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a b s t r a c t

Multilevel hierarchical structures built up from nanoscale to macroscale are common in nature, but their
potential has not been achieved by man-made composites. The presented multilevel structure consists of
carbon nanotube fibers (CNTFs) embedded in epoxy matrix. This structure exploits the supreme me-
chanical properties of individual CNTs together with the manageability of the microscale CNTFs, and has
the potential to overcome the implementation difficulties associated with nanocomposites. Using
different chemical treatments (ethylene glycol or nitric acid solvents), the CNTFs are densified and the
amount of epoxy penetration inside the CNTFs is controlled, creating an interphase between the single
CNTs. The strength and adhesion properties of individual CNTFs in epoxy are measured by continuously
monitored fragmentation tests and characterized by electron microscopy. A modified Cottrell-Kelly-
Tyson model is applied to account for the CNTF unique cross-sectional geometry, comprising millions
of individual multiwalled CNTs, and for the effect of matrix penetration. The composite strength and
toughness are found to be strongly dependent on and improved by the extent of penetration, suggesting
that the composite mechanical properties would be tunable by controlling the interphase. The presented
integrative analysis shows that CNTF based composites are an excellent potential choice for strong and
tough structures, as well as for bio-engineering.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Structures common in nature are often multilevel and hierar-
chical, tuned to the desired functionality at a minimal cost in re-
sources. For example, bone structure is a self-assembled, seven
levels composite, which evolved to achieve a balance between
toughness and stiffness at a lowweight [1]. A natural surface can be
adhesive as in the attachment pads on a gecko's foot [2], or repel-
lent as in a lotus leave [3], as a result of different structural hier-
archies. Attempts at bio-inspired synthetic composites have not
been successful so far, and the performance and efficiency of such
composites are far behind their natural counterparts or theoretical
prediction. The application of nanocomponents such as carbon
.M. Sui), green_is@netvision.
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nanotubes (CNTs) [4] as reinforcing materials is still limited to lab
scale, mainly due to technical obstacles related to their dispersion
and alignment in matrices and to their matrix interface [5].

Recently, a new reinforcing component has been proposed in
parallel by several groups, exploiting fibers that consist of millions
of bundled CNTs (Fig. 1) [6]. These CNT fibers, or CNTFs, are pro-
duced by spinning CNTs either from a CNT aerogel [7], or from a
CVD-grown CNT array [8], or by coagulation of a CNT-containing
polymer solution [9]. Because of the tension and shear forces
induced by pulling, twisting and extrusion, the CNTs are well
aligned and tightly packed within the CNTF. In addition to high
loading (100% CNTs), better alignment, infinite length, and easy
handling, CNTFs are flexible, reliable fibers with mechanical and
electrical properties that can be tuned by production conditions
[10,11]. CNTFs have a compact twisted yarn-like hierarchical
structure, spanning across multiple length scales from nanoscale to
micro- and macroscale [6,12,13]. The mechanical, electrical and
thermal properties of CNTF based composites are affected by the
CNTF densification and polymer impregnation [13e15]. These
unique structural features allow CNTFs to be a potentially
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Fig. 1. SEM images of EG-treated CNTFs. (a) As produced. (b) Higher magnification showing the presence of bundles of CNTs in the CNTF. (c) After breaking under tension.

X. Sui et al. / Composites Science and Technology 137 (2016) 35e4336
advantageous alternative to traditional reinforcing materials such
as carbon or glass fibers, as well as to randomly dispersed CNTs.

Here, we present a four-level composite structure reinforced
with CNTFs, which combines the high mechanical properties of
CNTs with the flexible structural design enabled by CNTFs. Our
focus in the current study is on the effects of the interphase - the
matrix medium created by polymer penetration inside the CNTF -
on the structural stiffness, strength and toughness. Specifically, the
amount of interphase is controlled by applying different surface
treatments to the CNTFs prior to their embedding in an epoxy
matrix. As a reference, the strength and stiffness of free (in air,
without epoxy) as-spun and treated CNTFs under tension are
measured. A continuously monitored fragmentation test [16e18] is
subsequently used to investigate the strength of embedded CNTFs,
as well as the shear strength of the CNTF-epoxy interface. The ef-
fects of the chemical treatments are demonstrated and compared,
and a Cottrell-Kelly-Tyson (CKT) model [19] is used in a modified
form to account for the complex CNTF and interphase geometry.
Finally, we expand on the concept of a four-level composite and
provide a preliminary analysis on its projected performance.
2. Experimental section

2.1. Materials

The CNTFs used in this work were dry-spun from CVD-grown
CNT arrays, as described in previous publications [20,21]. The
level of crystallinity was assessed by the ratio of the Raman G and D
intensities, IG/ID, which was higher than 1.27 [22]. Due to the
enhanced bonding between the wafer's buffer layer and the cata-
lyst, there were no catalytic Fe nanoparticles inside the spun fibers
[23]. During fiber spinning, ethylene glycol (EG) solvent was used to
densify the fibers, and the resulting CNTF is denoted as CNTF(EG).
For the nitric acid (HNO3) treatment, the fiber was first spun from a
CNT array, with ethanol applied simultaneously for densification.
After being collected, the fibers were immersed in concentrated
HNO3 (16 M) for several hours, washed by water, and finally dried
under ambient conditions. HNO3 is believed to have two functions,
i.e. to further densify the CNTF and to oxidize the CNTs [21]. Epoxy
DGEBA (EP-501P) and curing agent polyetheramine EPC304 were
provided by Polymer-Gvulot Ltd. Israel. The mixing ratio was 70:30
by weight.

