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Abstract: Fabricating continuous macroscopic carbon nanotube (CNT) yarns with mechanical
properties close to the individual CNTs remains a major challenge. Spinning CNT fibers and ribbons
for enhancing the weak interactions between the nanotubes is a simple and efficient method for
fabricating high-strength and tough continuous yarns. Here we investigate the mesoscale mechanics of
twisting CNT yarns using full atomistic and coarse grained molecular dynamics simulations,
considering concurrent mechanisms at multiple length-scales. To investigate the mechanical response
of such a complex structure without losing insights into the molecular mechanism, we apply a
multiscale strategy. The full atomistic results are used for training a coarse grained model for studying
larger systems consisting several CNTs. The mesoscopic model parameters are updated as a function
of twist angle, based on the full atomistic results, in order to incorporate the atomistic scale
deformation mechanisms in the larger scale simulations. By bridging across two length scales, our
model is capable of accurately predicting the mechanical behavior of twisted yarns while the atomistic
level deformations in individual nanotubes are integrated into the model through updating the
parameters. Our results focused on studying a bundle of closed packed nanotubes provides the novel
mechanistic insights into the spinning of CNTs. Our simulations reveal how twisting a bundle of CNTs
improves the shear interaction between the nanotubes up to a certain level due to increasing the
interaction surface. Further twisting the bundle weakens the intertube interactions due to excessive
deformations in the cross sections of individual CNTs in the bundle.
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1. Introduction

Carbon nanotubes (CNTs) have superior material properties including extremely high tensile stress,
high modulus, high electrical and thermal conductivity and low density. However, despite the unique
properties of individual CNTs, it remains a major challenge to fabricate macroscale structures made of
CNTs which can fully retain the outstanding nanoscale properties of CNTs. Continuous CNT yarns are
among the most attractive industrial structures to be made from individual CNTs. These yarns are
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fabricated from a large number of short tubes stacked together to create the macroscale structure. By
this configuration, the strength of the macroscale yarn is governed by the intertube interactions, which
are remarkably weaker compared to the strength of each CNT [1]. Despite many attempts in finding
processes for maximizing the intertube interactions, there is still a challenge in developing a simple
method for enhancing the weak interactions between the CNTs in a macroscale yarn and fabricating a
fiber with mechanical properties even close to the superior properties of individual CNTs.

In recent years several approaches have been implemented to enhance the shear interaction between
CNTs including chemical functionalization of CNTs [2-4], intertube bridging [5, 6], manufacturing
spring-like carbon nanotube ropes [7], fabricating highly twisted double-helix CNT Yarns [8],
fabricating tightly wound helical carbon nanotubes (HCNTs) [9], and wet or dry spinning CNT yarns
[10-20]. Among these methods, spinning CNT yarns, either directly from as-grown super-aligned
CNTs [13, 15, 18, 21, 22] or twisting CNT films [23, 24], has been the focus of much attention mainly
because of its simplicity and capability of producing long continuous and neat fibers. Despite some
successful attempts for fabricating strong spun yarns from CNTs, some experiments have shown that
spinning may weaken the strength of fabricated yarns [12, 15, 16]. This reveals the necessity of more
detailed fundamental investigations for better understanding the effect of twisting on the mechanical
properties of CNT yarns. Some experimental studies have shown that there is an optimum twist angle
for improving the strength and further spinning the yarn above this angle severely weakens the yarn
[12, 16]. In order to better understand this phenomenon, here we implement a mesoscale numerical
study to investigate the effect of twisting on the mechanical properties of CNT yarns at the atomistic
level. Our molecular dynamics simulations provides the novel mechanistic insights into the effect of
spinning CNTs at the atomistic level. The molecular dynamics simulations show how twisting a bundle
of CNTs improves the shear interaction between the nanotubes up to a certain level, mainly due to
increasing the interaction surface. It is also shown that the intertube interaction weaken by further
twisting the bundle due to excessive deformation in the cross sections of individual CNTs in the
bundle.

