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Abstract: Carbon nanotubes (CNTs) are thought to have higher elastic modulus and strength than
carbon fibers. The recent development of spinnable multi-walled carbon nanotubes (MWNTs) enables
us to produce unidirectional MWNT reinforced polymer-based composites with a higher volume
fraction of CNTs. The results of tensile tests of spinnable MWNTs in scanning electron microscopes
show, however, that Young’s modulus and tensile strength of MWNTs are not as high as expected.
Annealing and developing thinner spinnable MWNTs will be the solution to improving the tensile
property. In this study, as-produced and annealed untwisted yarns composed of MWNTs with three
different diameters were prepared, and the tensile properties of spinnable MWNTs were estimated
from the tensile properties of the untwisted yarns to investigate the effect of annealing and diameter
on the overall tensile property of MWNTs. Furthermore, tensile tests of unidirectional MWNT
reinforced epoxy composites were conducted and the contribution of the tensile property of MWNTs
to the bulk tensile property of the composite was discussed. As a result, it was found that MWNTSs
with thinner diameters had higher Young’s modulus and tensile strength and annealing improved
Young’s modulus of MWNTs, in addition to that the bulk tensile property of unidirectional MWNT
reinforced epoxy composites was primarily determined by the tensile property of MWNTs. The
results support previous findings from a limited number of tensile tests in SEM/TEM, and also reveal
the validity of estimating the tensile properties of individual CNTs by tensile testing of untwisted
yarns. In addition, the discussion on composite materials suggests that the tensile property of
composite materials can be enhanced by improving the tensile property of MWNTs.

Keywords: carbon nanotube; tensile property; annealing; diameter; untwisted yarn; unidirectional
reinforcement

1. Introduction

Carbon nanotubes (CNTs) are tubular nanofibers made of graphene and are thought
to have higher elastic modulus and strength than carbon fibers. The ideal Young’s modulus
and tensile strength are thought to be around 1 TPa and 100 GPa, respectively [1-3]. In order
to utilize the excellent mechanical property of CNTs, various research works have been
conducted. In recent years, research on dry spinning technology for multi-walled carbon
nanotubes (MWNTs) has been reported [4-15]. The major approach is to draw out MWNTs
from vertically grown MWNTs on a substrate, which is called a CNT forest or a CNT array.
By pinching one end of a CNT forest and pulling it out horizontally, MWNTs can be drawn
continuously because of the van der Waals forces among MWNTs. The drawn MWNT
network structure is referred to as a CNT web, where MWNTs are almost aligned in the
drawn direction. Thus, a unidirectionally aligned MWNT sheet can be made by winding a
CNT web on a mandrel [7], or an MWNT spun yarn can be made by drawing and twisting
a CNT web [4]. It was also reported that an untwisted MWNT yarn can be made by passing
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a CNT web drawn through a die without twisting [15]. These MWNT assemblies have
the advantage that they can be used as fiber preforms for composite fabrication, because
the MWNT assemblies can be densified while maintaining the unidirectional orientation
of MWNTs. Research on developing high-performance polymer-based composites using
MWNT assemblies has been conducted [16-32]. For example, Kim et al. [31] have reported
composite materials with more than 200 GPa of Young’s modulus and 2 GPa of tensile
strength by using untwisted yarns. However, the reported tensile properties of composite
materials are much smaller than the values predicted by the rule of mixtures and the ideal
tensile properties of CNTs.

For the direct evaluation of the tensile strengths of CNTs, tensile tests of CNTs in a
transmission electron microscope (TEM) or a scanning electron microscope (SEM) have
been conducted [33—40]. The reported tensile strengths of CNTs were, however, fairly lower
than the ideal tensile strength of CNT. Our experiments for spinnable MWNTSs [38,40]
showed that the tensile strength was around 10 GPa. The discrepancy probably arises from
defects of MWNTs [38]. The result means that the tensile property of spinnable MWNTs
should be improved for increasing the tensile property of composite materials fabricated
by using MWNT assemblies as the preform.

The tensile property of spinnable MWNTs can be improved by annealing of spinnable
MWNTs at an elevated temperature more than 2000 °C and developing spinnable MWNTs
with thinner diameters. Annealing can remove the structural defects in MWNTs such as
vacancy and kink [37], and decreasing the diameter of spinnable MWNTs corresponds
to reducing the number of walls of spinnable MWNTs, resulting in the increasing load
carrying capacity of MWNTs [33,39]. Both are expected to increase the tensile property
of MWNTSs.