2.2. Sample preparation

A CNTF was mounted on a dog-bone shaped silicon mold along
its axis. Grooves were made on both sides of the mold, so that the
CNTF could be centered both vertically and horizontally in the
epoxy. A fishing lead bead (about 0.5 g) was attached to each end of
the fiber to stretch and preload it. The epoxy and hardener were
mixed thoroughly according to the specified ratio, followed by
30 min degassing. The mixture was cast into the mold (with a pre-
aligned CNTF), and degassed for another 30 min. Then the epoxy
was cured at 100 �C for 6 h. The resulting dog-bone sample had a
total length of 30mm and a gauge length of 12mm, with width and
thickness of about 1.5 mm and 1 mm, respectively.

2.3. Fragmentation test

The continuously monitored single-fiber fragmentation tests
were performed on a Minimat tensile tester equipped with a 200 N
load cell, with deformation speed at 0.05 mm/min. The tensile
tester was mounted on amicroscope equipped with polarized light.
The experiment was recorded by a CCD camera attached to the
microscope for later analysis, with the lens field of view covering
the central part of the specimen. The video and the test were
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synchronized, so that the stress level of the matrix could be known
when fiber breaks happen. Upon saturation (about 60 breaks in
each sample), the total number of breaks of the whole fiber was
counted by scanning the fiber. See Supporting Information section
S1 and CNTF fragmentation video.

2.4. Characterization

Tensile tests were performed for the matrix and each type of
CNTF. The gauge length for the tensile sample was 15 mm, and at
least 10 samples were tested, for statistical significance. The tensile
tests were carried out on an Instron (4502) equipped with a 10 N
load cell, and the stretching speed was 1 mm/min. The fiber and
fracture surfaces after a fragmentation test were probed by scan-
ning electron microscopy (SEM) and transmission electron micro-
scopy (TEM). For the TEM measurements, samples were prepared
by microtome. With the help of a diamond knife on a Zeiss
microtome machine, the sample was first embedded in another
epoxy block, and then thin slices (about 100 nm) were cut
perpendicular to the fiber/sample axis, close to the fracture end.
The thin slices were collected on a Cu grid, which was coated with
cellulose film and sputtered with carbon before the collection. The
chemical composition of the CNTFs was investigated by X-ray
photoelectron spectroscopy (XPS) (Supporting Information section
S5), performed on a Kratos AXIS-Ultra DLD spectrometer, using a
monochromatic Al ka source at low fluxes, 15e75 W, and detection
pass energies of 20e80 eV. The pressure at the analysis chamber
was kept below 1$10�9 torr. Stability of the CNTs signals was
checked by repeated measurements and found to be remarkably
good.

3. Results and discussion

3.1. CNTF treatments and strength

The CNTFs used in this study were spun from aligned CNT ar-
rays/forests, themselves synthesized by CVD (Fig. 1a). The CNTs are
multiwalled with 2e3 graphene layers, with external diameters
smaller than 10 nm [22]. During CNTF preparation, chemical
treatment was applied, either by spraying ethylene glycol (EG)
while spinning the CNTs into a fiber, or by first spraying ethanol
then soaking the spun CNTFs in nitric acid (HNO3). The resulting
external CNTF diameters were 14.5 mm (EG-treated) and 7 mm
(HNO3-treated) on average. See Experimental.

Load transfer in CNTs and CNT-epoxy composites arises from
micromechanical interlocking, van der Waals bonding, and chem-
ical bonding [24], achieved here through CNTF surface roughness,
epoxy penetration, and CNT functionalization. It has been demon-
strated that solvent treatment can improve the CNT coherence in a
CNTF, leading to a denser CNTF structure [13e15,20,21,25]. EG was
found to be the best solvent for densification, whereas HNO3 is a
well established acid for creating functional groups on CNTs [21,26].
The solvents neutralize electric charges gathered on the CNTs
during CNTF preparation, thereby reducing the CNTs electrostatic
repulsion, and evaporation of the solvents draws the CNTs closer.
The bundling of CNTs seen in Figs. 1b and 2d is likely the result of
strong local intermolecular forces enhanced by solvent densifica-
tion. As a result of spinning, chemical treatment, and solvent
evaporation, the thin bundles inside the CNTF (Fig. 2d) seem to
coagulate into bundles about an order of magnitude larger on the
CNTF boundary (Fig. 1b). Similar graded bundling morphology is
described in the review by Espinosa et al. [12].

