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nanotubes (CNTs) as graphene layers
rolled into cylinders with fullerene
hemispheres as caps,’ submicrometer dia-
meter graphite filaments caught the atten-
tion of materials scientists due to their
outstanding axial properties, which are clo-
sely related to those of graphite in the basal
plane (see, for example, ref 2). In the case of
CNTs, theoretical®* and experimental work® ™’
indicates that their axial stiffness and strength
are on the order of 1 TPa and 50 GPa, re-
spectively, both in agreement with those for
in-plane graphite® and graphene® (under
the assumption that the cross section of
the CNT is equal to that of the graphene
layers in the tube). The interaction between
layers in CNTs and between the tubes them-
selves is also similar to the interaction be-
tween graphene layers in graphite. It is mostly
governed by weak van der Waals forces,
which result in a low shear strength be-
tween adjacent graphene layers that facil-
itates CNTs sliding past each other and also
for multiwall CNTs internally.'®
The assembly of CNTs into a macroscopic
fiber, with the tubes aligned parallel with
respect both to each other and to the fiber
axis, is a natural way of exploiting the axial
properties of CNTs. This strategy is consis-
tent with basic principles for making high-
performance fibers, the properties of which
are derived from extended molecules ori-
ented along their main axis and parallel to
the fiber."" Indeed, CNT fibers with tensile
properties in the high-performance range
are currently produced by various methods,
and while their properties begin to match
those of conventional fibers, such as aramid,
they fall very short of the axial properties of
their constituent CNTs. At present, there is a
lack of studies that quantitatively relate the
structure and composition of pure CNT fibers
to their mechanical properties, and which
therefore indicate the relative importance of
the limiting factors affecting fiber strength.

E ven before the identification of carbon
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ABSTRACT A model for the strength of pure carbon nanotube (CNT) fibers is derived and
parametrized using experimental data and computational simulations. The model points to the
parameters of the subunits that must be optimized in order to produce improvements in the
strength of the macroscopic CNT fiber, primarily nanotube length and shear strength between CNTs.
Fractography analysis of the CNT fibers reveals a fibrous fracture surface and indicates that fiber
strength originates from resistance to nanotube pull-out and is thus proportional to the
nanotube—nanotube interface contact area and shear strength. The contact area between adjacent
nanotubes is determined by their degree of polygonization or collapse, which in turn depends on
their diameter and number of layers. We show that larger diameter tubes with fewer walls have a
greater degree of contact, as determined by continuum elasticity theory, molecular mechanics, and
image analysis of transmission electron micrographs. According to our model, the axial stress in the
CNTs is built up by stress transfer between adjacent CNTs through shear and is thus proportional to
CNT length, as supported by data in the literature for CNT fibers produced by different methods and
research groups. Our CNT fibers have a yarn-like structure in that rather than being solid, they are
made of a network of filament subunits. Indeed, the model is consistent with those developed for
conventional yarn-like fibers.

KEYWORDS: carbon nanotube fiber - yarn - shear strength - polygonization - collapse -
molecular mechanics

This paper sets out to address this ques-
tion by introducing a simple analytical model
to calculate the theoretical axial strength
of carbon CNT fibers based on the yarn-like
character of the fiber and the fundamental
mechanical properties of the constituent CNTSs.
Using data from both experiments and molec-
ular mechanics calculations, the model aims to
reconcile the tribological properties of graphite
with the high CNT fiber strengths reported in
the literature and suggests routes for further
exploiting the axial strength and stiffness of
CNTs in macroscopic fibers.

A Simple Fracture Model and Its Predictions.

The Model. The starting point for the anal-  x pddress correspondence to
ysis is a simplified model for the fiber com-  ahwl@cam.ac.uk.
prising a collection of parallel, rigid rods that Recelved for review October 28, 2010
can slide with respect to each other (anal- a4 accepted February 4, 2011.
ogous to a “bundle of pencils”), as shown in
Figure 1a. Tensile stress is applied to either
end of the fiber, resulting in failure when the
fibrous elements have slid out of contact, at
a stress assumed to be well below the  ©2011 American Chemical Society
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Figure 1. (a) Simple model of the fiber as collection of
fibrous elements, (b) tensile fracture of fiber involving
failure in shear between the fibrous elements, and (c) SEM
micrograph of actual CNT fiber having undergone failure in
tensile test (scale bar is 10 um).

internal failure strength of the fibrous elements. The
analysis of the tensile strength of the fiber is compara-
tively straightforward, and when this is done in terms of
specific strength, ¢, the result has a pleasing simplicity.

