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Abstract

In this article, we examine the Young modulus(6fm) boron-nitride nanotubes
with vacancy and functionalization defects. We employ roolar dynamics sim-
ulations using the Parrinello-Rahman approach. To this @&hdystems are mod-
eled with a reactive many-body bond order Tersoff-potémtith parameters due
to Matsunaga et al [1], which is able to accurately descrid@lent bonding. We
apply external stress to periodically repeated tubes inwacand derive stress-
strain curves for various tensile loads at standard tenyoerand pressure. In
addition to the Young modulus, we study visualized stressgbom snapshots of
the simulation runs. Our results show that the decrease um¢gfanodulus with
increasing defect concentration is independent of thalityirof the tube for va-
cancy defects. Also, we observe that functionalizatiorsdus weaken the tube.
There is even indication of a relative strengthening forcarair types.

Key words: molecular dynamics simulations, boron-nitride nanotubesects,
functionalization, elastic moduli
PACS:02.70.Ns, 62.20.de, 62.25.-g, 83.10.Rs.

1. Introduction

Nanotubes have attracted a lot of attention in the last dedae to their in-
triguing structural properties. Besides the well-knowputar structures made of
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carbon, there are now nanotubes made of a range of otheriatatdn partic-
ular, single- and multi-wall boron-nitride nanotubéXN) can be produced with
diameters comparable to those of carbon nanotubes, seer[&hfoverview and
references. Experimental studies [3] and semi-empirialdutations [4] show
thatBN nanotubesBNNT) display a high Young modulus comparable at least to
that of carbon nanotube€KT).

The stability at high temperature in air [5] and the high tlenstrength of
boron-nitride nanotubes suggest to use them for struateirdbrcement of matrix
materials. To this end, a functionalization of the embeddetbtube is essential to
allow for cross-links to form between the nanotube and tmaroee material [6].
It has recently been shown that such a functionalizatioh@bbron-nitride nano-
tube is possible with amine groups via ammonia plasma ettt [7]. One ques-
tion at hand is how this additional layer of nitrogen atomamiine groups on the
surface of the boron-nitride nanotube effects the tensiéngth of the nanotube.

Additionally, defects play a critical role in fracture pesses as they are al-
ways present, also in compound materials. Hence, meaghergirength of pris-
tine material investigates only the possible upper limithaf Young modulus and
the Poisson ratio, but not the magnitude encountered idifeahaterials. These
defects appear in a variety of forms: While single vacantgsdead to point de-
fects, line and layer defects are one- and two-dimensiasfalots typically found
in periodic crystalline bulk materials. In nanotubes anidtszl nanostructures
these defects are compensated by specific patterns.

In this article, we investigate two types of scenarios thay nveaken the ten-
sile strength of a boron nitride nanotube: vacancy defectthe one hand and
functionalization on the other hand. So far, Schmidt et&jIhpve studied various
defects inBN nanotubes such as antisites, vacancies and carbon ineguhitw-
ever not with regard to the Young modulus. Now, we inveségatether there is
a diameter-dependent weakening of the nanotube. Furtmermve are interested
if the relation between the Young modulus and the defecteaination depends
on the chirality of the tube.

To this end, we derive stress-strain curveg®fn) boron nitride nanotubes
with vacancy defects and different degrees of functioa#ilim by means of molec-
ular dynamics simulations. We use standard temperaturepegssure in the
framework of the NPT-ensemble, similar to [9]. Note that wstrict ourselves
to the study of diameter-dependent, not size-dependezttsffi. e. we fix the chi-
rality numbern = 6. The impact of a varying numberon the mechanical prop-
erties of nanotubes with intrinsic defects has already lsasatied elsewhere [10].
To modelBNNTSs, we use the Tersoff bond order potential [11], which ik db
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describe covalent bonding in an accurate way. We apply arreadtstress tensor
within the equations of motion of the Parrinello-RahmarsBldagrangian [12]

to account for tensile loads. To model defects, we randoettyave a fixed num-
ber of atoms from the nanotube structure, whereas to modetiGinalization, we
add a fixed number of nitrogen atoms on the surface of the nhadtructure at
randomly picked boron sites. To investigate the impact écte and functional-
ization on the Young modulus &NNTs, we measure the stress-strain curve and
derive the Young modulus for various setups with differdmtalities for increas-
ing defect concentrations and increasing degree of funalimation, respectively.