In addition to the full atomistic studies, we also have studied larger systems consisting of several CNTs
by implementing a coarse grained (CG) model. In order to incorporate the atomistic scale deformation
mechanisms, i.e., the cross section changes in the individual tubes into the coarse grained model, we
have introduced a novel strategy for bridging the two length scales by updating the coarse graining
parameters based on the full atomistic results. Coarse grained models are powerful tools for studying
the mechanical properties of CNT yarns, and these models have been recently used for studying the
mechanical behavior and microstructural evolution of CNT continuous fibers under twisting and
tension [25]. However, our results show that the mesoscale model should be trained by the atomistic
results to bridge the gap between two different length scales. This strategy can be developed for
studying various properties of CNTs by the coarse grained models more accurately. In studying large
scaled CNT yarns we have considered two different conditions for investigating the properties of yarns
fabricated by directly spinning as-grown super-aligned CNTs and also the yarns made by twisting CNT
films. A recently developed strategy [26] is used in both cases for modeling the randomly entangled
nanotubes in the forest or film of CNTs before the spinning.
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2. Models and Methods

Both the full atomistic and coarse grained simulations are performed using the molecular dynamics
package LAMMPS [27]. A full atomistic framework is used for calculating the changes in pull-out
force of CNTs form twisted bundles in various conditions. These results are used for training a coarse
grained model capable of studying CNT-based fibers composed of several nanotubes. By using the full
atomistic results, the trained coarse grained model incorporates the smaller scale effects at the cross
section of individual CNTs by updating the inter-tube van der Waals interactions as a function of
twisting angle.

2.1. Full atomistic simulation method

For the full atomistic simulations, the CNTs are described by a Morse bond, a harmonic cosine
bending angle, a twofold cosine torsion and a Lennard-Jones 12-6 interaction with the parameters
given in [28]. This method of modeling CNTs has been successfully employed for studying self-
assembly of single-walled CNTs into multiwalled CNTs in Water [28]. In order to study the accuracy
of this method for analyzing the sliding of CNTs on each other, which is the major deformation
mechanism in the our simulations, we have considered some case studies including sliding two CNTs
on each other, and the calculated shear forces obtained from this model are validated against similar
test cases using the Adaptive Intermolecular Reactive Empirical Bond Order (AIREBO) potential [29].
A good agreement was observed in our results between the calculated shear force during sliding both
single walled and double walled CNTs in all the case studies.

In order to better understand the nature of shear interaction between CNTs in twisted CNT yarns, full
atomistic simulations are performed for calculating the force required to pull-out a CNT from the
middle or outer layer of a closed packed bundle with seven CNTs. Full atomistic simulations are
carried out under a microcanonical (NVT) ensemble (temperature control by a Berendsen thermostat
[30]), with a time step of 0.1 fs. Two different cases are considered: (1) a seven-SWNT bundle with
(5,5) nanotubes and (2) a bundle with seven (10,10)-(16,16) DWNTs. The length of each CNT in both
bundles is 30 nm and the outer tubes are packed around a core tube. In order to study the effect of
twisting on the pull-out force, the outer CNTs are twisted around the central axis by different angles.
Instead of twisting the ends which causes high distortions near the clamped ends, a pure torsion is
applied to all the atoms at the outer layer in which the twisting angle varies linearly through the length.
Twisting is applied in several steps and at the end of each twisting increment the system is equilibrated
by holding the ends to prevent the tubes from twisting back. It is worth noting that the total length
selected in this paper (30 nm) is remarkably smaller than the typical length of CNT yarns. The
selection of a small system is mainly due to the computational restrictions. However, the selected
range of twisting angle per unit length in this paper matches the practical value which makes the
results comparable at different length scales. As shown in this paper, the deformation mechanism in
the cross section, which only depends on the twisting angle per length governs the mechanical
response of intertube sliding. Also, we will use the coarse grained model besides the full atomistic
simulations for studying relatively larger systems with lengths up to approximately 600 nm.
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After twisting, the ends of all the tubes except the one which is pulled out are constrained and the
system is equilibrated for another 20 ps. After equilibration, a pulling force is applied to one of the
tubes using steered molecular dynamics (SMD), whereby the center of mass of the group of atoms at
the end of pulled tube is connected by a harmonic spring to a dummy node which is moving with a
constant speed in the axial direction. The strain rate effect is studied by applying the load at different
rates and the rate of 1E — 6 fs~1 is selected after making sure the convergence is achieved. The
temperatures is set to T= 300 K in all the simulations.

