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ABSTRACT Studies of carbon nanotube (CNT) based composites
have been unable to translate the extraordinary load-bearing >
capabilities of individual CNTs to macroscale composites such as
yarns. A key challenge lies in the lack of understanding of how
properties of filaments and interfaces across yarn hierarchical levels
govern the properties of macroscale yamns. To provide insight
required to enable the development of superior (NT yarns, we
investigate the fabrication—structure—mechanical property rela-
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tionships among CNT yarns prepared by different techniques and employ a Monte Carlo based model to predict upper bounds on their mechanical

properties. We study the correlations between different levels of alignment and porosity and yarn strengths up to 2.4 GPa. The uniqueness of this

experimentally informed modeling approach is the model's ability to predict when filament rupture or interface sliding dominates yarn failure based on

constituent mechanical properties and structural organization observed experimentally. By capturing this transition and predicting the yarn strengths that

could be obtained under ideal fabrication conditions, the model provides critical insights to guide future efforts to improve the mechanical performance of

CNT yarn systems. This multifaceted study provides a new perspective on CNT yarn design that can serve as a foundation for the development of future

composites that effectively exploit the superior mechanical performance of CNTs.
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espite extensive efforts throughout
Dthe past decade to scale up the

superior nanoscale mechanical prop-
erties of carbon nanotubes (CNTs) to macro-
scopic yarns or fibers, the promise of ex-
tending these properties to macroscopic
materials remains elusive, as the strength
achieved by macroscale yarns remains or-
ders of magnitude below strengths that have
been experimentally measured for individual
CNTs."? To date, the highest strength and
stiffness reported for CNT yarns are 8.8 and
357 GPa, respectively, for a yarn spun directly
from a CNT aerogel made by chemical vapor
deposition (CVD) technique and a gauge
length of 1 mm.® Other researchers have
measured maximum strengths in the range
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of 1-2.5 GPa for yarns spun directly from
CVD aerogel,®~* liquid solutions,® 2 aligned
vertical arrays of CNTs,>~"7 and from twisted
or rolled CNT films or mats.'®'® These values
are in stark contrast to the strength and
stiffness of individual nanotubes: 100 GPa
and 1 TPa, respectively.>?°~22

To develop a fundamental understand-
ing of the key limitations in scaling up the
strength of the nanomaterials to the macro-
scale, we examine the fabrication—structure—
mechanical property relationships in CNT
yarns made through three distinct fabrica-
tion approaches. “Directly spun” yarns were
fabricated by extracting the aerogel from a
CVD reactor while the CNTs were being
produced, which was expected to result in
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Figure 1. Schematics of processing techniques. (a) In the fabrication of directly spun yarns, catalyst particles form an aerogel
of CNT bundles that is pulled and twisted by a cold finger. (b—d) In the fabrication of slowly/quickly spun yarns from mats, a
ribbon of CNT bundles is stretched and rotated by independent actuators until a yarn is formed. Slowly and quickly spun yarns

correspond to different rates of stretching and twisting.

well-aligned CNTs. “Quickly spun” and “slowly spun”
yarns were fabricated from ribbons cut from disor-
dered mats of CNTs. The mats were twisted and
stretched in a matter of minutes for quickly spun yarns
and over a period of hours for slowly spun yarns, with
the expectation that the slower processing will provide
sufficient time for the CNTs to untangle and align upon
stretching while also resulting in less porous yarns.

We quantified the mechanical properties as a func-
tion of fabrication method by performing tensile tests.
To understand the structure of the yarns, we per-
formed scanning electron microscope (SEM) imaging
of the surfaces, focused ion beam (FIB) milling into the
yarn to visualize the internal structure, and wide angle
X-ray diffraction (WAXD) to quantify the degree of
preferred orientation in the yarns. We also developed
a computational model to isolate and study the various
effects of bundle strength, interface shear strength,
and porosity on the overall strength of the yarns.

YARN FABRICATION

All yarns were composed of bundles of double walled
carbon nanotubes (DWCNTs) prepared by MER Corpora-
tion using a CVD reactor. As described in ref 19 and
subsequently in ref 23 during their production in a CVD
reactor, CNT bundles are coated with a thin polymer layer
similar to PMMA, referred to herein as the “inherent
polymer coating”. CNT bundles were fabricated into
macroscopic yarns with diameters of tens of microns.
The bundles in each yarn type were approximately
10—30 nm in diameter; the bundles in directly spun
yarns were ~7 um long, while those in the yarns spun
from mats were ~60 um long (see the Supporting
Information). The composition of all yarns used in this
study was obtained by thermogravimetric analysis (TGA).

The yarns we refer to as “directly spun” were fabri-
cated from the CVD reactor as the CNTs were being
produced. A hollow cylindrical shaped aerogel sock
consisting of loosely connected CNTs was formed in
the hot zone of the vertical CVD reactor and carried
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downstream by the flow of gas (Figure 1a). A “cold
finger” spindle was inserted through the vacuum port
in the lower flange of the reactor tube to contact the
sock, which was stretched and twisted into a yarn by
driving the spindle downward while rotating it. Follow-
ing removal from the reactor, directly spun yarns were
stretched and twisted to further compact the yarns.
Typical stretching and twisting rates were 0.08
mm/min and 3 turns/min, respectively.