The simplified model for fracture shown in Figure 1b
assumes that there is no correlation between the
positions of the ends of the fibrous elements (which
can be just single CNTs in the simplest embodiment),
and that they are perfectly axially aligned and all of the
same length and diameter. Determination of the failure
strength of the fiber by shear between the elements,
the mechanism envisaged in Figure 1b, requires an
estimate of the total area of shear failure and the shear
strength of the interfaces.

If we define a reference plane perpendicular to the
axis which is at the center of the fracture, then each
element will fail on the side of the fracture plane where
it is shorter. Hence the mean length will be L/4, where
L is the length of the element. The average surface area
per tube will then be 27rL/4, but as the tubes are only in
contact over a fraction of their circumference, this frac-
tion being assigned the symbol €2,, the area of contact will
be NQ,27rl/4. Here, N is the number of tubes per cross
section of the fiber and r the radius of the tubes assuming
they are round. There is also another factor which needs
to be taken into account, namely, that on average, only
half of the tubes surrounding a given one will belong to
the “other half” of the sample, and thus the contact area is
reduced by another factor of 2, giving NQ,7mtrL/4. If the
interfacial fracture strength in shear is ¢, the fracture load
is TeNQ7trL/4. If we now introduce Q; as the fraction of
graphene sheets on the outside of the CNT (or larger
entity), the total mass of the tubes per unit length will be
given by N27rve/Q,, this value being in kg m ™", which will
be tex (in g km™") x 107°. Hence the specific strength in
N tex” ' will be given by

1 L
OJ :V—Q1QzTF§X1O6 (1)
G

where ¢ is the specific stress in N tex ™' (GPa/SG); Q; is the
fraction of the total number of graphene layers that are on
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the outside of the fibrous element, such as a CNT (for
single-wall CNT Q; = 1, double-wall CNT = ~0.5, multiwall
CNT < 0.5, bundle of say 50 double-wall CNTs < 0.1); Q, is
the fraction of the surface of the outer graphene wall(s) of
the element in contact with neighboring elements; z is
the interfacial shear strength in Pa (the surface energy of
the CNT, y, has a negligible effect on strength for the
length of fibrous elements and the range of inter element
shear strengths under consideration); L is the mean length
of the fibrous elements; v is the areal density of a single
graphene sheet, which is 0.75 x 10 % kg m™ 2.

Substituting the value for v, the relation simplifies
further to

1
o = g Q]Qzl’pl_ (2)

with the numerical prefactor of 1/6 having the units
of m*kg ™.

Equation 2, while having a pleasing simplicity as a
result of using specific stress, is consistent with accepted
theories on the strength of yarns, which take yarn
strength to be proportional to the length of the staple
fiber, the coefficient of static friction between staples,
and the surface area of contact between them.'*3

Figure 1cillustrates the fracture process observed in
the fiber. It suggests that the fibrous elements involved
will be bundles of carbon nanotubes, which make up
the fibrous structure observable at the resolution of the
micrograph. In order to calculate a value for the specific
stress, we must now consider reasonable values for the
parameters Q4, Q,, ¢, and L.

Values for Q; and ,. In the case of individual CNTs,
Q, is approximately 1/N, where N is the number of
graphene layers in the tube; thus, if we are to assume a
large diameter double-wall CNT as the basic fibrous
element, then this value will be ~0.5. If the basic elements
responsible for stress transfer in the fiber were in fact
bundles of CNTs, then Q; would be considerably de-
creased as only the tubes in the perimeter of the bundle
would contribute to the transfer of stress by shear.

When a bundle of SWNTs forming a hexagonal array
is considered, as shown in Figure 2a, and the number of
tubes on a side of the hexagon is defined as /, the ratio
of CNTs on the perimeter of the array divided by the
total number of tubes is

6(—1)

3P—1+1 @

If one was to assume that the element failing in shearin
a CNT fiber is a bundle, then the ratio above multiplied
by the reciprocal of the number of layers would
effectively give the value of Q;. In this scenario, €2,
decreases rapidly with increasing bundle size and takes
a value of less than 0.2 for relatively small bundles of a
few tens of nanometers (Figure 2b).

