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Abstract The multi-scale deformation and interfacial me-
chanical behavior of carbon nanotube fibers with multi-level
structures are investigated by experimental and theoretical
methods. Multi-scale experiments including uniaxial tensile
testing, in situ Raman spectroscopy, and scanning electron
microscopy are conducted to measure the mechanical re-
sponse of multi-level structures within the fiber under ten-
sion. A two-level interfacial mechanical model is then
presented to analyze the interfacial bonding strength of
mesoscopic bundles and microscopic nanotubes. The evo-
lution characteristics of multi-scale deformation of the fiber
are described based on experimental characterization and
interfacial strength analysis. The strengthening mechanism
of the fiber is further studied. Comprehensive analysis
shows that the property of multi-level interfaces is a critical
factor for the fiber strength and toughness. Finally, the
method of improving the mechanical properties of fiber-
based materials is discussed. The result can be used to guide
multi-level interface engineering of carbon nanotube fibers

and fiber-based composites to produce high performance
materials.
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Introduction

Carbon nanotube (CNT) fibers exhibit high mechanical prop-
erties and possess good thermal and electrical conductivity [1,
2], that indicate potential as multi-functional materials. Study-
ing the strengthening and toughening mechanisms of CNT
fibers is critical to the future applications of fibers and fiber-
based composites.

CNT fibers are characterized by multi-level structures
including macroscopic fiber, mesoscopic bundle networks,
and microscopic nanotubes. Many studies have shown that
the multi-level structures and interfacial load transfer direct-
ly influence the macro-mechanical performance of these
fibers. Jia et al. [3] studied the effect of nanotube structures
on tensile properties of CNT fibers and pointed out that
thinner wall thickness, smaller tube diameter, and longer
tube length increased the fiber strength. Motta et al. [4]
found that collapsed nanotube structures with large diame-
ters increased the contact area between neighboring nano-
tubes compared with round ones, thereby improving the
load transfer efficiency and forming high-performance
fibers. Boncel et al. [5] reported that the reinforcement of
inter-bundle interfaces by chemical treatment increased the
strength and toughness of the fiber. In addition, some studies
demonstrated that the inter-bundle interaction could be en-
hanced by making better oriented bundle networks or close-
ly packed structures through post-spin treatments, such as
twisting [6, 7] and solvent densification [8].
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Theoretical simulations [9–12] are effective methods to
study the interfacial load transfer of nanotubes. Qian et al.
[11] found through molecular simulations that surface tension
and inter-tube corrugation were the two major factors in inter-
tube load transfer. Zhang et al. [12] investigated the pressure
effect on interfacial friction within CNT bundles and found
that the friction increased four times when the pressure applied
to the bundle was beyond a critical value. Meanwhile, prog-
ress has been made in experimental investigation of mechan-
ical properties of CNT fibers. For example, based on the
Raman stress sensitivity of CNTs, Raman spectroscopy was
used to study the deformation behavior of CNT fibers. From
Raman testing, Ma et al. [13] suggested that the strength of
CNT macroarchitectures was controlled by the strength of
inter-bundle junctions. By Raman and X-ray diffraction meas-
urements, Vilatela et al. [14] identified the non-uniform load
transfer between bundles as the major factor limiting the fiber
strength. Li et al. [15] investigated the deformation mecha-
nism of CNT fibers using Raman spectroscopy and implied
that the strength was related to internal interfaces. However,
in-depth understanding of the role of interfaces in fiber defor-
mation as yet remains elusive. Thus, there is a need to inves-
tigate the relationship between strength/toughness and multi-
level structures as well as interfaces if fiber mechanical per-
formance is to be improved.

In this paper, the structural deformation and interfacial
mechanical behavior of CNT fibers are investigated. To
begin, multi-scale experiments including macroscopic uni-
axial tensile testing, microscopic Raman spectroscopy, and
mesoscopic scanning electron microscopy (SEM) are used
to measure the mechanical response of multi-level structures
under tension. A two-level interfacial mechanical model is
then presented that is used to analyze the interfacial bonding
strength at the bundle and nanotube levels. Next, the char-
acteristics of multi-scale deformation of the fiber are de-
scribed based on the experimental and theoretical analysis.
Finally, the relationship between fiber strength/toughness
and interfacial properties is discussed.