Both slowly spun and quickly spun yarns were
prepared from porous CNT mats, approximately
25 cm x 25 cm in area and with an apparent thickness
of 50 um. Strips of constant width were cut from the
mat, with one end of the strip then connected to a
linear actuator to stretch the matand the otherend toa
rotating actuator to twist the mat into a yarn
(Figure 1b—d). The slowly spun yarns were stretched
at a rate of ~0.1 mm/min and twisted at a rate of
~0.5 turns/min, while the quickly spun yarns were
stretched at a rate of ~1.2 mm/min and twisted at a
rate of ~60 turns/min. Thus, the slowly spun yarns were
fabricated over a period of a few hours, while the
quickly spun yarns were fabricated over a period of
~5 min. This variation in fabrication rates leads to
differences in alignment and compaction of the yarns.

During postsynthesis stretching and twisting of each
yarn type, a solvent was applied to the yarn to aid its
compaction. The fabrication of quickly spun yarns
followed the protocols established by previous pub-
lications by the authors and co-workers.'®?** Average
yarn diameters for directly spun, quickly spun, and
slowly spun yarns were measured to be 49, 74, and
32 um, respectively, based on SEM images.

STRUCTURAL CHARACTERIZATION

SEM images of the yarns reveal the organization of
the CNT bundles on the surface of the yarns and
qualitatively provide insight into whether the bundles
are well-aligned with the yarn's axis or randomly
oriented. However, visualization of the surface cannot
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Figure 2. Schematics of idealized yarns: hierarchical structure of the 3-D idealized DWCNT yarns (top); hierarchy of CNT yarns
in the Monte Carlo model (bottom). From left to right: the cross-sectional view of the yarn model, randomly distributed

bundles, and a bundle discretized by 1-D elements.

provide information on the organization of the CNTs
inside the yarns. To gain insight into the nature of the
internal porosity of the yarns, we used a FIB (FEI Helios
Nanolab Model) to mill wells into the yarns. Finally, we
used wide angle X-ray diffraction (WAXD) to quantify
the degree of CNT alignment through the entire cross-
section of the yarns.

MECHANICAL TESTING

To quantify the tensile mechanical properties of the
yarns, quasi-static tensile tests were performed. To
convert the force measured to stress, the effective
cross-sectional area is defined as that of the CNTs only.
This area was calculated for each yarn after mechanical
testing by measuring the mass, m (Mettler-Toledo
microscale), and length, /, of the sample and calculating
the linear mass density, Ay, = m/I. The effective area
was calculated by dividing the linear density by the
assumed linear density of hexagonally close packed
CNTs (1.575 g cm™) and taking into account the
weight contributions from a polymeric coating on
the CNT bundles, remaining iron particles, and amor-
phous carbon using the method described in ref 24.

MODELING

To gain insight into the strength of CNT yarns in this
study (denoted as “NU yarns”), we developed a sto-
chastic Monte Carlo model to simulate the yarn frac-
ture process. As shown in Figure 2, each yarn is
assumed to consist of parallel hexagonally packed
DWCNT bundles, which are analogous to “filaments”
of textile-based yarns.?®> The proposed model is an
idealization, aimed at incorporating insight gained
from multiscale experiments to explore the upper
bounds of CNT yarn properties, and it thus neglects
bundle waviness (nonuniform bundle—bundle contact
separation), entanglements, voids, and misalignments
that exist in physical yarns.

Each bundle is discretized into a series of 1D ele-
ments. The length of 1D elements is 20 nm, much less
than the overlap length (approximately 400 nm) at
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which the shear load transferred between two parallel
bundles starts to saturate, to ensure the modeling
results is mesh independent.?® The axial position of
each bundle is randomly placed to account for a
random distribution of overlaps. A random strength
value is assigned to each element to simulate bundle
rupture. The strength values are chosen from a prob-
ability distribution that ensures that the bundle rup-
ture strengths follow Weibull statistics

Z m
P(o) = 1exp{ L(UO)] (1)
0 0

where gis the applied stress, 0y is a scale factor, mis the
shape parameter, L is the bundle length, Ly is a
reference bundle length, and P(o)is the failure prob-
ability of the bundle under stress o.

The stress distribution within the yarn is approxi-
mated by a simplified load-sharing rule. After applying
a load to the yarn, stress is redistributed so that the
stress in each element does not exceed the threshold
value the element can take. The threshold is the
minimum of two values—the assigned strength of
the element and the upper bound of the tensile stress
that can be transferred through the shear interaction
between its neighbors (explained later). The former
determines when the bundle rupture happens; the
latter determines when interbundle sliding occurs.
The load lost at the location of a broken bundle is
transferred to its nearest neighbor bundles to satisfy
force equilibrium at each cross section of the yarn.
Compared with previous Monte Carlo models,?”?® the
current model has two improvements: (1) we imple-
mented an algorithm to discriminate “effective” and
“ineffective” contacts between two adjacent filaments
(in NU yarns, DWCNT bundles), and (2) we incorporated
the inherent shear strength and stiffness between
bundles found through experiments,?® while previous
models used the classic friction law, which requires
non-zero twist for any load transfer between bundles
to occur. The algorithm to evaluate the effectiveness of

