
Molecular Dynamics Simulation of Carbon
Nanotube Composites

著者 Sanjib Chandra Chowdhury
号 51
学位授与番号 3652
URL http://hdl.handle.net/10097/37320

CORE Metadata, citation and similar papers at core.ac.uk

https://core.ac.uk/display/236065739?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1


 一6ε一

 oq‡Jo(puoq〔)一つpu2H一⊂)■o'1)soJn‡onエレspoII2平oP`亘oEo」dd2ulo‡2-po平lungU‡ul'12pu9‡od田。短一po年Iun2町‡1酷s耶II-sso』opu忍

 xl畑田」o川べlodo甲qPq馳!lgpo四角ou1PIBuol‡B;nd田ooJoosuosulouloUgsuol‡2正nulls‡uglo田ou2soonpoηロ{和郎sl肌

 脱SSOOOUSIO鵬uosuOl‡21nUIIS↓UgP田OU2`S甲0温

 1ロuoP田nd田ooo叩uisuopB‡IuIIIgsgqP田ooloAoo山'suo飼n田;興。甲ulxl畑田」o甑Iodpl冒I」p瓢nsse綱1`sn肌'xμ馴

 Joulべlodoq‡JouoP2uu(導opoq‡」oPIsuoつ卑oupIpsJoHoユ鴛osoJJoqlooulosou1μ12uo喜‡2‡nduloooq‡oonpoJo⊥制nl町12pEσ」01uI

 oq‡ss雌PlouplnooUol聯`soq田〇四uo甲Jo‡uo田oo21dsiPllBulspo」oPlsuooo欄s」即」20so・omoso田PIBuoP召‡n伽09

 0甲90npo」o卑`oou2享suμoa'oAlsuodx興on田べII2uo隅nd臓ooslsu}即」o砿lodo鳴。(puoqHつPu2Dつ●oつol町01u‡s

 po四〇P冒uI」oP!suoo`suo1121nu11s肥lnooiouIo耳‡uI-so;Isoduloo」o田べlod噛NOo甲JoSSIg甲8ulzI」o悶即soIptUssuo岡n田喜s

 Jeinooloulouエosos120JB…}Jo耳」!SSIo種‡Joopτ耳lu冒セulo琶‡o↓s2uoI‡蔦uコロ【(写u10‡Bユn=)oEouslgJ9モppu2↓=}oJIpulo泥s‡uouエoJns20uI

 I2‡uo卿odxgo玩UIV'so卑lsod田oo」oulべlod■NDoW‡Joq蜘。ηsIB岡」期。甲9zI」o享DB肥Hoqo四パ騨。紙12‡uouII」odxo

 燭。ユBo」oH卑`肌NDgU‡JoozlsoIBosoueu耳蝉po1Blooss2soPlno馴P9甲。‡onG'pos29」ouloqu召oso↓ls・dulooJ9咽od託NO

 o{PJoSSI伍oqJoSSIo亘1uo(suoPIpuoo12‡uoulIJodxopu召uo“BlnulIs■o'1)sJo↓02σ‡uoJo∬IPJos写09野ogU‡o影2旦soAuI

 o‡‡u2りodulls隅`o」o盛。」o耳工'田9‡sべs」oulべlod■NDJoSSIg税‡oAo」d田lo矯2ssooous撰`so写lsoduloo」o甑lodoq手Josso囑no‡

 12誓。喉}Jo↓u喜pu忍qβuoηsoqluooouoτ1Bui輿oJ8EsE“o↓lsoduIooユoulべlod・JLNDoI移Jo(SSI)q揖uoηsユBo旦sI2p町Jo‡uIo〔}u喜S

 ユuBμodu1Is1xl畑田puBsエNDP。PPaq鵬uo制oq嘔uoηslBP甲01u團‡Jouol‡召8psoAu【`べI」odo」d5uluoPou㎎

 sIulolsべs9‡lsod甲oooU‡‡B甲8ul」nsuouPolo鳳ulB田。甲1ugso」dolsgl算odo」d」瓠suBη一P201gH}ooulS'so11soduloo配沿

 oU‡Jo即年oo冊21隅oo㎎」o‡uP賜2Jo田べlod江NOo甲Jo瞬uoηs12P甲。‡uPUエ's耶od田090Idooso」02田.uIsso町君no‡

 pu閣掲uo」‡sl日岡Jo‡u【o弔soAo」duIls阻'suq80」pom‡02弓。向‡‡田no-Ilnd」osヨoe」ooΨo冒Pμqplnoooo甲。卑ulo弔‡2

 sエNつ`so‡lsod㎜・9」o噛odoIdooso」oB田翼3ulpuoqoP12P璽」o‡ui」o聯」q」oq猛。甲8ulmαso‡lsod田oo心HDo叩JoU励。ηs

