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ABSTRACT Carbon nanotube fibers can be fabricated by the chemical vapor deposition spin-
ning process. They are promising for a wide range of applications such as the building blocks of
high-performance composite materials and micro-electrochemical sensors. Mechanical twisting is
an effective means of enhancing the mechanical properties of carbon nanotube fibers during fabri-
cation or by post processing. However, the effects of twisting on the mechanical properties remain
an unsolved issue. In this paper, we present a two-scale damage mechanics model to quantita-
tively investigate the effects of twisting on the mechanical properties of carbon nanotube fibers.
The numerical results demonstrate that the developed damage mechanics model can effectively
describe the elastic and the plastic-like behaviors of carbon nanotube fibers during the tension
process. A definite range of twisting which can effectively enhance the mechanical properties of
carbon nanotube fiber is given. The results can be used to guide the mechanical twisting of car-
bon nanotube fibers to improve their properties and help optimize the mechanical performance
of carbon nanotube-based materials.
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I. INTRODUCTION
Carbon nanotube (CNT) fibers have been shown to possess impressive physical properties such as

low density, high strength and modulus[1], great thermal and electrical conductivity[2–5], which make
them promising to be used for high-performance composite materials, micro electrochemical sensors and
artificial muscles etc. Some macro-tensile tests show that the tensile strengths of CNT fibers produced
by using different synthesis routes[1,4,6–10] range from 0.3 to 10 GPa, which are much higher than those
of other commercial fibers but far below than those of carbon nanotubes (CNTs) (≈ 150 GPa)[11]. Thus
the mechanical properties of CNT fibers limit their further applications to a certain degree.

As an effective method, twisting is often used to improve the mechanical properties of fibers. In recent
years, there have been extensive researches on the twisting effects on macroscopic CNT assemblies, such
as CNT bundles[12,13], CNT ropes or yarns[14–17]. By increasing the contact areas between CNTs and the
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density of CNT fibers, the interaction between CNTs becomes strong and the mechanical properties of
these materials are distinctly improved. Many works revealed that the load transfer between neighboring
tubes was significantly enhanced after twisting in a single walled carbon nanotube (SWCNT) bundle;
some specific tensile properties of CNT yarns including strength, toughness, modulus and Poisson’s
ratio can be affected significantly by the twisting. Generally, the yarn’s specific strength, toughness
and specific modulus initially increased with an increase of the twisting angle, peaked at a certain
twisting angle and then started to decrease as twisting became excessive. Liang and Upmanyu[14]

developed a hybrid atomistic-continuum model to investigate the effects of twisting on the size of the
assembly of CNT ropes. For CNT yarns spun using downsizing ancient technology, the ratio of twisted
fiber tensile strength (σf) to the tensile strength of the CNTs (σb) was predicted approximately as
σf/σb ≈ cos2 α (1− k cscα), where α is the twisting angle, k is a coefficient related to CNT diameter,
length, and friction between CNTs[18]. In addition, Shi et al.[19] investigated the effects of helical shape of
CNTs on the elastic properties of CNT-reinforced composites using a micromechanics model developed.
For most previously studied CNT fibers, they are usually simple twisting-induced assemblies of single
or ultiwalled CNTs such as bundles or ropes rather than hierarchical structures and their damage
during the loading process is generally not concerned. While for CNT fibers produced by the chemical
vapor deposition spinning process[20], they often have complicated multi-level structures which, in turn,
induce complicated load transfer and damage evolution during the loading process. In this case, both
the defects of CNTs and the debonding and/or sliding between CNTs or CNT bundles can be regarded
as damage, which is crucial for the load transfer in CNT fibers. During the fabrication or subsequent
process of such CNT fibers, mechanical twisting has been actively pursued as an effective means to
tailor the mechanical properties of CNT fibers. Unfortunately, the physical mechanism underlying the
twisting treatment of improving the mechanical properties of CNT fibers is still unclear owing to the
complicated hierarchical structures.

Therefore, the purpose of this paper is to quantitatively investigate the mechanism of the twisting
effects on the mechanical properties of CNT fibers. Considering the hierarchical structures of CNT
fibers, we have developed a two-scale damage mechanics model on the basis of the traditional parallel
bar model[21] to investigate the effects of twisting on the elastic properties during the tension process
from the damage mechanics point of view. It should be mentioned that, for such CNT fibers with
hierarchical structures, the stochastic damage mechanical methods[21] can also be used to study their
mechanical behaviors.

