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INTRODUCTION AND AIMS

1. Introduction, aims

1.1. Actuality of the theme

The execution of mechanical tests of different natroctures by
experimental method is difficult and extremely exgge, entirely exact
measuring could not be made till now. Concerningeaech works
mechanical tests carried out with modelling andusation means as well as
nowadays by theoretical way have got significargontance.

In case of carbon nano structures the mechanisghte important in
particular as the strongest chemical bonds to bsolis ensure the forces
keeping together atoms in these structures, s@dh&n nanostructures are
the materials with the highest strength consequentl

The basis of theoretical, molecular mechanical siestf carbon
nanostructures is that the bonding forces amongqsatare known. The
atomic forces can be determined as gradient ofnpiatéunction of bonding.
Granting the atomic forces with formulas can bestiered correct only
order of magnitude at present. The calculated astdnated properties
correspond to reality only order of magnitude, too.

The Y branches have got stressed importance beteedon nano
structures. It can be solved with branches to detive extremely high
strength of carbon nanotubes to be in axis direciso into more directions
of space generally. Because of electric behavitaar the Y branches are the
most interesting. If industrial technology can éxi® establish nano
electronics based on carbon nano structures fahely it is certain that some
parts of fundamental building units get out of Yalithes aggregation.

Different researchers found in technical literatuget order of
magnitude differences have got great importancenguater application and
manufacturing. The cause of calculations is théedsht use of the Brenner
potential. It was mentioned that the researcheesl ube Brenner cutting
function according to different standpoints. Thenawas to avoid the
breakpoint came into being on the force functionitaio be to such lace
where it did not fall into the calculation of maxam.

1.2 The aim

| set myself as an aim to realize with moleculacchamical simulations the
mechanical tests of Y branches of carbon nanotalibis research work. |
drew up the following tasks:
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| develop a proper algorithm to the Y branchesiterssmulation,

the formulas of atomic forces are only exact ineoraf magnitude till
now because of this | plan analyse at first thatdalculations made
with such punctuality, hoe reliable the simulatresults are, in which
cases can they give real results,

| carry out runs to tensile- simulation on differ&branches,

| analyse the behaviour of Y branches exposed nailée load, |
examine the formation of bonding’s, the failure qgass, | determine
the weak points of structures,

| search connection, the topological charactesdtiow determine the
failure process.
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2. Material and method

2.1 Algorithm to the tensile- simulation of carbomanostructures

| have developed a molecular mechanical algoritbnthe tensile-

simulation of carbon nanostructures. Setting oomnfithe technical literature
the basis of this algorithm is that | also caloeilite atomic forces from the
gradient of the potential function describing tiemical bondings. | choose
the Brenner-potential function for this aim. Aswils usual at energetic
potential functions generally Brenner also gave gheential function (Y)
(Va) as the resultant of corresponding members chdite and repulsing
(VRr) effects to the andj direct neighbour atom-pairs:

Vi ()= Vel )-Byvalry) (2.1.1)

wherer; — is the distance betweenandj atoms. The attractive and the
repulsing members are described with the follovargressions:

Vo= e g V2mimg () (2.1.2)
S -1
V, = D esl e—#Z/SB(rU—R)fU (rij ) (2.1.3)

The parameters: De, 8,and R are the constants concerning the
material, or are physical constants in the formwascribing the attractive
and repulsing members (2.1.2) and (2.1.3)

The fij (rij) so called cutting function role is tmnit the interactions to
within a given action radius:

’ rij<R1
i =R
fij (rij) =4|1+co ! 1 T /2, Ri=riji<R (2.1.4.)
R —Rq -
0,
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The cutting effect is effective between Rnd R from 1 to O
reduces. Brenner suggests=R,7 A value as the starting point of the cutting
effect, avoiding with this the surroundings of tetandstill equilibrium
position (5=1,42 A), and suggests the cutting t&=R A value.

