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a b s t r a c t

The reinforcement of composites by carbon-nanotubes (CNTs) is typically limited by agglomeration and
non-uniform dispersion. Thus, achieving a nanocomposite with high density of reinforcement material is
a tough challenge. In this work, rather than mixing CNTs in a matrix, we first construct a dense CNT-
network scaffold, and then impregnate it by the matrix to obtain a composite. To that end, we explore
an evaporation-driven self-assembly approach to form 3D CNT scaffolds on quartz fibers, which com-
bines high CNT density and nanoscale pore size with a straightforward, efficient process. The scaffold is
thicker than the fiber by more than an order of magnitude, with a typical pore size of 70 nm and porosity
of 60%. The strength of a scaffold-reinforced composite is evaluated by a fragmentation test. mCT 3D-
reconstruction of the fragmented scaffold reveals that the matrix-impregnated scaffold creates a mul-
tiscale structure that under load behaves much like a fibrous composite. The fragmentation results are
analyzed by a mechanical model, demonstrating a scaffold-composite strength of ~200 MPa. The
improved strength and relatively high CNT volume fraction (~20%), along with the capability of tuning
the scaffold thickness and density, make the proposed structure a promising prospect for composite
reinforcement, as well as for diverse nanoscale applications.

© 2020 Published by Elsevier Ltd.
1. Introduction

Recently, carbon nanomaterials have been of growing interest in
the assembly of 3D CNT scaffold structures, especially in the fast
growing tissue-engineering field [1]. 3D scaffolds demand consid-
erable mechanical stability and strength, and consequently CNTs
emerged as a potential candidate for such structures. However, as
opposed to 2D structures such as thin films, templating 3D CNT
scaffolds prove to be a challenging task. There are two types of CNT
scaffolds: those comprised entirely of CNTs without inclusion of
polymers, and polymeric scaffolds that incorporate CNTs as a
structural additive. While the former has the advantage of
improved mechanical properties, it suffers from limited fabrication
methods and process control. The latter, on the other hand, enables
easier and controllable fabrication, but suffers from low volume
fraction of CNTs (typically <5%wt) because of agglomeration.

The main methods to produce 3D CNT scaffolds are freeze
casting, electrospinning and gel-formation. Freeze casting involves
l (A. Nissenbaum), green_is@
nn.ac.il (H.D. Wagner).
an anisotropic scaffold growth, induced by solidification of a CNT
suspension.While freeze casting enablesmore control over the CNT
volume fraction, orientation and scaffold porosity, it involves
complex templating processes that reduce the control over its
microstructure [2]. 3D CNT scaffolds can also be made by electro-
spinning [3], where a small volume fraction of CNTs is incorporated
in a matrix material. Although electrospinning scaffolds usually
produce aligned CNT microstructures, the process is dependent on
many parameters and the low volume fraction of CNTs degrades the
potential mechanical properties.

To resolve some of these issues, a new approach is proposed
here for the preparation of 3D CNT scaffolds by surfactant-assisted
evaporation-driven self-assembly (EDSA). In this approach, the
scaffold is constructed by self-assembly of CNTs on the surface of a
quartz fiber, driven by the evaporative flow of a CNT suspension.
The process is straightforward, resulting in a relatively thick porous
scaffold (~102 mm in diameter) coating the fiber. The scaffold di-
mensions and microstructure can be controlled by adjusting the
CNT type and the solution concentration. In previous EDSA
research, the focus was on the nanostructured assembly,
morphology and nanoparticles type involved in the deposition
process [4e8]. Since these previous experiments were conducted
on flat surfaces, the thickness of the resulting assembly was limited
to the nanoscale [9,10]. The current study is, to the best knowledge
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of the authors, the first attempt to construct thick 3D-scaffolds
using the EDSA method.

In the current study, we build a nanocomposite by impregnating
an EDSA-prepared scaffold by a matrix, so as to obtain high CNT
volume fraction and uniformity, otherwise not achievable by con-
ventional mixing of CNTs inmatrix. The formation of the scaffolds is
carried out by immersing quartz microfibers in a water/SDS-based
CNT suspension, with evaporation accelerated by heating. Theo-
retical analysis of the evaporation-driven deposition shows the
effect of the governing process parameters, and clarifies the
advantage of fiber deposition over deposition on flat surfaces. The
properties of the CNT network, including pore size and porosity, are
analyzed. The scaffolds are impregnated by and embedded in an
epoxy matrix, and are thereafter subjected to a fragmentation test
to determine their strength. The composite microstructure during
and after fragmentation is analyzed by means of light and electron
microscopy, as well as mCT for 3D reconstruction of the composite
internal structure. This is followed by a detailed mechanical anal-
ysis of the composite structural strength.