Tensile testing of CNTs in an SEM is a cutting-edge technique, but the testing method
requires a special instrument and is not suitable if many data sets are needed. In addition, a
CNT is a brittle material and thus must be very sensitive to defects, but the gauge length of
the technique is limited to around 10 pm. In order to evaluate the overall tensile property
of a CNT that contributes to the bulk tensile property of CNT reinforced composites, tensile
testing of CNTs in an SEM is not always preferable. Thus, the authors have proposed a new
method for evaluating the overall tensile property of spinnable CNTs by using the tensile
property of untwisted CNT yarns [41]. An untwisted yarn is a CNT bundle composed of
lots of unidirectionally aligned CNTs where the number of CNTs is on the order of 10°.
Since an untwisted yarn with higher density can break in a brittle manner due to breakage
of CNTs, as explained in the later section, it is possible to estimate the tensile strength of a
CNT from the tensile strength of an untwisted yarn as well as Young’s modulus of a CNT.

In this study, as-produced and annealed untwisted yarns composed of MWNTs with
three different diameters were prepared, and the tensile properties of spinnable MWNTs
were estimated from the tensile properties of the untwisted yarns to investigate the effect of
annealing and diameter on the overall tensile property of spinnable MWNTs. Furthermore,
tensile tests of unidirectional MWNT reinforced epoxy composites were conducted, and the
contribution of the tensile property of MWNT to the bulk tensile property of the composite
was also discussed.

2. Materials and Methods
2.1. Carbon Nanotube

The spinnable carbon nanotubes used were multi-walled carbon nanotubes grown
on silicon substrates produced by a chemical vapor deposition method using iron chlo-
ride (FeCl,) as the catalyst [10] or a two-step floating catalyst chemical vapor deposition
method using ferrocene (Fe(CsHs),) as the catalyst [12,14]. Details of raw materials and
the processes are described in [10,12,14]. Three carbon nanotubes with different diameters
were prepared. The average diameters were 10 nm, 25 nm and 40 nm. The dimensions and
fabrication method of prepared carbon nanotubes are summarized in Table 1.



J. Compos. Sci. 2022, 6, 389 30f18

Table 1. Fabrication method and dimensions of carbon nanotubes.

10 nm CNT 25nm CNT 40 nm CNT
Fiber length 0.2 mm 0.5 mm 1.0 mm
Number of layers 67 19-26 41-48
. Two step float . .
Synthesis method catalysts CVD Chloride mediated CVD
Catalyst Fe(CsHs), FeCl,
2.2. Epoxy

Bisphenol A type epoxy adhesive film was used as matrix. The curing condition was
80 °C for 1 h followed by 130 °C for 3 h.

2.3. Fabrication of Carbon Nanotube Untwisted Yarn

Untwisted yarns can be produced by passing a CNT web through a die as shown in
Figure 1, where CNTs are almost aligned in the drawn direction [15]. The die diameter was
50 pum for the 10 nm CNT and 100 um for the 25 nm CNT and 40 nm CNT. The drawing
speed was 10 mm/s. The untwisted yarns were then densified by applying ethanol to
untwisted yarns and drying [41]. The SEM images of densified untwisted yarns are shown
in Figure 2 and the densities are listed in Table 2. In this study, the amount of a CNT web
was controlled so that the density of the densified untwisted yarns was around 0.4 g/cm?.

CNT forest CNT web

Untwisted yarn

W o
0.2~ 1 mm ([ Pultrusion

i

Substrate for CVD $=100, 50 ym

Figure 1. Fabrication method of untwisted CNT yarn.

(b)

Figure 2. SEM images of untwisted CNT yarns. (a) Untwisted yarn produced from 10 nm CNT.
(b) Untwisted yarn produced from 25 nm CNT. (c) Untwisted yarn produced from 40 nm CNT.
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Table 2. Density of untwisted CNT yarns.