ACRTARNTS
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contact between two adjacent bundles is based on the
relative positions of the two bundles. If the bundle
under consideration is shorter than the adjacent bundle,
and both ends of the bundle are completely enclosed by
the adjacent bundle, the contact is defined as “ineffec-
tive”, and we assume there is no load transfer through
this contact (e.g., contact between bundle 1 and bundle
3 in Figure 2). If only one end of a bundle lies between
the two ends of the adjacent bundle, the contact is
defined as “effective” (e.g., contact between bundle
1 and bundle 2 in Figure 2), meaning that load can be
transferred between the two adjacent bundles through
their interface. The elastic solution for the shear-lag
model introduced in ref 29 was used to calculate the
stress distribution, o(x), in each bundle along the overlap
region for an “effective” contact, namely

21f 1 AL — x))

. Ax
olx) = B W sinh (?) cosh (T
cosh 5

)

where A = (2G/(Ebh))""?, E is the bundle elastic modulus,
2b is the equivalent bundle thickness, G is the shear
modulus of the bundle—bundle interface, h is the
thickness of the interface, x is the distance to the free
end of the bundle, L is the overlap length, and zr is the
interfacial shear strength. For the CNT yarns studied
here, b and h are approximately 6.1 and 2.5 nm,
respectively.?® Equation 2 gives the maximum tensile
stress that the shear load transfer can introduce to the
element at location x.

As increasing load is applied, bundle rupture occurs
if the axial stress in any element of a bundle reaches its
assigned strength. When this occurs, the failed ele-
ment is deactivated (its stress is set to zero), and new
sub-bundles and contact pairs are generated on either
side of the rupture. The model determines whether the
new contacts are “effective” or “ineffective,” and then it
redistributes the axial load to the unbroken bundles
until force balance is satisfied. During simulations, the
model ensures force equilibrium, but the bundle de-
formation and bundle—bundle sliding are not com-
puted. Thus, the model output contains the yarn stress,
but not yarn strain. The yarn is deemed as having failed
when no additional load can be supported by the
remaining load carrying bundles.

In the current model, yarn twisting is taken into
account by applying a radial distribution of the bundle
stress in the yarn. For an ideal helical twisted yarn with
a surface twist angle, oy, the bundle axial strain &,(r) at
radial position r is given in ref 25 as

ep(r) = g(cos’ a, — vr sin® a,) where

o, = tan " '(r/ro tan ay) (3)

In eq 3, ro is the yarn radius, a,is the twist angle of the
bundle at radial position r, &,is the macroscopic yarn
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strain, and vy~ 0.8 is the Poisson's ratio of the yarn."”
The bundle stress variation along the yarn radial
direction is set using eq 3 and the bundle elastic
modulus, E.

Yarn microporosity is also taken into account in the
model because non-zero porosity reduces the effective
interactions between overlapping bundles. Since load
is transferred between adjacent bundles through shear
forces, reducing the density of nearest neighbor bun-
dles leads to a reduction in the load-bearing capacity of
the material. We model distributed microporosity by
decreasing the maximum shear stress between bun-
dles by a multiplication factor of (1 — p) for a yarn with
porosity p.

Filament rupture and interface sliding are the two
main competing failure mechanisms for composites
containing hierarchical architectures.?®3* Therefore,
having an accurate description of the properties of
both filaments and interfaces is essential for the mod-
el's predictive capabilities. For the NU yarns investi-
gated here, the properties of the bundles and the
bundle—bundle interfaces were characterized through
nanoscale experiments and computations. Weibull
analysis on the bundle rupture strength for individual
as-received or “pristine” DWCNT bundles (30 nm in
diameter and 5 um long) yields a scale factor gy =
2.8 GPa (63% failure probability) and a shape factor
m = 2.2.3° Fitting the results from in situ SEM shear tests
on pairs of parallel bundles using the shear lag model
reveals an effective interface shear modulus of 10 MPa
and shear strength of 350 MPa.?*%°

To demonstrate the model's predictive capabilities,
we also modeled the CNT yarns prepared using the
“wet-spinning” method at Rice University,*® here
termed “Rice yarns”. In the Rice yarns, the “filaments”
are individual MWCNTs with an average length of
5 um and an average diameter of 3.2 nm. The me-
chanical properties of these MWCNTs (i.e., the fila-
ments of the Rice yarns) have not been studied
experimentally and have to be approximated from
independent studies. Tensile tests on MWCNTs per-
formed by Yu et al.?” yield a scale factor of 31.5 GPa
(note the stress in ref 37 was defined by assuming only
the outer shell of a MWCNT bears the load) and a
shape parameter of 2.4. Converting the stress value to
a nominal stress by accounting for the cross-sectional
area of all of the shells, the scale factor for the
MWCNTs in Rice yarns, with mostly triple-walled CNTs,
is approximated as 14.8 GPa, and the shape parameter
remains the same. Based on experiments performed
to measure the shear interface properties between
two parallel MWCNTs, the interfaces between CNTs in
the Rice yarns are assumed to have a shear strength of
60 MPa and a shear stiffness of 100 MPa.® The
geometrical and mechanical properties of the fila-
ments and interfaces for NU and Rice yarns are
summarized in Table 1.
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TABLE 1. Geometrical and Mechanical Properties of Yarn Filaments and Interfaces in NU and Rice Yarns

parameters NU yarns rice yarns
simulation inputs filament DWCNT bundles MWCNTs
filament diameter (nm) ~10—30 ~2-5
filament length, L (zem) 60 5
filament elastic modulus, £ (GPa) 60 400
Weibull scale factor, o (GPa) 28 14.8
Weibull shape factor, m 22 24
interface shear modulus, G (MPa) 10 100
interface shear strength, T; (MPa) 350 60
surface twisting angle, o (deg) ~15 ~0
porosity, p ~60 ~0
model prediction vs experiments experimental yarn strength (GPa) 0.95 £ 0.40 1.0£0.2
predicted yarn strength (GPa) 0.84 £ 0.04 1.2 £ 0.07