2. Experimental

2.1. CNTs dispersion

The CNTs used throughout the experiments are multi-walled
carbon-nanotubes (MWCNT, CVD-grown, >95% purity) acquired
from Nanolab. The surfactant in use is Sodium Dodecyl Sulphate
(SDS, >98.5% GC) acquired from Sigma-Aldrich. In a typical pro-
cedure, MWCNTs (10 mg) were added to DI water (100 mL). The
solution was sonicated for 20 min. SDS (0.5 g) was then added, and
the solution was further sonicated for 20 min. This two-step soni-
cation provides better dispersion, as the first cycle separates out the
bundled CNTs and creates more space for surfactant penetration
[11]. The surfactant concentration corresponds to 17 mM, well
above the critical micelle concentration CMC (7e10 mM [12]),
enabling the formation of surfactant nanostructures. To sort the
CNTs by their physical structure (size and mass), the solution was
centrifuged (RC5C Plus, Sorval) at 4000 rpm for 30 min, yielding
homogenous stable CNT dispersion. As centrifugation decreases the
initial concentration, UVeVis (300Bio, Cary) was used to calibrate
the solution concentration, applying the solution absorbance to
detect the centrifuged solution concentration (Supplementary
material S1).

2.2. Self-assembly deposition of CNTs on quartz fibers

Quartz fibers (Quartzel QS-13, ~9 mm diameter, Saint-Gobain)
were used as substrate. The fibers were submerged in acetone
and rinsed to remove the commercial sizing (to avoid unknown
interactions) and were dried afterwards [13]. Bundles of quartz fi-
bers were separated from a spool and immersed and mildly soni-
cated in ethanol to remove dust and contaminants. Single fibers
were manually detached from the bundle, and 0.25 g iron weights
were glued to their ends. The fibers were then vertically immersed
in a round glass flask containing the CNT suspension. The flask was
placed in an oven (Carbolite) and heated to 80 �C to expedite the
EDSA process, which lasted until complete evaporation of the
liquid. Then the fibers were immersed in water for the removal of
excess surfactant. See also Supplementary material S2.

2.3. Characterization of CNT 3D scaffolds

2.3.1. Thermal gravimetrical analysis (TGA)
To evaluate the CNT and SDS fractions within the coating of the

quartz fiber, coated quartz fibers were heated by TGA (SDT Q600, TA
706
instruments) from 20 �C to 900 �C at a heating rate of 100 �C/min
under a nitrogen environment.

2.3.2. Scanning electron microscopy (SEM)
Images of the 3D scaffolds and the fragmentation specimens

were obtained using SUPRA55 scanning electron microscope
(Zeiss), at a working distance of 5 mm and beam energy of 5 kV.
Prior to scanning, all the samples were sputter-coated with Pd/Ag
nanoparticles (S-150, Edwards).

2.3.3. Volume fraction of CNTs in a scaffold
The volume fraction of CNTs within a scaffold (Vc), was calcu-

lated using the weight fraction of CNTs extracted from the TGA
analysis and the dimensions of the scaffold obtained by SEM
measurements. The fraction is given by the ratio of the CNTs vol-
ume within the scaffold (vc) and the volume of the entire scaffold
(vT ):

Vc ¼ vc
vT

¼ mc=rc
p
4

�
Dt

2 � Df
2
�
L

(1)

wheremc is the weight of CNTs calculated by TGA analysis, rc is the
CNTs density (1.7 g cm�3), Dt and Df are the scaffold and fiber di-
ameters, respectively, and L is the length of the TGA sample.
Similarly, the volume of the SDS surfactant (vs) and its volume
fraction (Vs) are calculated using the surfactant weight and density
(1.01 g cm�3). The calculation takes into account the volume of the
voids that are contained in the scaffold, which have no mass. The
porosity of the scaffold is calculated by:

%porosity¼1� vc þ vs
vT

(2)

2.3.4. 3D scaffold composite fragmentation test
Single-fiber fragmentation test specimens were prepared by

placing a CNT-coated quartz fiber in a dog-bone shaped mold
containing Epon-828 (polymerG) epoxy matrix. The sample was
cured for 6 h at 100 �C. SEM images of cross sections through the
samples showed full impregnation, without bubbles or voids. Me-
chanical tests were then carried out with a Minimat2000 mini-
tensile tester at a displacement rate of 0.1 mm min�1. The stress
distribution in the epoxy was monitored by a polarizing optical
microscope (POM, Nikon) and recorded by a video camera.

2.3.5. 3D scaffold composite micro-computed tomography (mCT)
To analyze the cracks that are formed in such opaque, hierar-

chical structure, fragmented samples were scanned by mCT. Frac-
tured dog-bone samples were vertically mounted on a holder and
scanned by microXCT-400 (XRadia, Pleasanton, CA, USA). High
resolution scans were obtained at 40 kV and 200 mA. The raw im-
agery data were reconstructed to form 3D images of the samples,
using the XRadia softwarewith a filtered back projection algorithm.
Slice visualization was carried out with Avizo software (VSG).

3. Results and discussion

3.1. CNT scaffolding using evaporation-driven deposition

Surfactant-assisted EDSA is a soft-template method, in which
the ordered formation of the surfactant molecules in the solution is
used to co-assemble nanoparticles in an ordered fashion. Although,
in principle, surfactant-assisted EDSA can be performed with
varying surfactant concentrations, either below the CMC or above
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it, surfactants will only form ordered nanostructures when their
concentration in the solution exceeds the CMC [14]. Moreover,
since the surface tension of the solution is an important parameter,
high excess of surfactant is required to maintain a constant surface
tension throughout the EDSA process. Here, the CNTs scaffold is
constructed by templates of surfactant molecules that surround the
CNTs, which are translated toward the fiber surface by evaporation-
induced flow. A schematic of the EDSA process is shown in Fig. 1A,
and more details on the process are provided in Supplementary
material S2.

