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A B S T R A C T

The mechanism of carbon nanotube (CNT) alignment during stretching was examined by

the in situ characterization of carbon nanotube networks (CNTNs) under tensile strains

using X-ray and Raman scattering techniques. A method of quantifying the inhomoge-

neous alignment of macroscopic CNTNs is explored based on bulk property measurements

of their electrical anisotropy and X-ray diffraction diagrams. The results show that the pro-

cess of stretch-induced alignment of CNTNs included straightening the waviness of the

long nanotube ropes, as well as the self-assembling and denser packing of the nanotubes.

For samples at a strain of 40%, the fraction of aligned nanotubes was as high as 0.85. The

aligned fraction of CNTs serves as an important parameter for the quality control of the

alignment process and numerical simulations of structure–property relationships of

CNTNs and their composites.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Carbon nanotubes (CNTs) possess excellent electrical [1], ther-

mal [2], and mechanical [3] properties; however, because of the

inherent anisotropy of their cylindrical structures, the perfor-

mance of macroscopic carbon nanotube networks (CNTNs) is

usually suppressed by the misalignment of constituent nano-

tubes. Researchers have studied various techniques to manip-

ulate the orientation of carbon nanotubes. de Heer et al. [4]

aligned pure CNTs by drawing suspension through a micro-

pore filter. Zhang and Iijima [5] used argon gas flow inside

the laser ablation reactor to align the nanotubes. Smith et

al., [6] Chen et al., [7] and Kamat et al. [8] applied strong mag-

netic fields, alternating currents (AC) and direct current (DC)

electric fields, respectively, during the filtration/deposition of

CNT suspension to achieve alignment. And Martin et al. [9]

aligned CNTs dispersed in epoxy resin with both AC and DC

electric fields. While these methods successfully aligned
er Ltd. All rights reserved
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nanotubes without the aid of other additives, the sample sizes

were very limited and scaling up is not easily achieved. Other

methods of nanotube alignment included the addition and

mixture of polymer materials. Haggenmueller et al. [10]

aligned CNTs in poly(methyl methacrylate) (PMMA) through

solvent casting and melt mixing. Other researchers have tried

various mechanical stretching techniques to align CNTs with

the assistance of binder materials, including polyhydroxyami-

noether (PHAE) [11], polyurethane acrylate (PUA) [12], polypro-

pylene (PP) [13], and polyvinyl alcohol (PVA) [14,15]. The weight

percentages of polymers in these composites were up to 50%,

which significantly limited the properties of the resultant

materials. On the other hand, the direct alignment of neat

CNTs was only achieved through spinning of continuous

CNT fibers either from the CVD furnace [16] or vertical nano-

tube arrays grown on substrates [17–20]. Recently, our group

[21] demonstrated the stretching of macroscopic neat CNTNs

of millimeter-long nanotubes that are commercially available.
.
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A 40% elongated post-stretch multi-walled carbon nanotube

(MWCNT) sheet yielded more than a 200% improvement in

tensile strength, 22-fold improvement in Young’s modulus,

and 40% increase in electrical conductivity along the stretch

direction. The exceptional properties achieved from the

stretched CNTNs prompts the need to better understand the

mechanism of CNT alignment under stretching strain. The

assessment of the aligned fraction is of significant importance

for both quality control of CNTN alignment and structure–

property relationship studies of the aligned networks. The

most frequently used technique of characterizing the align-

ment of fibers/fibrils using X-ray scattering was explored by

Hermans [22,23] in 1946. Developed to derive the orientation

of cellulose fibers, the degree of alignment as determined by

the Hermans orientation function has been applied to the

characterization of the alignment of micrometer long carbon

nanotubes [24] and their polymer composites [13]. Recogniz-

ing that the X-ray study alone would overestimate the una-

ligned fraction of CNTs, Fischer et al. [25] further improved

this approach by incorporating polarized Raman scattering.

The aligned fraction as determined by Fischer’s method is

thus a more accurate indicator of the percentage of aligned

CNTs, because Raman scattering strongly discriminates non-

CNT impurities in the networks while detecting all nanotubes

regardless of crystallinity [26].