CNT Fiber and Principle of Raman Measurement

CNT Fiber with Multi-Level Structures

The CNT fibers used for this study were prepared from the
chemical vapor deposition (CVD) aerogel process [2], with
diameters typically in the range of 130–150 μm (Fig. 1(a)).
The mesoscopic structure of the fiber consists of relatively
thick, straight bundles and fine, curly threads preferentially
aligned along the fiber axis (see the SEM image of Fig. 1(b)).
The bundles and threads have diameters ranging from 30 to
100 nm. Transmission electron microscopy (TEM) images
(Fig. 1(c, d)) show the microscale structure of the fiber. The

CNTs within bundles (threads) are double-walled and their
diameters are approximately 8 to 10 nm. Owing to their large
diameters, these double-walled nanotubes (DWNTs) appear
flattened with a “dog-bone” cross-section [16] (Fig. 1(d)).

CNT fibers are featured by multi-level structures (Fig. 2).
At the bundle level, the straight and thick bundles filled with
fine, curly threads constitute mesoscopic networks with
preferential alignment along the fiber axis (Fig. 2(b)), At
the nanotube level, the microscopic structure is composed of
flattened DWNTs that are closely stacked into bundles and
threads, similar to graphitic layer stacks (Fig. 2(c)). There-
fore, interfacial contact and load transfer in the fiber occur
between both the mesoscopic bundles/threads and the mi-
croscopic nanotubes.

Principle of Raman Measurement for CNTs

In recent years, Raman spectroscopy has been effectively
applied in experimental mechanical measurements [17–22].
Raman scattering is sensitive to the interatomic distance and
the Raman band frequency shifts with strain that is applied to
Raman-activematerials. For CNTs, the strain exerted on nano-
tubes extends or shortens the C−C bond, causing Raman shift
in the spectrum [23, 24]. The common Raman signatures of
CNTs include the so-called radical breathing mode (RBMs)
bands, the graphite (G) band, the disorder-induced (D) band,
and its overtone (G′) band. Because the G′ band is the most
sensitive to external stresses [24], its Raman shift, intensity,
and full width at half-maximum (FWHM) were analyzed and
interpreted to yield information of the deformation and inter-
facial mechanical behavior of the fiber. The Raman experi-
ment was conducted on a Renishaw’s inVia system and all
Raman spectra were obtained under a 633 nm incident/
reflected He–Ne laser light with the polarization direction
parallel to the fiber axis. Raman measurement was taken with
a 50× objective lens and a laser spot size of 2 μm (Fig. 3(a)).
The laser power was approximately 10 mW. Figure 3(b)
shows a typical Raman spectrum of an unstrained fiber with
well-defined D (1330.4 cm−1), G (1580.8 cm−1), and G′
(2652.1 cm−1) bands.

Multi-Scale Experiments of CNT Fiber

Given the multi-level structural feature of CNT fibers,
experiments were performed to measure the structural
responses of the fiber under tension at multiple length
scales. A micro-tensile loading device was used to measure
the macroscopic mechanical behavior of the fiber, and
Raman spectra were obtained to detect the microscopic
strain in the DWNTs during fiber deformation. Meanwhile,
the structural evolution of mesoscopic bundles and threads
caused by tension was analyzed through SEM.
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Uniaxial Tensile Testing

The uniaxial tensile testing of single fibers was conducted
on a homemade micro-loading device with 1 N load cell
(Fig. 4(a)). The device is equipped with a screw displace-
ment loader and a micro-force measuring device with pre-
cisions of up to 10 μm and 1 mN, respectively. This device
can record the displacement and applied force during test-
ing. Figure 4(b) gives a typical stress–strain curve of the
fiber with a gauge length of 5 mm. The fiber undergoes
three-stage deformation: (I) elastic, (II) strengthening, and
(III) damage-fracture with a long strengthening process
from 1.2 % to 11.8 %. The elastic modulus and ultimate
strength are 15.6 GPa and 0.3 GPa, respectively. The elon-
gation at fracture is 13.6 % and the absorbed energy per unit
volume before fracture is 32.5 MJ/m3, both indicating good
fiber toughness.