Under evaporation, the SDS surfactant does not evaporate but
solidifies, and has been shown to crystallize into nano- or micro-
scale platelets that are attached together to form a template of
porous structure [15]. Here, the inclusion of CNTs results in a similar
structure, where the CNTs are fused within the SDS particles
(Supplementary S3). The porous structure of the scaffold, having an
average pore diameter of 76 nm, is similar to other SDS-CNT sys-
tems [15]. The similarity, even though different nanoparticles are
being used, demonstrates the direct effect of the surfactant type on
the morphology. Scaffold pores are commonly divided into macro,
micro and nano pores, where each class contributes to different
functions. Of relevance to our technique, pores smaller than 100 nm
were found to be important in the formation of biological extra-
cellular matrix, among other functions [16]. Although the pore
diameter histogram (Fig. 1F) displays a slightly left skewed distri-
bution that spans up to ~300 nm, the 95% confidence level is set
between 70 nm and 80 nm in diameter (Supplementary material
S3). This pore size is significantly smaller than the size achievable
by comparable methods such as freeze casting and electrospinning.

When surfactant soft template is used, it is sometimes possible
to remove the surfactant template either by calcination (that is,
burning the organic surfactant at ~500 �C) or by dissolution in a
Fig. 1. Description of evaporation-driven self-assembly (EDSA). A - Schematic illustration o
and surfactant in water, forming a curved meniscus. The red arrows designate the flow of CN
the beginning of the process (I), evaporation drives the flow of CNTs to the meniscus region
to the fiber surface, and as the meniscus contact line recedes with evaporation (II) the CNTs
are oriented along the fiber axis. C e At the nanoscale, the CNTs are seen to be randomly orie
and SDS surfactant. Each drop in the graph corresponds to the weight loss of each material ty
fraction and scaffold percent porosity, calculated with Equations (1) and (2). F e Histogram
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solvent. In our study, calcination caused the entire scaffold to
collapse and therefore was not applicable. However, immersion of
the scaffolds in water did remove most of the SDS, leaving the
volume fraction of SDS at an average of 18% (Fig. 1E). The percent
porosity of the scaffold is ~60% (Fig. 1E). We plan to improve the
process in order to remove trapped SDS particles, which can lead to
an optimal porosity of about 80%, comparable to other high-
porosity scaffolds [17]. The removal of surfactant particles is ex-
pected to contribute to better mechanical properties of the com-
posite due to more intimate contact between the CNTs and the
epoxy matrix.

The nanostructure of the CNTs in the scaffold appears to be
random with no preferred orientation (Fig. 1C). This is likely
because the individual CNTs are longer than the SDS platelets
(Fig. S2). Consequently, a single nanotube is too large to be con-
tained in a pore, and the CNTs are expected to cause a disruption in
the SDS co-assembly and packing. Furthermore, the high concen-
tration of SDS gives rise to surfactant aggregation, which induce
disorder in the scaffold nanostructures [18]. Hence, we did not
observe a formation of CNT aggregate regions or inhomogeneous
deposition, as also evidenced by the increase of the mechanical
properties, discussed later.

By contrast to the nanostructure, the microstructure is charac-
terized by aligned grooves oriented along the fiber axis (Fig. 1B).
From the perspective of the SDS-CNT system, Richard et al. showed
that when excess SDS is used, the SDS chain adheres to the CNT in
the form of half a cylinder [12]. This formation can possibly
encourage directionality when a significant amount of CNTs are
brought together. From the EDSA physical mechanism perspective,
we propose in the next section that these grooves are the result of a
strong dependency of the scaffold deposition on the local rough-
ness of the fiber and previously deposited area.
f the EDSA process: the fiber (gray cylinder) is immersed in a liquid suspension of CNTs
Ts toward the meniscus contact line between the liquid and the quartz fiber surface. In
and the volume of the liquid decreases over time. During evaporation, the CNTs adhere
are left deposited on the fiber surface. B e CNT scaffold; at the microscale, CNT ribbons
nted. D - TGA analysis of the CNT scaffold. The TGA sample consists of quartz fiber, CNT
pe during the heating, as marked. E e CNT scaffold e CNT volume fraction, SDS volume
of scaffold pores diameter. (A colour version of this figure can be viewed online.)
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3.2. Scaling analysis of EDSA scaffolding

The scaffold is remarkably thicker than the fiber, indicating
massive CNTs transport toward the meniscus tip as a result of so-
lution flow from the meniscus bulk to the tip. The following scaling
analysis relates the flow flux to the evaporation of the solvent, and
shows how the pinning of the meniscus contact line to the fiber
allows enough dwelling time for substantial deposition of CNTs.
The CNT-water solution rises on the fiber due to surface tension,
forming a meniscus with the shape of a catenary [19] (red line in
Fig. 2A).

The deposited CNTs create a mesh soaked by water, and there-
fore the contact between the solution and the fiber is mostly water-
water rather than water-fiber, resulting in a nearly zero contact
angle qc. The catenary is a zero curvature surface because there is
no pressure difference between the reservoir and the meniscus
[19]. Nonetheless, the evaporation rate from the catenary surface, J,
rises sharply toward the meniscus tip because the vapor concen-
tration above the tip is much lower than below it. The evaporation
rate scales as J � J0x�l, where J0 is the reservoir evaporation rate
and x is the downward distance from the tip [20,21]. The rate di-
verges close to the tip (x ¼ 0), reminiscent of an electrostatic field
near a sharp edge. The exponent for a catenary with zero contact
angle is ly0:4, based on finite element analysis of an equivalent
electrostatic field (Supplementary material S4).