2.2. Coarse-grained MD simulations method

The intertube interactions between CNTs in a closed pack bundle are studied using the full atomistic
simulations. However, for studying larger yarns and fibers containing several nanotubes, the
computational cost of full atomistic simulations is extremely high. We have used a mesoscopic bead-
spring coarse grained model for studying the large yarns. This model has been proven to be a valid and
efficient approach to simulate a variety of different configuration of CNT yarns and bundles [26, 31-
33]. For obtaining the coarse grained parameters, a series of full atomistic mechanical tests are
implemented. We focus on (10,10)-(16,16) DWNTs in the mesoscale simulations with the parameters
previously reported as; equilibrium bead distance 1, = 10 nm, tensile stiffness

k. = 2000 kcal mol~*A~2, equilibrium angle r, = 180°, Bending stiffness

kg = 45000 kcal mol~'rad =2, and dispersive parameters o = 22.63 A, € = 21.6 kcal mol~*. For
more details about extracting these parameters from a full atomistic model the reader is referred to
[34]. The mentioned parameters have been implemented in a variety of mesoscale models and the
accuracy of the constructed models is studied extensively in a series of previous works [26, 31-33].

3. Mechanics of twisting CNT varns at the atomistic level

In order to study the effect of twisting on the mechanical response of CNT yarns, we start from
studying this effect at the nanoscale, in which the tubes are modeled individually by a full atomistic
representation. The results of the simulations at this scale reveal the deformation mechanism at the
small scale, which are later used to train a coarse grained model capable of accurately studying the
mechanical response of twisted CNT yarns at larger length scales. We consider the pull-out tests for
both single walled and double walled closed packed bundles of CNTs in this section. Also, for having
a more general representation we consider the cases of pulling out either the central or one of the side
tubes from the closed packed bundle of seven nanotubes.

The force-displacement responses for different studied cases are shown in Figure 1 and 2. We have
studied several twisting angles, while only four representative angles are shown in this figure for
clarity. The reported angles in these figures are the average angle between each of the tubes at the outer
layer and the axis of bundle, which is measured at the end of final equilibration before the pulling
stage. The pull-out forces for the center and side tubes in a bundle of single walled CNTs are shown in
Figure 1(a) and (b), respectively. It is observed that the maximum force for pulling out the central
SWNT is slightly decreased at higher twist angles, while for the side tube the maximum force

increases for the small twist angles (8<10) and then sharply decreases for the larger twist angles. It is
worth noting that experimental values are not available for the pull-out of individual CNTs form a
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closed packed bundle. However, the obtained force-displacement curves are consistent with the
previously reported computational results on untwisted closed pack set of seven SWNTs [35], and a
twisted bundle of SWNTs [36], although the results are not directly comparable because of the
differences in the force fields and also the twisting methods. The comparison with the previously
reported computational works will be further discussed in the following when we study the cross
section deformations as well.

The overall trend is similar for DWNT bundles, as shown in Figure 2(a) and (s). The calculated
maximum forces as functions of twist angles are shown in Figure 3 for both the single and double
walled CNTs. The individual data points correspond to full atomistic simulations and the lines are
polynomial curves fitted to the data points. As shown in Figure 3(a), the maximum pull-out force for
the middle tube monotonically decreases at higher twist angles, and the slope increases sharply at large
twist angles. The maximum pull-out force for the side tubes reaches an optimum at a specific twist
angle for both the SWNT and DWNT bundles as shown in Figure 3(b), followed by a sharp decrease in
the force by further increasing the twist angle above the optimum value. It is worth noting that the pull-
out force which is governed by the weak intertube interactions is remarkable lower than the force
required to break a nanotube of the same kind. The reported theoretically calculated and
experimentally measured tensile strength of individual CNTs varies between 150 nN for (5,5) SWNTs
[34] to a range of 400-1340 nN for multiwalled carbon nanotubes depending on their diameter [37].