In Situ Raman Measurement

To detect micromechanical information during the fiber
deformation, the in situ Raman technique was employed to
measure the spectra of DWNTs. Figure 4(b) shows a plot of
frequency variation of the G′ band against fiber strain which
follows a similar trend to that of the stress–strain curve. As
strain is initially applied to the fiber, the peak frequency
shifts linearly to low wavenumbers at a rate of 2.22 cm−1 per
1 % strain, indicating that DWNTs inside the fiber are

stretched elastically. Cronin et al. [24] reported a downshift
rate of 37.3 cm−1 per 1 % strain of the G′ band in individual
strained SWNTs, 17 times that of the fiber used in this work.
Such a low downshift rate indicates poor load transfer
efficiency between bundles. The fiber yields above 1.2 %
strain and the stress increases slowly after yielding. Corre-
spondingly, the downshift rate decreases to only 0.055 cm−1

per 1 % strain. When the fiber fractures, the G′ band fre-
quency almost recovers to its initial value. This result indi-
cates that the strain of DWNTs nearly disappears after the
fiber break.

The ratio of the D and G band intensities (ID/IG) is related
to the number of defects and bond damage within individual
CNTs [25]. Table 1 shows the ID/IG values at the unstrained,
elastic (1.2 %), strengthening (5.2 %), and fractured
(13.6 %) stages. These values remain almost constant
around 0.24, which indicates no obvious damage or break-
ing of C-C bond in DWNTs during tensile deformation.

Figure 4(b, c) plot the changes of FWHM and intensity of
the G′ band against fiber strain, respectively. The FWHM
increases with fiber strain, then plateaus, and finally recov-
ers to almost its initial value after the fiber has fractured. The
intensity, however, shows an overall increasing trend indi-
cating a general enhancement in the alignment of DWNTs
along the fiber axis. In addition, the peak shape of the G′
band is asymmetrically broadened, as seen in Fig. 4(d),
which depicts three different spectral curves of the unde-
formed, 1.2 %- and 10.8 %-strained fiber. With increasing

Fig. 1 Structural characterization of CNT fiber: (a) Optical micrograph, (b) SEM image showing the fiber consists of thick, straight bundles and
fine, curly threads, (c) TEM image of bundles (threads), (d) DWNTs within bundles (threads) flattened with a “dog-bone” cross-section

Fig. 2 Multi-level structural
model of CNT fiber: (a) Macro-
scopic fiber, (b) Mesoscopic
bundle and thread networks, (c)
Microscopic flattened DWNTs;
the schematics enclosed by
dashed lines in (b) and (c) indi-
cate the interfacial contacts be-
tween parallel bundles and
between DWNT walls,
respectively
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strain, the high-wavenumber edge of Raman spectra remains
almost unmoved; but the low-wavenumber edge shows an
evident shift to lower wavenumbers. This result suggests
that non-uniform load sharing occurs during fiber deforma-
tion. Asymmetrical broadening of the Raman spectrum has
also been observed in strained CNT macrostructures [13]
and composites [26] under uniaxial loading, which is related
to the inhomogeneous stress distribution in materials.

SEM Observation

The structural evolution of the fiber before and after fracture
was investigated by SEM imaging. The fracture morpholo-
gy (Fig. 5(a)) reveals that the failure path is not uniform but
composed of many minute bundles pulled out along the
fracture. The failure mode clearly suggests that the fiber
fracture is ductile, rather than brittle, caused through inter-
facial damage. To understand better the structure changes in

the fiber, microstructures of the fracture tip (point A) and a
point 500 μm away from the fracture (point B) are studied.
The SEM image of point A (Fig. 5(b)) shows that the
bundles and threads are not only straightened along the fiber
axis, but also thinned to an average diameter of ~21 nm,
compared with the average diameter of ~29 nm of un-
strained structures. However, no significant changes are
observed in the diameter of bundles and threads at point B
(Fig. 5(c)). The structure difference between points A and B
is strong evidence of slipping that occurs between DWNTs
within bundles and threads.