10 nm CNT 25 nm CNT 40 nm CNT
As-produced 0.41 g/cm? 0.52 g/cm3 0.31 g/cm?
Annealed 0.37 g/cm3 0.50 g/cm3 0.32 g/cm3

2.4. Annealing

Densified untwisted yarns were stored in a carbon crucible and the crucible was placed
in a resistance heating furnace. After evacuation, Ar gas was introduced into the furnace.
The temperature in the furnace was increased at the rate of 20 °C/min up to 2800 °C and
kept at 2800 °C for 1 h for annealing.

2.5. Measurement of Crystallinity of CNT

The crystallinity of MWNT was characterized by using Raman spectroscopy (XploRA,
Horiba Ltd, Kyoto, Japan). The crystallinity was defined as the intensity ration (I /Ip) of
the G-band (1580 cm ') and D-band (1350 cm ') of the Raman spectra, where the G-band
arises from the stretching of C-C bonds and the D-band results from disordered structures
of graphene. Thus, a higher I5/Ip ratio means better crystallinity. Raman spectra of
three points were measured for each condition, and the averaged value was used as the
representative I/ Ip ratio.

2.6. Fabrication of Unidirectional MWNT Reinforced Epoxy Composite

Unidirectional MWNT reinforced epoxy composites were fabricated as shown in
Figure 3. Five untwisted yarns were closely placed on an epoxy adhesive film and hot-pressed.

| Metal plate |
| Silicon rubber |

Untwisted yarns WL Teflon sheet

| silicon rubber |
| Metal plate |
Epoxy film

Figure 3. Fabrication of unidirectional MWNT reinforced epoxy composite.
The volume fraction of CNT was evaluated by using the following equation.

wr
Vent = —FPNT %100 (1)

ZUf lfwf
PCNT Om

where pcnr is the density of MWNT (assumed to be 2.1 g/cm? for 40 nm CNT, 1.9 g/cm3
for 25 nm CNT and 1.6 g/cm? for 10 nm CNT; see Appendix A for details), oy is the density
of epoxy (1.16 g/cm?) and w ¢ is the weight fraction of MWNT that was calculated from the
weight of the untwisted yarns used and the resulting composite.

2.7. SEM Observation

A field emission scanning electron microscope (FE-SEM) (SU8030, Hitachi High-Tech
Corporation, Tokyo, Japan) was used for observations of untwisted yarns and the fracture
surfaces of composite materials. The scanning transmission electron microscopy (STEM)
mode of the FE-SEM was used for observations of MWNTs.
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2.8. Tensile Test

To evaluate the tensile properties of untwisted yarns and composite specimens, tensile
tests were conducted by using the following method, which was similar to the tensile
testing method in JIS R7606, “Carbon fibre—determination of the tensile properties of the
single filament specimens”. An untwisted MWNT yarn or a composite specimen of 5 cm
long was glued at both ends on a U-shaped paper mount with adhesive (cyanoacrylate
type), as shown in Figure 4. The gauge length was set to 15 mm. After a specimen adhered
to a paper mount was chucked, the paper mount was cut along the dashed line in the center
before the tensile test. The tensile tests were conducted at a crosshead speed of 1 mm/min
at room temperature in air. A non-contact extensometer was used to measure elongation.
The number of tests was 5 or more in each fabrication condition. The cross-sectional area
was evaluated from an FE-SEM image of a fracture surface.

65 |
1
Target for displacement
25 |15 e .
| |_—7 measurement
/ 4 )
o
N R
/ . Unit: mm

Adhesive Cutting line Untwisted yarn or
composite specimen

Figure 4. Specimen and paper mount.

3. Results
3.1. Crystallinity of MWNT

The intensity ratios I/ Ip are listed in Table 3.

Table 3. Crystallinity of MWNTs before and after annealing.

10 nm CNT 25 nm CNT 40 nm CNT
As-produced 14 1.9 2.9
Annealed 194 19.2 17.5

The intensity ratios of as-produced yarns were 1.4-2.9 and those of annealed yarns
increased to around 20 for every diameter. The results indicated that the annealing signifi-
cantly reduced the number of defects in MWNTs.