The B is that constant in the (2.1.1) formula with thedphof which
not only thei and j atomic pair is taken into account, but theeat
neighbours of these, as well as the bonding angles:

-3
2.1.5.
Bij :[1+k(§j)e‘(eijk)fik (rlk):l ( )
where:
- the summation has to be made to the direct neigkboli and|
atoms,

- Oijk is the bonding betweenandj atoms, as well as the bonding
angle between theandk atoms,

- the following connection concerns to taking inte@mt the bonding
angles:

B e ¢ (2.1.6.)
G(@”k ) =% 1+ d2 2+ (1+ SECH )2

The (2.1.5) and (2.1.6) connections also have got constarsts:
and @, choosing of which can be from Brenner tables (Brenner 1990).
Finally, as the local surroundings iohndj atoms can be different,
Brenner suggests a calculated correction constant as average of tttese to
(2.1.1) formula:

B, =(B, +B,)/2 (2.1.7.)

Several authors observed that cutting function of Brenner formulas have go
extremely strong effect to the calculation of atomic forces: there is a break
point on the potential function gf=R; atomic distance. At Rplace on the
gradient of the potential function, thus on the function detangithe atomic
force there is also a break point which attend here also witresuddline
changeFigure 1/a
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Figure 1/a The effect of the cutting function to the Brenpetential and its derivative, to
the function determining the atomic force. Bothgid&ans concern to one direct neighbouring

atom-pair.
b: The course of the cutting functioj(rf;) between Rand R

2.2 The algorithm

| present the steps of algorithm in thigure 2:

The input of the algorithm is the table of the carbon atoms’,(%) y
coordinates from the model of the carbon nano-structure examined.
Before starting there is a need to define the extreme position, fixed
places in the structure.

One step of the tensile- simulation, the distance between fixation
starts increasing run with 0,01 Angstrom)

The calculation of the equilibrium place between atoms of the fixed
places to be increased distance belongs to the given step. This
calculation is an iteration which tends to search the minimum of a
multivariate function (the Brenner potential-function) according to
mathematics. | used for a gradient method to minimum — searching.
During suitable steps the behaviour of the structure can be followed i
the tensile process. | solved the demonstration on the grapfacesu

on molecular modelling system the DTMM (Desktop Molecular
Modeller).
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Figure 2: The nrncess-fionye. wherathenugessaftensilessimulatian .can.be seen the. .o
demonstration on a model respectively

2.3 The applicability of tensile-simulation algorithm.

| examined seven different cases to the change of the energetic
potential-function and the atomic force-curve running off. | discated;

(rj) function from the Brenner formulas namely | interpreted to “1” value
identically in the first case.

I chose six different R f, value-pairs to thejf(r;) correction
function in the six following cases and | developed six diffea¢mmic force-
functions whit this. | present these six different casesigure 3. The
potential-function running off can be seen on the diagram in d@heunder
the horizontal axis in the six different cases. The derivative opdtential-
function that is the atomic force-function is presented on the part the
horizontal axis in six different cases. The differences are smaller eon th
potential-functions however the variation of the free parameters causes more
drastical changes on the atomic force-functions in the correction-function.
Thus the question is: the change of the atomic force-function ettzatges
will cause in the behaviour of carbon nano-structure?
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Figure3.a/ The energetic potential-function is shown below ltlorizontal axis, above the
horizontal axis the atomic force-function is showalculated between two neighbouring
(marhed white) atoms.
b./ The free parameters of the correction function

| carried out seven tensile simulations using seven different atomi
force-functions with algorithm mentioned previously. | made thaings off
to the appearance of failure. | always used the loads the axisalrectithe
structuresigure 4)

| calculated with the original Brenner-potential in the first case,
where | didn't take into account the cutting function or the effecthef
correction function, that is its value was identical “1". | searched failed
place, where the structure destructed failed during the tensile-siomulati
process. After that | determined the effect of the correction functiarsing
the six different value-pairs of the free parameters. | wanted to exanmaine t
determining the weak point how exact is needed with this aiioul series of
the atomic force-function connection to the experimental results.