The model would also be appropriate for estimating
the strength of the bundles themselves, with the basic
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Figure 2. (a) Schematic of a bundle of hexagonally packed SWNTs, (b) plot of the ratio of tubes on the perimeter over the total
number of tubes against bundle size [~2(/ — 1)] and total number of tubes BP—1+11
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Figure 3. (a) Polygonized cross section of (30,30) SWNT
bundle (tube diameter 4.08 nm) with Q, = 0.75, (b)
collapsed cross section of (50,50) SWNT bundle (tube
diameter 6.80 nm) with Q, = 0.95, and (c) comparison of
theoretical (see Supporting Information) and experimental
values of 2, for SWNT and MWNT against CNT diameter.
Experimental values are determined by image analysis

of the HRTEM micrographs in refs 16 (reproduced in
Figure 4a) and 17.

fibrous element now being the nanotube and 2, being
the fraction of the outside surface of the individual
nanotube which is in contact with its neighbor. The
most straightforward factor affecting Q, is that of
“polygonization” (Figure 3a), whereby neighboring
tubes flatten themselves against each other and gain
bonding area at the expense of an increase in curva-
ture energy.'* The fraction of perimeter in contact with
neighboring tubes (£2;) can be derived using classical
elasticity theory (see Supporting Information). The
other aspect which is relevant here is the self-collapse
of the CNTs (Figure 3b), which is observed for relative
large diameter tubes with thin walls.'® It is a feature of
the CNTs in the CNT fiber under consideration,'® and
it implies that higher Q, values can be achieved
from completely flattened tubes due to the addi-
tional graphene—graphene contact across the cores of
the tubes.
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Figure 4. (a) TEM micrograph of collapsed bundle, (b) MD
simulation of equivalent bundle after 0.5 ns, and (c) plot of
Q, versus time for the equivalent bundle simulated using
molecular dynamics at constant volume and temperature
(300 K).

Figure 3c presents a plot of predicted values of
€, against CNT diameter, assuminge=1and a = 2
(as defined in Supporting Information, Figure S1), and
taking y =0.13J m~ 2 and the flexural bending modulus
D =221 x 107" J. The graph includes the prediction
for polygonized and collapsed tubes of 1 and 2 layers
and experimental values obtained by image analysis of
high-resolution electron micrographs of bundles of
CNTs (Figure 2 in ref 16 and Figure S3-A in ref 17).
The graph shows clearly the increase in contact be-
tween tubes as they polygonize and ultimately col-
lapse into ribbons, as favored by a large tube diameter
a small number of layers.

In reality, the geometry of nanotubes in the CNT
fiber is much more complex than those shown in
Figure 3a,b and will involve a distribution of diameters
and number of walls. Figure 4a shows a cross section of a
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Figure 5. Reported values of (a) fiber strength and (b) stiffness of fibers made of CNTs of different lengths and number of
layers. The data are for fibers spun from arrays of aligned CNTs (black, DWNTs and MWNTs;'® red, MWNTSs;?' and blue,
MWNTSs??), directly from the gas phase (green, mostly DWNTs'”) and from a liquid crystal dispersion (pink, MWNTSs;?* and light

blue, SWNTs>%).

TABLE 1. Shear Strengths of Graphite and CNTs

material method shear strength (MPa) reference
single crystal graphite mechanical shear 0.029 25
MWNT on graphite tube rolling and sliding 20 26
MWNTs intratube sliding 0.08 27
MWNTSs intratube sliding 0.04< 28
SWNTs and MWNTs intratube sliding 4.0 29
MWTNs intratube sliding 2.0—69.0 30
bundle of SWNTs molecular mechanics and molecular dynamics 0.9 31
bundle of SWNTs molecular dynamics 36 32
bundle of SWNTs molecular dynamics 0.1—6.1 33
bundle of SWNTs molecular dynamics ~5 34