3.2. Tensile Property of Untwisted Yarn

Typical stress—strain curves of untwisted yarns are shown in Figure 5. The initial
elastic modulus and tensile strength are plotted in Figures 6 and 7, respectively. The initial
elastic moduli were calculated from the slope between ¢ = 0.05% and 0.25% . In the figures,
the error bars represent the maximum and minimum values. Figures 8-10 show side views
of typical breaking points of untwisted yarns. As stated previously, the lengths of MWNTs
were 200 um for the 10 nm CNT, 500 um for the 25 nm CNT and 1000 pm for the 40 nm
CNT. Except for the untwisted yarn of the as-produced 10 nm CNT, the length involved
in the fracture surface of an untwisted yarn was much shorter than half the CNT length,
implying that the tensile strength of untwisted yarns was mainly governed by breakage of
MWNTs5, not slippage between MWNTS, as discussed later. In contrast, the length involved
in the fracture surface of the untwisted yarn of as-produced 10 nm MWNT was about half
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of the MWNT length (i.e., 100 pm), and thus the final failure of the untwisted yarn would
be dominated by slippage between MWNTs.

—— 10 nmCNT (as-produced)
600 T —— 10 nmCNT (annealed)
25 nmCNT (as-produced)
500 | —— 25 nmCNT (annealed)
—— 40 nmCNT (as-produced)
§ 400 F —— 40 nmCNT (annealed)
; 300 &
2
&a 200 /J)J .
100 | ) o U i
0 i 1 1
0 1 2 3

Strain [%]

Figure 5. Typical stress—strain curves of CNT untwisted yarns.
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o
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B~
o
T
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(=]
T

[
E .
10 25 40

Diameter [nm]

— N
o O
T T

[
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Figure 6. Initial modulus of CNT untwisted yarns.

600

® as-produced
A annealed

500

400 ]

(8]
S
(e
T
1

200

100

10 25 40
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o

Figure 7. Tensile strength of CNT untwisted yarns.



J. Compos. Sci. 2022, 6, 389 7 of 18

(b)

Figure 8. Side views of breaking point of 10 nm CNT untwisted yarn: (a) as-produced; (b) annealed.

(b)

Figure 9. Side views of breaking point of 25 nm CNT untwisted yarn: (a) as-produced; (b) annealed.

(b)

Figure 10. Side views of breaking point of 40 nm CNT untwisted yarn: (a) as-produced; (b) annealed.

3.3. Evaluation of Tensile Properties of MWNT

Young’s moduli of MWNTs were roughly estimated by using an analytical method
proposed by the authors [41]. In the analysis, an untwisted yarn is modeled as a CNT
surrounded by an equivalent homogeneous medium, as shown in Figure 11. The normal
stress distribution in the axial direction of the CNT is evaluated by using a shear-lag model,
and the secant modulus of the untwisted yarn is obtained as a function of the applied stress
to the yarn. According to the analytical method, Young’s modulus of a CNT composed of
an untwisted yarn Ecyt can be roughly estimated from the initial elastic modulus of the
untwisted yarn Eygy.

E

E _ Eyarn
CNT fo

where V), is the packing fraction of the CNT in the untwisted yarn. The packing fraction

of the CNT of a yarn was calculated as the density of a yarn divided by the density of an

@
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MWNT, where the density of a yarn was determined from the linear density of a yarn and
the cross-sectional area, and the density of the MWNT was assumed to be 2.0 g/ cm?.

Homogeneous medium

Figure 11. Analytical model of untwisted CNT yarn.

In this paper, the cross-sectional area of MWNT A was defined as the area enclosed by
the outmost graphene layer, i.e.,, A = 7d? /4, where d is the diameter of the MWNT.

An untwisted yarn is considered as a unidirectionally aligned bundle of MWNTs, and
load transfer between MWNTSs occurs due to shear stress acting on MWNT surfaces. Since
the aspect ratio of MWNTs is considerably high, an untwisted yarn can be regarded as a
unidirectionally aligned bundle of a continuous MWNT from the mechanical point of view.
Next is discussed the ultimate strength when tensile loading is applied to an untwisted
yarn. The situation is exactly the same as the discussion for the ultimate strength of a
unidirectionally reinforced composite material by Curtin [42]. Curtin pointed out that
successive fiber fragmentation occurs before final failure if tensile loading is applied to a
composite, and the ultimate strength of the composite is governed by the statistical property
of the tensile strength of fiber, fiber dimensions and shear stress acting on fiber surfaces.
The important point in Curtin’s discussion is that increasing tensile loading causes the
accumulation of fiber breakage, and the composite fails when the load-carrying capacity of
the composite reaches the maximum value as a result of the accumulation of fiber breakage.
That means that the ultimate strength of the composite is mainly governed by fiber breakage,
and similarly the tensile strength of an untwisted MWNT yarn is mainly governed by the
breakage of the MWNT if continuum mechanics is applicable to an untwisted MWNT
yarn. Thus, the average tensile strength of MWNTs composed of an untwisted yarn can
be roughly estimated from the tensile strength of the untwisted yarn if the failure mode is
supposed to be the breakage of MWNTs.