Another important observation in the full atomistic results is the higher sensitivity of DWNTs to the
twisting angle. Although the maximum pull-out force is remarkably higher in DWNT bundles, the
force starts decreasing at relatively lower twisting angles compared to the SWNT bundles. This
phenomenon will be further studied in the following by considering the cross section deformations in
the bundles. It is worth noting that since the deformation mechanism in a large-scaled twisted yarn is
mostly governed by CNT-CNT sliding similar to the studied side tubes pull-out, it is expected that the
macroscopic response of a twisted yarn is directly related to mechanics of side tubes pull-out. The
general trend in these results is in agreement with some previously reported experimental data, which
report an optimum twisting angle for enhancing the yarns strength [12, 16], and can shed light into
mechanics of large-scaled CNT yarns.

The changes of maximum pull-out force at different twisting angles can be further studied by
analyzing the deformed shape of CNTs in the spun bundles as shown in Figure 4. The overall
deformed shape of the closed pack bundle and also the cross section deformations (at a mid-length
section) are shown in this figure for both the double walled (left) and single walled (right) nanotubes.
As shown in Figure 4, twisting makes a distortion in the cross section which increases the contact area
between the adjacent tubes. The deformation induced by the twisting, also causes a decrease in the
tubes center lines distance. Both these effects lead to an improvement in the maximum shear force up
to a certain point at which the cross sections collapse and the highly distorted tubes start kinking at
different regions along the length. Further twisting the nanotube above this point weakens the shear
strength and may even cause the individual CNTs to break. The calculated cross sections deformations
are compatible to those reported by Qian et al. [36] despite some minor differences which are mainly
caused by the difference in the selected force fields and also the twisting method. The bundle is spun
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by holding and twisting the outer tubes in [36], while our smooth and linear twisting method
corresponds to spinning a very long bundle of CNTs, which is more close to the realistic case in which
the CNTs lengths are much larger than the cross section dimensions. The pull-out force of a middle
tube from a bundle of SWNTs is also studied in [36], and a linear increase followed by a sudden drop
is reported for the force by increasing the twist angle. Our results contain a more comprehensive study
of the pull-out force for both SWNT and DWNT bundles, besides considering the pull-out for the tubes
at the outer layer which dominates the deformation mechanism in large-scaled twisted yarns. In order
to scale up the study to larger length scales, a coarse grained model can be trained to incorporate the
cross section deformations with the method explained in the following section.

4. Bridging across length scales to capture the twisting effect at larger scales

Coarse grained simulation approaches allow the investigation of mechanical properties of larger CNT
yarns composed of several nanotubes, which is computationally impractical to be performed by full
atomistic models. The coarse grain representation of CNTs is developed based on the full atomistic
calculations and by performing a set of standard mechanical tests to describe the nanotube behavior
[34] . The mechanical behavior of individual CNTs should be studied by the MD model in three
loading cases including tensile test to determine the Young’s modulus, bending to determine the
bending stiffness, and an assembly of two CNTs to determine the adhesion energy between different
nanotubes [26, 34]. The parameters in the mesoscopic bead-spring model are derived by using the
principal of energy conservation between full atomistic and coarse grained potentials.

The total energy of the system in the mesoscale model is expressed as

E=E +Ey+E,, = > $(N+ 2 4,(0)+ > ¢,() (1)

where E, is the energy stored in the chemical bonds due to stretching along the axial direction, £, is

the energy due to bending of the CNT, and £ . constitutes the energy of vdW interactions. The total

pairs
energy contribution of each part is given by the sum over all pair-wise and angular interactions in the
system as expressed in the right hand side of Equation (1). For the axial stretching and bending
stiffness, simple harmonic and rotational harmonic springs are considered respectively, to determine
the energy between all bonded pairs and all triples of particles in the system as

B0 =Sk r=n) (0 =k, (0-0,) @)

where £, is the spring constant relating distance » between two particles relative to the equilibrium
distance 7, and £k, is the spring constant relating bending angle @ between three particles relative to

the equilibrium angle 6, =180°. For obtaining the axial stiffness in the coarse grained model, the

effective Young’s modulus is directly calculated via force—displacement results from the full atomistic
simulation and this effective Young’s modulus is used for finding the equivalent k, which results into

the same strain energy in both the atomistic and coarse grained models in small deformations. In a



Page 7 of 22 Nanoscale

similar calculations, the bending stiffness EI is used from the full atomistic simulations to allow the
formulation of elastic energy and an equivalent k,. The major part of the energy which is affected by

the twisting of CNTs and the changes that we have observed in the cross section is the £ . which

pairs
corresponds to the vdW interactions. Also, as mentioned in the previous section, the strength of the
macroscale yarn is governed by the intertube interactions which directly related to the vdW
interactions.