CNT bundle, taken from Figure 2 in ref 16 (bottom), in
which there is a mixture of predominantly double-wall
CNTs with an average external diameter of 6.6 nm. The
larger diameter tubes near the center of the bundle have
collapsed, whereas the smaller diameter tubes near edge
are still inflated, in agreement with Figure 3c and theory
presented in Supporting Information. A model of this
bundle is built from armchair tubes with inter tube radii
differing by the layer spacing in turbostratic graphite and
by taking measured external diameters of CNTs from
Figure 4a. The resulting structure after 0.5 ns of molecular
dynamics simulation at 300 K is shown in Figure 4b.
Similarly to the experimental observation, most of the
tubes in the bundle have collapsed. For reference, the
value of Q, is plotted as function of time in Figure 4c
starting from the completely uncollapsed state, Q, = 0.
Although the collapse of the simulated bundle is not as
complete, the coupling of modeling and experimental
information would suggest a value for Q, of the CNTs in
our fiber in the range of 0.7—0.85.

Length of the Fibrous Elements, L. The length of the
CNTs in the fibers has been measured to be on the order of
1 mm,"” which would correspond to an axial ratio of ~10°.
The importance of length of the component fibrous
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elements of a yarn has been recognized for a long time
and its relevance to CNT fibers recently noted.'®'?

For comparison with the theoretical prediction, a
summary of the values of fiber strength reported in the
literature for various CNT fibers, where the average length
of the CNTs is also reported, is presented in Figure 5 as a
plot of fiber strength against CNT length. Values of fiber
strength in units of GPa rather than GPa/SG are plotted
because not all values of fiber SG are reported. In spite of
the fact that the type of CNTs vary (covering the range
SWNT to MWNT), the plot shows a clear correlation
between fiber strength and CNT length. Note that the
same correlation is not present for the fiber stiffness. This
suggests that the stiffness of the CNT fibers reflects
mostly differences in the quality of orientation of CNTs
in the fibers,®® in some cases due to specific processing
parameters such as the application of twist.

Shear Strength between Graphene Layers, Tr. The
shear stress which can be transmitted between adjacent
graphene layers has been measured by a variety of
techniques, ranging from classical measurements on gra-
phite single crystals>® to various sliding geometries in the
AFM.2~ % |t has also been estimated by simulations of the
sliding of two adjacent graphene layers, either as a CNT
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pulled out from a bundle®' >3 or as an inner layer pulled

out of a MWNT>*3 Some data are summarized in Table 1.

The range of experimental values is wide, from 0.04
to 69.0 MPa. The scatter is unlikely to be entirely due to
conditions in the experimental environment®® as mea-
surements in vacuum give values that range from 0.04°®
to 69 MPa.*® In a recent experiment by Suekane et al.*
two parallel CNTs overlapped by a few micrometers were
pulled apart longitudinally measuring load against dis-
placement. There was a friction stress of 40 MPa with as-
synthesized tubes, but this decreased below the detec-
tion limit of 2 MPa for CNTs that had been cleaned by
annealing. Other experiments involving larger contact
areas, including graphite crystals, yield values in the
range of 0.015—0.085 MPa for “clean” graphite surfaces.?
The experimental work would suggest a value for 7 of
0.05 MPa (within the lower range of literature values), as
our CNTs within the bundles show no evidence of surface
contamination.

Extracting a shear strength value from the modeling
work is rather more complicated. The results sug-
gest that the concept of shear strength cannot be easily
extended to two perfect graphene layers, and that the
tribological properties of these two theoretical surfaces
depend largely on their crystallographic registry, spacing,
and constraints on them>* Thus, the values of shear
strength from modeling also cover a broad range from
0.1 to 36 MPa**3*%3! and furthermore, some reports
suggest that in bundles of incommensurate tubes the
frictional force when displacing the tubes does not scale
with overlapping length,***> making the concept of
shear strength for that interface ambiguous. For these
reasons, we keep the estimate of 0.05 MPa for clean
graphene surfaces with turbostratic spacing.

In our case, the self-diffusion coefficients calculated
for longitudinal mean-squared displacement parallel to
the nanotube axis for tubes in the bundle shown in
Figure 4b are in the range of 1t0 400 x 10" " m?s™ ',
which is consistent with a very low value of shear
strength. Although obtaining an accurate estimate of
shear strength from molecular simulations would require
much longer lengths of nanotube together with the
introduction of defects, we have shown here that even
perfect CNTs with uniform chiral angle can slide relatively
easily with respect to each other parallel to the bundle
axis. In reality, our CNT fiber is composed of a wide variety
of nonperfect CNTs separated by a distance close to that
in turbostratic graphite, and thus the value for 7 of 0.05
MPa at the lower end of the range seems reasonable.

