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Although the tensile strength of carbon nanotubes inherited from the sp2 hexagonal carbon lattice is as
high as 120 GPa, the state-of-the-art mechanical resistance of carbon nanotube ﬁbers is below 10 GPa.
Material imperfections embedded in the complex microstructures are responsible for this remarkable
reduction across multiple length scales. In this study, we rationalize this multi-scale degradation of
mechanical performance through theoretical analysis of the processing-microstructure-performance
relationship for carbon nanotube ﬁbers based on the experiment data, offering a simpliﬁed model that
not only quantiﬁes the breakdown of material strength at the nanotube, bundle, and ﬁber levels,
respectively, but also provides practical advices to optimize the manufacturing processes for elevated
mechanical performance.
© 2018 Elsevier Ltd. All rights reserved.

1. Introduction
Carbon nanotubes (CNTs), since the very ﬁrst reports of their
discovery, have been holding great promises in various applications
by offering unsurpassable material stiffness (~1 TPa), strength
(~120 GPa) and resilience (~15% strain to failure) [1,2]. A wide
spectrum of proposals have been made from reinforcing composites to the only candidate that can be used to build space elevators
with structural reliability [3]. However, after about 20 years of
intensive work, the mechanical performance of CNT ﬁbers, which
are the macroscopic forms of nanoscale tubules, is still not
competitive with commercial carbon ﬁbers (Fig. 1) [4e6]. This
disappointing fact is attributed to their unresolved microstructural
complexity, including inherent lattice defects of CNTs, the disordered stacking and insufﬁcient length (sub-millimeter) of CNTs in
closely-packed bundles, as well as the wavy morphology and
entangled topology of the bundle assembly [7e10]. Multiple types
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of characteristic structural units and their interactions determine
the load transfer within the CNT ﬁbers from the atomic scale to the
macroscopic scale. Only recently there have been several studies
elucidating the hierarchical microstructures of CNT ﬁbers through
advanced characterization techniques including electron microscopies, X-ray scattering, which provide not only illustrative views of
the multi-level structural units and their interfaces, but also offer
quantitative information about their dimensions that helps for
constructing theoretical models to characterize their mechanical
behaviors [11e13]. Furthermore, the studies by in-situ Raman
spectroscopy elucidate the multi-level mechanism of material
deformation and microstructural evolution in CNT ﬁbers under
stretching, from elastic elongation, strengthening to damage and
failure [14,15]. Depth-proﬁled polarized Raman spectroscopy data
shows that twisting cannot be fully transferred through the whole
CNT ﬁber and nanotubes within a ﬁber align non-uniformly in the
radial direction [16]. Rate-dependent failure mechanisms were also
elucidated for the CNT ﬁbers, with inter-tube slippage occurring at
low rates while cascade-like breaking processes dominate at high
rates due to the misalignment of CNTs [17e19].
Unlike carbon ﬁbers that are synthesized from polymeric precursors through high-temperature treatments including oxidation
and carbonization [52], CNT ﬁbers are assembled from individual
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Fig. 1. Evolution of the tensile strength of CNT ﬁbers and carbon ﬁbers. The data are
collected in Table S1 [10,11,17,20e50] and Table S2 [51,52]. (A colour version of this
ﬁgure can be viewed online.)