In situ X-ray and Raman scattering techniques were em-

ployed to monitor the structural evolution of stretch-aligned

CNTNs in this study. The experimental results demonstrated

in microscale that layered wavy long nanotube ropes/bundles

resulted in inhomogeneous alignment in different regions of

the network. Thus, an alternative approach of determining

the aligned fraction of stretch-aligned networks of long CNT

ropes over macroscopic dimensions was studied. The aligned

fraction as derived from the measurements of electrical

anisotropy of the network and the corresponding X-ray dif-

fraction diagram was proposed for the characterization of

alignment in inhomogeneous and macroscopic stretch-

aligned CNTNs.

2. Experimental

We used the randomly oriented, commercially available

sheets of long MWCNTs manufactured by Nanocomp Technol-

ogies Inc. (Concord, NH). The sheets consisted of millimeter-

long and small-diameter (3–8 nm) MWCNTs with a range of

2–5 walls, providing an aspect ratio up to 100,000 [27]. Substan-

tial nanotube entanglements and possible interconnections

that arose from Nanocomp’s proprietary floating catalyst syn-

thesis and aero-gel condense method can be observed in the

scanning electron microscope (SEM) image shown in Fig. 1a.

The sheets were formed by long spaghetti-like ropes 10–

100 nm in diameter. The carbon nanotube sheets were cut into

rectangular shapes of 1 · 4 cm. The samples (2 cm in gauge

length) were mounted onto an Anton Paar TS-600 tensile

stage, which allowed the in situ investigations of the straining

process using both X-ray and polarized Raman scattering

techniques. The TS-600 stage has a window of 15 · 15 mm,

which allows the X-ray beam to impinge on the sample. How-

ever, when used inside the micro-Raman system, the laser
beam was not limited to this scope as the stage was mounted

with the sample facing the objective lens.

The small angle X-ray scattering (SAXS) and wide angle X-

ray diffraction (WAXD) measurements were performed on a

Bruker NanoSTAR system with an Incoatec IlS microfocus

X-ray source operating at 45 kV and 650 lA. The primary beam

was collimated with cross-coupled Göbel mirrors and a pin-

hole of 0.1 mm in diameter, providing a Cu Ka radiation beam

(k = 0.154 nm) with a beam size about 0.15 mm in full width

half maximum (FWHM) at the sample position. The small-an-

gle scattering intensity was measured on a two-dimensional

multiwire Hi-STAR detector. The wide-angle diffraction inten-

sity was captured by a Fuji Photo Film image plate, and read

with a Fuji FLA-7000 scanner.

The in situ Raman spectroscopic characterization was car-

ried out on a Renishaw inVia micro-Raman system using a

785 nm excitation wavelength (1.58 eV) diode laser. Typical la-

ser power was 0.5 mW with a 50· magnification objective lens,

and the laser beam size was around 10 lm. Polarized Raman

spectra were obtained in the VV configuration. In order to

characterize the inhomogeneity of the CNTNs, an adaptor

was custom made to carry the TS-600 tensile stage on a man-

ual Leica two-axis stage in the Renishaw system. The mapping

was then obtained from repeated Raman measurements on

the sample at 3 mm intervals along the stretch direction and

2 mm intervals in the normal direction.

The anisotropy of electrical resistivity of the CNTNs was

measured using the Montgomery method [28]. Similar to the

van der Pauw method [29], four copper electrodes were at-

tached at the four corners of the stretched area. The voltage

was measured by a Keithley 2182 A Nanovoltmeter between

two adjacent electrodes while the current was applied by a

Keithley 6221 AC and DC current source between the other

two. Similar measurements were then made with all connec-

tions rotated by 90� and the current source and voltmeter

inverted.

