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The specific strength of a carbon nanotube (CNT) fiber can be estimated to be much higher than its real
value when the linear density of the fiber is measured using the vibroscopic method. This is because

CNT fibers are not made of a single fiber, as assumed in the standard ASTM procedure, but rather have
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Accepted 5th January 2017 a hierarchical structure composed of CNTs and CNT bundles. Based on careful investigation, a new

procedure using the vibroscopic method is proposed to drastically reduce the probability of erroneous

DOI: 10.1039/c6ra26607] results and provide a more reliable tool to investigate the mechanical properties of one-dimensional
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Introduction

Carbon nanotube (CNTs) fibers can be assembled by solution
spinning,*” forest spinning,** and direct spinning,*>® and have
been evaluated as a next generation lightweight and strong
material to replace carbon fibers. As the CNT fibers are made
entirely of CNTs, potentially they can be as strong, and electri-
cally and thermally conductive as individual CNTs. Even though
the properties of CNT fibers are still much inferior to those of
CNTs, a number of applications such as display,” artificial
muscle,® supercapacitor,’ batteries,'® invisible material," and
strain sensor'> have been demonstrated based on the current
state of the electrical and thermal properties of CNT fibers,
which are now comparable with conventional metals.”
However, very few applications have been demonstrated based
on the mechanical strength of CNT fiber as a structural mate-
rial. A specific strength of 9.8 N per tex for 1 mm length of the
pristine CNT fiber,** which is much higher than the highest
specific strength of carbon fiber (Toray T1100, 3.7 N per tex),*
was reported in 2007; however, no specific strength of CNT fiber
even close to those value has been shown in the literature in the
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past 10 years. The highest specific strength reported since then
has been of about 1-2 N per tex.'*'” Therefore, considerable
research is still required into improving the mechanical prop-
erties of CNT fibers.

To efficiently improve the mechanical properties of CNT
fibers, accurate measurements of their existing mechanical
properties are required. Tensile strength (in GPa) is the prin-
cipal mechanical property determined by the maximum tensile
load divided by the cross-sectional area of a sample. However, it
is difficult to define the cross-sectional area of one-dimensional
fibers because of their irregular shapes. Thus, in many research
articles, the tensile strength of one-dimensional fibers
including CNT fibers has been reported using the value for
specific strength determined by the maximum tensile load
divided by the mass-per-unit length (linear density), rather than
the cross-sectional area.'*'**! Specific strength has the unit of
N per tex, where the linear density unit “tex” is defined as the
mass in grams of 1 km length of fiber. The linear densities of
the CNT fibers are reported in the 0.03-0.5 tex range.'**

According to the American Society for Testing and Materials
(ASTM), the linear density of fibers can be determined by two
methods: (1) weighing fibers with specific length (weighing
method) and (2) calculating the linear density from the detected
resonance frequency of oscillating fibers (vibroscopic
method).>® The vibroscopic method is faster and more conve-
nient than the weighing method, because the vibroscopic
method requires much shorter CNT fibers for the linear density
measurement. However, during this study, it was noted that,
sometimes, the measured linear density of CNT fibers by the
vibroscopic method did not match with the linear density
determined by the weighing method even though procedures
were followed as written in the ASTM documents. The linear
density of carbon fiber measured by the vibroscopic method
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also differs depending on the pre-tension values.** Therefore,
when measuring the linear density of CNT fibers by the vibro-
scopic method, various factors that affect linear density
measurement by the vibroscope should be taken into consid-
eration. In this study, the mechanical behavior of CNT fibers is
investigated by a vibroscope attached to a universal testing
machine (UTM), and a new procedure is proposed for more
accurate measurement of the linear density by the vibroscopic
method.

Experimental section

CNT fibers were produced by the direct spinning method, in
which a CNT fiber is directly and continuously spun from CNT
aerogel formed in a chemical vapor deposition (CVD) reactor
(Fig. 1a).® Acetone (carbon source), ferrocene (catalyst source)
and thiophene (promoter) were injected into the gas phases
along with hydrogen (carrier gas) through a controlled evapo-
ration mixer (CEM, Bronkhorst W-102A, Netherlands) and a pre-
heater. Injection lines were also heated to around 100 °C to
prevent re-condensation of reactants. The reactant composi-
tions (ESI Table S1t) were varied to control the linear densities
of the obtained CNT fibers.

The morphology of CNT fibers was analyzed by scanning
electron microscopy (SEM, FEI Helios NanoLab650, operated at
10 kV). Cross-sectional SEM images of CNT fibers were acquired
after cutting and polishing the fibers by focused ion beam (FIB)
milling (operated at 30 kV Ga* ion beam) using the same SEM
equipment.