For carbon nanostructures Stone and Wales [13] proposed-adhslation
pattern for the compensation of defects. There, a C-C botade®in plane by
90°. In such a manner a doublet of adjacent pentagon/heppais is formed out
of four connected hexagons (Stone-Wales defect). It has sle@vn that for car-
bon nanotubes under stress this kind of defect occurs pemtiynshortly before
failure. Haskins et al [14] give a very good overview on thalifirgs for carbon
nanotubes. One may speculate that this process is diffierdodron-nitride nano-
tubes due to the antagonism of the two involved elementsto fmmo-elemental
bonds [15]. It has been shown by density functional theolgutations that these
5-7-defects may form under high temperature and tensiéss{l6]. However,
there is also experimental evidence in [17] and numeridalesce in [18] speak-
ing against the formation of pentagon/heptagon ringseadstquadragon/octagon
rings are suggested. These however do require greateeldisitortions [16].

With our employed potential we investigate whether exaigdor including
homo-elemental bonds is important. In the first case theanig a repulsive
force between two equal elements of either boron or nitrgjeaacording to [1],
they are not found ir5iBN matrices. Here, we do not see any difference with
the employed potential, whether we exclude or include heteaiental bonds.
This suggests that either the potential is not suitablelfersimulation of Stone-
Wales-defects — where homo-elemental bonds are presenthatahese simply
are not yet a relevant stress-relief scheme for defectivetodes under initial
strain, i. e. the nanotube cannot reduce site-specificssingflipping bonds near
the defect site in the aforementioned procedure undeaihttading. We believe
that the latter is the case and therefore Stone-Walesidedee not considered
here.

This article is organized as follows. In section 2 we outlihe employed
molecular dynamics method, the many-body potential andtitess-strain rela-
tionship. In section 3 we explain the experimental setug rBisults are presented
and discussed in section 4. Finally, we give some concludingarks in section 5.
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2. Method

All simulations are performed with our parallel softwarekage TREMOLO,
for further details see [19] and the references cited thetg¢ence, in this section
we only elaborate on the specifics of the employed canonitsgrable and its
respective Hamiltonian and on how we obtain the Young maglinam the stress-
strain relationship.

2.1. Molecular dynamics simulations

To switch from the usual Hamiltonian adapted to microcacanNVE en-
sembles —i. e. constant number of particles (N), constdaobwe (V) and constant
energy (E) —

Y
Hzézl m;nll—i_U(flu7fN) (1)
to that for canonical NPT ensembles — i. e. constant numbgaicles (N), con-
stant pressure (P) and constant temperature (T) — additlegaces of freedom
have to be introduced according to Parrinello and Rahmah {2 need a time-
dependent matrik which consists of the basis vectors of the simulation celtto
scale the coordinates = h~17;, and a factor to re-scale the time= fot ~y(T)dT

and thus also the velocities(f) = vh5;(¢). This way, there are nine degrees of
freedom to control the pressure and one degree of freedoontoot the temper-
ature. We define the fictitious potentiaksdet ~ and N¢kgT In+y through the
external pressurée,; and the target temperatuig the system’s number of de-
grees of freedonV, and Boltzmann’s constaitz. Now, a so-called Parrinello-
Rahman-Nosé Lagrangian can be postulated and an extendaittdtéan

N o> 2
H -1 5 G5, n 1 tr(phpn) 41 Py
2 4 my; 2 Mp > My

+U(h,h§1,...,h§N)+Pextdeth+kabTT], (2)

can be derived, wheng := In~(%), 5(t) := 5,(%), h(t) := h(?), G :== hTh and

the constantd/p and My describe fictitious masses to control the time-scale of
motion of the cellh and of the temperature. For details see [6], the references
therein and the work of Nosé [20]. Note that there is an ekgEpendency of”

on the matrixh in the case of periodic boundary conditions, since atomsaio n
only interact with neighbors in the cell but also with thoseranslated images.