3. Results and discussion

3.1. X-ray scattering

In order to monitor the structural evolution of the CNTNs dur-

ing mechanical stretching, we carried out simultaneous SAXS

and WAXD studies. The SAXS study was performed by scan-

ning the network at different applied strains of 0%, 10%,

20% and 30%, respectively, with a step size of 0.1 mm defor-

mation. The intensities measured by the 2D detector were

mapped with pseudo-color, forming the so-called ‘‘X-ray

nanographs’’ as shown in Fig. 1d–g. The same color code

was used for all four nanographs. It can be seen from each

nanograph image that the network was not homogeneous

at each stage. However, in general the X-ray scattering inten-

sities increased with higher applied strains, which indicated

denser packing of CNTs in the network according to the the-

ories established by Debye et al. [30,31] The observed overall

increase in the intensities indicated that instead of eliminat-

ing voids during the process, stretching made larger voids

break up into smaller ones that are distributed more evenly

in between the nanotube ropes. Such a change in the network



Fig. 1 – SEM images and X-ray nanographs of carbon nanotube networks at different strains: SEM images of networks at

strains of 0% (a), 20% (b) and 40% (c); X-ray nanographs at strains of 0% (d), 10% (e), 20% (f) and 30% (g).
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morphology is also clearly shown in the SEM images of the

CNTN at strains of 20% (Fig. 1b) and 40% (Fig. 1c).

Fischer et al. [25] concluded that the information obtained

from X-ray diffraction includes contributions from both the

nanotubes and non-nanotube constituents, e.g., voids, metal

catalyst, amorphous carbon, etc. The degree of alignment as

derived from Hermans orientation function using the X-ray

diffraction diagram would thus overestimate the unaligned

part of CNTs in the network. However, the mosaic spread of

the aligned fraction is accurately given by the X-ray diffrac-

tion diagram.

We carried out a simultaneous WAXD study on the CNTNs

at the strains of 0%, 20% and 40%. Fig. 2 shows the two-dimen-

sional X-ray diffraction images. The evolution of the anisot-

ropy of the stretch-aligned network can be clearly observed

from the arc-shaped (002) peak as the strain increased. How-
ever, in order to characterize the long range alignment of

nanotube ropes, we summed X-ray counts over the close-

packing (CP) peak [32] at the lower angle of 5� < 2h < 8�. As

shown in Fig. 3, the FWHM were 42� and 34� at strains of

20% and 40%, respectively. These values of FWHM are later

used for determining the aligned fraction of CNTNs using

our proposed method.

3.2. Raman spectra mapping

Previous studies on polarized Raman measurements show

that the G-band peak intensities are strongly dependent on

CNT orientation [26,33], thus it has been used extensively

for characterizing nanotube alignment [25,34,35]. However,

with the laser beam diameter at �10 lm, this approach only

provides accurate information about nanotube orientation



Fig. 2 – Two-dimensional X-ray diffraction images of CNTNs under stretching strains of 0% (a), 20% (b) and 40% (c). The

evolution of the anisotropy of (002) and close-packing (CP) peaks is shown.

Fig. 3 – X-ray counts summed over intervals 5� < 2h < 8�
about the (CP) peak every 0.1� in X. Black squares, red

circles, and blue triangles represent the profiles of the

network at strains 0%, 20% and 40%. Yellow curves are the

Lorentzian fits (For interpretation of the references to color

in this figure legend, the reader is referred to the web

version of this article).
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within a very limited area that is �1/200 of the X-ray beam

size. Another limitation of Raman spectroscopy is the laser

penetration depth. The 532 nm laser was reported to pene-

trate 150 graphene layers or �50 nm in depth [36], and the

647 nm laser was also reported to penetrate only the carbon

nanotubes near the surface of a CNT rope [26]. For these rea-

sons, researchers either limited the study to bundles smaller

than 1 lm [34], or carried out multiple measurements to ac-

count for possible inhomogeneity in the degree of alignment

of nanotubes at different locations within the aligned net-

work [25,37]. While such inhomogeneity was found to be rel-

atively small (�5%) in nanotubes aligned from filtration in

strong magnetic fields [25], mechanical stretching-induced

alignment of CNTs was shown to behave otherwise.
We mapped the polarized Raman spectra (VV polarization)

of two CNTNs at different strains during stretching. Corre-

sponding intensities of tangential G-band modes that peaked

at �1585 cm�1 are shown as the color maps in Fig. 4. Denote W

as the angle between the preferred axis and the polarization

vector. One network was stretched along the polarization vec-

tor (W = 0) (Fig. 4a–c), while the other was stretched perpen-

dicular to the vector (W = 90�) (Fig. 4d–f). The mapping

covered 6 · 5 points at the interval of 3 mm in the stretch

direction and 2 mm in the normal direction, with the excep-

tion of Fig. 4c and f where the widths of the networks de-

creased to �6 mm at 40% strain.