Figure 3. Structural characterization. SEM images of (a) directly spun, (b) slowly spun, and (c) quickly spun yarns, where the
first column shows the yarn morphology, the second shows the arrangement of CNT bundles on the surface of the yarn, and
the third shows wells machined into the yarns using FIB to reveal the internal porosity and morphology of the yarns. Inset

scale bars are 1 um.
RESULTS AND DISCUSSION

Structural Characterization. Inspection of the surfaces
of the three types of yarns through SEM imaging
(Figure 3) reveals contrasting CNT orientations. Quickly
spun yarns have a random distribution of orientations
of the CNTs on the surface of the yarns, where the
organization of CNTs still resembles the original dis-
organized mat structure. This is expected since these
yarns were made quickly by twisting and moderately
stretching ribbons of the mat, introducing an effective
tensile strain of only about 6% toward untangling and
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orienting the CNTs with the yarn's tensile axis. The
directly spun yarns have the highest degree of CNT
alignment on the surface of the yarns. Since these
yarns were fabricated by pulling the CNTs out of the
CVD reactor while they are made, it is expected that
this fabrication technique should result in a high
degree of alignment. However, wavy strands of CNT
bundles are present on the surface of all yarns. The
slowly spun yarns have an intermediate degree of CNT
alignment on their surfaces. It is expected that the
alignment of CNTs in these yarns, fabricated from the
same disordered mats of CNTs as the quickly spun
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Figure 4. WAXD analysis. (a) Schematic of setup for WAXD analysis of CNT yarns. (b) Intensity versus scattering vector from
WAXD patterns for the three different yarns (CNT diffraction peak at g = 1.89/A is within the boxed region). Representative
2D WAXD scattering patterns of (c) directly, (d) quickly, and (e) slowly spun yarns.

yarns, should be higher than that of the quickly spun
yarns since a larger axial strain is introduced (~12%)
over the much slower, and therefore longer, proces-
sing time, which gives time for the network of CNTs to
relax as tension is applied.

The overall porosity, p, of the yarns can be calcu-
lated using the following equation

2
p = 1 _ (Deffectlve) (4)

Douter

where Degrective COrresponds to the diameter from
linear density assuming a “filled” circular cross section
and Dger is the outer diameter of the yarn as mea-
sured in the SEM. The average porosities of represen-
tative directly, quickly, and slowly spun yarns was
found to be ~77%, ~72%, and ~55%, respectively.
To determine the nature of the porosity, FIB was
performed to visualize the internal structure of each
type of yarn. The FIB studies reveal that the directly
spun yarns have a large amount of microporosity,
defined here as having pores with characteristic di-
mensions of less than 0.2 um, distributed throughout
the diameter of the yarns. The slowly spun yarns are
very compact, and have a very small amount of micro-
porosity, but have large voids (defined as having
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characteristic dimensions of 1 um or more) present
where the folds of the initial ribbon of mat have not
fully come into contact. The quickly spun yarns have
both large pores present and a large amount of
microporosity.

Pores do not affect the definition of the cross
sectional area, since they are removed by weighing
the sample to calculate the effective area; however,
these porous regions may adversely affect the me-
chanical properties of the CNT yarns. While the voids
are expected to close during tensile deformation due
to the helical yarn providing radial compression with
axial tension, these porous regions may consist of
wavy, misaligned CNTs that do not effectively contri-
bute to supporting the axial load, or other local defects
through which the tensile stress is not effectively
transferred between bundles surrounding voids. Thus,
it was expected that there would be a trade-off
between the good alignment and the high porosity
of the directly spun yarns. The slowly spun yarns
should, therefore, have the best mechanical properties
due to increased alignment over the quickly spun
yarns, and greatly decreased porosity over the directly
and quickly spun yarns.

Wide angle X-ray diffraction provides information
about the alignment of the CNTs within the yarns
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through the entire cross section of each yarn. The 2D
WAXD scattering patterns of the CNT yarns and their
respective 1D data, obtained by summing the inten-
sities along the azimuthal scan and plotted as a func-
tion of scattering vector g, are shown in Figure 4. The
diffraction peak at a scattering vector of g = 1.89 /A,
corresponding to the DWCNT internal wall spacing (d =
3.32 A), is pronounced for the directly spun yarns, but
in the cases of the quickly and the slowly spun yarns,
the peaks at this scattering vector are much less
pronounced (Figure 4b). Instead there are broad, dif-
fuse peaks around g = 1.54 /A, which could correspond
to the spacing between adjacent CNTs within a bundle
(d = 408 A). Thus, for directly spun yarns in which
the diffraction peak is concentrated at g = 1.89/A, we
believe that the CNTs in the bundles are in close
contact with each other throughout the bundle and
that their inter CNT distance is similar to the DWCNT
interlayer spacing. Conversely, in the bundles of the
slowly and quickly spun yarns, the CNTs may be
convoluted inside the bundle, meaning that they are
not in close contact along the length of the bundles,
and thus their inter CNT spacing varies throughout the
bundle, producing a diffuse and shifted peak at g =
1.54 /A. For a more detailed analysis please see Sup-
porting Information.