 9甲os29」ouIo‡so‡!sod田oo(d撮0)19甑Iodpoo」〇四〇1」oqguoq1200Idooso」oB田oq1Jooo叩。‡ulo税期posnoqosleu29エN[つ

 てB副00ZJo」op」oo弔uo)爪ol血oAs四伽。」卑sollsuo享xl単孤。旧。」o聯`so‡Isod田ooxり12ul-」o田べlodべl12Ioodso`so‡1sod田oo

 ulsユuouJoPヨupJqJuloJs甘uol‡BoIIdd2iBI‡uo写odロoA閃slLN〔)qβuoηs-q冒旧。qβuo耶ollsuolpu2snlnpo田s。冒unq入H題HJpq‡

 oユonps正叩。‡2ul皿石。」psεuoosoqu20sエNDllBμ。剛12uol‡uoAuoo2uloユqlo“uoos」oAousol箕odoldJouol脚lq田oo召ssossod

 s工Nこ}■od2qsI20!Jpu;1べossolumos20‡ulPollo」写ooqs…}‡lqdB潟マs2poqμosopoqu2012tPo」nユon1↓sou2uJoss2Pヨupsolo‡q

 u田uoso」do」s駅つ'耳。肥oso」o‡Isod田ooou2uo‡uoIsu期P齢uBuoAβ馴(s脳D)soqnlouセuuo中日oJo血oAooslpo眠

目壷最図単襲

猫耳曝圓藩韓暗索判陣孝潮田製藩権霜判陣

 筆意蟹玉藩羅煮¥コ陣靭》〉眠藩韓索¥コ陣.皐年曹垂耳墨水雛
 霧'y7〉ζ畳孝差動舞索¥コヒ≧挺喜:獲多妻嚢昌孝

 (べ財一4飛4盛年唖士好⑦標韓号蚤'一τ壬〆千べ乎一4)
 so11s・du・・Doqn‡・四Nuoq」2DJ・u・pBlnu・ISs・1皿3uKG凋nooloN目醜不離隅煮

 遊車捻工早出砺鰐(毒崔手創)姓駈挫索工罰煮¥煮¥非車鍵影⑦逸童`姓駈挫
 重1彰彰セ勤首笛葦篠笛歌碑崔⑦肯藩不少嘉

 日ε工巨6由81準元日巨由肯揖弱点

 (右工)平飼叫煮肴揖
 ㎞qp祉0船尾」pu怠耳Dql瞬s才笛



polymer chains are not considered. Rather polymer chains are represented by a set of united-atom. Each united-atom 

corresponds to a monomer (i.e, repeating unit) of the polymer. Thus this approach enables us to simulate a large-scale model 

with less computational time than conventional approach. Since united-atom approach does not consider the detailed stucture 

of the polymer, switching of the cross-link chains at the interface will not occur automatically during relative movement 

between the nanotubes and the polymer matrix. Special methodology is required for cross-Iink switching when united-atom 

approach is adopted. This study introduces a new switching criterion for the cross-links based on minimum energy. Therefore, 

this study enables us to characterize the interfacial properties of large CNT-polymer system considering interfacial failure. 

Using our simulation seheme we investigate how the ISS can be increased and what factors influence the ISS of the 

CNT-polymer composite. In this thesis, the effects of the following factors on the ISS of the CNT-polymer composite are 

examined. 

1 . Polymer matrix density 

2. Chemical cross-links at the interface between the CNT and the polymer matrix 

3 . Geometrical defects in the CNT 

4. Atomic defects in the CNT 

5. Edge effect of the CNT. 

In this study. ISS ofthe CNT reinforced polyethylene composite is investigated by CNT pull-out using molecular dynamics 

simuiations. Classical molecular dynamics is used where Newionian equations of motion are solved numerically using the 

veloeity-Verlet algorithm for a set of atoms. We use classical molecular dynamics since it is simple and takes less 

computational time compared to the quantum molecular dynamics. In the simulations, crystalline polyethylene is considered 

as polymer matrix. Carbon-carbon interactions in the CNT are modeled by the Brenner potential and the polyethylene polymer 

is modeled by a united-atom potential. Each -CH2- group is considered as a single atom in the united-atom approach. 

Therefore, for the same size model, united-atom approach reduces the number of the atoms by two third since three atoms (i,e. 

one carbon atom and two hydrogen atoms) of the -CH2- group are represented by one atom. Due to this reduction in the 

number of atoms, computational time is hugely reduced. For example, for a simulation model with two -CH2- groups, 

united-atom approach will save approximately ten times computational time. 