We assume weak, dispersive interactions between either different parts of each molecule or different
molecules (small segments of a CNT in this paper), defined by a Lennard—Jones 12:6 (LJ) function

o= (2] (3]

where the /j parameters o and ¢ are the distance parameter and the energy well depth at the
equilibrium, respectively. These parameters can be calculated from the full atomistic model by
equilibrating a system of two macromolecules to find the distance parameter, and measuring the
change of energy by moving two equilibrated macromolecules apart to a large distance for calculating
the energy well depth. The developed coarse grained model is incapable of incorporating the
deformation mechanisms at the atomistic level, i.e. the cross section changes that were studied in the
previous section. We will introduce a modification at the coarse grained model to bridge across the two
length scales and capture the twisting effect at the larger scale.

It was shown in the previous section that the atomistic scale deformations have a significant effect on
the mechanical response of CNTs sliding. The cross section deformations, as shown in Figure 4, play a
significant role on the mechanical response of CNT yarns. These cross section deformations also effect
the coarse grained parameters c, k,, o and ¢ . Among these, the distance parameter o and the energy

well depth ¢ has the most significant effect on the deformation mechanism of CNTs sliding on each
other. In order to update these parameters as a function of twisting angle, the following training set is
studied and the coarse grained parameters are updated based on the full atomistic results.

A set of seven closed pack DWNTs is modeled by the coarse grained model as shown in Figure 5(a),
with the details explained in Section 2.2. The bundle is then subjected to a twisting with the same
method as the full atomistic model is loaded. However, at each twisting angle, the inter-tube van der
Waals interactions are updated by using the full atomistic simulation results. The dispersive distance is
updated by calculating the average center to center distance between the tubes in the full atomistic
bundle simulation, and the dispersive energy is updated by matching the force between the coarse
grained and full atomistic model. A sample of matched force-displacement responses for two different
twisting angles is shown in Figure 5(b). It is worth noting that since the changes in the sliding force at
different twisting angles are originated from the deformation mechanisms at the atomistic level, if the
vdW parameters are not updated in the coarse grained model, the predicted force deflection response in
the coarse grained model is not affected significantly by applying the twisting on the bundle. The
required vdW parameters for achieving the best match between the coarse grained and full atomistic
models are calculated for a range of twisting angles as shown in Figure 5(c). These parameters can be
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used for accurately studying the mechanical properties of large twisted CNT yarns, as explained with
more details in the following section.

5. Updated coarse-grained model for twisted CNT varns

Several attempts have been reported in the literature for developing coarse grained models for
simulating the mechanical response of CNT yarns and bundles [25, 31, 33]. Here we use a unique
approach which is inspired by the experimental observations in order to accurately study the
deformation mechanics in twisted yarns. A method successfully used for studying the mechanical
response of crosslinked CNT bundles is creating the bundle geometry by arranging the CNTs in a
planar sheet and using a time dependent radial pressure to squeeze the nanotubes and constructing the
bundle model [31]. The method has been successfully applied to study the effect of polymer
crosslinking on the mechanical response of CNT bundles [31]. However, the twisting effect cannot be
studied by this method. Also, the majority of individual nanotubes are parallel to each other at the
modeled bundle. SEM images have clearly shown that the nanotubes are highly entangled in the
twisted yarns. This entanglement has also been observed in CNT sheets or films (known as
buckypapers).