Interfacial Mechanical Modeling Analysis

As is evident from multi-scale experiments, interfaces be-
tween both bundles and nanotubes play an important role in
fiber deformation, and the interfacial slipping finally results

Fig. 3 (a) Schematic of Raman
experiment, (b) A typical Raman
spectrum of the fiber with the
well-defined D, G, and G′ bands,
the inset in (b) illustrates
parameters of the Raman band
such as Raman shift, intensity,
and FWHM

Fig. 4 (a) Micro-loading de-
vice, (b) Stress–strain curve of a
CNT fiber under tensile defor-
mation (squares), variations of
Raman shift (triangles) and
FWHM (circles) of the G′ band
as a function of fiber strain, (c)
Raman intensity of the G′ band
against fiber strain, (d) Raman
spectra of the G′ band at differ-
ent fiber strains showing asym-
metrical broadening at lower
wavenumbers
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in fiber failure. Thus, a study of slipping ofmulti-level interfaces
at different stages is necessary in analyzing the deformation
mechanism of the fiber. In this section, a two-level interfacial
mechanical model is developed to compare the interfacial
strengths of mesoscopic bundles and microscopic nanotubes.

At the mesoscale, the bundles are simplified as cylinders
with diameter r (Fig. 6(a)). The interfacial bonding of bun-
dles is considered to originate from weak van der Waals
interactions. The van der Waals force between two parallel
bundles is [27]

Fbundle ¼ ALbr1 2=

16d5 2=
0

; ð1Þ

where A is the Hamaker constant with Lb and d0 the respec-
tive contact length and separation distance of the bundles.
The shear stress arises from interfacial friction and the
interfacial strength is equal to the maximum static friction.
Thus, the interfacial strength at the bundle level is

tmbundle ¼
μ � Fbundle

weLb
¼ μAr1 2=

16wed
5 2=
0

; ð2Þ

where μ is the friction coefficient. The effective contact
width, we, is defined as the width within which the gap
between two bundles is less than or equal to 3d0. Thus,

we ¼ 2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

r2 � r � d0ð Þ2
q

.

At the microscale, the flattened DWNT stacks within
bundles are similar to regular graphitic layers. Therefore,
the nanotube walls are simplified as planks with thickness t

(Fig. 6(b)). The van der Waals force between two faced
planks is [27]

Ftube ¼ AwLc
6p

1

d3
� 2

d þ tð Þ3 þ
1

d þ 2tð Þ3
 !

; ð3Þ

where Lc is the length of DWNTs with w and d the respec-
tive width and gap of DWNT stacks. Similarly, the interfa-
cial strength at the nanotube level is

tmtube ¼
μ0 � Ftube

wLc
¼ μ0A

6p
1

d3
� 2

d þ tð Þ3 þ
1

d þ 2tð Þ3
 !

; ð4Þ

where μ′ is the friction coefficient of the nanotube walls.
Therefore, the ratio of these two interfacial strengths is

a ¼ tmbundle
tmtube

¼ 3pμr1 2=

8μ0wed
5 2=
0

1

d3
� 2

d þ tð Þ3 þ
1

d þ 2tð Þ3
 !�1

: ð5Þ

By combining SEM/TEM images, the ranges of radius r
and distance between bundles d0 are determined to be 15 to
50 nm and 0.5 to 1 nm, respectively. The thickness of
nanotube walls t is equal to the intra-tube distance of
DWNTs, i.e., d is 0.35 nm [28, 29]. The friction coefficients
for nanotubes and for bundles are the same. Subsequently,
the interfacial strength ratio α is between 0.03 and 0.27. The
analysis suggests that the mesoscopic interface between
bundles is weaker than the microscopic interface between
DWNTs. Therefore, the weaker interface in the fiber is
identified and slipping beyond a critical load will first occur
at the inter-bundle interfaces.

