yakobson’s paradox)..  This theory has been used by researchers worldwide, and is well cited.
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