It is also noteworthy that the force required to slide
two graphene surfaces past each other has in fact two
components, one arising from the creation of the new
surface and the other from the interlayer “friction”. This
poses a problem when dealing with short graphene
layers or CNTs—as is the case in experiments involving
CNT pullout using an AFM and can be in the modeling
work—since the first component is several orders of
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magnitude higher than the second one. It is therefore
very challenging to obtain both components—either
experimentally or though simulations—simultaneously
and is probably part of the reason why both modeling
and experimental work give such a broad range of
shear strength values. However, for CNTs T mm long,
such as those in CNT fibers spun from the gas phase,
the ratio of the contributions will be

Z X TF
~ 100 (4)
14

and thus the contribution of the surface energy can be
neglected.

Prediction of Bundle Strength. Substituting the esti-
mated values as follows: 2, = 0.5, Q, = 0.85, 7z = 0.05 x
10°Pa, and L = 103 m, into eq 2, the prediction of tensile
strength is 3.54 N tex ', a value much closer to the range
of values reported for CNT fiber than to the the-
oretical strength of a graphene layer. This value could
be taken as an estimate of the strength of our carbon CNT
bundles, although the question moves on to what is the
strength of the bundle network itself. Another aspect to
consider is the likelihood that sufficient stress is trans-
ferred in shear to actually fracture some of the 1 mm long
CNTs in tension. The most severe case would be fora CNT
embedded equally on either side of the fracture plane
and, unusually, completely surrounded by CNTs from
which it is pulling out. In this case, the maximum force on
the CNT will be Q,9,27r7: L/2, so for the outer layer, if we
assume it carries all of the load, the force per unit
circumference of the graphene outer layer will be Q,7¢-
(L/2) = 21 N m™ ', significantly less than the 42 N m™"
measured strength for a single layer.® It is therefore
unlikely that many, if any, carbon CNTs will themselves
break in tension as the fiber itself fractures.

Network of Bundles and Strength of Fiber. The frac-
tured ends of a fiber (Figure 1¢) show fibrous elements
which are not individual CNTs but bundles of perhaps
50—100 such tubes. In the region of the fracture, the
bundles have pulled out from each other, suggesting
that the strength is limited by the coherence of this
network more than the strength of individual bundles.
Fractography analysis of CNT fibers gives no indication
whatsoever of the natural termination of any bundles
in the opened up structure near to the fracture itself
(Figure S2, Supporting Information). Indeed, the bundle
network appears continuous, with the nodes correspond-
ing to the sharing of CNTs between the different seg-
ments of the bundle network. It is also significant in this
respect that the apparent fractured fiber in Figure 1c still
has a few bundles connecting both ends. It is clear that
some of the bundles, at least, are quasi-continuous, and
the fracture involves a degree of unraveling of the
entangled bundle network.

In their paper, Koziol et al.'” showed that when
fibers were tested at short gauge lengths (~1 mm) the
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strength and stiffness distributions showed a bimodal
distribution, there being a peak between 1and 1.5 Ntex’,
which corresponded to the strength of much longer
samples, the extrinsic peak, and a second peak in the
region of 5N tex . The shorter the gauge length, the more
intense the second, intrinsic, peak in the distribution, that is,
the higher the probability of seeing a stronger sample. We
propose that the extrinsic strength shown by longer
lengths of the material corresponds to the resistance of
the bundle network to failure in shear, which also involves
unraveling of the network, while the higher peak strength
at short gauge lengths corresponds to the case where the
majority of bundles span from one grip to the other, and
thus this strength/stiffness measurement at short gauge
length corresponds to the property of the bundles them-
selves. One can appreciate this from Figure 1c, where some
of the bundles which are pulling out without breaking are a
significant fraction of a millimeter long.

The predicted strength given by the model, when it
is parametrized in terms of the individual nanotubes
being the basic fibrous elements, is thus that correspond-
ing to the strength of the bundles. The model value of 3.5
N tex ' must be compared with the observed intrinsic
strength of 5 N tex™ . Either of these values is at or above
the upper end of the strength of currently available high-
performance fibers and thus should be seen as highly
desirable. The model also clearly indicates those para-
meters which can be optimized to still further enhance
the bundle strength, those in the product 2,Q,7:L (eq 2).