Considering a small annular liquid wedge of height x and radial
thickness w (Fig. 2A), the ingoing volumetric rate, � vw (v is the
liquid upward velocity) equals the outgoing rate,� Jx. As in a
catenary w � x2 for small x, the velocity scales as v � Jx=

w � J0x�ð1þlÞ. Thus, the velocity diverges toward the tip at a power
of about �1.4, generating a high flux of CNTs toward the tip. A CNT
starting its travel at distance x from the tip, will reach the tip within

t � R0
x
dx=v � J�1

0 x2þl. The amount of CNTs swept to the tip during

that time is the amount included in the meniscus volume above
position x, that is m � 4c

R x
0 wdx � 4cx3, where 4c is the CNTs vol-

ume fraction in the solution. Thus, the transported mass grows in
time as

m � 4cðJ0tÞ3=ð2þlÞ (3)

where the exponent is ~1.25. This result is valid for a short duration
t (small x), whereas for longer durations the exponent of t increases
Fig. 2. CNT deposition analysis and measurement. A - A schematic of the air-liquid-solid c
varying flux at the meniscus curved surface; v is the flow velocity at position x, 4c is the CN
solid scaffold. B - Experimental results and model simulation of the scaffold external diamet
rt � 4c

1=2. (A colour version of this figure can be viewed online.)
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sharply (~7). These relationships indicate that the mass transfer
rate grows exponentially in time, initially at a low exponent and
then at a much higher exponent. In other words, for longer times
mass entrained from regions far away from the tip, where the
meniscus is wide, has sufficient time to reach the tip and deposit its
load. This behavior is similar to the well-known coffee stain prob-
lem [20,21], but with a distinct difference: whereas in the coffee
stain the reservoir is confined and limited to a single drop and the
liquid surface is nearly flat, in the case of the meniscus the reservoir
is practically infinite and the meniscus radius increases dramati-
cally close to the reservoir surface (~1.5 mm). This explains the high
thickness of a scaffold deposited on a fiber, compared to the small
amount of particles that can be deposited by a drop on a flat surface.

Due to surface imperfections, the contact line (that is, the
meniscus tip) stays pinned to the fiber, but after some time t the
reservoir’s declining water level pulls the contact line down a dis-
tance p � J0t (the pinning height). Thus, using Equation (3), the
amount of material transported to the tip region depends on the
pinning height as m � 4cp3=ð2þlÞ, independent of the reservoir
evaporation rate J0. Finally, the deposited scaffold mass is
m � Vcr2t p, where Vc is the CNT volume fraction in the scaffold
(fairly constant for given CNT type and size and surfactant con-
centration - see section 3.4.4) and rt is the scaffold external radius.
The scaffold mass and the deposited mass are equal, yielding

rt �
�
4c

Vc

�1=2

p
1�l

2ð2þlÞ (4)

where the exponent of p is only ~0.13, a weak dependence on the
pinning height. This result is valid for a small pinning height p
(short t), whereas for longer durations the exponent of p increases
sharply (~3), and the scaffold radius becomes highly dependent on
the pinning height. This strong dependence could explain the
scaffold grooves (Fig. 1B), as the pinning height p is sensitive to the
fiber local roughness and impurities, which induce local variations
in p and consequently local variations in the scaffold radius. The
scaffold radius dependence on the CNT volume fraction in the so-
lution is rt � 4c

1=2, assuming the scaffold radius is much larger than
the fiber radius (as is the case in our samples). Other significant
parameters that influence the scaffold radius are the fiber radius
and contact angle (not presented). The complete model is in
agreement with the experimental measurements (Fig. 2B). The
model was calculated numerically for fiber radius rf ¼ 4:5 mm,
ontact line interface. J0 is the evaporation flux at the liquid flat surface, whereas J is the
Ts volume fraction in the liquid suspension, and Vc is the CNTs volume fraction in the
er, Dt ¼ 2rt , vs. the CNT concentration in the suspension, demonstrating the scaling law
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contact angle qc ¼ 0�, CNT volume fraction in the scaffold Vc ¼ 0:2,
and pinning height p ¼ 28 mm (used as fitting parameter).

3.3. Scaffold fragmentation in a cylindrical reinforced composite

Fragmentation tests were carried out to allow derivation of the
cylindrical scaffold composite strength from the fragments average
length at saturation. The tested structure included the core fiber,
surrounded by a cylindrical CNT scaffold impregnated by thematrix
(the tube), all embedded in bulk matrix (Fig. 3A). Usually, the
specimen for a single-fiber fragmentation test is composed of two
physical phases, the fiber and the matrix. Since epoxy is a photo-
elastic material, the stress field around a fiber fragment is visible
under polarized light microscope. A typical birefringent pattern of a
fragmentation test specimen of plain quartz fiber/Epoxy is shown
in Fig. 3B and of scaffold-deposited quartz fiber/Epoxy in Fig. 3C.
The number of fragments is determined by counting the ‘butterfly’-
shaped light patterns that represent fragmented sections.