Since the CNTF(HNO3) sample was condensed in two steps, its
structure is denser than that of the EG treated sample. These effects
enhance the contact between CNTs, and consequently increase the
inter-CNT adhesion and the overall stress transfer in a CNTF cross
section. The HNO3 treatment also acidizes the CNTs and forms
carboxyl (eCOOH) and hydroxyl (eOH) groups on them [21]. These
groups react with each other and with the epoxy during composite
preparation, and consequently largely prevent the epoxy from
penetrating inside the CNTF. X-ray photoelectron spectroscopy
(XPS) confirms the chemical difference between these two types of
treated CNTF, by identifying the functional groups associated with
each treatment (see Supporting Information section S5).

Tensile tests were performed on free untreated and treated
CNTFs, as well as on the epoxy matrix (Table 1), to generate refer-
ence data prior to the interface measurements. The untreated CNTF
has the lowest measured strength (0.48 GPa), followed by the EG
treated CNTF (0.75 GPa), and the HNO3 treated CNTF has the
highest measured strength (1.23 GPa), results that correlate well
with the degree of densification. Higher densification increases the
CNTF material density, and is expected to improve stress sharing in
a CNTF cross section, and to screen out some of the critical defects
by bridging. Although functionalization (by HNO3) may decrease
the strength, as it breaks CNT's carbon-carbon bonds [27], densi-
fication remains the dominant effect.

Fracture of a free CNTF under tension (Fig. 1c) reveals a “brush-
like” aspect at different positions along the CNTF, a fracture pattern
familiar in Kevlar fibers (and in macroscale ropes and steel cables),
though at a scale 2-3 orders of magnitude smaller. The reason for
this pattern is the stochastic occurrence of weak points and critical
defects along bundles (“weakest links”), which, in the absence of
interface with a matrix, determine the location of break in each
bundle. The stress-strain curves are non-linear, with increasing
modulus as the load in increased, and the fracture is brittle, without
yield. Also notable is the fact that the CNT bundles seem to remain
compact after fracture, implying a very strong internal adhesion. By
contrast, the fracture surface in CNTFs embedded in a matrix,
particularly when an interphase is present (Fig. 2a), is nearly planar,
in other words bundle failure occurs close to the fracture plane
rather than at theweakest link of each bundle. In this way the effect
of fiber defects is mitigated (i.e., the weakest links are avoided).

3.2. CNTF in epoxy - interfacial strength

The treated CNTFs were embedded in epoxy, a single CNTF in
each dog-bone shaped sample (see Experimental), as preparation
for fragmentation tests. Vacuum was applied to the specimen for
30 min before increasing the temperature, for the purpose of
degassing and to enhance polymer penetration into the CNTF. Since
the epoxy used (EP501p) has high viscosity (110-150 P at 25 �C)
[28], it has low penetration capability. Accordingly, we observed
minimal penetration inside the highly densified HNO3 treated CNTF
(Fig. 2g), and higher penetration throughout the CNTF cross section
in the less densified EG treated CNTF (Fig. 2c). Penetration could
possibly be tuned by controlling the degassing time and curing
temperature, but these are subject to the epoxy handling time. For
example, increasing the temperature will enhance the penetration
rate owing to lower viscosity, but at the same time the curing
process will be accelerated and the penetration time cut short.

An additional likely effect is the reaction of the carboxyl and
hydroxyl groups, created by the HNO3 treatment on the CNTF sur-
face, with the amine groups in the epoxy hardener, forming sparse
covalent bonds between the surface of the CNTF and the epoxy. Due
to the high density of the HNO3 treated CNTF, the covalent inter-
action is more likely to occur only at the CNTF boundary, and to
have a lesser interfacial effect compared to the augmented bonding
area in the EG treated CNTF.

To investigate the mechanical consequences of the different
treatments on the CNTF-matrix interface, a continuouslymonitored



Fig. 2. SEM and TEM images of CNTFs in epoxy after breaking. The SEM images are of the fracture surfaces without any further treatment (except for sputtering). The TEM images
were taken from microtome slices close to the fracture surface, and are magnifications of the corresponding SEM regions marked by yellow squares. The scale bars are 2 mm in a-c
and e-g, 500 nm in d, and 200 nm in h. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 1
Tensile test results of epoxy and free CNTFs with and without treatment.

Ea [GPa] sf
a [MPa] ε [%] Weibull

distributionb

a [MPa] b

Epoxy 0.7 ± 0.1 46.7 ± 3.3 17.9 ± 4.0 48.3 15.5
CNTF 28 480 9e10 e e

CNTF(EG) 33.9 ± 5.4 753.7 ± 47.5 2.3 ± 0.4 774.6 18.8
CNTF(HNO3) 46.1 ± 6.1 1233.1 ± 179.4 2.6 ± 0.2 1312.0 8.7

a The CNTFs Young's modulus and strength were calculated for the total CNTF
cross-sectional area including voids.