A novel assembly procedure based on the coarse grain model of CNTs has been reported to attain an
accurate representative mesoscopic buckypaper model that incorporates the entanglement in the CNTs
forming the films at different layers [26]. Here we use a similar approach and construct a mesoscopic
film composed of five CNT layers with random orientations wobbled within 30" around the axis. The
five layers are assembled through a stepwise deposition in which the system is equilibrated for 10 ps
after each layer is deposited on the substrate. In order to incorporate the randomness in the distribution
of CNT lengths in the yarn, each layer consists 40 tubes with random lengths. The system is then
subjected to a lateral pressure directed toward the substrate to models the vacuum filtration pressure. In
order to model the CNTs entanglement, coarse grained parameters are manipulated during the
assembly with a similar method used in [26]. In this method, bending stiffness and tube interaction
parameters are reduced significantly during the assembly process. The reduced parameters are returned
to the initial values in a final step, and the system is equilibrated and relaxed for 1 ns. A schematic of
the equilibrated film is shown in Figure 6(a). This initial system is then used for constructing two
different yarns as shown in Figure 6(b). The untwisted yarn is modeled by applying a cylindrical
indentation to the equilibrated film as schematically shown in Figure 6(b). For modeling the twisted
yarn, a linear twisting is applied to the equilibrated mat, similar to the twisting applied to the full
atomist models in the previous sections. In this method, the whole simulation box is twisted around the
axis which applies a varying twist angle to the system. We also have modeled some twisted yarns by
holding the two ends and twisting the ends, but it was observed that the linear twisting method results
into a smoother and more realistic final shape compared to twisting only the ends. Also, applying a
linear twisting can be considered as modeling a very large yarn which is twisted at the ends and our
model corresponds to the twisted areas far from the ends. The twisting is applied in a stepwise
procedure and the system is equilibrated and relaxed after applying each increment of twisting. The
final shape of a twisted and untwisted yarns are also shown in Figure 6(b).



Page 9 of 22 Nanoscale

Both the twisted and untwisted yarns are subjected to a tensile load to study the effect of twisting on
the strength of yarns. As mentioned in the previous section, the vdW parameters in the coarse grained
model are updated in the twisted yarn. It is worth noting that the angle of twist is not uniform in all the
tubes in a yarn, particularly with the current model which also incorporates the entanglement, and we
have approximately calculated a twisting angle by averaging the angle in different layers of the yarn.
The end beads of the yarn, in a region within approximately 10 nm from each end, are fixed rigid and
the simulation box is stretched along the axis with a constant strain rate of 0.1 ns~. During the box
stretching, the fixed ends are clamped to the box which simulates a displacement controlled straining
of the yarn. In a finite-length yarn, the constituent nanotubes are remarkably shorter than the yarn
length. As a result, the dominant deformation mechanism is the inter-tube shearing. In order to
investigate this effect, a gap is introduced in each of the nanotubes at random locations between the
fixed ends. The gaps are created by deleting the bonds, angles, and pair-wise interactions of two
connecting beads in each nanotube. The energy contributions of deleted beads are also removed by
excluding them from thermostat calculations [31]. In order to study the effect of twisting on the
strength, the virial stress is calculated in a representative volume which does not include the fixed end
and also the beads in the gaps. The virial stress is an equivalent definitions of the continuum stress at
the atomic level calculated using the balance equations which is averaged over a volume and over a
small time interval to reduce random and temperature-related stress fluctuations [38, 39]. Also, we use
the term engineering strain as an equivalent of the strain in a continuum system and define that as 6/ L
, where O is the total elongation of the yarn and L represents the initial length.

The stress versus engineering strain for a twisted and untwisted yarn is compared in Figure 7(a). In this
case study the average angle of nanotubes in the twisted yarn is selected to match the angle which
corresponds to the maximum pull-out force for DWNT bundles as shown in Figure 3 (6~12). It is
worth noting that the twist angle in the CG model for yarns is different for each nanotube. In this
paper, for qualitative studies we are assuming an average value in the yarn, but an extension of this
work would be developing a CG model that calculates the twisting angles locally at each bead and then
assigns appropriate /j parameters to that specific bead. For comparison purposes the stress-strain
response predicted by the original coarse grained model is also shown in this figure. It is observed that
when the vdW interactions are not updated in the coarse grained model, the simulation predicts a
remarkable decrease in the strength by twisting the yarns, which is erroneous since this model is not
considering the geometrical deformations at the atomistic level, as explained in the previous section. In
the original coarse grained model, twisting the yarn increases the distance between beads in adjacent
tubes which consequently causes a decrease in the strength. However, the updated coarse grained
model, which incorporates the smaller scale deformations by updating the vdW interactions, shows the
improvement caused by twisting on both the strength and toughness of the yarn consistent with the
experimental results [19]. The stress-strain responses exhibit a sharp initial slope, which is remarkably
higher for the twisted yarn. This sharp initial response corresponds to the case that the applied force,
which is monotonically increasing, is not sufficient to overcome the vdW interaction between the tubes
and the displacements are negligible. The value of force at which sliding begins is larger for the
twisted yarns, mainly because the vdW interactions are stronger. The deformation of both untwisted
and twisted yarns subjected to axial tension are also shown in Figure 7(b) and (c), respectively. The
developed framework can be used as an efficient tool for finding the optimum twisting angle for CNT
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yarns with various configurations, particularly to find the optimum combination of applied axial force
and twisting rate in fabricating long spun yarns. As another case study, in the next section we study a
larger yarn fabricated by spinning long ribbons of CNT mats.