As seen in Fig. 3B and C, the scaffold exhibits many more bire-
fringence patterns compared to a fiber without a scaffold. In
contrast to the traditional case of plain single fiber in a transparent
matrix, the polarized light microscopy does not provide the ability
to distinguish in which component the fragmentation occurred,
whether in the fiber, tube or both, as the CNT scaffold obscures the
fiber. To overcome this limitation, mCT 3D reconstruction of frag-
mented samples was carried out (Fig. 3E). The mCT scan shows clear
fragments of the CNT coating, whereas the quartz fiber appears
intact amidst the imaged region.

This finding is also supported by a considerable fiber pull-out,
which suggests extremely weak bonding of the scaffold compos-
ite to the fiber surface. The pull-out can be viewed as a smooth hole
in the SEMmicrograph of the sample cross-section (Fig. 4A). Quartz
fiber pullout implies that the quartz fiber undergoes early failure
during the tensile loading, and therefore is not likely to contribute
much to the strength of the impregnated scaffold. This observation
Fig. 3. Fragmentation of a CNT scaffold in a composite under load. A e Illustration of the
embedded in an Epoxy matrix. B e Micrograph of plain quartz fiber/Epoxy composite fragm
Experimental results of the scaffold fragment saturation length (lF) vs. the scaffold external d
sample using mCT. (A colour version of this figure can be viewed online.)
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is supported by the poor adsorption seen between the CNT scaffold
(prior to impregnation) and the fiber (Supplementary Figure S5.1A-
D). Therefore, after impregnation by the matrix, the adhesion be-
tween the scaffold and the fiber is mostly due to the matrix-fiber
adhesion.

Furthermore, at the scaffold-matrix interface, SEM images
display shear cracks of the epoxy matrix around the scaffold, likely
emanating from (or due to) high stress concentration at the epoxy
matrix/scaffold interphase (Fig. 4B and C). This implies that the
dominating interface in terms of shear strength is in fact the
interface between the matrix and the epoxy impregnated CNT
scaffold. This observation is important to ascertain whether the
quartz fiber contributes to the composite and consequently to a
correct composite strength calculation. A magnified observation of
the fracture surface (Supplementary Figure S5.2) shows that during
fracture a small portion of the CNTs pull out from the matrix
whereas the majority of CNTs break, indicating that the CNTs are
exploited to their full strength.

3.4. Calculation of the CNT scaffold composite strength

3.4.1. Strength derived from critical fragment length
The tensile strength of the epoxy-impregnated CNT scaffold may

be calculated from a fragmentation experiment. As seen in Fig. 4A,
debonding was observed at the internal (fiber-tube) interface,
whereas no debonding took place at the external (tube-matrix)
interface. The classic Cottrell-Kelly-Tyson (CKT) model, applied to
the tube and fiber assembly embedded in matrix, yields the
assembly’s critical length [22,23]:

[
tf
c ¼ stf Dt

2ti
(5)

where stf is the strength of the tube and fiber assembly, Dt is the
external diameter of the tube, and ti is the interfacial strength of
fragmentation sample e a scaffold-deposited quartz fiber, impregnated by Epoxy and
entation test. C e Micrograph of scaffold-deposited quartz fiber/Epoxy composite. D -
iameter (Dt). The slope of the linear fit is 1.06. E e 3D reconstruction of fragmentation



Fig. 4. Fracture surface after fragmentation test. A - SEM micrograph of a fracture surface; each phase is marked in the figure. The hole is the result of quartz fiber pullout during
the test. B e SEMmicrograph of a fracture surface. Shear cracks appear radially at the epoxy-scaffold interphase. C eMagnified image of the matrix shear cracks. (A colour version of
this figure can be viewed online.)
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the tube-matrix (external) interface. The critical length represents
the length above which the assembly will break as a result of a
maximum stress higher than stf , whereas below the critical length
the assembly will not break because the maximum stress that
builds up in the assembly is lower than stf .

The CKT model assumes uniform shear stress along the tube
interface, equal to the matrix yield strength, balanced by the tensile
stress at the midplane of the tube and fiber assembly. The question
arises whether CKT is valid for fragments with such lowaspect ratio
(length/diameter) as observed here for the scaffold tube (Fig. 3C
and D). The concentric shear cracks, observed at the fracture surface
(Fig. 4B and C), imply that the matrix interface yielded all along the
tube-matrix interface as CKT predicts. This can be inferred from the
fact that the fracture occurred at a location where the shear stress
was lowest prior to fracture, because this location is in a region of
transition from positive to negative stress. Refer, for example, to the
FEA (finite element analysis) in Supplementary section S6, where
the shear stress (denoted by XY) between the matrix and the tube
tends to zero at the midplane. Thus, if the interface at the midplane
yielded, all the more so far away from the midplane where the
shear stress is higher.