b The strength of each sample was fitted to a two-parameter Weibull distribution,
i.e. F(sf)¼1eexp[e(sf /a)b], where F(sf) is the probability of failure, a is the scale
parameter, and b is the dimensionless shape parameter.
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fragmentation test was performed (see Experimental). In such a
test both types of treated CNTF gradually broke at various arbitrary
axial positions due to the stress transferred via the interface, until
the fragmentation process, and the break density, reached satura-
tion. The epoxy resin chosen in this work has a much longer
elongation than the densified CNTFs, ensuring efficient transfer of
the interfacial shear stress throughout the test and process satu-
ration. The profile of the matrix shear stress upon fiber fragmen-
tation can be visualized under polarized light (Fig. 3, and CNTF
Fig. 3. Fragmentation pattern of a CNTF in epoxy under tension. Birefringence
image under an optical microscope equipped with polarized light, showing the regions
where the epoxy is more highly stressed (in color). Near the fragment edge (i.e., CNTF
break), the very bright color indicates high shear deformation and stress in the matrix,
as a result of the large mismatch in stiffness between the fiber and the matrix. (For
interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)
fragmentation video in Supporting Information). The enhanced
stress field in the matrix is seen in the image as a symmetrical,
butterfly-shaped birefringent pattern around the CNTF broken
edges, with a high stress at fragments ends. The fragmentation test
was continuously monitored and recorded, enabling simultaneous
measurement of the fragments length and the fiber strength upon
each break.

Supplementary video related to this article can be found at
http://dx.doi.org/10.1016/j.compscitech.2016.10.011.

For data analysis, we used the classic Cottrell-Kelly-Tyson (CKT)
model [29,30]:

t ¼ sf ðlcÞD
2lc

(1)

in which t is the effective interfacial shear strength, D is the fiber
diameter, and lc is the fiber critical length derived from the average
fragmentation length at saturation. The critical length is the fiber
length belowwhich the stress transferred to the fiber via thematrix
is not sufficient to further break it. sf (lc) is the effective strength of a
fiber with length equal to the critical length, and one of the reasons
for using the continuously monitored fragmentation test [16e18] is
that it is easy to obtain a good approximation for sf (lc). The calcu-
lated interfacial and fiber strengths are effective (or apparent)
rather than actual (or intrinsic, independent of CNTF geometry),
remembering that equation (1) is valid for a circular solid fiber and
not for a CNTF that contains voids and penetrated polymer. This
issue is clarified in depth in the modified CKT model section.

The results of the fragmentation tests are summarized in
Table 2, including the critical lengths, CNTF strengths with their
Weibull distribution parameters, and interfacial strengths. As seen
in the table, the critical lengths for CNTF(EG) and CNTF(HNO3) are
similar, ~270 mm and ~310 mm, respectively. Since the strength and
toughness of a composite depend predominantly on the filler's
critical length (Supporting Information section S4), should these
fibers be embedded in a matrix with the same volume fraction, the
composite strength and toughness would be similar.

The calculated effective interfacial strength in the CNTF(EG) is
much higher than in the CNTF(HNO3), 74 MPa compared to 41 MPa,
respectively. This is the likely consequence of the augmented

http://dx.doi.org/10.1016/j.compscitech.2016.10.011


Table 2
Fragmentation test results of densified CNTFs in epoxy.

Da [mm] lc [mm] Weibull distributionb sf
c [GPa] tc [MPa]

ad [GPa] bd

CNTF(EG)-Epoxy 14.5 268.8 ± 34.2 2.6 ± 0.5 22.1 ± 11.9 2.7 ± 0.5 73.9 ± 13.2
CNTF(HNO3)-Epoxy 7.0 306.8 ± 46.1 3.4 ± 0.2 32.8 ± 7.6 3.5 ± 0.2 40.6 ± 4.8

a The diameter variations over a 2 cm fiber length were less than 5%.
b The Weibull distribution parameters were calculated by equation (S1) in Supporting Information section S1.
c Effective (i.e., apparent) strength.
d The data sets of the EG and HNO3 treated samples are significantly different from each other (t testa ¼ 0.0005 and t testb ¼ 0.05).
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matrix-fiber contact area in the CNTF(EG), owing to the matrix
penetration into the CNTF. By comparison, the interfacial strength
measured by Chou's group in their pioneering work, using micro-
droplet tests [31] and fragmentation tests [32], was below
20MPa, comparable to traditional E-glass-epoxy and carbon-epoxy.
However, the fibers tested in Chou's experiments were not treated,
and the samples not degassed, an important factor in increasing
polymer penetration and consequently the effective interfacial
strength. This is a convincing demonstration of the tuning flexi-
bility with CNTFs, made possible by different treatments and pro-
cessing, which, as discussed later, is an important feature when
searching to achieve a tradeoff between strength and toughness.
Low interfacial strength usually increases the critical length, and is
therefore advantageous for toughness because more energy is
dissipated by the friction between the fiber and matrix. On the
other hand, high interfacial strength decreases the critical length,
and enables exploitation of the fiber to its utmost strength.

3.3. CNTF in epoxy e fiber strength

The continuouslymonitored fragmentation test can also provide
statistical information on the effective fiber strength (i.e., assuming
a solid circular fiber). To that end, the strength and length of the
fiber fragments, as they gradually broke, were fitted to a two
parameter Weibull distribution (see Supporting Information
section S1), and the distribution's scale and shape parameters
derived (Table 2). The strength distributions of free and embedded
CNTFs are compared in Fig. 4.