CNTs through weak inter-tube interaction, assisted by mechanical
driving forces during, for example, dry or wet spinning processes
with much lower energy and economic costs [40,42]. This bottomup procedure naturally spans over multiple length scales through
forming bundles from individual CNTs, and then forming ﬁbers
from wavy and entangled bundles [53]. Normally, CNTs produced
from the chemical vapor deposition (CVD) processes inevitably
contain some defects that reduces their mechanical strength
[9,54e58]. Meanwhile, the CNTs feature limited lengths, usually on
the order of a few micrometers to millimeters. The interface between CNTs has high cohesive strength but low shear strength [59].
In consequence, CNTs preferably form locally closely-packed bundles and exhibit a certain stacking order during CNT growth and the
processing of individual CNTs into assemblies [12,60]. Finally, the
as-spun and processed CNT ﬁbers are consider as a complex
network with CNT bundles branching out (forking) and merging in
Refs. [12,61], which is reminiscent of the highway network with
branches and hubs. Although it is difﬁcult to determine the bundle
length directly from the SEM images as there is no bundle termination characterized (Fig. 2c), one would expect the value to be
much larger than the length of individual CNTs and the inter-hub
spacing along the ﬁber axis.
In this work, we break down the microstructural complexity of
CNT ﬁbers into three levels, that are the primary (individual CNTs),
secondary (bundles with closely-packed CNTs) and tertiary (the
ﬁber as an assembly of the bundles) levels, and developed theoretical models to characterize the reduction in the tensile strength
across these levels (Fig. 2). Considering the advances in the control
of CNT growth with high quality and yield, as well as efﬁcient ﬁber
spinning and post-processing techniques, the multi-scale analysis
could quantify the loss of mechanical properties within each process, and offer practical suggestions for rational optimization of the
manufacturing process toward CNT ﬁbers with elevated mechanical performance.
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distribution function F(s) ¼ 1  exp[(s/sl)m], where m is a shape
parameter that depends on the type and density of defects in
samples, that is, the ‘Weibull modulus’, and sl is a scale parameter,
indicating the statistical nature of tensile strength (Fig. 2g). In the
bundle level, the pathway of force transmission through the bundle
consists of both the CNTs themselves and their interfaces [68]. Load
transfer across the interfaces limits the overall performance of
bundles if these interfacial contact area between neighboring tubes
is not large enough, by considering the insufﬁcient length of CNTs
and low shear strength between CNTs. The up-scaling of mechanical performance of the bundle could be captured in shear-lag
models, which have been discussed by several groups [8,68e70].
In the ﬁber level, the load transfer between bundles can be also
captured in shear-lag models under the assumption that the bundles in ﬁber have a certain length and stacking manner that is
similar to that of the nanotubes in bundle, while the microstructural complexity of CNT ﬁbers including the waviness, entanglement and non-ideal contact were not considered [7,15]. Simpliﬁed
models including a two-scale damage mechanics model [71] and a
two-level interfacial mechanical model [15] were proposed to
explain and optimize the mechanical performance of CNT ﬁbers.
However, a model that directly quantify the strength loss from an
individual CNT to the ﬁber in the characteristic length scales is still
missing, which prohibit reliable assessment of the ﬁber performance and further improvement in the ﬁber strength by optimizing
the fabrication processes.
In this work, a three-level model is developed. In the primary
level (individual CNTs), a statistical strength model is used to link
the tensile strength of the perfect CNT (s0) and that with defects
(s1). In the secondary level considering bundles with closelypacked CNTs, a shear-lag model is used to predict the tensile
strength of CNT bundles (s2) from s1 and the packing geometry. In
the tertiary level, the ﬁber is considered as an assembly of the
bundles, where a wavy model is developed to map the tensile
strength of the CNT bundles (s2) to the ﬁber (s3).
In order to calculate the strength of CNTs, CNT bundles and ﬁbers, their cross-section area has to be well deﬁned. For CNTs, the
strength is usually deﬁned as the tensile force normalized by the
cross-section area of load bearing shells ACNT ¼ npdt [64,72e74],
where n is a factor deﬁning the efﬁciency of load transfer into the
graphitic shells, d is the diameter of the outermost CNT shell and
t ¼ 0.34 nm is the effective shell thickness deﬁned as the interlayer
distance of graphite. For multiwalled carbon nanotubes (MWNTs)
that fail through the well-known ‘sword-in-sheath’ mode, only the
outermost wall bears the load and n ¼ 1, ACNT ¼ pdt [64,72]. For
bundles, the sum of load bearing cross-section area of CNT shells in
the bundle is counted to calculate the bundle strength. The tensile
strength of ﬁber is ﬁrstly calculated from the total load bearing
cross-section area of CNT shells as ss. Considering that the shells
bearing no load also make contribution to the mass and volume of
the ﬁber, the speciﬁc strength of the ﬁber can then be written as rss/
rg, where r is mass fraction of loading bearing CNT shells in the
ﬁber, and rg ¼ 2.25 g/cm3 is the mass density of graphite. Consequently, the nominal strength measured in experiments can be
converted from ss as s3 ¼ rssra/rg, where ra is the mass density of
CNT ﬁber.
3. Results

2. Theory
3.1. Strength reduction of individual CNTs with defects
The strength of individual CNTs, CNT bundles and ﬁbers has
been studied intensively. In the CNT level, both experimental
[64e66] and molecular simulation [67] studies show that the cumulative distribution function of failure probability for a CNT with
length l can be well modeled using a two-parameter Weibull

CNTs synthesized from CVD, arc-discharge, laser ablation, or the
high pressure carbon monoxide method inevitably contain
inherent defects, such as vacancies and topological defects, which
create stress localization. Collins estimated the concentration for
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Fig. 2. Microstructures of a CNT ﬁber, broken down to a three-level hierarchy - individual CNTs, their closely-packed bundles and the wavy, entangled bundle network. Experimental characterization: (a) The scanning tunneling microscopy (STM) image of a SWNT containing topological defects [62]. (b) Longitudinal and cross-sectional tunneling electron
microscopy (TEM) images of a DWNT bundle exhibiting a closely-packed structure in the hexagonal lattice [63]. (c) The SEM image of the macroscopic CNT assembly, where bundles
branching out and merging in throughout the whole network, making an extended, inherently interconnected network. Abstraction in theoretical models: (d) A SWNT with a
representative Stone-Wales (5-7-7-5) topological defect. (e) The representative volume element (RVE) of closely-packed CNT bundles where tensile load is transferred through
stretching of the CNTs and shear through their interfaces. (f) A RVE of the bundle network, modeled by CNT bundles with non-uniform distribution of waviness. Illustration of the
key model parameters: (g) Strength of the Weibull distribution. (h) Contact geometry between closely-packed CNTs in the bundle. (i) A wavy bundle with speciﬁc waviness w. (A
colour version of this ﬁgure can be viewed online.)