Let us consider a situation that an untwisted yarn breaks without slipping MWNTs
until the final failure. The situation gives the highest tensile strength of an untwisted yarn.
In this case, the axial tensile stress of every MWNT is uniform. Thus, the force equilibrium
provides the relationship between the tensile strength of the untwisted yarn op 4/, and the
tensile strength of the MWNT 03 cnT.

UB,yarn = ‘TB,CNTfo (3)

As a second situation, assume that load transfer between MWNTs is performed by
slippage between MWNTs. This implies that shear stress acting on the surface of an MWNT
due to van der Waals forces from adjacent MWNTs is uniform. If the length of the MWNT
is enough long, the untwisted yarn can fail due to breakage of MWNTs. Among such
situations, the lowest tensile strength is given when the normal stress in the center only
reaches the tensile strength of an MWNT, as shown in Figure 12. In this case, the force
equilibrium gives the following equation between the tensile strength of the untwisted
yarn and the tensile strength of the MWNT.

UB,CNT
UByarn = 2 Vp f 4)
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Figure 12. Normal stress distribution in CNT in the case of full slippage.

The above two situations provide a range of an estimate of the tensile strength of

an MWNT.

UB,yarn 2 UB,yarn

©)

< ogcnt <
Vs Vor

3.4. Tensile Properties of MWNT

Young’s moduli and tensile strengths of MWNTs were estimated by using
Equations (2) and (5) from the tensile properties of untwisted yarns. The results are plotted
in Figures 13 and 14. In the figures, the error bars represent the maximum and minimum
values. Note that estimating the tensile strength of the as-produced 10 nm CNT from
Equation (5) is not valid as mentioned, and thus the estimate is not plotted in Figure 14.

— 300
::E @ as-produced
g A annealed
[E }
O L f
S 200 %
=
E $ -
=]
g 100 r 1
20
=]
: ]
=0

10 25 40

Diameter [nm]

Figure 13. Young’s modulus of CNT estimated from the tensile property of yarn.

—= 5
Q? ® as-produced
g A A annealed
g
& 3¢t -
S
on
g2 '
17
! i -
2
)
=0

10 25 40

Diameter [nm]

Figure 14. Tensile strength of CNT estimated from the tensile property of yarn.

The figures show that annealing improved Young’s modulus, especially of the 10 nm
CNT and 40 nm CNT. Yamamoto et al. [37] suggested that annealing at an elevated temper-
ature reduces the defects in MWNTs and improves Young’s modulus. In contrast, annealing
did not improve the tensile strengths in our case. The reason will be discussed later.
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Concerning the diameter, 25 nm CNT and 10 nm CNT showed higher Young’s modulus
and tensile strength than 40 nm CNT for as-produced and annealed CNTs as expected.
Young’s modulus of annealed 10 nm CNT was higher that of annealed 25 nm CNT, but
Young’s modulus of as-produced 10 nm CNT was almost equal to that of as-produced
25 nm CNT. The tensile strength of the annealed 10 nm CNT was not higher than but
almost equal to that of the annealed 25 nm CNT. One possible reason for the trend on
Young’s modulus is that the crystallinity of the as-produced 10 nm CNT was lower than
the as-produced 25 nm CNT. The reason behind the trend of tensile strength is discussed
later in the paper.

3.5. Tensile Properties of Unidirectional MWNT Reinforced Epoxy Composite

Young’s moduli and tensile strengths of composite specimens are shown in
Figures 15 and 16. Young’s moduli were calculated from the slope between £ = 0.05% and
0.25% . Since the volume fractions of the CNT had large scatter, the results are plotted as
a function of the volume fraction of the CNT. Young’s modulus and the tensile strength
of epoxy, E = 3.5 GPa and o = 60 MPa, where both are typical values of general-purpose
epoxy, are plotted because the tensile tests of epoxy adhesive film were not feasible.