The improvement in strength from free to embedded
Fig. 4. Weibull strength distributions of CNTFs in air and in epoxy. The Weibull
scale (a) and shape (b) parameters used in these density functions are the average
measured values from Tables 1 and 2, calculated by the standard CKT model prior to its
adjustment. The log-log plot (inset) compares these results to an individual MWCNT
[33] and carbon fiber (CF) [34].
configuration is significant, approximately by a factor of three (from
0.8 GPa to 2.7 GPa for CNTF(EG), and from 1.2 GPa to 3.5 GPa for
CNTF(HNO3)). As reasoned before, when the CNTF is in epoxy, the
composite failure is confined to the highly-stressed fracture plane,
and consequently CNT defects are mitigated (clarified later). This
improvement is comparatively larger for the HNO3 treated fiber
(distance between peaks of the same color), possibly due to miti-
gation of treatment-induced CNT defects. Furthermore, it is seen
that the strength of the HNO3 treated fiber is significantly higher
than that of the EG treated fiber, for both the free and embedded
configurations. This is attributed to the higher compactness of the
CNTF(HNO3) and to the added bonding due to functionalization,
resulting in better stress transfer between the bundled CNTs.

Themeasured values of the shape parameter (b) for the CNTFs in
epoxy are much higher than those of untreated CNTFs and tradi-
tional fibers [32], indicating a much lower (better) statistical vari-
ability of the strength. In our case, the values of b were 22.1 and
32.8 for CNTF(EG) and CNTF(HNO3), respectively (Table 2 and
Fig. 4). Similarly, the corresponding values for the free CNTFs were
18.8 and 8.7. Note that the latter values were also higher than those
of untreated CNTFs reported in the literature [32]. This is the
consequence of densification, which enhances the adhesion be-
tween the CNTs due to higher van derWaals interaction and friction
forces, and improves the stress transfer between individual CNTs or
CNT bundles, eventually resulting in more uniform load sharing
within the CNTF. These exceptionally high b values, obtained for the
first time for CNTFs embedded in a matrix, are surprising and
promising, and merit further investigation and validation.

The advantage of a structure comprising millions of bundled
CNTs is even more striking when noting that for a single CNT the
typical value of b is much lower, of the order of 1.7 [33], and for a CF
(carbon fiber) the value is of the order of 3e5 [34] (Fig. 4(inset)).
Although CNTFs and CFs have comparable strengths, the advantage
of a CNTF is expressed in its lower mass density (about half that of a
CF), and in its smaller strength variability. Clearly, the bundling of
CNTs into a CNTF decreases the strength variability at the expense
of the mean strength (Fig. 4(inset)), but the higher strength of in-
dividual CNTs sets the bar for potential future improvement of the
CNTF strength. The calculated dispersion (std) of the embedded
CNTF strengths is less than 1% of the mean strength, a value that is
quite practical for engineering applications. This means that, in a
given experimental sample, the local strength at different positions
along the CNTF is quite uniform, indicating a stable fiber strength.

3.4. CNTF in epoxy e fracture behavior

The EG treated CNTF shows significantly higher effective inter-
facial shear strength compared to the HNO3 treated CNTF, although
both types of CNTFs are based on the same CVD-grown CNT array
and are embedded in the same matrix. Study of the fracture sur-
faces of both CNTFs after the fragmentation tests, carried out under
electron microscopes, reveals conformational differences between
the two structures, and helps clarify the observed difference in
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shear strength (Fig. 2).
Epoxy clearly infiltrates the CNTF(EG) structure and fills its inner

voids, enclosing the CNT bundles (Fig. 2a and c). In some of the
samples, the CNTF(EG) pulled out as awhole from the epoxymatrix
during failure, leaving a smooth surface on the fiber protrusion
(Fig. 2b). Magnification by TEM shows that the fiber part still
embedded in the matrix remains in good contact with it, and its
boundary blends with it (Fig. 2d). The interface failure is charac-
teristic of a plastic failure of a ductile matrix, as it yields under the
high interfacial stress and flows plastically. These observations
confirm that epoxy has substantially penetrated the CNTF(EG)
structure, thereby producing an “interphase region” between CNT
bundles inside the CNTF. That epoxy region seems to be uniformly
distributed within the CNTF, and in good structural integrity with
the matrix outside the CNTF. In other words, the CNTF(EG) with its
internal interphase can be regarded as a distinct structural level of
the composite, which, at the higher level, may serve as the rein-
forcing filler of the composite.