II. DAMAGE MECHANICS MODEL FOR TENSION BEHAVIORS
OF TWISTED CNT FIBERS

As shown in Fig.1(a), CNT fibers produced
in the chemical vapor deposition spinning pro-
cess have complicated multi-level structures, which
can be classified into CNT bundles and amor-
phous CNT threads. The CNT bundles have con-
sistent orientations and are usually arranged par-
allel, while the amorphous CNT threads, being
much thinner than CNT bundles, fill between CNT
bundles to form a certain network structure[22].
The multi-level structures of twisted CNT fibers
including the CNT bundles and the amorphous
CNT threads, are shown in Figs.1(a)-(d). During
the twisting process, the CNT fibers become thin-
ner while the contact areas between CNTs are in-
creased. However, when the twisting exceeds a cer-
tain extent, CNTs and CNT bundles in the fibers
may slide and even fracture. For twisted CNT
fibers, the twisting angle θ as shown in Fig.1(b)

Fig. 1 The microscopic morphologies of CNT fiber (a) and
the model schematic of twisted CNT fiber ((b)-(d)). (a) A
Scanning Electron Microscope (SEM) image observed on the

fiber surface[22]. (b) Twisted CNT fiber with a certain twist-
ing angle θ. (c) Complicated structures classified into CNT
bundles and amorphous CNT threads. (d) CNTs in the CNT
bundle have consistent orientation and are arranged parallel.

is used to describe the extent of twisting. In this paper, the twisting angle θ of each CNT bundle is
assumed to be constant for simplicity. For CNT fibers, tension tests are usually performed to measure
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their mechanical properties and examine the effects of twisting. When the CNT fibers are tensioned,
the CNT bundles mainly bear the loads, while the amorphous CNT threads act as imperfect interfaces
between CNT bundles to bear the shear stresses. Then the load is transferred to the bundles and the
CNTs in the fibers. With an increase of the load, the degree of the curling of the CNT threads will be
reduced and can even become straight, enabling the threads to bear tension stresses instead of shear
stresses. Furthermore, the fracture of CNTs and the debonding and sliding between CNTs or bundles
occur and induce energy dissipation. Then the fiber will be enabled to bear an increasingly large load,
which induces a plastic-like stress-strain relationship. During the loading process, the damage is initiated
and continues to accumulate with the increase of the load, and apparentt effects on the stress transfer
in the fiber. In the following, we will develop a two-scale parallel bar model to describe such plastic-like
behavior of the fiber and account for the effects of the twisting.

The twisted CNT fiber is assumed to consist of N CNT bundles with the twisting angle θ, where n
CNT bundles have initiated damage. Furthermore, these N CNT bundles include Mi (i = 1, 2, · · · , N)
CNTs respectively and in the n damaged CNT bundle there are mi (i = 1, 2, · · · , n) damaged CNTs.
We use kf to denote the average stiffness of the twisted CNT fiber without damage, and it is a constant
for a certain twisting angle θ. k′f, a random variable, is used to denote the equivalent stiffness of the
twisted CNT fiber in which some CNT bundles have been damaged. In addition, the length of the
twisted CNT fiber is L. The internal force of the ith (i = 1, 2, · · · , N) CNT bundle, fi, is composition
of forces of Mi (i = 1, 2, · · · , N) CNTs consisted in the ith (i = 1, 2, · · · , N) CNT bundle. It should
be noted that the forces in damaged CNTs and those in non-damaged CNTs are different. Thus, the
internal force of the ith (i = 1, 2, · · · , n) damaged CNT bundle, fi, is

fi =

Mi∑
mi+1

kf

M1 +M2 + · · ·+MN
z cos θ +

mi∑
1

k′f
M1 +M2 + · · ·+MN

z cos θ (1)

For the ith (i = n+ 1, n+ 2, · · · , N) non-damaged CNT bundle, we have

fi =

Mi∑
1

kf

M1 +M2 + · · ·+MN
z cos θ (2)