Once fragmentation saturation is reached, the fragments

lengths vary uniformly between [tfc =2 and [tfc , on average 3= 4[tfc , as
longer fragments will continue breaking whereas shorter ones will

not. Thus, the critical length of the tube and fiber assembly is [tfc ¼
4=3[F , where [F is the experimentally measured average length of
the fragments. We can calculate the strength of the tube and fiber
assembly by inverting Equation (5):

stf ¼
2[tfc ti
Dt

¼ 8[Fti
3Dt

(6)

To isolate the strength of the tube alone (st) from the tube and
fiber assembly, we need to subtract the fiber contribution. The FEA
in Supplementary section S6 shows that in a fragment with a

critical aspect ratio [tfc =Dt ¼ 4=3[F=Dt ¼ 1:41 (as measured in
Fig. 3D), the fiber contribution to the tensile load carried by the
tube and fiber assembly at the midplane is only 3.7%, assuming no
debonding. Furthermore, as the fragmentation test showed that the
fiber debonded from its tube interface in most cases, its contribu-
tion to the strength of the tube and fiber assembly can be neglected.
This observation is supported by the FEA in Supplementary section
S6, which shows a divergent shear stress concentration at the sharp
corner of the fiber-tube interface, a place for a debonding crack to
start propagating. Thus, the fiber is likely to debond at the internal
interface, or to break, much earlier than the tube at the external
interface. We can therefore neglect the fiber contribution in the
calculation of the strength of the tube and fiber assembly, that is
stfyst .
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The stress calculated by Equation (6) assumes a solid cylinder
(usually a fiber), whereas the scaffold tube is hollow as a result of
the cylindrical cavity left by the debonded and pulled-out fiber.
Thus, the tube actual strength is higher by the ratio of the cross
sectional areas of a solid tube and a hollow tube, that is r2t =ðr2t � r2f Þ.
Furthermore, as discussed in the next section, fragments of very
small aspect ratio incur a significant tensile stress concentration,
associated with nonuniform stress distribution in a cross section.
Incorporating these factors in Equation (6), and replacing stf by st,
the scaffold composite strength is obtained

sty
8[Fti
3Dt

r2t
r2t � r2f

K (7)

K≡smax=snom is the stress concentration factor, where smax and
snom are the maximum and nominal (mean) tensile stresses in the
tube, respectively, both at the tube midplane cross section where
the stress is highest.

The experimental fragmentation results at various scaffold di-
ameters exhibit saturation fragments aspect ratio of [F=Dt ¼ 1:06±
0:03 (the slope in Fig. 3D), which is essentially constant over a wide
range of scaffold diameters from ~60 mm to ~160 mm. As stf[F=Dt

(Equation (7)), this result implies that the scaffold strength remains
fairly constant as well, independent of the tube diameter. This
finding further implies that the CNTs density in the scaffold is
uniform, regardless of the tube diameter, as significant density
variations in scaffolds of different diameters would have resulted in
different composite strengths and therefore aspect ratios. The
deposition modeling assumption, that the CNT volume fraction in
the scaffold is fairly constant for a given CNT type, size, and sur-
factant concentration, is thus confirmed.
3.4.2. Stress concentration in short fragments
The calculation of the strength of the impregnated scaffold (the

tube) using the standard CKT model (Equation (6)) underestimates
the actual strength of the scaffold because of stress concentration.
The reason for this is that in low-aspect fragments, such as in our
scaffold’s fragmentation tests, the tensile stress in the tube, induced
by the shear stress at the tube-matrix interface, does not propagate
efficiently toward the scaffold core. In plain words, the tube is too
thick and too short for the stress to spread uniformly in a tube cross
section. Consequently, the tensile stress at the fragment midplane,
where the tensile stress is highest, is not uniformly distributed. This
results in a stress concentration near the fragment outer boundary,
causing the scaffold to fracture at a lower load than predicted by the
CKT model, exhibiting a lower strength. This stress concentration is
expressed by the factor K incorporated in Equation (7); the ensuing
strength represents the impregnated scaffold composite strength
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were it loaded directly by tension applied on a standalone tube,
rather than via shear stresses when embedded in a matrix.

The stress concentration effect is explained and modeled using
finite element analysis (FEA), summarized in Fig. 5. The CKT model
and other similar models assume uniform tensile stress distribu-
tion in each cross-section of a fiber, an assumption that is true for
common fibers such as carbon and glass fibers, whose critical
aspect ratio is typically between 25 and 100. In such fibers, the
typical non-uniform stress distribution close to the fiber ends (the
edge effect) vanishes toward the fiber midplane where the stress is
highest. This means that the fiber’s material strength is exploited to
its optimum under an ultimate load. By contrast, in short fragments
such as in our impregnated scaffold, because the tube is short and
thick, this edge effect does not diminish appreciable toward the
fiber midplane. The result is a maximum stress at the midplane that
is significantly higher than the mean stress at that cross-section. In
other words, in short fragments the edge effect is significant,
whereas in long fragments the edge effect gradually diminishes
sufficiently far from the edge (the well-known Saint Venant’s
Fig. 5. Assessment of stress concentration factor in impregnated tubular scaffold fragm
centerline and x-axis as the radial dimension. The red frame indicates the region of the stres
ratio. The critical fragment aspect is indicated by the green dot. Inset: Midplane stress dis
distribution in a fragment of critical aspect, [F=Dt ¼ 1:41. B e Tensile stress distribution in
diameter is Dt ¼ 50 mm. The load is a uniform tensile stress of 50 MPa on the upper and low
used in the model are 1 MPa and 5 MPa, respectively. (A colour version of this figure can b
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principle in solid mechanics).
This is clearly seen in the stress distribution in the midplane of a

scaffold fragment with a critical aspect of 1.41 (Fig. 5C), compared
to a theoretical fragment with a larger aspect of 5 (Fig. 5D). Mid-
plane stress distribution for fragments of several aspects is shown
in Fig. 5B (inset). Defining the stress concentration K as the ratio
between the midplane maximum stress and mean (average) stress,
we can depict K as a function of the fragment aspect ratio (Fig. 5B).
The stress concentration is seen to rise sharply for fragments with
aspect below 3, with a value of Ky1:33 for a critical fragment. Thus,
the strength of the fragment is dominated by the maximum stress
rather than the mean stress, and is therefore higher than predicted
by the CKT model.