common types of defects from their formation energies in CNTs,
which set the lower bounds for the defect concentrations [57]. For
example, considering the formation energy Ef ¼ 4 eV of a divacancy defect in CVD-grown single-walled CNTs (SWNTs) with
diameter d ¼ 1 nm, the equilibrium separation between defects,
which was predicted from thermodynamics through the Boltzmann factor exp(Ef/kBT), is ~50 mm even at 3000 K, while the value
measured by the atomic force microscopy is only 350 nm for
SWNTs produced by arc-discharge [55]. It is shown that using the
heat of formation instead of Ef predicts higher defect concentration,
which agrees better with the experimental observation [75]. For a
CNT, experimental [64e66] and molecular simulation [67] studies
show that the cumulative distribution function of failure probability for a CNT with length l can be well modeled using a twoparameter Weibull distribution function F(s) ¼ 1  exp[(s/sl)m]
(Fig. 2g), where m is a shape parameter that depends on the type
and density of defects in samples, that is, the ‘Weibull modulus’,
and sl is a scale parameter, indicating the statistical nature of tensile strength. The tensile strength of defective CNTs with length of l
can be derived as the mean value of the Weibull distribution,
expressed in the Gamma function, s1 ¼ slG(1 þ 1/m), where
sl ¼ sl0(l/l0)1/m, sl0 is the scale parameter of Weibull distribution
for CNT with length l0. Hence, the effect of defects on the tensile
strength of CNTs expresses a distinct length dependence or size
effect, and the strength is reduced from that of a defect-free CNT
(s0) to that of a defective CNT with length l (s1), that is

s1 ¼ a1 s0

(1)

where a1 is the primary reduction factor that characterizes the
tensile strength reduction due to the presence of defects in the CNT

with a certain length, which can be determined by a1 ¼ s1 =s0 or
 m1 

s
a1 ¼ sl00 ll
G 1 þ m1 . As the experimental determination of
0

defect concentration in CNTs remains as a challenge, we make
quantitative estimation here based on the statistical strength
model. The diameter of CNTs mostly ranges from 1 to 2 nm for
SWNTs, 2e10 nm for double-walled carbon nanotubes (DWNTs),
and 10e50 nm for MWNTs, and the lengths are typically in the
range of ~500, 700e1000 and 100e6000 mm, respectively
(Table S3) [6]. Molecular dynamics (MD) studies show that the
presence of low-concentration (on the order of 1%) topological
defects or vacancies in SWNTs remarkably reduces their tensile
strength from over 100 GPa to below 50 GPa as the length of CNT
exceeds dozens of micrometers (Fig. 3) [67]. Speciﬁcally, as the
length of a SWNT increases from 0.01 to 10 mm, the tensile strength
is reduced from 138 to 56.1 GPa and 108 to 49.5 GPa with the
presence of 2% topological defects and 1.5% vacancy defects,
respectively. The presence of statistical size effect makes long CNTs
weak, which can explain the difference between the low strength of
micrometer-long samples of CNTs measured from experimental
tests e SWNTs (13e52 GPa, 30 GPa in average) [76], DWNTs
(17e43 GPa, 21 GPa in average) [72], tri-walled carbon nanotubes
(TWNTs, 13e46 GPa, 23 GPa in average) [72], and MWNTs
(11e63 GPa, 28 GPa on average [64], 10e66 GPa, 24 GPa in average
[73]), and the high value (100e180 GPa) theoretically predicted for
defect-free CNTs (Fig. 3) [1,2]. In addition, it should be noted that
the length dependence could be weakened with an increased
Weibull shape parameter by reducing the defect concentration
(Fig. 3) [67,77]. These results clearly indicate that the length and
defect (type and concentration) of individual CNTs are the key
factors limiting the tensile strength of individual CNTs.
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Fig. 3. Molecular simulation results (the lines) of the statistical strength reduction for
a SWNTs with various concentration of topological defects or vacancies [67] that are
ﬁtted by assuming s0 ¼ 120 GPa, compared with the measured tensile strength for
SWNTs [76], DWNTs [72], TWNTs [72] and MWNTs [73,74] by experiments (the symbols) with reductions from the intrinsic defects. (The parameters are listed in Tables S5
and S6). (A colour version of this ﬁgure can be viewed online.)

3.2. Strength of bundles composed of ﬁnite-length CNTs
The atomistically smooth, non-polar graphitic walls with an
interlayer binding energy of ~0.3 J/m2 endow CNTs high cohesive
strength while low shear strength [59]. As a result, during the
growth of CNTs and the processing of individual CNTs into assemblies, CNTs preferably form locally closely-packed bundles [12,60].
Experimental data suggests that typical diameters of SWNT, DWNT
and MWNT bundles are 19e41, 11e28 and 10e100 nm, consisting of
91e444, 14e91, and ~25 individual CNTs, respectively [12,76,78]
(Table S4). However, determination of the bundle length is technically challenging because of their ultrahigh aspect ratio. Considering the ﬁnite length of CNTs, the tensile strength of a bundle is
determined by the trade-off between the tensile performance of
CNT walls as well as the load transfer among the CNTs through the
interfaces, as captured by the model with stacked shear-lag units
(Fig. 2e). Here we consider a bundle consisting of closely-packed
identical CNTs with reduced strength by defects, and then apply
the tension-shear (TS) model to predict the overall mechanical
performance with explicit dependence on microstructural parameters such as the length of CNTs and the staggering order quantiﬁed
through the overlap between CNTs [8,68,69]. The thickness or
diameter dependence is not considered here as the number of CNTs
in a bundle, on the order of 10e100, is relatively large [12,76,78]. In
addition, it should be noted that, this statistical size effect (length,