For the numerical solution of the equations of motion aggmom (2) we have
to employ a time-integration scheme. We use the "predmborector" scheme
based on Beeman’s approach [21] with the modifications dieteon [22].

Finally note that the physical energy, + U contained in (2) is not conserved
in the NPT-ensemble, but the whole Hamiltonian (2), i. e.stm of the physical
energy, of the fictitious energy of the barostat and of thdificts energy of the
thermostat, remains constant over time.

2.2. Potential for boron and nitrogen

There are different empirical potential models availablecbvalen3-N sys-
tems, like the bond order potential of Tersoff [11] or thegdital model of Marian
and Gastreich [23]. In this work, we employ a Tersoff potantrith the param-
eters of Matsunaga and lwamoto from [1] where the potentaameters were
fitted to data obtained from experiments and first principé&huds. In particular,
computed structural and elastic properties for variouB-8i-systems are in rea-
sonable agreement with experimental results [1, 24]. Nuwaeé for the potential
givenin [1], the possibility of the formation of homo-elental bonds between ei-
ther boron or nitrogen is specifically excluded by modelinty@ repulsive force,
as these bonds are not seersiBN matrices. In contrast to that, i. e. to consider
the effect of homo-elemental bonds as well, we adapt thengiat®f [1] to deal
with B-B andN-N bonds, i.e. we include the corresponding attractive pa@kent
terms.

2.3. Stress-strain relationship

The stress-strain relationship provides the overall meicharesponse of a
material which is subjected to mechanical loading. To antéar tensile loads,
an additional symmetric external stress teri$gg is used within the equations of
motion. We may then increase or decrease each of the sixendept compo-
nents ofllg, over a period of time and measure the induced internal steessr
ITi: and the induced strain tensar The straine is equal to the symmetric part
3(e” + e) of the displacement matrix = hhgy,; — 1, Whereheqi is the symmet-
ric equilibrated cell matrix. to which the system is constrained. This way, we
generate stress-strain curves for tensile loads.

To determine the elastic constants, we assumeé-bake’s law which implies
a linear stress-strain relationship, is fulfilled for smadlues of strain. For the
stress tensor componelit,s we obtain
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where E is the system’s total energy atlits volume. Then, the slope of the
stress-strain curve under uniaxial tension is equal todheaied Young modulus
Y.s which is defined as

1 0’°F

ame |l o (4)
Q@ 60{5 e(w:O

The experimentally measured stresshat corresponds td,, 5, is defined as

Yop =

1 dFE F

7T Adlle) A ©

whereF is the total energyA the cross-section of the tubg,is the tensile forcel,
is the length and( L¢) the change in length due to this force. Now, to compute the
Young modulusy,; of a system, we simulate this system under uniaxial tensile
load and obtain the discrete stress-strain curve. Thentat#ooke’s law, an
approximation to the valu¥,s is computed by a least square linear regression.
Note thHat, under the assumption that Hooke’s law holds, temuéd) simplifies to
Yos = ?“5

The galculated stress tendarhowever still depends on the volurfieof the
nanotube. Common convention [14] is to use the nantube{ghetimes the area
of an annulus with a diameter equal to that of the tube andhickrtess equal
to graphene, i.e. 3.4 A, respectively. If there is more thaa atom missing
in the structure this procedure becomes questionable,eagatancy naturally
should decrease the local diameter. Also, the thicknessBX &heet is not as
well-defined as for graphene sheets due to the buckled nafutee structure
which results from the different surface energies of the imwmlved elements.
Instead, the thickness or interlayer distance, respégtioé hexagonal layered
BN of 3.33 A is commonly used [4]. We therefore employ a différgauging:
To obtain the volumé?, we sum up the van der Waals volumes of all atoms —
33.51 A& for boron and 15.6 Afor nitrogen. Thus, with increasing number of
vacancy defects, the volume goes down slowly. Consequehtlye degree of
functionalization increases, so does the volume.