A high value of Q,Q; is dependent on the nature of
the carbon CNTs, and it is likely that large diameter, thin
wall tubes which autocollapse are ideal in this respect.
The maximization of 7 is a clear opportunity to increase
the strength, and work in hand is addressing this factor
specifically. Itis also possible that covalent cross-linking of
the bundles may increase the bundle strength, which
currently appears to be the limiting factor. The CNTs
formed in the process are unusually long (~1 mm) by
most standards and particularly so for the floating
catalyst method. Careful control of the many interact-
ing process variables may help to increase this, but
the length will probably be limited by the physical
dimensions of the CNT cloud formed at the point of
reaction.

MATERIALS AND METHODS

The fibers in Figures 1b and S2 (Supporting Information) were
made by direct spinning of a CNT aerogel from the gas phase
during CNT growth by chemical vapor deposition (CVD).’
Fractography images were obtained from in situ testing using a
Deben microtest tensile stage in a JEOL 820 SEM and from ex situ
analysis of fracture surfaces using a JEOL 6340F FEGSEM.

The molecular dynamics calculations shown in Figures 3a,b
and 4b were carried out using the DL_POLY package3®*°
(version 2.20) from Daresbury Laboratory. The constant stress
ensemble (at zero pressure and 300 K) was used in Figure 3a,b,
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The strength of the entangled network of bundles
does, however, present the next modeling challenge.
While the greater mass per unit surface area of a bundle
compared with an individual nanotube leads to a pre-
diction of a considerably lower strength through a lower
Q,, one also needs to take into account that the mutual
alignment of the bundles is not as perfect of that of the
nanotubes within the bundles, leading to a reduced value
of Q;. On the other hand, there may also be a contribu-
tion to network strength from the entanglements them-
selves, which is difficult to assess in quantitative terms.
Techniques for the enhancement of interbundle strength
are under development and will be reported soon.

CONCLUSIONS

A model has been developed for the strength of
yarn-like carbon nanotube fibers. The structure of the
fiber appears to be hierarchical, with nanotubes self-
assembling into bundles and the bundles forming an
aligned network in the fiber. The model leads to a
relation for the specific strength in terms of the char-
acteristics of the basic fibrous elements, their surface
area per unit mass, their contact area with neighbors,
their length, and the strength of the interface between
them in shear. In the case where the basic fibrous
element is the nanotube, the estimated strength of
3.5 N tex ' will be that of the bundle. On the other
hand, the strength of the fiber will also depend on the
strength of the network of bundles, a figure which is
much more difficult to estimate, as values will be
needed for interbundle contact area, effective length
of the bundles, and the resistance of network points
to sliding. Nevertheless, the model provides a basis for
discriminating between intrinsic fiber strength, mea-
sured on short gauge length samples at ~5 N tex ™',
which corresponds to bundle strength, and extrinsic
strength, a lower value seen (1—2 N tex ') in all longer
samples, which is probably related to the coherency of
the network of bundles and its stability under stress.

Overall, the model provides a rationale for further
improvements in fiber properties, both through more
precise process control and the possibility of post-
processing operations to enhance the shear strength
of the intergraphene interfaces.

and the canonical ensemble (at fixed total volume and 300 K)
was used in Figure 4b. Simulations were carried out using
periodic boundary conditions (with cell dimension parallel to
CNT axis 2.45 nm), a time step of 1 fs, and a Nosé—Hoover
thermostat with relaxation time of 10 ps. The force field was
based on a modified version of DREIDING, as used by Elliott
et al.* in an earlier study of CNT collapse. All CNTs in Figure 4b
were assumed to be of the armchair type.
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Supporting Information Available: Derivation is given of Q,,

the fraction of the surface of the outer graphene wall(s) of the
load-bearing element in contact with its neighbors in the fiber,
which was used to generated the curves in Figure 3c. Figure S1
shows a schematic of bundles of (a) polygonized and (b)
collapsed CNTs with different fractions of their perimeter in
contact. Figure S2 shows a SEM micrograph of the fracture
surface of a CNT fiber. This material is available free of charge via
the Internet at http://pubs.acs.org.
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