s2 ¼ a2 s1 ¼


¼




l
s
s for l < 2lc or 1 for l > 2lc
4lc 1
2




l
l  lc
s1 for l < 2lc or
s1 for l > 2lc
8lc
2l
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diameter of the CNTs) applies for the bundles as well, which,
however, can also be neglected by considering the fact that shearlag units consist of CNTs, forming the so-called ‘Daniels’ bundle’
[79], and a large number of parallel units in the cross-section
suppresses the size effect (see notes in the SI and Fig. S1) [80].
We ﬁrst explore the effect of stacking orders on the bundle strength
[68,81] by considering a regularly half-staggered bundle with
uniform overlap length of l/2 between the CNTs. Here l is the length
of CNTs. This bundle fails in two distinct modes, that are, fracture of
the CNTs (denoted as mode T), or inter-tube sliding among neighboring CNTs (mode I). The selection of failure modes is determined
by the geometries and mechanical properties of CNTs and their
interfaces, and the strength is s2 ¼ s1ACNT/2ACNT ¼ s1/2 for mode T,
and tsbA/2ACNT for mode I, considering that only 50% CNT in the
weakest cross-section bears the peak force (Fig. 2e). Here ts is the
interfacial shear strength among CNTs, and A ¼ pdlo is the total
surface area of a CNT in contact with its neighbors with overlap
length lo (lo ¼ l/2 for regularly half-staggered bundles). The contact
between cylindrical CNTs is only part of their surfaces, denoted as
bA with a parameter b. Notably, large-diameter CNTs could collapse
into ‘dog-bone’ shapes with large values of b, as driven by the interwall van der Waals attraction [82]. Considering the balance between load bearing through the CNTs and that across their interface
(s1/2 ¼ tsbA/2ACNT), a critical overlap length lc can be derived from
as lc ¼ ns1t/bts, beyond which the interfacial load transfer is sufﬁcient to proceed with mode-T failure. In addition s1, ts and b are the
two key factors to determine lc. The shear strength ts was measured
as 0.08e0.30 MPa for MWNTs, which depends on the matching of
lattice registries among neighboring CNTs that is technically difﬁcult to be determined [83]. This value is close to the interlayer shear
resistance
in
high-quality
natural
crystalline
graphite,
0.25e0.75 MPa with a mean value of 0.48 MPa [84], which has been
widely adopted in the literature [83,85,86]. In addition, the value of
b can be expected to vary with the contact geometry from touching
round tubes to stacks of ﬂattened ‘dog bone’ CNTs (see Fig. 4aec for
cylindrical [87], partially-collapsed [88], and fully-collapsed CNTs
[82]). The value of lc is thus estimated to be ~10e103 mm, from
typical values of s1 (~30 GPa), n (1), b (10%e100%) and ts
(0.1 MPa1 MPa) (Fig. 4d), and we can rewrite s2 as s1l/4lc for
l < 2lc, and s1/2 for l  2lc. In practice, the stacking order in a CNT
bundle appears to be randomly staggered for wet-spun or dry-spun
ﬁbers [12,40], which reduces the overall strength of the bundles
due to the insufﬁcient load transfer [68,81]. By assuming that lo is
uniformly distributed between 0 to l, the average tensile strength
can be derived as the average value, that is s2 ¼ ls1/8lc for l < 2lc and
(l  lc)s1/2l for l  2lc. As a result, the tensile strength of a CNT
bundle (s2) can be written as

ðfor half  staggered bundlesÞ

ðfor randomly  staggered bundlesÞ

(2a)

(2b)
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Fig. 4. The strength reduction in a CNT bundle due to insufﬁcient load transfer between the closely-packed CNTs. (a) High-resolution cross-sectional TEM images of the nearly
perfect cylindrical DWNTs [87], (b) partially-collapsed MWNTs [88], (c) and fully-collapsed DWNTs with diameter greater than 5 nm (Note that there are also non-collapsed tubes at
the edge of the bundle) [82]. (d) The critical overlap length between CNTs in the bundles where the intra-tube and inter-tube load transfer is balanced, plotted as a function of the
interfacial shear strength and effective contact factor. (e) The reduction factor a2 plotted as a function of the overlap length, for the half-staggered and randomly-staggered bundles.
(A colour version of this ﬁgure can be viewed online.)

where a2 is the secondary reduction factor characterizing the tensile strength reduction from defective CNT to closely-packed bundles. For half-staggered and random-staggered CNT bundles, the
value of a2 depends on l/lc, where lc is the function of the interfacial
contact area and shear strength (Fig. 4d). The upper bound of the
tensile strength can thus be estimated as 50% on condition that the
load transfer among the CNTs in the bundle is sufﬁcient (Fig. 4e).
The critical length of CNTs for saturation in the tensile strength of a
bundle is much larger for random-staggered CNT bundle (~20lc)
than that for half-staggered CNT bundle (2lc), as shown in Fig. 4e. In
practice, the in-situ Raman spectroscopy based study of CNT ﬁbers
under tensile loading reveals that the individual CNTs deform
elastically without visible damage, and the fracture of ﬁbers is
attributed to the slippage among CNTs or in the mode I [14]. These

results clearly indicate that the interfacial shear strength and
contact among CNTs are the key factors limiting the tensile strength
of CNT bundles.
3.3. Load transfer in ﬁbers with network microstructures
CNT ﬁbers fabricated from wet-spun, dry-spun or ﬂoating-CVD
techniques feature continuous and interlocked network microstructures where bundles branch out (bundling forking) and merge
in, in reminiscence of the highway network with branches and
hubs [12,53,61]. There are no distinct termination of the bundles
over the ﬁeld of view in the SEM images (Fig. 2c), making it
impossible to measure the bundle length. Moreover, the bundles
are usually not straight between the hubs, but rather display a