3. Experimental Setup

In general, there is a periodic and a non-periodic way oirggttp tensile load
experiments with nanotubes in the computer. Here, we uspdhedic setting,
I.e. we simulate a tube of infinite length. As [25, 14] we alaket the viewpoint



that defects are a length-dependent, statistical phenomamd that the concen-
tration of defects is the key parameter of interest in theligteon of mechanical
properties.

Note that there are various types of vacancy defects. Thesedivacancies
— two defects on a plane orthogonal to the symmetry axis, hojpposite sides —
which are also called disclustered defects in [14]. Thegrofbccur forCNTs
when ion radiation of noble gases such as argon is presemsteed defects on
the other hand are adjacent vacancies. In the following,avead take a specific
type of defect into account. We merely intend to give a measifithe Young
modulus against the defecbncentrationn order to derive bounds on how pure
aBNNT has to be for use in later applications and to better unakedsf homog-
enization schemes should be applied after synthesis. Aanesiadefects occur
randomly, we presume that they take the form of both cludtarel disclustered
ones.

Our procedure is thus described by the following stepst,Rirs create nano-
tubes with chirality(6, 0), (6,2), (6,4), (6, 6), each having roughly 1000 atoms in
case of vacancy defects and approximately 500-800 atonasanaf the function-
alization setup. In both cases they possess a diameterdretand 8.5 A. We use
units cells of appropriate size and apply periodic boundaryditions, where we
have set the lateral distance between the nanotube andiggigemages to about
20 A. Second, we optimize each nanotube structure with cegpehe periodic
box length and the particle positions under standard teatyper and pressure us-
ing the NPT-ensemble. Additionally, we constrain the bagtéa changes to those
in the direction of the tube’s symmetry axis. We find the oted bond length
to be 1.47 A which agrees well with the value 1.45 A of the hexegBN lat-
tice [10] and bond distances found elsewhere [26, 4]. Thodreate NTs with
vacancy defects, 1, 5, 10, 20, 30, 40 and 50 atoms are randemtwed from the
nanotube structure and the optimization is performed addane, we do not ob-
serve any mending of the created dangling bonds, i. e. we seeany 5-7 or 4-8
defects appear. This is independent of whether the deseript homo-elemental
bonds is included in the potential or not. Finally, we use¢hdifferent random
seeds in the removal of a fixed number of atoms to obtain as8tati sample of
the approximate error, which is given later in the figures.

On the other hand, to obtain functionalized nanotubes, are sbm pristine
optimized nanotube geometries and add nitrogen atoms@abmaly picked boron
sites. The nitrogen atoms act here as a model for ammonia7hiric acid [27]
which have also been used in experimental studies. To thlisves create eleven
nanotube setups for each chirality with an increasing aegfdéunctionalization
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in steps of 10% from none to complete functionalization,lSgare 4 (left) for an
illustration. Furthermore, we make samples with five défd@rrandom seeds for
each setup in order to obtain some statistical error barh®m@pproximate error
of the method, see Figure 1 (right) and Figure 4 (left).

The simulations are then performed as follows: after 10.2qslibration,
an external stress tensor in the framework of the NPT-enkeasbdescribed in
section 2.3 is applied for 81.4 ps. Here, the atoms are @instt in their motion
along the symmetry axis, i. €. only one of the six componeitfseoexternal stress
tensor which corresponds to the symmetry axis of the naeandy increase. The
stress rate is of course critical as we must allow for an adialstraining of the
nanotube, i.e. after each stepwise increase of the stress/item should have
sufficient time to equilibrate itself again. In [14] thisedihation of application of
stress and equilibration is done in step sizes of 1 ps. As wim&® the number
of steps in [14] to be below 100, their overall run time is ie ttame order of
magnitude as our overall run time, hence this implies a ainstress rate. The
simulations were carried out to strains of 13%. In particukae employ a rate of
0.5 femto Joule/ps to increase the external stress for xiié @@mponent. Note
that this value has the unit of power, i. e. the amount of gnaligorbed per time
unit by the nanotube. To give the more common GPa/ps rate, owddwhave
to factor in the volume. However, the volume is, as explaibetbre, gauge-
dependent whereas our value is not. Nevertheless, for atsopavith practical
experiments, we derived the GPa/ps rates: They were betiw2emd 0.4 GPa/ps
in our numerical experiments.