Multi-Scale Deformation Mechanism of CNT Fiber

Based on the experimental results and interfacial modeling
analysis, the deformation mechanism of CNT fibers is

Table 1 Ratios of the D and G band intensities (ID/IG) at different
strains

Strain (%) 0 1.2 5.2 13.6

ID/IG 0.241 0.243 0.243 0.243

Fig. 5 (a) SEM image of fracture morphology of the fiber, (b) and (c) are SEM images of the microstructures at the fracture tip and at a point
500 μm away from the fracture, respectively
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described as follows. At the elastic stage, most of the load is
initially carried by straight bundles. Deformation of the nano-
tubes in these bundles increases linearly with the applied load.
The curly threads are gradually stretched but their internal
nanotubes bear very little of the load. The average stress of
nanotubes increases with fiber strain, which is consistent with
the downshift of the G' band. However, load sharing within
the fiber is non-uniform because the load borne by the nano-
tubes in bundles gradually increases whereas the nanotubes in
threads are subjected to little of the load.

As the strain increases, parts of the bundles are over-
loaded. The interfacial shear stress arises and finally exceeds
the interfacial strength. Slipping occurs initially at the bun-
dle level due to the weaker inter-bundle interfaces, which
leads to yielding of the fiber. Meanwhile, the curly thin
threads are gradually straightened to bear some of the load.
At this stage, the fiber stress increases slowly and shows
strain strengthening. The strengthening behavior arises from
the gradual bearing process of threads and the frictional
resistive force between inter-bundle interfaces.

Although more curly threads are involved in load bear-
ing, interfacial damage continuously accumulates and leads
to stress redistribution within the fiber up until the end of
strengthening stage. As reflected in the asymmetrical broad-
ening of the peak shape of the G' band, the degree of local
stress concentration becomes increasingly severe, causing

the DWNTs in bundles and threads to slide with respect to
one another, as evident in the SEM images (Fig. 5). It should
be noted that some nanotubes are not strictly stacked into
bundles and threads; but several flattened nanotubes group
together to form a sub-bundle and those sub-bundles con-
stitute a bundle (thread). Slipping may also take place be-
tween sub-bundles. Thus, interfacial slipping at meso- and
micro-scales collectively accelerates the stress redistribution
in the fiber, promotes the micro-crack propagation, and
finally leads to the fiber fracture.

Overall, the mechanical behavior of CNT fibers is closely
correlated with multi-level structures and interfaces. The
evolution characteristics of multi-scale deformation of the
fiber during three different stages are shown in Fig. 7.

Discussions and Conclusion

The present work shows that synergetic measurement combin-
ingmacro tensile testing, in situmicro-Raman spectroscopy, and
SEM is an effectivemethod for experimental mechanics that can
provide deformation characteristics of material at different struc-
tural levels, and thus for multi-scale mechanical analysis.

Through multi-scale experiments, deformation and
strengthening mechanisms of the CNT fiber with multi-
level structures were described along with interfacial modeling

Fig. 6 Schematic of interfacial
bonding strength analysis (a)
between two bundles (cross-sec-
tional view) and (b) between two
nanotube walls

Fig. 7 Evolution characteristics
of multi-scale deformation of the
fiber during three different
stages under tension
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to provide a mechanical analysis. Interfacial slipping causes the
transitions between different fiber deformation stages and
multi-level interfacial properties are the main factors affecting
the fiber strength and toughness. First, the yield after elastic
stage is related to the interfacial slipping between mesoscopic
bundles; thus the yield strength can be enhanced by improving
interfacial bonding at the bundle level. Second, fiber strength-
ening arises from the gradual load bearing in curly threads and
the interfacial friction between bundles, which can be rein-
forced through twisting fibers to reduce the distance between
bundles or by infiltrating polymers as an interfacial phase.
Finally, interfacial slipping of mesoscopic bundles and micro-
scopic nanotubes contributes together to the local stress con-
centration and results in fiber damage and fracture. The
improvement of multi-level interfacial properties should be
conducted to increase fiber performance.

The comprehensive analysis also provides inspiration in the
design of CNT fibers and composites with high strength and
toughness. Because interfacial properties play a significant role
in mechanical properties of the material, the weak interfacial
bonding should be enhanced to avoid premature slipping at the
interface and thus to obtain high strength. Furthermore, the
frictional resistive force can be reinforced by adding a flexible
interfacial phase into the material with the intent to improve the
toughness when interfacial failure occurs.
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