The randomness of nanotube orientation in the pristine

networks can be seen by comparing Fig. 4a and d. The differ-

ence between the average intensities of the measurements at

W = 0 and 90� was within 3%, demonstrating that equivalent

amount of nanotube rope segments parallel to the polariza-

tion vector was present in both directions. As the strains in-

creased, the trend of intensity change at W = 0 started to

differ from that at W = 90�. When the strain was applied along

the polarization vector (W = 0), the increase in alignment sur-

prisingly led to decrease in observed intensities near the

edges as shown in Fig. 4b and c. We concluded from the phe-

nomenon that the alignment of the wavy long ropes of CNTs

was not a straightforward process. Due to the complicacy of

entanglements, the value of W for an individual rope was

not approaching zero at all times during the process. Mean-

while, the small size and penetration depth of the laser beam

determined that only a limited fraction of CNT ropes could be

included in the measurements. We speculate that this anom-

aly was due to the breaking and buckling of nanotube ropes as

cracks started to propagate from the edges. This assumption

was verified by the trend shown in the mappings at W = 90�.
As the amount of nanotubes parallel to the polarization vec-

tor decreased, the intensities decreased at the strain of 20%

(Fig. 4e). However, further increasing the strain to 40%, the

intensities on the edge increased (Fig. 4f) in contrast to the de-

crease in other spots of the network, which may arise from

broken ropes that were no longer aligned.

In order to investigate the inhomogeneity of the alignment,

the coefficients of variation (CV) of the G-band intensities



Table 1 – Coefficient of variation of G-band intensities.

0% 20% 40%

W = 0 12.1 19.9 21.4
W = 90� 22.9 27.5 57.5

Fig. 4 – Raman mapping of tangential G-band modes of CNTNs under strains of 0%, 20% and 40% along ((a), (b) and (c),

respectively) and perpendicular to ((d), (e) and (f), respectively) the direction of the polarization vector. Red arrows indicate the

direction of the polarization vector; black arrows show the stretch direction (preferred axis) (For interpretation of the

references to color in this figure legend, the reader is referred to the web version of this article).
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within each mapping are summarized in Table 1. The large

variations of G-band intensities, even in the pristine networks,

demonstrated that the laser beam may have only overfilled

spots of individual long ropes thus effectively characterizing

the local curvatures of the spaghetti-like curves. Such inho-

mogeneity was greatly suppressed in networks of shorter

nanotubes, as the filtration process generated denser struc-

tures which allowed more collective sampling within the

beam size, where multiple tubes pointed at random

directions.

As the strains increased, most of the stretched network

would align along the preferred axis, with the exception of

the ropes on the edges that started to crack and deviated from

the preferred orientation. These two contrary processes gave

rise to the increased CV as the strain increased. Compared to

the alignment of shorter CNTs in strong magnetic fields

where the tubes are rotated to change their orientations to-

ward the preferred axis [38], stretching-induced alignment

of long CNT ropes is a fundamentally different process in

which the tubes are aligned through straightening the wavi-

ness of the spaghetti-like long ropes. Considering the factors

of inhomogeneity in alignment, limited laser beam size and

penetration depth of Raman scattering, and layered structure

of the CNTNs, an approach that is able to characterize the
aligned fraction of the long nanotube networks in macro-

scopic dimensions need to be explored.

3.3. Anisotropy of electrical resistivity

Electrical resistivity measurements have the merit of includ-

ing the bulk of the network under test as a whole. Therefore,

the results reflect the collective contribution of all constituent

nanotubes over macroscopic dimensions. The anisotropy of

the electrical resistivity of aligned CNTNs has been previously

studied, and a strong correlation was found between the ratio

and the aligned fraction as characterized through polarized

Raman scattering [4,25,39]. However, reverse usage of the

close relations to determine the aligned fraction is not preva-

lent because homogeneously aligned networks of shorter

CNTs were sufficiently characterized with X-ray and Raman

scattering. In order to explore an approach which character-

izes inhomogeneous aligned networks in the macroscopic

scale, we measured the anisotropy ratio in electrical resistiv-

ities to assist X-ray results in calculation of the aligned frac-

tion of CNTNs.