Using this value of stress concentration we return to the calcu-
lation of the tube strength according to Equation (7). As the tube-
matrix interface is mostly an epoxy-epoxy interface, the shear
strength of the matrix, ti, has about the same magnitude as the
tensile strength of epoxy, sm, thus tiysmy50� 60 MPa. Inserting
these values into Equation (7), the resulting estimate for the
ent. A e Axisymmetric model for finite element analysis (FEA), with y-axis as the
s maps presented in C and D. B e Tensile stress concentration factor vs. fragment aspect
tribution, normalized by the mean stress, for several aspect values. C e Tensile stress
a long fragment, [F=Dt ¼ 5. The tube internal diameter is Df ¼ 9 mm and its external
er faces of the matrix (indicated by green arrows). The matrix and tube elastic moduli
e viewed online.)
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scaffold tube strength st is 191 MPa (using sm ¼ 50 MPa) or
229 MPa (using sm ¼ 60 MPa). Thus the strength of the reinforced
tube composite (the impregnated scaffold), estimated from the
fragmentation test, is about fourfold the matrix strength.
Fig. 6. Theoretical predictions for the scaffold composite strength. The CNT volume
fraction and the composite strength are plotted as functions of the CNT average con-
tour length. The experimental values used for model fitting are denoted. le is the
minimum CNT length to maintain entanglement, and lc is the CNT critical length. The
fitting parameters are: CNT strength sc ¼ 4:4 GPa, matrix strength ti ¼ sm ¼ 55 MPa,
CNT diameter DCNT ¼ 30 nm multiwall, CNT average length lCNT ¼ 12:5 mm, CNT vol-
ume fraction Vc ¼ 0:2, surfactant volume fraction Vs ¼ 0:2. (A colour version of this
figure can be viewed online.)
3.4.3. Strength derived by mixture rule
We now validate the previous estimation of the value of st ,

which used the critical length measured in fragmentation tests, by
means of the following mixing rule

st ¼ hlhoVcsc þ Vsss þ Vmsm (8)

based on contributions from (left to right) the CNTs, surfactant and
matrix, using their respective volume fraction V and strength s. The
CNTs contribution is slightly degraded in view of their finite
(though long) length, and by their arbitrary spatial orientation,
expressed by the hl and ho factors, respectively. For arbitrarily ori-
ented fillers in 3D, as seen in the CNT scaffold in Fig. 1C, the
orientation factor is [22] ho ¼ 1=5. The length factor is given by
hl ¼ ð1 � [CNTc =2[CNT Þ, when the CNT length [CNT is longer than its
critical length [CNTc ¼ scDCNT=2ti [23]. Thus, equation (8) reduces to

st ¼1
5

�
1�1

2
[CNTc

[CNT

�
Vcsc þ Vmsm (9)

neglecting the surfactant strength (ss y0Þ. This equation is based
on the CKT model, taking into account the fraction of CNTs that
break during fracture and those that pull out.

The average strength of CVD-grown multiwall CNTs in Barber
et al. [24] was 97.1 GPa, based on the cross-section of the CNT
outermost wall only (t ¼ 0:34 nm thick) which carries most of the
load transferred from the matrix interface (the contribution of the
inner layers is negligible because of weak interlayer interactions).
Ref. [24] provides data on the same CNT type used here (CVD-
grown), not available in previous publications such as Ref. [25],
where arc-grown CNTs were measured. In the present work the
CNTs average diameter was DCNT ¼ 30 nm, therefore the average
CNT strength sc when considering its entire cross section would be
obtained by multiplying 97.1 GPa by 4t=DCNT , which results in
4.4 GPa. The critical length is 1:3� 1:1 mmfor tiy50� 60 MPa,
respectively, much shorter than the CNTs length which varies be-
tween 5 and 20 mm. The corresponding length factor is on average
hl ¼ 0:95, meaning that the CNTs contribution to the composite
strength is degraded by about 5% because a fraction [CNTc = [CNT of
the CNTs pull out from the matrix rather than break. We use Vc ¼
0:2, Vs ¼ 0:2; and Vm ¼ 0:6 (same as the porosity), as calculated
fromweight measurements and the mass densities provided by the
manufacturer (Fig. 1E).