The linear densities of CNT fibers were measured via two
methods following the ASTM D1577 procedure.?® The first was
to measure the weight of the CNT fiber of a specific length using
a microbalance (Microbalance, Sartorius CPA2P, Germany). The
weight of fiber (gauge length: 50 cm) was measured at least 10
times for each sample. The second was by mathematical
calculation from the resonance frequency, which was measured
by a vibroscope (frequency range: 500-5000 Hz). This vibro-
scope is attached to a universal testing machine (UTM, Tex-
techno FAVIMAT+, Germany), which means the tensile loads on
CNT fibers also could be measured. The resonance frequency of
a CNT fiber (gauge length: 40 mm) was measured while
increasing pre-tension from 0.05 cN in increments of 0.05 cN;
each tension was incremented at least 40 times for each sample.
The tension values for the strain values of each sample were
converted based on tension-strain graphs created from tensile
testing.

The linear density of an elastic fiber is calculated using
Mersenne's law:

.1 T
f= 22\ 1)
where, f[Hz] is the resonance frequency of vibration, L [km] is
the length of the vibrating string, T [N] is the tension applied to
the string and u [tex = g km '] is the linear density of the string.
This equation also can be derived from the theory of vibrating
strings and is explained in detail in the ESL{
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Results and discussion

As-synthesized CNT fiber (Fig. 1b) was composed of CNTs with
diameters of about 10-20 nm and I/I, ratio about 3 (ESI Fig.
S1t). CNT fiber samples #1 to #4 had differing linear densities
from 0.47 to 0.24 tex but standard deviations of samples were
less than 0.03 tex, which confirms that they had uniform linear
densities along their longitudinal direction (Fig. 1c, ESI Fig.
S2+). However, the cross-sectional shapes of as-synthesized CNT
fibers are usually far from circular (ESI Fig. S31); this is why it is
difficult to accurately define the cross-sectional area of CNT
fiber.

The vibroscopic method (Fig. 2) involves measuring the
resonance vibration frequency, the sample should behave
elastically during measurement. This specific frequency
depends on the length of the vibrating string, the amount of
tension on the string and the linear density of the string. The
relation among these three factors that affect the resonance
frequency is Mersenne's law (eqn (1)). During measurement of
linear density by the vibroscopic method, external waves with
various frequencies cause a fiber to vibrate (Fig. 2b) and the
frequency at the highest vibration intensity is chosen as a reso-
nance frequency (Fig. 2c).

The linear density measured by the vibroscopic method was
affected by strain induced by the applied tension during
measurement. All graphs (Fig. 3(a)-(d)) have two regions. At the
region above 0.05-0.1% strain, the linear density values (line
with dots) are well matched with those measured by a micro-
balance (red block). However, at the region below 0.05-0.1%
strain, the estimated linear density is much lower than that
measured using a microbalance. The relationship of vibration
intensity versus frequency for the same CNT fiber differed at
strains of 0.05% and 0.51% (Fig 3a, inset; ESI Fig. S4 and S57).
In contrast to the graph for CNT fiber at a strain of 0.51%, the
graph showing strain at 0.05% has multiple peaks without any
numeric multiple relation, so a resonance frequency cannot be
accurately determined. This means that if the linear density of
a CNT fiber is measured by a vibroscopic method under
a tension that generates strain below 0.05-0.1%, the linear
density estimate can shows large errors. The intensity—
frequency curves vary continuously with the strain values (ESI
Movie S17). For measurement of linear density of a fiber by
a vibroscope, ASTM recommends tension values of 0.3-0.5 cN
per tex.>* Although tension was applied in the 0.3-0.5 cN per tex
range (calculated by applied tension divided by a measured
linear density of each CNT fiber) for measurements, the
measured linear density values show large errors (Fig. 3). The
linear density measurement of graphene oxide (GO) fiber with
a hierarchical structure also shows similar results (ESI Fig. S67).
It appears that the vibroscopic method as described by the
ASTM for measurement of linear density of hierarchically
structured fibers, such as CNT and GO fibers, may not provide
the optimum procedure.

Whereas the ASTM procedures for measuring linear density
of a fiber by a vibroscope are documented based on a single
fiber, the CNT fiber is not a single fiber, rather it has
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Fig.1 (a) Photographs of synthesis equipment of CNT fiber by the direct spinning method. (b) Photograph of synthesized CNT fiber. (c) Table of
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Fig. 2

(a) Photograph of the vibroscope on UTM. (b) Graphical description of the vibroscopic method. (c) Plot of vibration intensity [a.u.] versus

frequency [Hz] of a sample with a single peak, which corresponds to the resonance frequency of a sample. Using this resonance frequency, the

linear density of a sample can be accurately estimated.