By contrast, the CNTF(HNO3) structure is barely penetrated by
epoxy (Fig. 2e and g). The fracture surface of the CNTF(HNO3) is
hairy (Fig. 2f), and the CNTF appears to have debonded from the
surrounding epoxy upon composite failure (Fig. 2g), with torn off
CNT bundles left attached to the matrix (Fig. 2f and h). There are no
signs of plastic yielding of the matrix at the interface, contrary to
the CNTF(EG) case, implying that the interface failure occurred at a
stress lower than the matrix yield strength. It can be concluded
that, although the functional groups on the fiber surface reacted
with the epoxy and formed covalent bonds, the effective interfacial
strength was relatively low. Evidently, this is the result of the epoxy
not being able to infiltrate the highly dense CNTF, and by that, to
increase the overall interfacial area. The fiber in the CNTF(HNO3)-
epoxy structure behaved in a way similar to a regular reinforcing
fiber, in the sense that only its outer boundary bonded with the
matrix, whereas the fiber in the CNTF(EG)-epoxy structure pre-
sented a more complex bi-level interface due to polymer penetra-
tion. The interfacial strengths, 41 MPa for CNTF(HNO3)-epoxy and
74 MPa for CNTF(EG)-epoxy, should be regarded as effective rather
than actual values, reflecting the augmented interfacial contact
area due to surface roughness and polymer penetration. This
distinction between effective and actual strengths is analyzed in
more detail in the next section, wherewe show that effective values
are much higher than actual values.

We also observe that in both composite types, the propagation
of a crack remains mostly confined to the fracture plane (Fig. 2a and
e), in other words, the crack does not wander between arbitrary
weak points along the fiber (as in the free CNTF in Fig. 1c). This
means that an individual CNT, or a CNT bundle, does not break
randomly at weakest points along its length, but at points close to
the crack tip where the stress in the composite is maximal. This
effect raises the strength of a CNTF embedded in amatrix three-fold
compared to a free CNTF, as observed by the measurements
(Table 1, Table 2 and Fig. 4). From a fracture mechanics perspective,
this means that the energy required to advance a crack increases,
and therefore the critical size of a crack is larger in a CNTF
embedded in matrix compared to a free CNTF, in other words, it is
less sensitive to defects. Equivalently, the critical number of CNTs,
or the number of broken CNTs abovewhich the crackwill propagate
spontaneously, is higher in an embedded CNTF compared to a free
CNTF. Key parameters that could influence this fracture behavior
are the type of the CNTF-matrix bonding and its strength, and most
importantly the size and strength of the interphase, all of which
affect crack propagation. Another possibly influencing parameter is
CNTF shrinkage under load (Fig. 2 and Supporting Information
section S6).
3.5. Modified CKT model

The CKT model in equation (1) ideally assumes a solid fiber with
a circular cross section of diameter D, whereas a CNTF is comprised
of millions of hollow multiwalled CNTs, and encloses voids be-
tween the CNTs in a bundle and between bundles, as well as a
possible matrix interphase. Furthermore, the CKT model assumes
perfect stress transfer within the fiber, whereas the shear stress
transfer between neighboring CNTs or CNT bundles in a CNTF is
influenced by gaps and polymer penetration. Hence the traditional
CKT model should be adjusted to the structure of a CNTF, with and
without an interphase. The theoretical investigation of CNT bundles
in our previous work [19] is applied here, taking into consideration
the actual complex cross sectional geometry of the CNTF (Fig. 5).
We consider two conformations: tight packing (Fig. 5a), represen-
tative of a bundle structure, and loose packing (Fig. 5b), represen-
tative of a CNTF structure. The details of the revised model are
provided in Supporting Information section S3.

Equation (1) can be generalized for an arbitrary cross sectional
geometry and interphase size, by defining an effective CNTF
diameter 〈D〉 [19]:

t ¼
sf

D
D
E

2lc
;

�
D
�
≡
4a
p
; (2)

where, sf and t are the CNTF actual tensile and interfacial material
strengths, respectively, a is the CNTF material cross-sectional area,
and p is the actual CNTF interfacial perimeter (the contact area
marked by the thick line in Fig. 5). Introducing a dimensionless
geometric factor Ctd and a dimensionless penetration factor P, the
effective CNTF diameter can be expressed by:

hDi ¼ Ctdð1� PÞD: (3)

Ctd is a function of a tight packing geometry (Supporting
Information equation (S14)), and ranges from 0 for a thin wall
CNT to ~0.58 for a solid fiber (not tubular). P reflects the amount of
matrix penetration in a loose packing geometry (Supporting
Information equation (S18)), and ranges from 0 for zero penetra-
tion and increases toward 1 for growing penetration, where the
limit of 1 is approached when the CNT bundles are completely
separated from each other by surrounding matrix.

These concepts are captured in Table 3 and Supporting
Information Fig. S1, for the experimental data of this study. The
actual tensile strengths are adjusted for the cumulative material
is the interfacial perimeter.



Table 3
Results adjusted to modified CKT model. Comparison of sf and t values for CNTF in epoxy, using the standard and modified CKT models, for tight and loose packing.