E o O 10nm CNT I I E A I I gl I
&) A 25nm CNT O e}
~— 40| O 40nmCNT . = 40} .
2 2
5 A 5 ot
=301 = =30t o |
= A = o
= =
g2t g % S 200 g '
= oo o g = &
& 10 | e . o 10 O 10nm CNT
g g A 25nm CNT
o o O 40 nm CNT
>-4 0 1 1 1 1 >-4 0 1 1

0 5 10 15 20 25 0 5 10 15 20 25

Volume fraction [%] Volume fraction [%]

(a) (b)

Figure 15. Young’s modulus of unidirectional MWNT reinforced epoxy composite: (a) as-produced;
(b) annealed.

= 300 . . = 300 . .
Ay O 10nm CNT [a W % ’1)2 :ﬁ:: $¥
E‘ é i(; ﬂ g§¥ E‘ (@] sommeNT| 2O
= 200 200 °o
g 200 N g 2007 ‘
_2 . o] 2 OAOAl
0 o S O
=] o O
g 10 oo o, ] S 100} g~ .
- Boo o <
a a
o o
H 0 1 1 1 1 [_‘ O I | L L
0 b 10 15 20 25 0 5 10 15 20 25

Volume fraction [%] Volume fraction [%]

(a) (b)

Figure 16. Tensile strength of unidirectional MWNT reinforced epoxy composite: (a) as-produced;
(b) annealed.
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Side views and front views of a typical fracture surface are shown in Figures 17 and 18.
The specimen was produced by using untwisted yarns of as-produced 40 nm CNT. The
fracture surface was perpendicular to the loading direction, and the pull-out length of the
MWNT was about 5 um or less, which was much smaller than the length of the MWNT, i.e.,
1000 um. Figure 18c also shows that the epoxy resin was well impregnated into MWNT
yarns. The fracture surface and the state of resin impregnation into yarns were similar to
the other composite specimens. It is noteworthy that the morphology of the fracture surface
was quite similar to conventional unidirectional continuous fiber reinforced composites.
The observation suggested that the fracture mode of the unidirectional MWNT reinforced
epoxy composites was fiber breakage.

(@) (b)

Figure 17. Side view of fracture surface of composite specimen (as-produced 40 nm CNT/epoxy):
(a) low magnification; (b) high magnification; (c) enlarged image of a part of figure (b).
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Figure 18. Fracture surface of composite specimen (as-produced 40 nm CNT/epoxy): (a) low
magnification; (b) high magnification; (c) enlarged image of a part of figure (b).

4. Discussion
4.1. Effect of Evaluation Method of Tensile Property of MWNT

The authors of this paper conducted tensile tests in n of three MWNTSs with about
30 nm diameters [40], which were produced by the same method for producing a 25 nm
CNT and whose crystallinity was almost the same as that of the as-produced 25 nm CNT.
The average Young’s modulus and tensile strength obtained by the tensile tests in an SEM
were 197 GPa and 8.4 GPa, respectively. Young’s modulus and tensile strength of the
as-produced 25 nm CNT estimated from the tensile properties of untwisted yarns in this
study were 165 GPa and 2.6 GPa, respectively.

With regard to Young’'s modulus, the value obtained by tensile tests in an SEM was
similar to the value estimated from the tensile properties of untwisted yarns. The result
means that the estimating method described in Section 3.3 can provide a reasonable estimate
of Young’s modulus of spinnable MWNTs.