Azimuthal integrated scans of the intensity of the
260 = 9.98° ring, corresponding to the spacing of the
two walls comprising each DWCNT within the bundles,
were obtained from each 2D image. To quantify the
degree of preferred orientation of the CNTs within the
yarns, we calculate the Herman orientation factor
(HOF) for each yarn using the following equations

_ 3{cos?¢) — 1

fi .

(5)

/2
/ I(¢) cos?¢ sing dep
0

{cos?¢p) = 6)

/2
/ () sing do
0

where @ is the angle between the axis of inter-
est (CNT axis) and the reference direction (the yarn
axis).3®3° For a perfectly aligned sample, the HOF
would be 1 and for a yarn where the CNTs are randomly
oriented and the HOF would be 0.

For each yarn, WAXD patterns were obtained for
three to four points along the length of the yarn. The
incident X-ray beam conditions were kept constant for
all data points, but the exposure times were varied for
each type of yarn (100 s for directly spun, 15 s for quickly
spun, and 4 s for slowly spun yarns) to account for the
disparate masses of each yarn type. The average values
of the HOF across these points were calculated for each
yarn and are tabulated in Table 2. The directly spun
samples have low HOF values (average HOF = 0.049)
compared to the slowly spun (average HOF = 0.346) and

BEESE ET AL.

TABLE 2. Summary of WAXD Results and Mechanical
Properties by Yarn Type“

experimental yarn type

parameters directly quickly slowly

WAXD results ~ HOF,,q 0.325 (0.049)  0.338 0.346
HOF ax 0.464 (0.072¥)  0.390 0.368
HOF i 0.193 (0.014*)  0.306 0.324

mechanical Eavg (GPa) 121+73 273+109 794+ 440
properties  Epay (GPa) 24.8 27 208.3

Oayg (GPa) 024 £015  055£0.11 0954040
Omax (GPa) 0.626 0.773 2375

ETFavq (g7 53+29 401 £253 1844153
ETFmax 0-g7") 9.8 89.6 714

“Note that the HOF values with an asterisk correspond to values with waviness.

quickly spun samples (average HOF 0.338). We note
that, as discussed previously, through FIB and SEM visual
inspection, as well as analysis of the tensile stress—strain
behavior of these directly spun yarns (see below), which
is relatively linear until failure, it would appear that the
directly spun samples have well-aligned CNTs.

We hypothesize that since the directly spun sam-
ples are more porous than the slowly and quickly spun
samples, the waviness of the CNTs within the samples
affect the WAXD results of the directly spun sample
significantly. We note that the linear densities of
directly spun yarns (~0.7 ug/mm) are about 3—5 times
lower than the quickly (~1.9 ug/mm) or slowly spun
yarns (~3.4 pug/mm); thus, if a small amount (e.g.,
0.1 ug/mm) of wavy CNTs is incorporated into or on
the directly, quickly, and slowly spun yarns, that
amount will more heavily influence the data for the
directly spun yarns.

In order to evaluate and remove the effect of
waviness from the WAXD analysis of directly spun
samples, a second set of analyses were performed in
which the intensities were first integrated over the
azimuthal ring, and then the background, taken as the
baseline intensity over the entire 26 = 9.98° ring, was
subtracted (Figure S4, Supporting Information). Once the
effect of waviness is removed with this approach, the
HOFs increase significantly (to an average HOF of 0.325 for
directly spun yarns), correlating with the previously drawn
conclusions from SEM imaging and mechanical testing.

Thus, we hypothesize that at least the shell of
the directly spun yarns contains well-aligned CNTs,
whereas the porous core may contain some misaligned
CNTs that do not directly support the tensile load.

Mechanical Testing. Stress—strain curves are pre-
sented in Figure 5a for representative samples of each
of the three types of yarns. For each yarn, the modulus
was calculated as the initial slope of the stress—strain
curve, the strength was calculated as the maximum
stress value, and the energy to failure was calculated as
the area under the force-strain curve, normalized by
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the linear mass density of the yarn. Modulus and
energy to failure are reported in terms of engineering
values using the initial cross section of the DWNTs
within the yarn, while true strength values are reported
in terms of the cross section of the DWNTs in the yarn
before failure.

As shown in Figure 5a, the stress versus strain
behavior for the directly spun yarns was approximately
linear to failure. The strain to failure in directly spun
yarns was always less than 11%, compared to max-
imum strains of 27% for quickly spun, and 22% for
slowly spun yarns. This supports the previous asser-
tions that the directly spun yarns contain at least a shell
of well-aligned CNTs that support the load until failure.
The stress—strain curves for the slowly and quickly
spun yarns exhibit an initial linear regime followed by a
nonlinear response in which the strength continues to
increase with strain. For the quickly spun yarn, the
slope of the nonlinear regime is low. This large defor-
mation response corresponds to a major rearrange-
ment of the network of misaligned CNTs, which results
in much higher failure strains than for the directly spun
yarns, in which the aligned CNTs at the surface carries
the load until abrupt failure without large CNT network
rearrangement. The slowly spun yarns presented, in
general, a much stiffer behavior in the nonlinear
regime, which is consistent with a denser, more
aligned CNT structure leading to a more brittle beha-
vior when compared to the quickly spun yarns.