= 850 | 1 = 800 | 7
A [a¥
S S
S 5
g 800 |- : E
& & 600 - 3
g g
2 2
5 750 4 3
= =
400 :
| | | | | | | | | |
0 2 4 6 0 2 4 6 8 10
chirality (6,n) defect concentration [%)]

Figure 1: Comparison of the obtained Young modulus versaisttiralities(6, 0), (6, 2), (6,4) and
(6,6) without and with vacancy defectieft Overall comparison of various chiralities without
defects.Right Young Moduls versus defect concentration for all chiradit



4. Resaults

First of all, we consider the Young modulus of the pristBsSNT with dif-
ferent specific chiralities. The results are given in Figdr@deft) for the pristine
case, and in Figure 1 (right) for the case of increasing defaecentration. Here,
the zigzagBNNT seems to be the strongest. Moon et al [28] have found no de-
pendence of the Young modulus on chirality. Hernandez 29l ljave found a
weak dependence on chirality, Verma et al [4] have foundangtdependence on
chirality. Note that they both have observed the armchaie tp be the strongest.
We find this peculiar and not convincing due to the followimgsideration: In a
spring model of the armchair case with atoms linked by meichhsprings, only
two springs may work against the external stress in the ilireof the symmetry
axis while the third spring or bond, respectively, is ortbogl to it. In the zigzag
case, however, all three springs may work against the exdtstress. Anyway, we
find that our resulting moduli are perfectly in the regime of 8 1.2 TPa which
was obtained in other numerical [29, 4] and practical [3, 30, experiments.
In Figure 2 we depict the stress per atom for the pristine ndoes of different
chiralities. It can be seen that the stress permeates thringgnanotube quite
homogeneously, which justifies our approach.

4.1. Vacancy defect study

In order to visualize the failure @3N nanotubes with a single defect, we show
similar snapshots of the on-going simulation with stresised Van der Waals
spheres. We briefly discuss the observations made for eacthityh

zig-zag In Figure 3(a) we see the defect site in blue, next to spheresed also
first blue, then green and finally red just before rupture o&cirhis indi-
cates that the defect site alone is exposed to a very smadisstnly. The
rupture clearly occurs at the defect site with a distinctangle. The plane
of the cut is slanted in direction of the symmetry axis. Sudpdure seems
only possible for this chirality, as the cut plane for othbirality config-
urations would also have to slant continuously to the sides spiraling
manner. Furthermore, we see a thinning of the remainingefinibe after
rupture.

chiral In Figure 3(b) we observe that the clear cut for tlie2) chirality con-
figuration is not possible, instead we notice a thin threadtoms in the
final stage before failure and also a spiral twisting of theamder of the
structure. In Figure 3(c) we observe that the regular strecof chirality

9



Ve dap e Vo ey u-'l i
’l ',' - 'f",‘ Mt »: : L ]
J e 'ﬂ - o W

""'.
l"u ';‘0,. ',

v e ALl . i ,
i e e v WALl Tl s ¥ 0 bt T

'J" i

R A &
Va9,
‘LY

vy

"373"‘" ";’4 9959 ;";" ";:"0."#%, '40»'0"0',0:"0,:,n,'h,ov,'o,
"y WA ERRE XY A
il o'o'o'ovb' .-,c,-;-,u v,a,u‘n,v,. c,v,a,v,?,o,c.:,
'HI'A'Hi'i-lvlvonu-n»-uv:-nwvov:-cv»-;-;-;..-;-a-o'..,.‘.‘.....;.,..-u,.,.