a hierarchical structure composed of a large number of CNT
bundles and CNTs of various sizes (Fig. 4a, ESI Fig. S71). Baer
et al. explained, using stress—strain curves, that the mechanical
behavior of a fiber with a hierarchical structure is different from
that of a single fiber.*® Stress—strain curves have three regions:
a toe region, a linear region and a plastic region. Compared with
the stress-strain curve of a single fiber, in a hierarchically
structured fiber, an additional toe region is present before the
elastic region where each constituent bundle in the hierarchi-
cally structured fiber is fully stretched. The hierarchically
structured fiber can therefore behave elastically only after all the
bundles are fully stretched (Fig. 4b). When CNT fibers are
partially stretched (toe region), the applied force is distributed
preferentially on the fully stretched CNT bundles until the other
CNT bundles are stretched, which increases the modulus of the
CNT fiber. However, when the CNT fibers are fully stretched
(elastic region), the force applied to the fibers is distributed

This journal is © The Royal Society of Chemistry 2017

among all the CNT bundles, and the modulus of the CNT fibers
becomes stable.

The slope of the load-strain curve of each sample measured
by UTM yield the modulus-strain curves which also show two
distinguished regions (Fig. 4d). The load-strain curve of a single
fiber usually shows two distinct regions: elastic and plastic. In
the elastic region, the load-strain curve of a single fiber is
linear, so the modulus-strain plot of a single elastic fiber should
be invariable in contrast to the plot shown in Fig. 4d. The region
showing variable modulus in Fig. 4d is characteristic of a fiber
with hierarchical structures during tensile testing. Variations in
the slope of the load-strain curves have been reported in various
studies with different hierarchical structured materials**>* and
also with CNT fibers.”” Therefore, when the linear density of
CNT fibers with hierarchical structures is measured by a vibro-
scope, reliable and accurate measurement is guaranteed only
under appropriate tension, in which CNT fibers show an elastic
response.
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Fig. 3 (a—d) Linear density versus strain graph of samples #1 to #4 measured by the vibroscopic method. The red block in each graph indicates
the range of the linear density of each sample measured using a microbalance for comparison. Inset images in (a) show vibration intensity [a.u.]
versus wave frequency [Hz] at 0.05% and 0.51% strain applied to sample #1.
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Fig. 4 (a) SEM image of CNT fiber with hierarchical structure. (b) Illustration of behavior of the CNT fiber with hierarchical structure in the toe
region. (c) Load-strain graph of each CNT fiber obtained by UTM. (d) Elastic modulus—strain graph of each CNT fiber at strain values below 0.3%.

The gauge length also affects the accuracy of the linear equipment for resonance frequencies. If gauge length is too long
density measurement. This influence is also related to the use of or too short, the fundamental resonance frequency is decreased
appropriate tension values and the detection range of vibroscope or increased respectively, and can sometimes be out of the
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detection range. Based on Mersenne's law, a longer gauge length
leads to a lower fundamental resonance frequency, which
requires a higher tension on the CNT fibers to bring the
fundamental resonance frequency into the detection range of
the vibroscope. This increase in tension also causes the CNT
fibers to respond in the elastic region; so increasing the gauge
length reduces the probability of false measurement of linear
density. However, very high applied tension may affect the actual
measurement of the mechanical behavior of CNT fibers. There-
fore, both gauge length and applied tension are critical experi-
mental parameters that must be determined for accurate
measurement of the mechanical properties of CNT fibers.

Based on careful investigation throughout this study, a new
procedure is proposed to accurately measure the linear density
of a hierarchically structured fiber such as a CNT fiber by
a vibroscopic method (ESI Fig. S8t). The measurement consists
of five steps: (1) obtain the load-strain curve using a universal
testing machine (UTM) and draw the modulus-strain graph; (2)
determine the appropriate strain value for which a hierarchical
fiber behaves elastically; (3) determine the gauge length, at
which the fundamental resonance frequency, calculated
according to Mersenne's law, is within the detection range of
a vibroscope; (4) measure the resonance frequency by applying
the pre-determined tension to the hierarchical fiber with the
pre-determined gauge length; and (5) calculate the linear
density of the fiber based on Mersenne's law. Following such
a procedure will drastically reduce the probability of an inac-
curate measurement.

Conclusions

In conclusion, a new procedure is proposed for accurate
measurement of the linear density of CNT fibers with hierar-
chical structures via a vibroscopic method. Since the vibro-
scopic method exploits the resonance phenomenon in
a sample, the sample should behave elastically under the
applied tension during the measurement. In their stress-strain
curves, materials with hierarchical structures display a region
called the “toe region” in which the individual components in
the structure behave independently. Therefore, the linear
density of CNT fibers in the toe region measured by the vibro-
scope can differ greatly from that measured using a microbal-
ance. The determination of the appropriate tension to be
applied to a hierarchically structured fiber is of critical signifi-
cance to ensure accurate linear density measurement. In addi-
tion to intrinsic speed and convenience when combined with
UTM, the proposed procedure for linear density measurement
allows for more accurate and effective use of the vibroscopic
method.
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