Figure 4. a./The starting structure consists of 580 atoms
4. b./The tensile is axial at all branches

10
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| present the result of the running off with Brenner—potential @x@anas
well as the result of the running off with modifyed correction fiamct |
finished the running off when the destruction (failure) place could be
established.

Figure 5. a./ The structure examined with origiBenner—potential and destructed
b./ Example to the simulation result carried ouhvihe modifyed correction function.

Finishing the running off | have established that the diffemtection
functions resulted force — functions with different intensities these didn’t
effect the final result. My aim proved true that | can estimatééhaviour of
structures with my algorithm. Looking for the weak cross-sectioesn’t
depend on the intensity of load.

Desprite that the running off of the atomic force-function origin&teh the
gradient of potential-function is not yet defined exatly outsithe
surroundings of equlibrium situation, the atomic force-functisnstill
suitable to examine the behaviour of a given carbon nano-structairestg
tensile load, to search the weak point of the structure, to eratiné failure
process.

11
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3. Results

3.1. Investigations of carbon nanotube branch

| investigated the behaviour of different nanotube structures agains
tensile load in my dissertation. The basic elements form wditfarent

structures can be made are Y branches. These branches are built from
nanotubes. Not only hexagonal rings can be found in theahpmaints of

branches as in the nanotubes but heptagon rings too. Dependihgt dnow
are set these heptagon rings the topology of Y branch its seueill be

different, they behave differently against of mechanical load. | show
examples irFigure 6-9.
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Figure 6. a./Asymmetric branch (lower two branches: 8,0 nanatupeer branch: 4,4)
b./ The failed structure
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Figure 7. a./Asymmetric branch (lower two branches: 4,4 nanetuipper branch: 8.0
b./ The failed structure
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Figure 8. a./Symmetric Y branch (6,0) from nanotubes, markimngtensile directions.
b./ The broken structure
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Figure 9. a./Y branch made from armchair type nanotube witll$oa
b./ The primary failure spot.

After finishing the simulations mentioned before | established th
the Y branches can be put into two main groups concenring theibehav
against mechanical load. One is the asymmetric group buildingdiftenent
nanotubes. The other great group is the symmetric Y branchese e
type the diameter and length are built from identical nanotubesbréhehes
deform with the same way and measure to the effect of axial lo#usin
group in case of both the zigzag and the armchair types nanotubes.

13
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3.2. The elasticity of carbon nanotube

| investigated the extreme mechanical properties in my dissertation
mentioned in the technical literature too. On of these is the exs#o#ly
which is more than 1TPa. | loaded one armchair and one zigzag type
nanotube in the direction of axis till itt failed with my aldbm to get
knowledge that the nanotubes how will behave during tensile protes
observed one-one hexagon ring during tensile progdagsire 10.) | show

the results of the zigzag type nanotube in diagranisgare 11.1 show the
results of the armchair type nanotubd-igure 12.

b)

Figure 10. a./The observed building element of the zigzag tyaeotube
b./ The observed building element of the armchair typeotube
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Figure 11.The change of the loading angle and bonding leafithe zigzag type nanotube.
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Figure 12. The change of the bonding angle and bonding leofjthe armchair type
nanotube
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| established from the running off results, that in both ctises parts
can be distingvished. Between 0-1 A there is a sleep changingtptre
bonding angles, while the bonding length diagram doesnthe next part
both diagrams change uniformly as far as another sleep part. Thissspo
different at the two types. This is that spot to be exceeded tleubanoses
its elasticity. Before this spot the nanotube recovers it origiimaénsion if
the load is eliminated, afterwards doesn’t recover. | establsihed hbat t
bonding angles turn into the load direction sooner and afteddrgjth start
to grow.