Fig. 5. The strength reduction resulted from the misalignment and porosity in the entangled CNT bundle networks of a CNT ﬁber. (a) The SEM images and schematic illustration of
wavy CNT bundles in the CNT network. (b) The tensile strength and strain to failure of a CNT network consisting of bundles with different strain to failure and mean curl ratios. (A
colour version of this ﬁgure can be viewed online.)
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certain degree of curl or waviness along their proﬁles (Fig. 5a). This
wavy morphology can be attributed to their very large aspect ratios
and notable forced distortion in the fabrication processes [12]. The
hierarchical microstructure of macroscopic CNT assemblies was
mapped with quantitative measured through electron microscopies and X-ray scattering experiments [13]. The interface between the bundles is critical in deﬁning the load bearing capacity of
the ﬁbers (Fig. S2). For bundles in contact with strong interfaces or
those with large overlap area that allow sufﬁcient load transfer
efﬁciency, the bundle will be stretched till break (Fig. S2a), while
weak interfaces between the bundles will fail by sliding (Fig. S2b),
endowing additional mechanical resistance of the ﬁber. Considering that the contribution of interfacial sliding between bundles to
the ﬁber strength is negligible, one could simplify the load transfer
path in the bundle network by considering the stretching of loadbearing bundle chains only (Figs. S2a and S2c). From the scanning
electron microscopy (SEM) images, the network microstructures of
CNT ﬁbers can be rationalized into an assembly of successive CNT
bundle with ﬁnite waviness (Fig. S3a). The waviness of a bundle can
be quantiﬁed via the factor w ¼ a/l, where l is the characteristic
wavelength and a is the amplitude. The curl ratio c is deﬁned as lb/s
e 1, where lb is the contour length of the bundle and s is its end-toend distance [89e92], and the relation between w and c is
Z 1=2 qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
c¼2
1 þ 2pwcos2 ð2pxÞdx  1. To replicate the curling na0

ture of CNT bundles in the ﬁber samples, a truncated normal distribution
of
curl
ratio
f(c)
can
be
used,
that


2
is, f ðcÞ ¼ p2ﬃﬃﬃﬃﬃ exp  2cs2 for c  0 and f ¼ 0 otherwise. Here c is
c 2p

the standard deviation of the distribution. In this wavy model,
following assumptions are made: (1) the bundle network is divided
into hub and branch. In the hub segment, load transfer between the
bundles is sufﬁcient, and thus the hub can be treated as a thicker
bundle, while in the branches, interaction between bundles are
negligible. (2) The deformation of bundle network for a CNT ﬁber is
afﬁne, and can be captured by RVEs containing wavy bundles. (3)
The mechanical resistance of a bundle is zero before straightened,
and then exhibits a linearly elastic behavior before it fails, that is to
say, the bending resistance of the bundle is omitted considering the
very high aspect ratios. When the nominal strain ε is applied to the
bundle network, the tensile stress s(ε, c) in each bundle with a
speciﬁc value of c can be calculated as s(ε, c) ¼ 0 (εa < 0), εas2/εs (0
 εa < εs) or 0 (εa  εs), where εa ¼ (ε þ 1)/(c þ 1) e 1 is the actual
tensile strain that the bundle bears, and εs is the strain to failure of
the bundle. The average value of c considering the randomness of
Z ∞
pﬃﬃﬃﬃﬃﬃﬃ
curl ratio is < c > ¼
f ðcÞcdc ¼ 2c= 2p , the tensile stress of a
0
Z ∞
sðε; cÞf ðcÞdc, and the
CNT ﬁber under tensile strain ε is < s > ¼
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considering the diversity in the stacking order and length of CNTs in
the bundle [68,76,78], tensile strength and strain to failure of the
ﬁbers change accordingly (Fig. 5b). The bundles with larger strain to
failure values endow the ﬁbers higher tensile strength and curl
tolerance. This result also indicates the potential effects of the
variation in the strain to failure of CNT bundles.
As the CNT shells bearing no load are counted for the mass, the
speciﬁc strength of the ﬁber can be written as rss/rg, where r is
mass fraction of loading-bearing shells in the ﬁber, and rg ¼ 2.25 g/
cm3 is the mass density of graphite. For comparison with experimentally measured strength values in literature, the nominal
strength is calculated as s3 ¼ rssra/rg, where ra is mass density of
the CNT ﬁber, and the value of s3 is related to the tensile strength of
the closely-packed bundle (s2) as

s3 ¼ a3s2

(3)

where a3 is the tertiary reduction factor that is determined by the
wavy/curling nature of bundles and the porosity of CNT ﬁbers.
Unlike the primary and secondary reduction factors, the tertiary
reduction factor cannot be explicitly expressed. However, it can be
determined from experimental measurements of the waviness and
density of CNT ﬁbers following our theoretical protocol. Recent
experimental studies show that CNTs in macroscopic assemblies
can be straightened and aligned along the winding direction in the
ﬂoating-CVD process at fast winding rates [11]. The randomly-,
slightly- and well-aligned CNT ﬁlm samples thus fabricated feature
tensile strength of 0.277, 0.566, to 2.8 GPa. This study further shows
that by increasing the packing density by rolling, the density could
be improved from 0.53 to 1.85 g cm3 that is close to that of the
high-performance commercial carbon ﬁbers, and the strength increases further from 2.8 GPa to 9.6 GPa. From the equation
(s3 ¼ rssra/rg) and changes in the strength and density, we ﬁnd that
s3/ra ¼ rss/rg ¼ 9.6 GPa/1.85 g cm3 z 2.8 GPa/0.53 g cm3. Consequently, the effective load-bearing CNTs (rss/rg) may be intact that
conforms to the fact that there is no signiﬁcant damage of the CNT
ﬁbers after rolling treatment [11].
3.4. Strength reduction across multiple microstructural levels
Considering individual CNTs and bundles as the two basic
structural units of CNT ﬁbers, one could break down the reduction