In Eqs.(1) and (2), z and z cos θ are the extension of the twisted CNT fiber and the CNT bundle due
to the active force F , respectively. kf/(M1 +M2 + · · ·+MN) and k′f/(M1 +M2 + · · ·+MN) are the
average stiffness and equivalent stiffness of each CNT, respectively. The equilibrium of internal forces
along the longitudinal direction of CNT bundle can be written as

F ′ =

n∑
i=1

(
Mi∑
mi+1

kf

M1 +M2 + · · ·+MN
z cos θ +

mi∑
1

k′f
M1 +M2 + · · ·+MN

z cos θ

)

+

N∑
i=n+1

Mi∑
1

kf

M1 +M2 + · · ·+MN
z cos θ (3)

where F ′ = F cos θ. Then by introducing ri = Mi/(M1 +M2 + · · ·+MN) (i = 1, 2, · · · , N) and
ωci = mi/Mi (i = 1, 2, · · · , n), we can obtain the expression of active force F ,

F =

N∑
i=n+1

kfzri +

n∑
i=1

kfzri (1− ωci) +

n∑
i=1

k′fzriωci (4)

The variables ωci (i = 1, 2, · · · , n) are the measurement of damage in the CNT bundles and ri
(i = 1, 2, · · · , N) are fraction factors of each of CNT bundles to the fiber. The continuum form of Eq.(4)
can be readily recovered by setting F = σA0, kf = EfA0/L, k′f = βfkf, and z = εL, in which σ is the
axial component of the nominal stress and A0 is the cross-sectional area of the twisted CNT fiber. The
term ε is the axial component of the nominal strain, and βf is the stiffness ratio which can be a random
variable. Then,

σ = Ef

[(
1−

n∑
i=1

riωci

)
+ βf

n∑
i=1

riωci

]
· ε (5)
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As ωci (i = 1, 2, · · · , n) is the damage of individual CNT bundle, the damage of CNT fiber can then

be expressed as ωf =
n∑
i=1

riωci. A clear implication can be seen from Eq.(5) that when ωf = 0, i.e., no

damage is initiated, σ = Efε. That is, the twisted CNT fiber with a certain twisting angle behaves
elastically. While ωf = 1, i.e., damage has occurred in all CNT bundles of the CNT fiber, σ = Efβfε,
where βf is now equal to zero so that σ = 0. In other words, the twisted CNT fiber cannot bear any
load. Consequently, a rationble stress-strain relationship is obtained by this model.

For simplicity, we consider the twisted fiber as an ideal structure. All CNT bundles have the same
number of CNTs and all damaged bundles have the same number of damaged CNTs, i.e., Mi = M
(i = 1, 2, · · · , N) and mi = m (i = 1, 2, · · · , n). Thereby, Eq.(5) can be simplified to

σ = Ef

[(
1−

n

N
ωc

)
+ βf

n

N
ωc

]
· ε (6)

where ωc = m/M , and n/N ranges from 0 to 1, while n and m are not constant in the tension process.
The Young’s modulus Ef of twisted CNT fibers without damage in Eq.(6) initially increases with

the increase of the twisting angle, then reaches a plateau and finally starts to decrease as the twisting
becomes excessive[16]. Ef can be viewed as a function of the twisting angle, i.e., Ef (θ), and it can be
expanded into a Taylor series,

Ef (θ) =
∞∑
n=0

En
f (0)

n!
θn (7)

When these undetermined coefficients En
f are determined, the function Ef (θ) can be obtained.

Usually, the modulus of the CNT fiber can be expressed as a following quadratic function of the
twisting angle,

Ef (θ) = A (θ − θE)2 + Ef max (8)

where θE is the twisting angle at which the modulus reaches the maximal value Ef max, and A is a
constant. When θ = 0, it yields

Ef (0) = Aθ2
E + Ef max (9)

Thus, A = (Ef (0)− Ef max)/θ
2
E . Then, the modulus function Ef (θ) can be rewritten as

Ef (θ) =
Ef (0)− Ef max

θ2
E

(θ − θE)
2
+ Ef max (10)

In this paper, the damage variable ωf can be phenomenologically defined as the decrease of the
stiffness of the twisted CNT fiber. Based on the continuum damage model[23], the damage variable ωf

can be written as

ωf = 1−
k′f
kf

= 1− βf (11)

From Eq.(11), we easily have

βf = 1− ωf = 1−
n

N
ωc (12)

For the tension process of the fiber, we assume the damage is only a following piecewise function of
the axial strain component ε.