On the other hand, the tensile strength obtained by tensile tests in an SEM was about
three times higher than the estimate from tensile properties of untwisted yarns. It is well
known that tensile strength may be affected by the risk volume, especially if the specimen
fails in a brittle manner. Assuming that the two-parameter Weibull distribution model
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is applicable to the tensile strength of an MWNT, the effect of the risk volume on tensile
strength can be predicted [43] by
%! Ve2 )
V(12 6
ov2 <%1 ©

where oy is the tensile strength of a specimen, V, is the effective volume of a specimen and
m is the shape parameter. The effective volume is calculated from

o m
Ve:V/<%) av @)

where 0y is the maximum tensile stress that arose in a specimen. For simplicity, let us
assume that tensile stress in a CNT is uniform. Substituting /; = 10 pm and d; = 32 nm for
a tensile test of a CNT in an SEM [40], I, = 500 um and d» = 25 nm for a tensile test of an
untwisted yarn, and m = 2.7 [38] into Equation (6) yields

1
oyl lzd% "
— = | — ~ 3.5 8
(%70) (lld% ( )

s|=

Note that Equation (8) gives the upper limit, because the tensile stress acting on a CNT
in an untwisted yarn may not be uniform as a result of slippage between CNTs. Equation (8)
is a rough evaluation, yet provides a reasonable estimate of the ratio of tensile strengths in
our experiments. This implies that the difference between the tensile strength obtained by
a tensile test of a CNT in an SEM and an estimate from the tensile strength of an untwisted
yarn was primarily caused by the difference in the risk volumes.

4.2. Kink and Disordered Structure of Fracture of CNT

Shirasu et al. [38] pointed out that a discontinuity of graphene layers such as a kink and
a disordered structure would be the fracture origin of a MWNT. Thus, STEM observations
of MWNTs before and after annealing were conducted, and the STEM images are shown in
Figures 19-21. In the figures, kinks exist in graphene layers where MWNTs bend sharply,
and defects exist in graphene layers where the color is darker. Figures showed that kinks
and disordered structures existed in as-produced CNTs and did not disappear by annealing
at 2800 °C for 1 h even though the crystallinities of annealed CNTs were significantly
improved, implying that the remaining kinks and disordered structures in annealed CNTs
are the reasons why the tensile strengths were not improved by annealing.

50 um

(a) (b)
Figure 19. STEM images of 10 nm CNT: (a) as-produced; (b) annealed.
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Figure 20. STEM images of 25 nm CNT: (a) as-produced; (b) annealed.
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Figure 21. STEM images of 40 nm CNT: (a) as-produced; (b) annealed.

The tensile strength of the annealed 10 nm CNT was not higher than but similar to that
of the annealed 25 nm CNT, contrary to our expectation. This was also probably because of
the remaining kinks and disordered structures, and the tensile strength of MWNTs might
be very sensitive to kinks and disordered structures when the diameter of MWNTs is thin.

4.3. Tensile Property of Unidirectional MWNT Reinforced Epoxy Composite

The composite materials produced in this study were reinforced by discontinuous
nanotubes but were regarded as continuous reinforcement because the aspect ratios of
MWNTs used were extremely high, i.e., 20,000 or more. To discuss the contribution of the
tensile property of MWNTs to the bulk tensile property of composite materials, Young’s
moduli and tensile strengths of MWNTs were estimated backward by using the rule of
mixtures and the Young’s moduli Ecomp and tensile strengths 0p comp of unidirectional
MWNT reinforced epoxy composites.

Ecomp = EcntVenr + Eepoxy(l - VCNT) )

UB,comp = ‘TB,CNTVCNT + Eepoxysf,comp(l - VCNT) (10)

where E,poxy is Young’s modulus of epoxy, Venr is the volume fraction of CNT and
€f,comp 18 the failure strain of a composite material. Note that the accuracy of the above
backward estimation is not high because of the considerable simplifications of modeling
and uncertainties of the volume fractions of CNT, but the estimates will provide useful
information if compared with the rough estimates in Section 3.4.

Figures 22 and 23 show the estimates. The error bars in the figures represent the
maximum and minimum values. The backward estimates of Young’s moduli and tensile
strengths ranged from 96298 GPa and 0.8-1.9 GPa, respectively. Nam et al. investigated
the effect of diameter [29] and annealing [32] on the tensile property of unidirectional
MWNT reinforced epoxy composites produced by using MWNT sheets as the preform.
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Young’s moduli of MWNTs were estimated by using the rule of mixtures, as in this study,
and they found that annealing and decreasing the diameter of MWNTs were effective to
increase Young’s modulus. The trend was similar to that shown in Figure 22.
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Figure 22. Estimated Young’s modulus of CNT by the rule of mixture.