0

tensile strength ss can be extracted from the yield point in the
strain-stress curve (Fig. 5 and Fig. S3). In practice, the wavy
morphology of vertically aligned CNT samples is controlled by the
growth condition (Fig. S3a), and can be further modulated through
post-treatment [89,90,92]. For example, the curl ratio and waviness
decrease from c ¼ 0.5, w ¼ 0.25 for the as-prepared samples to c
¼ 0.06, w ¼ 0.08, as the samples are densiﬁed [89,92]. Combining
the theoretical model and experimental measurements, we evaluate the strength of CNT ﬁbers with c ranging from 0 (straight) to
0.5 (extremely curly). The results show that the curl of bundles in
CNT ﬁber remarkably reduces ss (Fig. 5b), and it also demonstrates
that the tensile stress-strain behavior changes from brittle to
ductile as c increases (Fig. S3b). The strain to failure εs is one of the
most important parameters fed into the wavy model to calculate
the ﬁber strength. With εs changing from 5%, 10%, 15%, to 20%,

Fig. 6. The strength reduction from individual, defect-free CNTs to CNT ﬁbers, broken
down into a three-level hierarchy. The data is summarized in Table S7
[11,44,64,68,76,78,93]. (A colour version of this ﬁgure can be viewed online.)
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of material strength into three separate mechanisms e the stress
localization due to the presence of defects in CNTs (Fig. 2a and d),
the insufﬁcient load transfer among CNTs in the bundle (Fig. 2b and
e), and the curly, porous network of bundles (Fig. 2c and f). With a
typical length (~1000 mm) and defect concentration (1.5% vacancies) of the CNT, the strength is estimated to be reduced to 24.3%
(a1) of the ideal strength, from 120 GPa to 29.2 GPa (Eq. (1) and
Fig. 3). For the bundles, further reduction of the strength depends
on both the ﬁnite length of CNTs and their interaction (Eq. (2) and
Fig. 4e). With a typical set of parameters (l/lc ¼ 4 for randomlystaggered bundles), one could estimate further reduction to 37.5%
(a2) of the CNT strength, that is 29.2  37.5% ¼ 11.0 GPa (Fig. 5b). In
the next level of hierarchy, we model the bundle network as an
assembly of the bundles with low-density, wavy morphology.
Taking a typical parameter set (r ¼ 0.9, ra ¼ 1.5 g/cm3, rg ¼ 2.25 g/
cm3, εs ¼ ~15% and c ¼ 0.05), we ﬁnd that the reduction at this
network level is 38.5% (a3) of the bundle strength, that is
11.0  38.5% ¼ 4.2 GPa (Eq. (3) and Fig. 5b). Combining these three
steps of strength reduction, one ﬁnally reaches the conclusion that
the ideal strength of a perfect CNT, 120 GPa, reduces to a much
lower strength of a CNT ﬁber, ~4 GPa, which is comparable to the
reported values for CNT ﬁbers (Fig. 1). In addition, these three
reduction factors estimated from theoretical models show excellent
agreement with the trends of strength reduction characterized
experimentally, from the nanotubes, bundles to the ﬁbers (Fig. 6).
Although these estimated values quantitatively depend on the
structural parameters we chose, one could reasonably simplify the
complex processing-microstructure-properties relationship into a
phenomenological formalism

s3 ¼ a3a2a1s0

(4)

where these three reduction factors can be closely related to the
processing conditions of CNT synthesis and ﬁber fabrication.
4. Discussion
4.1. Suggestions for the design of ﬁber fabrication processes
Considering the microstructural complexity and hierarchy of
CNT ﬁbers, it is not practical to develop a quantitative multi-scale
model that bridges the gap between the CNTs and macroscopic
ﬁbers, and solve it mathematically. To guide the design and fabrication of high-strength CNT ﬁbers, however, it would be more
preferable to extract a few key parameters that capture the microstructures of ﬁbers and relate them to the fabrication process,
which could be correlated to the factors of strength reduction, a1-3,
through our three-level model. The optimization of CNT growth
conditions, the assembly of them into bundles, the ﬁnal aligning
and densiﬁcation procedure, for example by stretching, winding,
rolling and twisting, are thus closely related. Practically speaking,
the alignment and densiﬁcation processes are utilized in recent
studies [11,37], while the other two steps are not well controlled.
The elimination of defects during CNT growth is limited by thermodynamics, and the bundling processes cannot be well controlled
for efﬁcient load transfer among the CNTs.
Quantitative discussions on the mechanical performance of CNT
ﬁbers could then be made based on the formula we have. For
example, by assuming that the CNT bundles are well aligned and
closely packed (a3 ¼ 100%) in a ﬁber while the defects in CNTs and
the insufﬁcient load transfer among CNTs are still present
(a1 ¼ 24.3% and a2 ¼ 37.5%), the strength is estimated to be
s3 ¼ a3a2a1s0 ¼ 100 %  37.5 %  24.3 %  120 GPa ¼ 10.9 GPa. If very
long and defect-free CNTs could be synthesized that span over the
whole ﬁber (a1 ¼100% and a2 ¼ 100%) [94] while the wavy nature of