3.3. Tensile diagram of the carbon nanotube Y branch

| discussed the elasticity of nanotubes previously. Now | make

known the other extreme high mechanical characteristic of nhanotubes, their
outstanding tensile strongth. This characteristic can be extendesety
direction of the space with the help of Y branches. | establisheitgd
modelling of branches that the structure construction influencesvéad

spot of the structure. | investigated how is influenced the mecdlaloiad
capacity if the structure is modified. The objects of my investigaivere

also Y branches, | made two modifications only from structuredptant.

One is a topological transfromation, the other is an atom tafeguare 13.)

Figure 13. a./Base structure
b./ Transformed structure
c./ Final result of modifying with atom take in.

| loaded the structures with the same simulated load in all cases. T
modifyed correction function was altered with=R1,9 ; f = 0,2 value pairs in
all cases. | analysed and interpreted the maximum loads usedtachinécal
literature. | presented the results in a diag(kigure 14.)

15
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Figure 14.The three tensile — diagrams

| calculated the tensile strength (Belytschko, 2002) of all three
structures besides the results got.

F

—_ max
g = __a2

max IDt

where:

Fmax — IS the maximum force, that can be read from the diagram
D — is the nanotube diameter

t — is distance between grafen planes

The tensile strength of the nanotube structure in the base case:

-9
O oy = —Fma" (4 = L ’1939_5'0 A — =153 ,73GPa
Dt m(4,701110 ~ [B,400
The tensile strength of the structure in the transformed case:
-9
o= Forax o = 70,7001_1IZOLO 4 =140 80GPa
7Dt 4,701 110 [B,4110
The tensile strenght of the structure in the modified with atam case
-9
O ox = Fﬂ 4 = 68’0040_50 A — = 135 43GPa
7Dt T[4,701 10 [B,4010

16
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I summed up my statements connected with the branches in d@e tab
| introduce a force factor to the filling in the table, byiethl give symbol to
the nanotube types to be in the structures and by which | degetinir
loadabilities. An order of rank can be set with this number andiffeyent
nanotube types. This factor is tiyewhich | determined with the following
method.

where:

Fsz is the maximum force effecting the structure in the moment of faibure t
be parallel with the nanotube axis

Fw: the force taking place in the critical (failed) bonding to the effétte
maximum force in the structure, naturally this is the same in akcas
to put on end to the bonding between two carbon atoms neealgsahe
same force (13,453 nN).

The maximum load effecting the structure at te calculations always
has to be parallel with the axis of the setting nanotube, thefgteus always
loaded with axial forces. At the same time not any projection ofdtee
rising in the critical bonding has not to be calculated as thermemiof the
force between two atoms is interpreted to all directions of spheudacs.

Table 1. comparing the load capacity of nanotubes

Whasic Wtrandformec Wolus
Y zig-zac 5,73 5,25 5,05
Y armchail 4,21 - -
Whasic : Value concerning the base structure
Wiransformed : Value concerning the transformed structure
Wplus : Value concerning the plus structure

| established from data of the table that the nanotubes settitigeup
structure have got different load capacity. Hereby the armchair type
nanotubes will always be weaker at the asymmetric Y branchesdditves
from that the topological modifications of the zigzag type ndrediare also
stronger than the branch set up form armchair type nanotubes.

17
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3.4. Carbon nanotube structures

The following step towards the networks if these Y barnches azd fitt
so if the structures to is put periodically side by side thegtwark develops.

| show these models frigure 15. | investigated four types structures
in this case, too. The aim of simulations here is also totfindveak spot of
the structure.