A-‘.'o.
199" lr“i,
4

(d) (6,6)
Figure 2: Defect-free stress-induced elongation of theusised chiralities. Color indicates in-

creasing stress per atom, from blue over green to red. Frpnotbottom: No strain at 10 ps,
medium strain at 50 ps and final strain at 90 ps.
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(d) (6,6)

Figure 3: Stress-induced elongation and failure of theudised chiralities with a single defect in
the periodic cell. Color indicates increasing stress pemafrom blue over green to red. From
top to bottom: No strain at 10 ps, strain before, at and aétiéure.
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(6, 4) collapses after a certain amount of stress was applied. CEnislso
be seen from the many spheres colored blue that are displaficime the
regular structure in the final stage. Such a behavior is waependent on
the chiral angle, as also tlié, 4) chirality has the smallest Young modulus
in the defect free configuration.

armchair In Figure 3(d) we notice that, already during the initial giguation,

the defect site has increased to a clustered defect. Fortiney the hole in
the nanotube structure and a subsequent buckling is cheaibje. Here, a
helical shearing must occur for the bonds to break in suclslada. This
later on ends in a spiral rupture of the structure close tal#fect position.
It would be very interesting to see this kind of failure expentally repli-
cated, e. g. by inducing the defect with an AFM. Note that Haskt al [14]
saw the same spiral-tearing in a (10,5) carbon nanotube.

Altogether, we have heuristically seen that the chiralityhe BNNT has an
influence on the rupture process. While the zigzag configurahows a clear
cut plane, the armchair configuration exhibits a spiralutgt Intermediate types
either collapse with respect to their chiral structure giatwefore failure or exhibit
again a spiral rupture. However, all intermediate typesws$iagle strands during
final stage, like pearls on a thread.

In Figure 1 (right) we depict the computed Young modulus weithe defect
concentration. We see that the tensile-loaded capacitysézdiminish linearly
with the number of defects. This can be explained by the lstalss already
induced by the defects, as the structure has to adapt tohtinireased bond
lengths. Note the green coloring of the Van der Waals spramsd the defect
sites in the very first of each snapshot in Figure 3 which iaigis this increase in
stress. The decrease due to the volume gauging as explafme s negligible
here.

4.2. Functionalization study

The findings from our numerical experiments with functiozed nanotubes
are summarized in Figure 4 (right). We see a general decrdatbee Young
modulus to2/3 of that of the pristine nanotube. This is mostly a volume cffe
as our volume gauge depends on the number of atoms, whiarases by func-
tionalization up to approximateli.23 relative to the pristine nanotube’s volume.
This decrease is in particular observed in case of the zitypaeg The chiral types
show a slowing down of this volume trend towards full funoatization. The
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Figure 4:Left lllustration of (6,0)BN nanotube, 30% functionalization with nitrogen in blue as
model forNH3. Right Calculated Young modulus versus relative functionalaratiegree for
(6,m)BN nanotubes.

behavior of the armchair configuration is especially irgérgy: Its modulus again
increases significantly from 60% to 100% functionalizati®his behavior could
not be observed for the pure zigzag type.

Thus, we conclude that, in the context of the employed Tépugntial, the
bond strength in stress directionnst negatively affected by the functionaliza-
tion. There even seems to be a strengthening of the bondigteua symmetry
direction in the case of (near-)armchair configurationgdtifunctionalization.

5. Discussion

We studied the behavior of the Young modulus of boron-retnidnotubes in
the framework of molecular dynamics simulations with therldfdsemble. Here,
we considered two cases that bear particular significantleeoproposed embed-
ding in compound materials: vacancy defects and functioai@dn. We find a
general, chirality-independent decrease of the tensigagth with increasing de-
fect concentration. For functionalized boron-nitride otes on the other hand,
we see no significant decrease with increasing functioatidiz and there is even
evidence of a chirality-dependent increase.

This research was funded by the Deutsche Forschungsgarhain@DFG) in
the framework of the priority program SPP1165.
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