ωc =

⎧⎪⎪⎪⎨
⎪⎪⎪⎩

0 (ε < ε0)

ε− ε0
ε+ (ε1 − ε0)/C

(ε0 ≤ ε < ε1)

1 (ε ≥ ε1)

(13)

in which ε is the axial strain component of twisted CNT fibers, and ε1 is the critical axial strain
component, i.e., the elongation of CNT fibers when the damage variable ωc = 1, and C is a constant.
During the tension of the twisted CNT fiber[24], the elongation of twisted CNT fibers usually varies
with the twisting angle θ and can be given approximately as

ε1 = y0 +B sin
[ π
w

(θ − θc)
]

(14)

The parameters of y0, B, w and θc can be determined using relevant experimental results.
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III. RESULTS AND DISCUSSIONS
The stress-strain curves obtained from the constitutive model characterized by Eq.(6) show the

tensile response of twisted CNT fibers under axial tension and can explain the mechanism of twisting
effects on their tensile properties. The parameters of this model are related to those of the twisted CNT
fibers of different lengths, cross-sectional areas, and synthetic patterns. The values of these parameters
are found to be Ef (0) = 12.7 GPa, Ef max = 68.4 GPa, ε0 = 1%, θE = 24.7◦, y0 = 0.173, B = 0.0368,
w = 0.1229, θc = −0.027 rad = −1.547◦ based on the experimental results[24]. Additionally, C and
n/N are given as 7 and 0.85, respectively. The stress-strain relationships can be obtained and are shown
in Fig.2. The tension process of twisted CNT fibers is divided into three stages, i.e. the initial linear
stage, the nonlinear stage induced by the evolution of damage, and the final failure of fibers. With an
increase of the twisting angle, the tensile curves tend to rise and the fracture of the fibers may occur.
In a definite range of twisting approximately below 28◦, the larger the twisting angle is, the greater the
tension stress is at the same strain level. But beyond the range the tensile stress will decline. Twisting
makes the contact between CNTs closer and the Van der Waals and friction forces between CNTs larger.
The tensile strength of CNT fibers is therefore improved. While over twisting which may make CNTs
in fibers slip and even fracture, weakens the tensile strength. It shows a good agreement between the
results in this paper and the experimental tensile curves[24]. Thus, it is feasible to use the two-scale
damage mechanics model to describe the tension behaviors of non-twisted or twisted CNT fibers. The
parameters in the model can be further modified to study CNT fibers in other cases.

Figure 3 plots the variation of CNT fibers’ Young’s modulus Ef with the twisting angle θ. It demon-
strates that the Young’s modulus increases with an increase of the twisting angle until it reaches the
highest value of about 25◦, then the modulus begins to decline as the twisting angle continues to in-
crease. The Young’s modulus is related to CNT fibers’ complicated structure and internal interaction
which are affected by twisting as mentioned above. Figure 3 shows that the best twisting angle is about
25◦ at which the Young’s modulus reaches the highest value. Although the twisting can improve the
mechanical properties of CNT fiber, the excess twisting will destroy the structures of CNT fibers and
then make the load-carrying capacity reduced.

IV. CONCLUSIONS
In this paper, a two-scale damage mechanics model is developed to investigate the mechanical

properties of twisted CNT fibers. The stress-strain curves obtained from the model show the twisting
treatment can enhance the mechanical properties of CNT fibers. It is pointed out that the optimized
twisting angle range for best improving the CNT fiber under discussion is from 25◦ to 28◦, which is
consistent with previous experimental results[24]. It is shown that the two-scale model developed can
effectively describe the tensile behaviors of CNT fibers. Furthermore, the physical mechanism underlying
the load transfer in the CNT fiber is also revealed. This study not only shows how the twisting improves
the mechanical properties of the CNT fiber, but also is helpful to the design of CNT-based fiber materials.

Fig. 2. Stress-strain curves of CNT fibers for different twist-
ing angles.

Fig. 3. Variation of elastic modulus Ef with the twisting
angle θ.
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