The mechanical properties are summarized in
Table 2. The average strengths of the directly, quickly,
and slowly spun yarns were found to be 0.24, 0.55, and
0.95 GPa, respectively. The average modulus values of
the directly, quickly, and slowly spun yarns were found
to be 12.1, 27.3, and 79.4 GPa, respectively. Thus, in
terms of strength and modulus, the better surface
alignment of the directly spun yarns was outweighed
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by the high porosity and possible internal misalign-
ment. Any misaligned or ineffective CNTs add weight
without adding strength to the yarn. The slowly spun
yarns had the highest strengths, as they had increased
alignment over the quickly spun yarns and they were
significantly more compact than the other two types of
yarns. We also note that the CNT bundles in the directly
spunyarn are ~7 um long, compared to the ~60 um in
the slowly and quickly spun yarns, which has been
shown to be an important parameter in yarn proper-
ties, with longer CNTs resulting in higher properties.®4°
Regarding the energy to failure (ETF), a measure
typically associated with material toughness, we found
that the slowly and quickly spun from mats yarns
achieved higher values (184 J-g~', and 40.1 J-g ',
respectively) than the directly spun yarns (5.3 J-g~")
for the reasons previously discussed.

Modeling Results. Using the Monte Carlo model, NU
yarn model structures with a diameter of 285 nm and a
length of 240 um, as well as Rice yarn models with a
diameter of 35 nm and a length of 20 um were
simulated. At the start of the simulations, each NU yarn
consists of 340 bundles with a diameter of 25 nm and
an average length of 60 um; each Rice yarn consists of
340 triple-walled CNTs with an outer diameter of
3.2 nm and an average tube length of 5 um. For each
system, 100 Monte Carlo simulations were performed,
and the average and standard deviation of the yarn
strength were calculated from these results. First,
simulations were performed on both yarns with ideal
helical twisted geometries (i.e., filaments were per-
fectly aligned and there was no porosity in yarns). In
this way, the model predicts an upper bound of
average yarn strength by neglecting the complexity
from material preparation.

For the ideal NU yarns, the predicted yarn strength
was 1.45 £ 0.07 GPa; for Rice yarns, the predicted yarn
strength was 1.2 £ 0.07 GPa. Even though the pre-
dicted strength values for both yarns were similar, the
model predicts different dominant failure mechan-
isms. Figure 6a gives the simulated numbers of fila-
ment ruptures in two yarns during tensile tests. For the
ideal NU yarn, the first bundle rupture occurred very
early, at a small applied stress of 0.2 GPa, and the
rupture rate accelerates gradually until the yarn fails.
This suggests that in the idealized NU yarns, the bundle
strength is the bottleneck that limits the yarn perfor-
mance. In contrast, MWCNT rupture in Rice yarn
occurred much later, at a large applied stress of
1.0 GPa, and the total number of ruptured tubes only
reached 12 when yarn failure occurred due to tube
sliding and pull-out. This suggests that the interface
strength is the bottleneck that limits the Rice yarns'
performance (Table 1).

X-ray and electron microscopy studies on Rice yarns
showed 5 um long MWCNTs aligned nearly perfectly
(some bundle waviness is observed in SEM images)
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along the axial direction, with no appreciable yarn
porosity. Therefore, the actual microstructure in the
Rice yarns is very close to the idealized yarn structure
assumption presented here. However, the NU yarns
have complicated microstructures that feature bundle
misalignment, waviness, and entanglement, as well as
non-negligible yarn porosity. In addition, at locations
where the PMMA-like inherent polymer coating on the
bundle surface is thicker than the thin interface con-
taining only 4- to 8- mer chains that was characterized
in ref 26, the polymer shear strength could drop from
350 MPa and approach 30—70 MPa for bulk material.*'
All of these features may lower the effective interface
shear strength.

FIB and SEM characterizations indicate that the
porosity in NU yarns ranges from 50% to 80%.
Figure 6b shows that the predicted yarn strength drops
almost linearly with yarn porosity up to 80%. As the
porosity increases, individual bundles have a fewer
number of contact bundles. Thus, the dominant failure
mechanism becomes interface sliding. For example,
the final number of bundle ruptures for 60% porous NU
yarns is only 382 at an ultimate stress of 0.84 GPa
compared with 1494 for the ideal helical NU yarns at an
ultimate stress of 1.45 GPa; thus, more porous yarns
result in less effectively accessing the full bundle
strengths within the yarns.

The model predicted yarn strength is compared
with the experimental measurement in Table 1. The
predicted yarn strength for a 60% porous yarn of 0.84
+ 0.04 GPa agrees very well with the experimental
measurements for slowly spun yarns (0.95 + 0.40 GPa),
however, the model does not capture the measured
standard deviation of strength values for these yarns.
This is to be expected for this simplified model, which
does not include the effect of bundle misalignment.

DISCUSSION

The purpose of the present study is to develop
fundamental understanding for the processing-
structure-property relationships in CNT yarns through
experimental, analytical, and computational modeling
efforts. The key factors that we have identified that can
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contribute to variations in CNT yarn strength include:
bundle strength (which is a function of bundle
diameter), bundle length, interfacial strength, CNT
alignment within yarns, and porosity.