bundle network is preserved (a3 ¼ 38.5%), the strength of CNT ﬁbers
could
reach
s3 ¼ 38.5 %  100 %  100 %  120 GPa ¼ 46.2 GPa,
although the defect control during growth is still limited. The
strength of CNT bundles approaches that of individual CNTs as the
ﬁnite-length effect is absent or negligible. Recently Bai et al. fabricated CNT bundles with ultra-long CNTs that span over the whole
bundles, and the tensile strength was reported to be over 80 GPa
[95]. Consequently, to assess the relevant applications with CNT ﬁbers as the mechanical components, a reasonable target strength
could be over 10 GPa.
4.2. Additional remarks
Although our discussion in this work is focused on the tensile
strength of CNT ﬁbers, the ﬁber stiffness can also be discussed in
the same framework. Compared to the strength reduction, the
defect has minor effects on the stiffness at low concentration.
However, the saturation of bundle stiffness occurs at a much larger
overlap length among the CNTs. That is to say, longer CNTs are
needed for high stiffness, which is similar to the conclusion that
high-modulus carbon ﬁbers have larger crystalline graphite blocks
than the high-strength ﬁbers [96]. Furthermore, from bundle to
assemblies, waviness signiﬁcantly reduces the effective modulus of
CNT assemblies as shown in previous studies [89,90].
Our study is limited as the load transfer mechanisms in the
three microstructural levels are discussed separately, which are,
however, coupled in practice. For example, tuning the interfacial
interaction between individual CNTs or CNT bundles by creating
crosslinks between surface functional groups inevitably reduces
the mechanical resistance of the CNTs or bundles. The staggering
and alignment of CNTs in bundles are also correlated to the size and
geometry of bundles since they are determined during the same
fabrication process. These facts could be discussed by generalizing
the theory presented in this work.
5. Conclusion
In summary, a three-level model was proposed to understand
load transfer in CNT ﬁbers and the strength loss compared to
defect-free CNTs, which was explained by mechanisms including
stress localization due to the presence of defects in individual CNTs,
insufﬁcient load transfer in closely-packed bundle, and the porous,
misaligned bundles in the ﬁbers. By taking typical microstructural
parameters characterized in recent experimental studies, we predict reasonable values of the ﬁber strength compared to the
measured ones, which thus validate our simple model that can be
used for the design of optimized ﬁber fabrication processes. This
study also calls for more quantitative experimental work to characterize the microstructural features as abstracted in our theoretical model, which could further deepen our knowledge about the
microstructural complexity of CNT ﬁbers and its connection to
macroscopic mechanical performance.
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Appendix 1. A list of key parameters used in the theoretical
analysis.

The primary level (Weibull) model
a1
the primary reduction factor
s0
tensile strength of a defect-free CNT
s1
tensile strength of a defective CNT
F
the probability of failure
l
length of a CNT
sl (sl0)
the Weibull scale parameter for CNT with length l (l0)
m
the Weibull shape parameter or Weibull modulus
s
the mean value of tensile strength from the Weibull distribution
The secondary level (shear-lag) model
a2
the secondary reduction factor
s2
tensile strength of a CNT bundle
εs
strain to failure of a CNT bundle
d
diameter of a CNT
n
the scaling factor ACNT/pdt
lo
the overlap length of CNTs in a bundle
lc
the critical overlap length for inter-tube load transfer
the load bearing cross-section area of a CNT
ACNT
A
the total surface area of a CNT with the overlap length lo
ts
interfacial shear strength between CNTs
b
the fraction of CNT surface area in contact with the neighbors
The tertiary level (wavy) model
a3
the tertiary reduction factor
s3
tensile strength of the CNT ﬁber
w
the waviness of a bundle
c
the curl ratio of a bundle
lb
the contour length of a bundle
s
the end-to-end distance of a bundle
rg
theoretical mass density of graphite
ra
mass density of CNT ﬁber
r
mass fraction of load-bearing CNT shells in the ﬁber

Appendix A. Supplementary data
Supplementary data related to this article can be found at
https://doi.org/10.1016/j.carbon.2018.05.052.
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I. Supplementary Tables, Figures and Captions

Table S1 Mechanical properties of CNT fibers reported in the literature.

Year of publication

Tensile strength (GPa)

Refs.

2000

0.15

[1]

2002

0.8

[2]

2004

1

[3]

2004

0.12

[4]

2004

0.46

[5]

2006

0.6

[6]

2007

3.24

[7]*

2007

0.7

[8]

2007

0.3

[9]

2007

3.3

[10]

2007

1.91

[11]

2008

0.6

[12]

2008

0.5

[13]

2008

0.17

[14]

2

2009

1.4

[15]

2010

2

[16]

2010

1.25

[17]

2010

1.1

[18]

2010

1

[19]

2010

1.3

[20]

2011

0.28

[21]

2011

2.5

[22]

2011

0.87

[23]

2011

1.4

[24]

2012

1.07

[25]

2012

1.6

[26]

2012

1.2

[27]

2012

1.2

[28]

2013

0.32

[29]

2013

1

[30]

2013

0.95

[31]

2014

4.34

[32]

2016

9.6

[33]

3

2017

*Koziol

4.08

[34]

et al. [7] reported high tensile strength for a few samples tested at short gauge

lengths (GLs) (~6.5 GPa at ~2 mm GL and ~9 GPa at ~1 mm GL). Wang et al. [32] collected
their data from Fig. 3A in Ref. (7) and calculated the average strength as 3.24 GPa at 1 mm
GL, which is used here.
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Table S2. Mechanical properties of carbon fibers reported in the literature.