Single MWCNT (Literature)a CNTF Standard CKT
(Table 2)b

CNTF adjusted CKT tight
packingb,c

CNTF adjusted CKT loose
packinga,d

EG HNO3 EG HNO3 EG HNO3

sf [GPa] 11e150 2.7 3.5 6.5 8.4 6.5 8.4
t [MPa] 10e90 73.9 40.6 47.0 25.8 23.5 23.3

a Actual (i.e., intrinsic) material strength.
b Effective (i.e., apparent) strength.
c The tight packing calculation provides hypothetical values if the CNTs are assumed to be packaged in a tight hexagonal packing.
d The loose packing calculation assumes a polymer penetration factor of 0.1 (HNO3) and 0.5 (EG), in general correspondence with the experimental observations.
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cross sectional area of the CNTs, by a factor of ðCtdp=2Þ�1y2:39
(Supporting Information equations (S12) and (S14)), given
Ctdy0:267 (equation (S16)). The actual interfacial strengths where
obtained by equations (2) and (3), where we used P ¼ 0 for the
hypothetical tight packing, P ¼ 0.1 for the HNO3-treated CNTF
where we observed a little penetration, and P ¼ 0.5 for the EG-
treated CNTF where we observed substantial penetration. Alter-
natively, the actual interfacial strengths can be obtained by
applying a factor of Ctd(1eP)/(Ctd p/2) or 2(1eP)/p to their respec-
tive effective values. The estimated actual interfacial strengths for
both solvent treatments are similar, since both are basically a ma-
terial property of the same matrix. The effective diameters in both
treatments are similar, 1.9 mm for the CNTF(EG) and 1.7 mm for the
CNTF(HNO3), and since their material properties are similar, their
critical lengths should be similar as well (as indeed measured),
even though their external diameters are apart by a factor of more
than 2 (Table 2). In the next section, we show how these properties
could impact the potential performance of a composite reinforced
by the two types of treated CNTF.
composite
10-2 m 

infiltrated
CNTF 
10-5 m 

CNT
bundle 
10-7 m

single
CNT 

10-9 m 

mμ5mμ01

matrix matrix 
interphase 

CNTF CNTs bundled 
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Fig. 6. Illustration of a multilevel hierarchical composite. The composite consists of
carbon nanotube fibers (CNTFs) embedded in a matrix. Each CNTF contains numerous
bundles of CNTs, surrounded by a matrix interphase. Each bundle contains thousands
of densified individual CNTs. The diametric scale of each hierarchical level is denoted.
The SEM images show a single CNTF embedded in epoxy and penetrated by it.
3.6. A multilevel composite using CNTFs

The presented composite has four levels (Fig. 6): individual
CNTs, CNT bundles (matrix never penetrates here), CNTFs (with or
without matrix penetration), and composite (CNTFs surrounded by
matrix). The strong intermolecular adhesion between the unidi-
rectional CNTs encourages the creation of CNT bundles (Figs. 1b and
2d), each containing ~103 tightly packed CNTs at a cross section. The
CNT bundles are loosely packedwithin the CNTF, ~103-104 at a cross
section, amounting to a total of ~106-107 CNTs. The matrix is
allowed to penetrate (impregnate) the gaps between the bundles
(but not inside the bundles, also mentioned in literature [13,14])
during composite preparation, creating the interphase. The
amount of matrix penetration, or, in other words, the size of the
interphase, as well as the bundles diameter, depend on the CNTF
densification by chemical treatment (described before).

This multilevel hierarchical structure bears resemblance to the
structure of a tendon (6 levels: tropo-collagen, micro-fibril, sub-
fibril, fibril, fascicle, and tendon [35]), and can be similarly opti-
mized. The key to such optimization is being able to control the
type and size of the matrix interphase embedded inside the CNTF.
Generally, the higher the CNT content in a composite, the higher its
strength and stiffness. Yet, the presence of a small amount of soft
matrix around and inside a CNTF is essential for toughness, as this
medium arrests and diverts crack propagation, and absorbs fracture
energy. This tradeoff is revealed in bone structure, where the
elementary structural unit consists of a very high fraction of hard
carbonated apatite platelets embedded in soft collagen bundles
[1,36], providing a balance between strength, stiffness and tough-
ness at a minimal weight. Furthermore, such 2D confinement of the
matrix in-between filler elements is tougher compared to uncon-
fined 3D matrix.

Although a detailed theoretical analysis of the multilevel
structure is beyond the scope of this study (see example of an early
analysis in Akiva et al. [36]), some of the performance trends may
be identified. Generally, the ratio between the filler-matrix inter-
facial area (~DL) and the volume of the matrix trapped between the
fillers (~D2L) is inversely proportional to the diameter of the filler
(~D�1), whether a complete CNTF, a CNT bundle or an individual
CNT. Therefore, when an interphase is present, the interfacial stress
is spread over a much larger contact area as the filler scale de-
creases, making the overall interface stronger. When an aligned
long filler is used for reinforcement (l � lc), a higher amount of
interphase (higher penetration factor P) increases the composite
strength (Supporting Information equation (S22)) yet weakens its
toughness (equation (S24)), and vice versa. Here, the toughness is
expressed in terms of the energy absorbed by pulling out CNTFs
from the matrix during fracture [19,30,37]. Refer to the quantitative
analysis in Supporting Information section S4, which uses the
modified CKT model presented in the previous section, and the
theoretical investigation of CNT bundles in our previous work [19].
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Additional fracture energy is absorbed by the pullout of indi-
vidual CNTs or CNT bundles from the interphase, thus improving
toughness. The contribution of this component scales as
Gint=Gextfðtext=tintÞ2 (Supporting Information equation (S26)),
where G is the pullout energy and the subscripts int and ext denote
internal (inside the CNTF) and external (outside the CNTF),
respectively. For example, by impregnating the CNTF with a softer
(weaker, more ductile) matrix than the surrounding matrix, we
may expect an order of magnitude improvement in toughness
(assuming text=tintz3). This finding is in agreement with obser-
vations in solution spun PVA fibers with high CNT and graphene
volume fraction [38]. The improvement in toughness can be ach-
ieved with minimal impact on the overall strength, since at high
volume fractions the strength is dominated by the strength of the
CNT bundle. By contrast, impregnation by a hardmatrix is known to
increase the fiber strength [15], but will result in decreasing the
toughness. The presence of an interphase may even improve the
composite strength by spreading the stress more uniformly in a
cross section and by arresting crack propagation.