Modeling of Rice yarns suggests that the weak
tube—tube interface is limiting the mechanical
strength of yarns made of highly aligned, but relatively
short, CNTs. Therefore, increasing the interface
strength would be an effective way of improving the
tensile strength of Rice yarns (Figure 7a). The model
suggests that the yarn strength increases by a factor of
about 7 when the interface shear strength increases
from 60 to 700 MPa. Note in the modeling the range of
the interface shear strength was chosen to demon-
strate the effect of interface shear strength on yarns'
mechanical properties and the transition between two
dominant failure mechanisms. It is not meant to model
a specific interface material. As the interface becomes
stronger, the dominant failure mechanism will transi-
tion from interface sliding to tube rupture, and the
ultimate yarn strength will saturate at about 7 GPa.
Recent density functional theory calculations suggest
that defects improve CNT—CNT shear interactions at
the expense of CNT tensile strength.*? In this context, it
is worth revisiting the CNT yarns synthesized by Koziol
et al., one of which was reported to have the highest
strength of 8.8 GPa> Those yarns contain mainly
double-walled CNTs of large diameter (4—10 nm),
and Koziol et al. pointed out that the shells of these
double-walled CNTs collapsed against each other into
a “dog-bone” cross-section. Consequently, the contact
area between adjacent tubes was greatly enhanced.
This is equivalent to improving the interaction be-
tween CNTs, the lack of which was the key factor
limiting Rice yarns' strength. In other words, the CNT
yarns synthesized by Koziol et al. have the fibril
strength comparable to that in Rice yarns but with
improved interfacial properties.

In contrast, for the microstructures observed in NU
yarns, yarn strength can be improved with various
strategies at different stages of fabrication. For the
present NU yarns, the weak effective bundle—bundle
interface strength due to bundle misalignment and
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large yarn porosity greatly limits the yarn strength.
Therefore, methods for both improving bundle align-
ment and increasing densification of the yarns must be
identified. However, once the ideal helical twisted
yarns are made, bundle rupture may become the
dominant failure mechanism that limits the yarn
strength; thus, methods for increasing the bundle
strength must also be identified.

Two approaches that could be used to increase
bundle strength are to decrease the bundle diameter,
or to cross-link tubes within bundles. As noted by Filleter
et al.* the effective strength of DWCNT bundles is
much lower than the strength of individual DWCNTs
because bundles bear load mainly through the tubes in
the outer layer. Therefore, reducing the bundle diameter
will increase the ratio of the number of external to
internal tubes and thus increase the eXective bundle
strength. Figure 7b predicts that the average yarn
strength could reach 2.1 GPa if the bundle diameter
were reduced to 10 nm. This could be implemented
with modified manufacturing approaches.

Another approach toward improving bundle strength
is to introduce cross-links between CNTs inside the
bundle through chemical treatments or irradiation. Elec-
tron beam irradiation performed on individual bundles
of CNTs inside a transmission electron microscope (TEM)
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can improve the load transfer between tubes inside the
bundle by introducing cross-linking between tubes,
leading to an increase in effective bundle strength from
2.8 to 17.1 GPa, and an optimized increase in modulus
from 60 to 550 GPa.>* Figure 7c illustrates how the yarn
strength is predicted to vary as a function of interface
shear strength for pristine (nonirradiated) and irradiated
yarns. In the latter, the bundle Weibull distribution is
scaled to oy = 17 GPa with all other parameters the same.
We note that in the simulations, we increased the shear
strength of the bundle—bundle interface but kept the
shear modulus constant. Under these conditions, pris-
tine yarns are predicted to benefit only moderately when
the interface shear strength is increased and the max-
imum average yarn strength saturates at about 2.5 GPa.
In contrast, irradiated yarns are predicted to reach
strengths of 3.9 GPa even when the interface shear
strength remains constant (350 MPa). In yarns containing
heavily cross-linked bundles, the dominant failure me-
chanism predicted by computational modeling is ex-
pected to change from bundle rupture to interface
sliding. Therefore, improving the interface shear strength
has the potential to significantly increase the average
yarn strength to reach values as high as 10 GPa.

We note that in the study by Filleter et al.* individ-
ual bundles were subject to electron-beam induced
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cross-linking inside a TEM. As discussed in ref 43, it is not
yet possible to extend this process of irradiating bundles
at the nanoscale to the macroscale yarn fabrication
techniques; thus the manufacturing of yarns from irra-
diated bundles is not yet feasible. Moreover, irradiation
of mats containing bundles coated with a polymer, as is
the case for the NU yarns, another challenge emerges.
Typical radiation doses needed to cross-link CNTs inside
a bundle are orders of magnitude higher than those
needed to cross-link polymers and would result in
polymer radiation damage. This challenge calls for novel
manufacturing strategies that can take full advantage of
constituents and their interfaces.

The results from experiments and Monte Carlo
simulations assuming pristine perfectly aligned yarns
with varying levels of porosity and irradiation are
summarized in Figure 7d. The similarity between the
strength measurements in slowly spun yarns and the
model predictions, using 60% porosity, is striking.
Ideally dense yarns perform only slightly better. How-
ever, when yarns are irradiated at the optimal dose to
induce cross-linking within bundles throughout the
yarn, a major improvement in strength is predicted. As
discussed in relation to the role of interface shear
strength, Figure 7c, even much more dramatic im-
provements are possible through the use of tougher
and stronger polymers.