An efficient method for creating high strength macroscopic CNT yarns is fabricating them by twisting
narrow and long ribbons of CNT mats [23, 24, 40, 41]. The as-produced CNT mats are extremely
porous which makes them very weak. Shrinking the yarns remarkably improves the mechanical
properties of these mats by decreasing the porosity and enhancing the intertube interactions in the yarn.
Here we study the mechanical properties of twisted CNT yarns fabricated by spinning nanotube mats
followed by shrinking the yarn. Constructing the model is similar to the previous case study, with the
difference that each layer contains several short nanotubes aligned with a random direction with
respect to the axis as shown in Figure 8(a). The length of each nanotube is random but in the range of 5
to 10% the total length of the mat, which is set to approximately 600 nm. The nanotubes lengths are
generated by a uniform pseudorandom function. Similar to the previous case, five layers of randomly
aligned nanotubes are assembled on top of each other through a stepwise deposition and the system is
equilibrated for 10 ps after each layer is deposited. In this case each layer contains a different number
of CNTs (~600) with random lengths. The system is subjected to a lateral pressure after the deposition
is completed. The entanglement of the CNTs is obtained in the model by the same strategy used in the
previous case study. The equilibrated model shown in Figure 8(a) is used for constructing two
different yarns from the mat as shown in Figure 8. The untwisted yarn which is modeled by applying a
cylindrical indentation to the equilibrated mat and the twisted yarn are shown in Figure 8(b) and (c),
respectively. Mechanical properties of these yarns are then investigated by applying a uniaxial tension
on the yarn with the method explained in the previous sections. The stress-strain responses of the yarns
are shown in Figure 9(a). It is clearly shown that both the strength and ductility are strongly improved
by spinning the mat. The observed improvement is in agreement with the experimental measurements
on larger spun CNT fibers [19]. For comparison purposes the stress-strain curve for the spun fiber
without updating the coarse-grained parameters is also shown in Figure 9(a). Comparing the simulation
results with the experimental measurements (i.e. Figure 3 in [19]), clearly shows that the model
without updated coarse grained parameters is not able to simulate the mechanical response accurately.
The deformation mechanisms for the non-twisted and twisted yarns are shown in Figure 9(b) and (c),
respectively.

6. Conclusion

In this paper we introduced a mesoscale model applied to studying the mechanics of twisting carbon
nanotube (CNT) yarns and fibers, and the effect of spinning on the mechanical response of the yarns.
Full atomistic studies on small systems of closed packed single and double walled CNTs are performed
for analyzing the deformation mechanics of nanotubes during twisting. Our results show that twisting
the bundle enhances the intertube interactions in a bundle of CNTs up to a certain level by increasing
the interaction area. By twisting the tubes more than the optimum angle, the excessive cross section
deformations become prominent and weakens the intertube shear strength. A coarse grained model is
developed by training the mesoscopic parameters based on the full atomistic model. The obtained
coarse grained model bridges two different length scales and incorporates the CNTs deformations at
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the atomistic level into the larger scale model, which facilitates accurately studying the mechanical
behavior of twisted yarns with several CNTs.
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Figures and Figure Captions
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Figure 1: Pull-out forces for the (a) center and (b) side tubes in a bundle of single walled CNTs for four
representative angles. Insets show the bundle and the pulled out nanotube is colored in red. The
maximum force for pulling out the central nanotube is slightly decreased at higher twist angles, while
for the side tube the maximum force increases for the small twist angles and then sharply decreases for
the larger twist angles. The maximum pull-out force as a function of twist angle is further studied in
Figure 3.
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Figure 2: Pull-out forces for the (a) center and (b) side tubes in a bundle of double walled CNTs for
four representative angles. Insets show the bundle and the pulled out nanotube is colored in red. The
maximum force for pulling out the central nanotube is slightly decreased at higher twist angles, while
for the side tube the maximum force increases for the small twist angles and then sharply decreases for
the larger twist angles. The maximum pull-out force as a function of twist angle is further studied in
Figure 3.
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Figure 3: Maximum pullout forces for the (a) middle and (b) side tube in a closed pack bundle as
functions of twist angles for both the single and double walled CNTs. The individual data points