These performance trends are summarized in Fig. 7, whichmaps
the composite strength versus toughness for a range of the pa-
rameters, using equations (S21)-(S24) in Supporting Information
section S4. The advantage of CNTF reinforcement over uniformly
dispersed, aligned CNT reinforcement is evident, in both the
strength and toughness, and tradeoffs between strength and
toughness are possible as well. The improvement in toughness
when an interphase is introduced is achieved with negligible
impact on strength. By comparison, carbon fiber (CF) reinforcement
is estimated to have a similar strength as CNTF reinforcement, but a
much lower toughness compared to both tightly packed and infil-
trated CNTFs.
4. Conclusions

Amultilevel composite structure is presented, consisting of CNT
fibers embedded in epoxy matrix. The proposed composite bears
resemblance to a tendon as it has a similar structural hierarchy, is
self-assembled from nanoscale to macroscale, and is simulta-
neously strong and tough, a combination rarely found in engi-
neering materials. While such structures are common in nature,
implementation difficulties impede their realization in man-made
composites. By tailoring advanced experimental and theoretical
techniques, we show how the degree of polymer penetration inside
the CNTF can be controlled, thereby boosting the composite
structural toughness and, at the same time, achieving the supreme
strength owed to carbon nanotubes.

The use of CNTFs as reinforcing fillers in composites bridges the
gap between nanoscale and macroscale, so perfectly realized in
multi-level hierarchical biological structures. CNTFs combine the
excellent mechanical properties of CNTs with the handling ease of
microsized fibers. By way of surface treatment, CNTFs can be
densified to a desired compactness, enabling the control of the
amount of matrix penetration, an interphase, during composite
preparation. The composite structure comprises four hierarchical
levels fromnanoscale tomacroscale - individual CNTs, CNT bundles,
CNTFs, and composite e allowing the tuning of the composite
mechanical properties to desired strength, stiffness and toughness.

We demonstrate how the amount of interphase can be
controlled by applying chemical treatments to the CNTFs. Frag-
mentation tests are used to characterize the strength of CNTFs in
epoxy and the CNTF-epoxy interfacial strength. A highly densifying
treatment, using HNO3 as solvent, results in minimal polymer
penetration into the CNTF. By contrast, a less densifying treatment,
using EG as solvent, results in substantial penetration, and creation
of an interphase that effectively strengthens the CNTF-matrix
interface. The effective CNTF tensile and interfacial strengths, as
well as the fracture behavior, are found to be greatly influenced by
the amount of interphase, which is therefore key to the composite
performance.

Our theoretical analysis shows that both the strength and
toughness of a composite reinforced by CNTFs are potentially an
order of magnitude higher than those achievable with uniformly
dispersed aligned CNTs. This observation is particularly interesting
and somewhat paradoxical in view of the much higher material
strength of an individual CNT compared to an individual CNTF, and
it echoes a general observation on natural structures in which the
strength is graded from very strong components at the lowest level
(nano scale) toweaker sub-structures at the higher level (micro and
macro scales). Furthermore, the toughness of a CNTF reinforced
composite can be increased significantly by creating an interphase,
mainly because additional pullout energy is absorbed inside the
CNTF, but also because an interphase helps arresting and diverting
cracks propagation. The enhanced toughness seems to be a critical
advantage of CNTF reinforcement over CF reinforcement. A modi-
fied (generalized) filler-failure CKT model is presented to better
account for the CNTF complex internal structure including voids
and interphase, amounting to about double the interfacial area in
the EG treated CNTF compared to the HNO3 treated CNTF.

These preliminary results should be expanded in future research
by exploring additional methods for tuning the interphase, so as to
clarify the role of matrix penetration in the composite mechanical
performance. Such tuning could be done by, for example, using
polymer solutions with different viscosities, impregnating CNTFs
with a softer polymer, treating CNTFs to achieve various levels of
density, and applying different vacuum/temperature/time condi-
tions to control the penetration process. Further exploration should
also address implementation of CNTF based composites in appli-
cations requiring strong and tough structures, as well as in bio-
engineering.
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