Substituting these estimated parameters in Equation (9), the
resulting assessment for the scaffold tube strength st is 197 MPa
(using sm ¼ 50 MPa) or 204 MPa (using sm ¼ 60 MPaÞ; a bit lower
than (but quite close to) the values of 191e229 MPa obtained from
the fragmentation experiment described earlier (Equation (7)). The
closeness of these results, calculated by two distinct approaches
(fragmentation test and mixing rule), attests to the uniformity of
the CNT network in the scaffold and to negligible CNT agglomera-
tion. The results reflect a strength improvement of the composite
by a factor of 3.4e3.9 with respect to the matrix strength with 20%
CNT volume fraction. By comparison, a CNT scaffold, prepared from
rolled single-walled CNT forests impregnated by epoxy, exhibited a
strength improvement factor of 2.1 with 33% CNT volume fraction
[26]. Similarly, a CNT-network, collected during CVD process and
impregnated by epoxy, displayed a strength increase factor of 2
with 39% CNT volume fraction [27].
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3.4.4. Tuning the scaffold composite strength
The composite strength can be tuned by varying the material

and process conditions. Variables that affect the strength are those
that change the CNTs volume fraction, Vc, or modify the strength of
the material components e CNTs and matrix. We have already
shown that Vc is neither affected by the CNTs concentration in the
liquid suspension, nor by the reservoir evaporation rate. Instead, Vc

can be increased by reducing the surfactant amount, thus freeing
space for the CNTs, although this is limited because the surfactant is
essential for wetting and prevention of agglomeration. The CNT
strength can be improved by using CNTs with a smaller diameter,
because, as shown above, their strength is inversely proportional to
diameter (scf4t=DCNT ). Finally, Vc can be increased by reducing
CNT length, as the entangled network formed by CNTs (Fig. 1C)
becomes denser when they are shorter. This effect seems pre-
dominant and is therefore modeled in detail in Supplementary
material S7, with the results depicted in Fig. 6.

The maximum obtainable composite strength for the material
systemdefined in Fig. 6 is about 500MPa. At this point, the CNTs are
tightly packed in bundles, with volume fraction of 0.8 and length of
about 2 mm. By comparison, a tightly packed and aligned CNTs fiber
(CNTF) impregnated by epoxy, exhibited a tensile strength of
2.7 GPa, for CVD-grown non-functionalized MWCNTs [28].
Adjusting these values for random CNT orientation (orientation
factor ho ¼ 1=5), we get a strength value of 540 MPa, close to our
prediction. Further experimental substantiation of these pre-
dictions is left for future research.

4. Conclusion

This study presents a new self-assembly approach to construct
3D CNT scaffolds using surfactant-assisted evaporation-driven self-
assembly (EDSA) on the surface of quartz fibers. The resulting
solid CNT-scaffold is thick, dense and uniform along the fiber. The
diameter of the scaffold is up to two orders of magnitude above the
fiber diameter and adjusted experimentally in the range of
60e160 mm. Scaling analysis of the deposition process showed a
sharp power-law increase in the evaporative flow, which transports
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high amount of CNTs to the fiber surface, much higher than on flat
surfaces. The properties of the CNT network are analyzed, showing
an average pore size in the order of 70 nm, and porosity of 60%.
Whereas the vast majority of 3D CNT scaffolds are aimed toward
tissue engineering, there is less focus on the application to com-
posites. In this work, to overcome the limitations of mixing CNTs in
a matrix, as is usually the case in composites preparation, a dense
CNT-network scaffold is first constructed, and then impregnated by
a matrix to obtain a composite. We demonstrate the scaffold ability
to perform as a reinforcement element in a micro-composite.

The epoxy-impregnated CNT scaffold composite exhibits fiber-
like mechanical behavior, whereas the quartz fiber acts as a depo-
sition nucleus rather than a reinforcing component. A fragmenta-
tion experiment assisted by mCT analysis reveals short scaffold
fragments, with an aspect ratio (scaffold length/diameter) of about
1e2, an order of magnitude smaller compared to fiber-reinforced
composites. The aspect ratio remains fairly constant over a wide
range of scaffold diameters, attesting to the uniform CNT
morphology. The mCT proved to be an adequate tool for the visual
differentiation of the hierarchical structural levels within a non-
transparent composite.

Mechanical analysis, using both conventional fiber-composite
methods and finite element, demonstrates a fourfold increase in
the scaffold composite strength with respect to the bulk matrix,
achieved with ~20% CNT volume fraction. The analysis was carried
out via two complementary approaches, the first based on the
critical length measured by the fragmentation test, and the second
using a rule of mixture with effective MWCNT strength data from
the literature. Both approaches yield similar scaffold strength, even
though the former is based on mechanical tests of the scaffold,
whereas the latter is based on the CNT strength and dispersion. The
finite element analysis revealed high stress concentration near the
scaffold’s outer boundary, associated with the observed small
aspect ratio of the fragments. This is explained by a dominant edge
effect at small aspect-ratios, which becomes negligible at the high
aspect ratios typical of fiber-reinforced composites. It is also pre-
dicted that by reducing CNT length, the composite strength can be
further increased up to about 500 MPa.

The nanocomposite concept presented in this study can be used
in applications requiring reinforced microscale composites, where
microfiber reinforcement is not practical. It could also be used for
reinforcement of polymeric coatings protecting delicate micro de-
vices such as optical fibers. Furthermore, the thick cylindrical
scaffold achieved by the EDSA method developed here could be
used as a structural CNT network in applications requiring nano-
scale pore sizes such as in tissue engineering, drug delivery, filters,
and probes.
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