= 3
A ® as-produced
g A  annealed
S, _
) 2 E

9

=

=)

g

5]

= 1f I 1
w

2

7

=

(]

=0

10 25 40
Diameter [nm]

Figure 23. Estimated tensile strength of CNT by the rule of mixture.

In addition, the estimates from the tensile properties of untwisted yarns shown in
Figures 13 and 14 ranged from 52-220 GPa and 0.9-2.6 GPa, respectively. The estimates from
untwisted yarns provided similar values obtained by the backward estimates. The results
mean that the bulk tensile property of composite materials was primarily determined by
the tensile property of MWNTs.

Curtin [42] proposed a model predicting the ultimate tensile strength o;, of unidirec-
tional fiber reinforced composite materials provided that the reinforcing fiber is brittle, the
tensile strength of the reinforcing fiber obeys the two-parameter Weibull distribution and
Young’s modulus of the matrix is much lower than that of the reinforcing fiber.

1
2\ (m+1
%= Vf"c(m+z> (m+2) ()

1
oM tLy\ m1
0. = ( 0 - 0) (12)

where 0, is

where T is the shear stress acting on fiber surfaces near both ends of broken fibers in the
matrix, r is the diameter of the fiber and L is the fiber length when the tensile strength
distribution was measured. The shear stress acting on fiber surfaces T can be estimated
from the pull-out length appearing in a fracture surface of an untwisted yarn, according to
Ref. [42], and the estimate was 0.6 MPa in our case [41].
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For example, let us assume that the shape parameter m is improved from 2.7 to
10 and substitute Ly = 10 um, r = 16 nm, oy = 8.4 GPa [40] and T = 0.6 MPa [41] into
Equation (11). The trial calculation gives the result that the tensile strength of the composite
material will be improved as much as about two times. Since the scatter of the tensile
strength of MWNTs is too large, decreasing the scatter will fairly improve the tensile
strength of composite materials as well as increase the tensile strength of MWNTs.

5. Conclusions

In this study, as-produced and annealed untwisted yarns using spinnable MWNTs
with three different diameters were prepared, and the tensile properties of spinnable
MWNTs were estimated from the tensile properties of the untwisted yarns to investigate
the effect of annealing and diameter on the overall tensile property of spinnable MWNTs.
Furthermore, tensile tests of unidirectional MWNT reinforced epoxy composites were
conducted, and the contribution of the tensile property of MWNT to that of the composite
was also discussed. The following conclusions were obtained:

1.  Annealing at 2800 °C for 1 h and decreasing the diameter from 40 nm to 25 or 10 nm
was effective to improve Young’s modulus of MWNTs.

2. Decreasing the diameter of MWNTs from 40 nm to 25 or 10 nm was effective in
improving the tensile strength but annealing at 2800 °C for 1 h was not effective in
improving the tensile strength. STEM observations suggested that this was probably
because the annealing did not result in the significant decrease in kinks or disordered
structures such as discontinuity of graphene layers.

3. For the as-produced 25 nm CNT, the estimate of Young’s modulus from the tensile
properties of untwisted yarns was close to the experimental result of tensile tests of
the as-produced 30 nm CNT in an SEM, but the estimate of the tensile strength was
about one third of the experimental tensile strength in an SEM. The difference in the
risk volumes is the reason for the discrepancy in the tensile strengths.

4. The bulk tensile property of unidirectional MWNT reinforced epoxy composites was
primarily determined by the tensile property of MWNTs.

These results support previous findings from a limited number of tensile tests in an
SEM/TEM, and also reveal the validity of estimating the tensile properties of individual
CNTs using simple tensile tests of untwisted yarns. In addition, the discussion on composite
materials suggests that the tensile property of composite materials can be enhanced by
improving the tensile property of MWNTs.
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Appendix A

The density of MWNT can be evaluated by the outer and inner diameters (or the
outer diameter and the number of layers) based on the specific surface of graphene and
the distance between layers assuming that a multi-walled carbon nanotube is composed of
concentric shells [44]. By using the values in Table 1, we can evaluate the density of MWNTs
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used in our study according to Ref. [44]. The evaluated densities were 2.06-2.19 g/ cm? for
a 40 nm CNT, 1.75-2.09 g/cm3 for a 25 nm CNT and 1.51-1.69 g/c:m3 for a 10 nm CNT.
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