correspond to full atomistic simulations and the lines are polynomial curves fitted to the data points.
The maximum pull-out force for the central nanotube is slightly decreased by increasing the twist
angles (a). For the side tube, the maximum pull-out force increases for small twist angles and then

decreases for the larger twist angles (b).
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Figure 4: The overall deformed shape of the closed pack bundle and the cross section deformations (at
a mid-length section) for both the double walled (left) and single walled (right) nanotube bundles.
Twisting makes a distortion in the cross section which increases the contact area between the adjacent
tubes and decreases the tubes center lines distances. Further twisting the bundle (last row in each
figure) causes excessive deformation in the cross section of individual CNTs in the bundle which
weakens the intertube interactions.
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Figure 5: (a) A set of seven closed pack DWNTs modeled by the coarse grained model. (b) A sample
of matched force-displacement responses for two different twisting angles and (c) the required updated
vdW parameters for achieving the best match between the coarse grained and full atomistic models as
functions of twisting angle. The cross section distortions shown in Figure 3 cause an increase in the
inter-tube vdW interaction and decreases in the tubes center lines distances (c).
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Figure 6: (a) A schematic of the mesoscopic film composed of five CNT layers with random
orientations wobbled around the axis. Each layer contains several CNTs with a random length in the
range of 50 to 80% the total length of the mat. The initial system is used for constructing (b) twisted
and (c) untwisted yarns. Different colors are used for distinguishing the layers.
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Figure 7: The effect of twisting on the strength of yarns. (a) The stress versus engineering strain for a
twisted and untwisted yarn. The stress-strain response predicted by the original coarse grained model is
also shown For comparison purposes. (b, ¢) The deformation of both untwisted and twisted yarns
subjected to the axial tension. When the vdW parameters are not updated in the coarse grained model,
the simulation predicts a remarkable decrease in the strength by twisting the yarns, which is erroneous.
However, the updated coarse grained model, which incorporates the smaller scale deformations by
updating the vdW interactions, shows the improvement caused by twisting on both the strength and
toughness of the yarn consistent with the experimental results (a). All the stress-strain responses
exhibit a sharp initial slope, which is remarkably higher for the twisted yarn. This sharp initial response
corresponds to the case that the applied force, which is monotonically increasing, is not enough to
overcome the vdW interaction between the tubes and the displacements are negligible. The value of
force at which sliding begins is larger for the twisted yarns, mainly because the vdW interactions are
stronger.
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Figure 8: (a) A schematic of the mesoscopic mat composed of five CNT layers with random
orientations around the axis. Each layer contains several CNTs with a random length in the range of 5
to 10% the total length of the mat. The initial system is used for constructing (b) twisted and (c)
untwisted yarns. Different colors are used for distinguishing the layers.
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Figure 9: The effect of twisting on the strength of yarns created from spinning and squeezing CNT
mats. (a) The stress versus engineering strain for a twisted and untwisted yarn. The stress-strain
response predicted by the original coarse grained model is also shown For comparison purposes. (b, c)
The deformation of both untwisted and twisted yarns subjected to the axial tension. By using the
original vdW parameters the coarse grained model predicts no significant change in the strength by
twisting the yarns but the updated coarse grained model shows the improvement caused by twisting on
both the strength and toughness of the yarn consistent with the experimental results (a). The stress-
strain responses in all the three cases exhibit a sharp initial slope, which is remarkably higher for the
twisted yarn. This sharp initial response corresponds to the case that the monotonically increasing
force is not enough to overcome the vdW interaction between the tubes and the displacements are
negligible. The value of force at which sliding begins is larger for the twisted yarns because the vdW
interactions are stronger.