CONCLUSIONS

Fabrication of macroscopic yarns from CNTs can be
achieved through numerous processing techniques,
resulting in a variety of yarn architectures and resulting
mechanical properties. This work systematically de-
monstrates, through experimental characterization
and computational modeling, the effect of fabrication
technique on key features that limit yarn performance:
porosity and CNT alignment. In addition, through
computational modeling, the relative importance of
interfacial strength and bundle strength is revealed, as
well as upper bounds of strength that could be
achieved through processing improvements. While
the model neglects several detrimental structural fea-
tures resulting from current processing conditions, it
explores how yarn performance could be further im-
proved if these problems could be eliminated. There-
fore, the model complements the experimental
analysis of the effects of porosity and misalignment
on mechanical behavior by exploring how other fac-
tors (such as filament and interfacial strength) can
affect yarn performance.

MATERIALS AND METHODS

Solvents Used in Yarn Fabrication. As noted in the main text, each
yarn was sprayed with a solvent to facilitate fabrication and
compaction of the yarns. 1,2-Dichloroethane (DCE) was used on
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For substantial advances in the properties of macro-
scopic CNT yarn performance, the structure and prop-
erties of CNT yarns must be optimized at all of the
hierarchical levels comprising these yarns: from the
individual CNTs, to bundles of CNTs, to networks of
CNTs, and finally the macroscopic yarn structure. Fu-
ture research efforts aimed at each of the following
should be pursued to improve yarn mechanical per-
formance: (1) increasing the bundle strength through
the introduction of cross-links at the bundle network
level (i.e., the development of a technique that can be
applied to cross-link bundles in large mats of CNTs, or
macroscopic CNT yarns); (2) improving the load trans-
fer between adjacent CNTs through the identification
and application of a coating on CNT bundles with
increased strength and stiffness over current inherent
coatings (e.g., the development of techniques to func-
tionalize CNT bundles inside the CVD reactor, or after
fabrication, to provide tougher interfaces between
CNTs); (3) developing fabrication methods for align-
ment of straight (i.e., fully extended, and not wavy)
CNTs and CNT bundles; and (4) identifying effective
chemical or mechanical methods for compaction of
yarns to reduce porosity and ensure CNTs are con-
nected and utilized within the yarn. We believe that
through the development of the above improvements,
higher mechanical properties be realized, and through
the production of a better defined architecture of CNTs
the electrical and thermal properties of macroscopic
yarns would also be enhanced.

Current CNT yarns have scratched the surface of the
promise of scaling up CNT properties, and with the
comprehensive understanding of processing-structure-
property relationships developed herein and, thus, a
concerted effort on improvements of key structures
through variations in fabrication processes, gains are
still to be made in this field. Itis reasonable to infer from
our findings that the major challenge lies in the field of
manufacturing. Indeed, current manufacturing meth-
ods exploiting liquid crystal precursors produce highly
aligned CNT yarns but at the expense of limited control
of the chemistry of interfaces and bundle length. By
contrast, CVD-synthesized CNT yarns can achieve very
rich chemical functionalization on the surface of CNT
bundles but lack the control needed in assembling
CNTs to produce ordered hierarchical structures. In this
regard, inspiration from natural materials, which ex-
hibit exquisite arrangement of constituents across
multiple length scales, and development of templated
self-assembly approaches seem promising.

all yarn types, while DCE or sulfuric acid was used on slowly spun
yarns to determine the effect of solvent type on yarn properties.

A t test was used to analyze whether the difference in
average modulus, average strength, or average energy to failure
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for the slowly spun yarns with the two different solvents was
statistically significant. The results in Table S1 (Supporting
Information) indicate that there is no significant difference
(two-tailed p-value > 0.05) between the two sets for any of
these three mechanical performance parameters, suggesting
that there is no appreciable difference in the yarn performance
between the use of DCE or sulfuric acid. The identification of an
optimal solvent remains an important area for future research in
carbon nanotube yarn development.

Wide Angle X-ray Diffraction. The WAXD studies were per-
formed at Argonne National Laboratory's Advanced Photon
Source (APS beamline 5ID-B). The synchrotron X-rays were
produced with an APS standard undulator A. The beamline's
double Si(111) monochromator was set for 17.4 keV (wave-
length of 0.71 A). The WAXD patterns were recorded with a
MAR165 CCD X-ray detector, with a sample to detector distance
of 19.2 cm and a square spot size of 250 um defined by
collimating slits. In the 2-dimensional diffraction patterns pro-
duced by the CNT yarns, a reading at 20 = 9.98° corresponds to
the 002 planes of the CNTs perpendicular to their longitudinal
axes, and the azimuthal spread of those reflections indicates
how aligned the CNTs are with the yarn axis.

Mechanical Testing. For each test, each end of the yarn was
first affixed to a paper end tab with epoxy. The tabs were
clamped into a screw-driven microtesting frame (Fullam, 2000
Ib test frame) and stretched in tension, while the load was
recorded with a 250 g load cell (Honeywell, Model 31, resolution
of 2 mg), and the elongation of the yarn was recorded using a
linear variable differential transformer (Allison Model HS50,
resolution of 1 um). The gauge lengths of the yarns varied from
5 to 20 mm. Quasi-static tests were performed with strain rates
on the order of 2 x 107*s™". Misalignment between the tensile
axis of the yarn and the direction of applied displacement was
less than 5° in all tests.
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