*Carbon

Year

Tensile strength (GPa)

References

1964

1.25

[35]

1971

2.4 (T300)

[35]

1984

5.5 (T800H)

[35]

1985

3.43

[35]

1988

3.53

[35]

1986

7.06 (T1000)

[35]

2015

10.2*

[36]

fibers have been processed from gel spun polyacrylonitrile (PAN) copolymer on a

continuous carbonization line at Georgia Tech (the GT carbon fiber) with tensile strength of
10.2 GPa at 1 mm GL.

5

Table S3 Typical geometrical parameters of individual CNTs [37].

CNT type

diameter (nm)

length (μm)

SWNT

1-2

~500

DWNT

~2-10

~700-1000

MWNT

10-50

~100-6000

6

Table S4 Typical geometrical parameters of CNT bundles.

bundle type

diameter (nm)

number of CNTs in the bundle

SWNT [38]

19-41

91-444

DWNT [39]

11-28

14-91

MWNT [39, 40]

~10-100

~25

7

Table S5 Typical length and measured tensile strength of CNT bundles (mean values).

*Estimated

CNT type

length (μm)

tensile strength (GPa)

SWNT [38]

~5*

30

DWNT [41]

3.04

21

TWNT [41]

4.99

23

MWNT [42]

5.97

28

MWNT [43]

3.81

24

MWNT [44]

1.99

102

from the experimental setup.
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Table S6 Typical geometry and Weibull parameters of CNTs [45].*

defect type/concentration

Weibull shape parameter m

Weibull scale factor (GPa)

1% topological defects

14.31

152

2% topological defects

7.70

145

1.5% vacancy defects

8.81

114

3% vacancy defects

5.77

86

4.5% vacancy defects

4.43

65

*The

cumulative distribution function of the failure probability measured for CNTs with

length l can be modeled using the two-parameter Weibull distribution function F(σ) = 1 −
exp[−(σ/σl)m], where m is a shape parameter (‘Weibull modulus’) and σl is a scale
parameter.
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Table S7. Data used in plotting Fig. 6.

Tensile strength (GPa)

Mean

Minimum

Maximum

Refs.

Defect-free CNT

120

/

/

[46]

SWCNT (exp.)

30

13

52

[38]

MWCNT (exp.)

28

11

63

[42]

SWCNT Bundle

12.8

10.1

15.5

[47]

DWCNT Bundle

9.3

1.5

17.1

[39]

CNT fibers*

4.87

0.12

9.6

[4, 33]

*The

median value of tensile strength is used for CNT fibers. The minimum and maximum

values are collected from the references listed in Table S1.
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Figure S1. (a) Schematic illustration of a closely-packed CNT bundle with shear-lag units
composed of the CNTs and their interfaces. There are N segments of M shear-lag units
connected in series (panel b), known as the Daniels’ bundle [48].
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Figure S2. Typical failure mechanisms of CNT fibers by considering the interfaces between
bundles. (a) The interfaces between bundles are strong enough for the load transfer and the
fiber fails by bundle breaking. (b) The interfaces are weak and fail by sliding as the fiber is
stretched. (c) One bundle interfaced with other bundles break under stretching.
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Figure S3. (a)–(f) SEM images of vertically aligned CNT assembly, with wavy morphology
highlighted by yellow lines [49]. (g) The tensile stress-strain relations for CNT networks
with varying curl ratios c, demonstrating a brittle-to-ductile transition as c increases.
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II. Supplementary Notes on the Statistical Strength of Closely-Packed CNT
Bundles
The strength of a CNT bundle can be analyzed through the Daniels’ model (Fig. S2b) with M
shear-lag units [48, 50]. The statistical effect of M shear-lag units in parallel is assumed to
follow the Gaussian distribution, that is
𝐺 𝜎 =

$

+,+-

1 + erf

%

%. /

where
2

$ 3
1

𝜎0 =
%

𝛿 =

$

exp −

$

+2

1

%

/

$ 3
8 1

exp −

is the average tensile strength of a Daniels’ bundle and

$

1 − exp −

1

$

+2 /

1

9

is its variance.

𝜎$ and m are the Weibull scale factor and shape parameter for the shear-lag units in the
bundle. The strength of the bundle consisting of N segments connected in series is
governed by the weakest bundle and the distribution is 𝑃 𝜎 = 1 − 1 − 𝐺 𝜎

;

, which can

be rewritten through the Weibull approximation defined above as
𝑃 𝜎 ≈ 1 − exp −

+

12

+-

where
𝜎9 = 𝜎0 + 𝛿
+I,- % =>? ;
.

=>? =>? ; @=>? 9A

+2

B =>? ;

− 2 log 𝑁

=>? =>? ; @=>? 9A
% =>? ;

− log 𝑁

is the Weibull scale factor, and 𝑚$ =
is the Weibull shape parameter for the CNT

bundle. From this model, one finds that the value of m1 increases with M. The statistical size
effect of a bundle is thus significantly reduced compared with the single shear-lag unit. For
a 10 cm-long SWNT bundle with ~100 CNTs, overlap length of ~250 µm, and vacancy
concentration of 1.5%, we have M = ~100 and N = ~400. As a result, the shape parameter
for the shear-lag unit increases from 8.81 to 61.5, while the tensile strength of the bundle
reduces only slightly from 12.6 GPa at ~250 µm to 11.7 GPa at 10 cm.
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