A simple physical model ofthe CNT-polymer is considered is this study where a single-walled CNT is partially embedded 

into the polymer matrix. Though this model is simple, it is meaningfiil. The reason behind this, in real CNT based polymer 

composites short length CNTS are pulled out from the surrounding matrix in the fractured regions. Therefore, to investigate 

the nanoscale interfacial properties of CNT based polymer composites such model will work well. Moreover, plastic 

deformation of the interface is neglected considering only erystalline polymer as the matrix. ISS is calculated based on energy 

balance criterion given by Eq. (1), where energy difference of the CNT-polymer system in the pull-out process is considered 

as the total work done of the pull-out. 

W = ;zrf TiL~ (1) 

In Eq. (1), W is the pull-out work (i.e. energy), rf is the CNT radius L rs the CNT embedded length and lr rs the 
ISS. 

Interface is modeled with and without the presence of polyethylene cross-links. Cross-links conn.ect the CNT with the 

surrounding polymer matrix. For the frrst time, polymer cross-links in the CNT-polymer composite interface is also modeled 
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parallel to the CNT axis. Matrix densities are adjusted by ehanging the distance between the polymer chains. For geometrical 

defects, two pairs of pentagons and heptagons are inserted at the same location, also called a 5-7-7-5 Stone-Wales defect. In 

this defect, four neighboring hexagons convert into two pentagons and two heptagons with a 900 rotation of a horizontal bond 
of the hexagonal structure. Validity of the potential fLmctions is also discussed in this chapter. From the simulated results of 

CNT pull-out from polymer, the following conolusions for the effects of matrix density, chemical cross-links and geometrical 

defect of CNT on the ISS ofthe CNT-polymer composite are obtained. 

 ･ Matrix density affects the ISS of the CNT reinforced polymer composite. It is found that with the increase of 

matrix density ISS increases. 

e Presence of chemical cross-1inks at the interface increases the ISS of the CNT-polymer composite. 

e Cross-link position affects the ISS. Cross-links having smaller traveling distance give relatively higher ISS 

though in that case energy is transferred for smaller pull-out displacement. 

e Pentagon-heptagon geometrical defects do not affect the ISS when there are no eross-links at the interface. 

However, they reduce the ISS when cross-links are present at the interface. 

In Chapter 3, effects of CNT vacancy defects (i.e. missing atoms) on the ISS of the CNT-polyethylene composite are 

investigated. Three patterns of vacancy defects: one-atom vacancy, two-atom vacancy and vacancy at the same ring are 

considered. CNT pull-out simulations fiom the po]ymer matrix are conducted considering two types of interfaces, with and 

without polyethylene cross-links between the CNT and the matrix. Tensile tests of the CNT are also conducted with the same 

types of vacancy defects for examining their effects on the CNT tensile strength. Details of the CNT tensile test procedure are 

discussed in this chapter. From the simulated results the fo]lowing conclusions are obtained. 

 ･ When vacancy defect sites are distributed at different positions in the CNT, tensile strength of the CNT is not 

significantly affected by the increase ofvacancy defects. However, tensile strength decreases with the increase of 

vacancy defects when they accumulate at the same ring of the CNT. 

e ISS decreases as the vacancy defects increase. 

e For the same number of missing atoms, one- and two-atom vacancy defects do not affect the ISS when there is no 

oross-link at the interface. However, they do affect the ISS when there are cross-Iinks at the interface. 

 ･ For the interface with cross-links, when vacancy defects accumulate at the same ring of the CNT, CNT fails 

during the pull-out proeess. This fracture significantly reduces the ISS. 

Chapter 4 investigates the effects of the CNT end conditions on the ISS of the CNT-polyethylene composite. CNT pull-out 

from the polymer matrix are conducted considering two types of interfaces, with and without polyethylene cross-Iinks 

between the CNT and the matrix. End conditions effects are investigated oonsidering open-end CNT (i.e. CNT without cap) 

and capped CNT. Two types of caps, penoil cap, and buckyball cap are considered for capped CNT. From the simulated results 

the following conclusions are obtained. 

 ･ CNT end conditions have negligible effects on the ISS of the CNT-polymer composite when there are no 

eross-links at the interface. It may be due to the flexible geometrical constraints of the CNT in the CNT-polymer 

com posite. 

e ISS is significantly affected by the CNT end conditions when there are cross-links at the interface of the 

CNT-polymer composite. 

Chapter 5 summarizes the main results ofthis study. 
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