Figure 15. a./Network element set up from base model;Transformed model
c./ Reinforced with atom take i,/ Armchair type network part

After runnings off | established that in all cases the weak spitteof
structures can be found beside the heptagon rings. | still makstepn
towards the networks in the followings and | investigate thecttre with
multidirectional loads. | show the structure investigatedrigure 16. | put
the loads to the structure either parallel or from more directionslaiea
with this the different mechanical loads. | also modified thectiras
becaues | produced vacancies (unoccupied places, where there are no atoms)
inside them.

a) b)
Figure 16.Part of the nanotube network, stressing the vacanc
a./ With parallel loadp./ With multidirectional load

| made two establishings from the results of simulations. Tkei§
that the internal stresses developed so that the failure happenedroiudte

18
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nanotube part on the intact structure and on the structure with va¢aacy
In the second case when the load was multidirectional therstragture
divided into two parts concerning the load-bearing. To one ialtgoart,
where the stresses show that this part of the structure hasn’tdotosa
than the other part. The other part is a ring to be found onatfuehbof the
structure. The failure will happen on this ring. | also estabtishere thath
the primary failures can be found beside the heptagon rings inche#s. |
show the two cases resultskigure 17.where | emphasized with red colour
those places where the internal stress is high and the failure happened.

Figure 17.The structures with load and the internal strebgls values are emphasized with
red colour.
a./In case of parallel loadh./ In case of multidirectional load

3.5. Tensile modelling of carbon nanotube networks

| reached in the last part of my dissertation to carry out thaleéen
simulation of a whole network. | expected the final result of theulkstion
based on my previously mentioned establishings. | loadedeatwork from
more directions but each load was unit and axial. | show thesks land
structure inFigure 18,

Figure 18 Carbon nanotube network with loads

19
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After finishing my investigations | established that thiswuek
behaved similarly with the structures till now. | observed here #ie
dissection ensued to the effect of the multidirectional load mesdiam the
previous chapter. The internal structure and the external ring als@pegel
During my dissertation | established in all cases that the faipots ®n the
structure can always be found in the neighbourhood of heptaggs. |
proved this with the investigation of the network, toehbw my result in
Figure 19.andFigure 20,

Figure 20. The ring to be found on the network on whichfdikire spots appeared.

20
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No.

No.

No.

No.

No.

4. New scientific results

. Thesis:l showed with the molecular mechanical simulation of carbon

nano structures that the determination of the structure weak cross-
section remains exact during modifying with the correction functio

of the Brenner-potencial function. Therefore this statement is
important became the energetic potential functions of chemical
bondings are defined exatly only still in the neighbourhodd o
equilibrium place nowdays.

. Thesis:l showed with the simulations of load tests of straight carbon

tubes that he high elasticity can be explained beside the cangedf b
length with the characteristic changes of bond angles, with thigu
into the load direction of the bondings, too. The tensieukations
show that turning of bondings starts sooner as longestiange of
bond lenght develops only later.

. Thesis:l established with using molecular mechanical simulation that

the failure always happened at the armchair type nanotubes at the
asymmetric Y branches containing the chosen zigzag and armchair
type nanotubes having the smallest diameter difference.

. Thesis:I showed with the running off series of molcular mechanical

tensile — simulations that the heptagon rings determine exadly th
weak cross-section to be found in the structure of carbon nanotube Y
branches. The weakest place that is the primary failures are in the
direct neighbourhood of heptagon rings in a carbon nano structure.

. Thesis:l established that after the structural modifications (transfer of

heptagon rings) of the Y branches containing indentical carbon

nanotubes and after molecular mechanical investigations that there is
no considerable difference in mechanical characteristic between
branches having different modal point structures but having the same
diameter tubes.

No. 6. Thesis:l showed that by changing the topological structure in the

modal point of Y branch, namely by moving the heptagon rthgs
weak spot also displaces.

21
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No. 7. Thesis:| established during molecular mechanical investigations of
larger networks that structures behaviour in two ways to the effect of
tensile load. Due to parallel load the stresses rising irstitueture
destruct the structure on that nanotube part in the neighbaldfoo
heptagon rings where the forces are concentrated. The structure
loaded from more directions splits to two parts, one internal part
where the stresses are lower and to and external ring which takes the
great part of the load hereby the failure spots will be in this. p

22
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5. Conclusions and proposals

The algorithm worked out by me estimates the characteristic of
sturcures against mechanical load based on expermental calculation method.
The specimen of experiment test carried out in laboratory couldn’t be
determined till now. It can be conlcuded to the characteristic oftna@dhat
the typ can be calculated form the diameter can be taken out respectively
Therefore from this the use of algorithm can be used to estimate the
characteristic of structures with constructed nanotubes having determined
type in advance.

During investigationg nanotube structures it was proved
unambigously that due to the topological set of armchair typetulae®
(there are such bonds int he structure which are axial) this typleeis t
weakest. | came to the conclusion investigationg the mechanical
characteristic of structures that the position of heptagon rmdse tfound
inevitably in the structure don’t influence the mechanical load chpaci
considering the whole structure. However they influence certiaelyviak
spot of the structure such way that the primary failure happenée idirect
neighbourhood of the heptagon rings.

Concerning the elasticity of nanotubes | established that the
elongation of a nanotube what is made up of. The deformationst®rudi
two main parts.

The atomic bonds to be found in the nanotube turn into tieetain
of load in the first part until the atoms approaching to one andibn’t reach
that place in the structure where the attracting and repelling ti@aach
other still compensate one another. The departion of atoms from éech ot
namely the bond length starts increasing, happens in the second part

The behaviour of the carbon nano structure against the mechanical
load can’'t be similar to the macro materials. The set of networks €an b
divided to two parts. In every case there is an internal parteobaldy and
there is a shell structure that surrounds this body and whiebk takater part
of the load. The failure sports develop on this shell.

The development of the sicence will make it possible to produce
suitable structure to the explicity set target from nanotubethig case these
structure will be designed in such way as whatever tool arsggl today. The
calculation method of my algorithm can be the basis for a later developed
3D-al design software. The structures built from carbon nanotubeseuvill
possible to make models with this software to load with diftemeechanical
loads respectively. The load capacity will be possible to estiaratehe set
of structure will be possible to modify for the sake of the aim.

23
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6. Summary

Y branching in carbon nanotubes is of paramount importance because
of at least two features:

. As Y branches contain 3 joint tube elements, they may become the
basic units of molecular electronics provided that a proper industri
production technology is found. It has been proved in the litlerat
that in the case of carbon nanostructures molecular size transistors
may consist of Y branches.

. The extremely high strength of carbon nanotubes is due toetlye v
strong covalent bonds of graphene. They exhibit this extrehigly
strength only in the axial direction. Carbon nanotube brandande
a structural unit which, organized into a network might alloe th
extension of extreme strength into various spatial directions.

This work aims at the investigation of the latter problem, the
mechanical properties of carbon nanotube Y branches and of networks
consisting of them. Tensile simulations were performed by mialecu
mechanical algorithm first on carbon nanotube Y branches then olessoral
larger network structures consisting of Y branches. The basis ofyibrtlam
was that the atomic force can be determined as the gradient of an energeti
potential function describing the chemical bonds. The Brenner palterds
chosen for the calculations. The Brenner potential is an empaigation,
but the fitting to the experimental data is proven only in ithenediate
neighborhood of the equilibrium structure. In the tensilmuations,
however, parts of the potential function farther from the equilibriosition
are also needed. In such cases however, only an order of magnitude
agreement with the experimental data can be achieved nowadays. hstthe fi
part of my work therefore | had to investigate what kind of problean be
solved realistically with the presently available precision of théecubar
mechanical algorithm. | found that it is possible to study seedilly the
failure process of the given carbon nanostructure, it is possiierttfy the
weak sites and it is possible to compare the failure of varioudstes.

Tensile simulations of Y branches of various structures have been
performed. It was found that the failure is determined by the tgpalbthe
structures, weak spots occurred in the immediate neighborhood- of 7
membered rings.

During the tensile simulations the changes in bond lengthband
angle values were monitored. It was found that in the first sthghe
process the bonds turn towards the load direction, bonds beconuateld
only later, these two phenomena together explain the extreme ejasficit
carbon nanostructures.
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