We followed the Montgomery method to carry out the

measurements, because the traditional in-line four probe

technique can be extraordinarily sensitive to the positioning

of the probes if the material demonstrates large anisotropy

ratios [28]. The four electrodes were attached to the samples

as illustrated in Fig. 5d, where ‘1 and ‘2 denote the distance

between the electrodes along the preferred axis and the per-

pendicular direction, and ‘3 denotes the thickness of the sam-

ple. The illustrated setup measures the resistance R2 along

the ‘2 direction. The resistance R1 along the ‘1 direction can

be measured by rotating all connections by 90�. The Mont-

gomery method then maps the anisotropic sample onto an



Table 2 – Resistivity and anisotropy ratio measured from
CNTNs under different strains.

0% 20% 40%

q?ðX cmÞ 2.5 · 10�3 7.8 · 10�3 2.1 · 10�2

qkðX cmÞ 2.4 · 10�3 2.0 · 10�3 1.7 · 10�3

A (anisotropy) 1.04 3.90 12.3

Fig. 5 – Anisotropy of electrical resistivity measured at strains of 0 (a), 20% (b), and 40% (c) using the Montgomery method (d).
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equivalent isotropic sample of dimensions ‘�1, ‘�2 and ‘�3, based

on the van der Pauw technique [40]. The resistivity values q1

and q2 of the anisotropic material can be solved from
ffiffiffiffiffiffiffiffiffiffi
q1q2

p ¼ H‘3R2 ð1Þ

ffiffiffiffiffiffiffiffiffiffiffiffi
q2=q1

p
¼ ð‘1=‘2Þ � ð‘�2=‘

�
1Þ ð2Þ

where the ratio ‘�2=‘
�
1 is obtained from the measured ratio R2/

R1 using the data of Ref. [26], H is a function of ‘�1=‘
�
2, whose

values can be found in Ref. [26]. R2 is the ratio of V/I measured

in the setup shown in Fig. 5d.

Table 2 summarizes the measured resistivity values and

anisotropy ratios. The trends of resistivity changes in the

directions parallel and perpendicular to the preferred axis

verifies the assumptions that we made about the structural
evolution CNTNs had taken under stretch-induced alignment.

As shown in Fig. 6a, the long nanotube ropes in random net-

works entangle in such a way that they create direct current

paths in both directions. After stretch-induced alignment,

the straightening and closer packing of the ropes as shown

in Fig. 6b dictates that the majority of direct current paths

are along the preferred axis. In the perpendicular direction,

conduction relies on the tunneling and hopping of carriers be-

tween walls within individual MWCNTs as well as between

adjacent nanotubes and their ropes. Assuming perfect align-

ment of nanotubes, the electrical anisotropy of an aligned

CNTN should be very similar to that as observed in graphite

[41]. The conduction in the preferred axis of aligned CNTNs

is similar to that in the basal plane of graphite, and conduc-

tion in the perpendicular direction of aligned CNTNs is simi-

lar to that through the thickness of graphite. Comparing to

the anisotropy ratio that is to the order of 103 for graphite

[42], the margin for improvement in more effective alignment

techniques is still quite large.
3.4. Determination of the aligned fraction

The aligned fraction is an indicator of the percentage of

nanotubes that are oriented within the FWHM as determined



Fig. 6 – Illustration of the structural evolution in networks of

long CNT ropes after stretching. Entangled CNT ropes in the

pristine network (a) was straightened and more closely

packed under tensile strain.
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by X-ray scattering. The value is an important input for the

structure–property relationship modeling of CNTN structures

[43,44]. By modeling an CNTN as an ensemble of 1D conduc-

tive rods, Fischer et al. [25] devised the relationship between

the anisotropy in electrical resistivities and the orientation

distribution function of CNTs as.

q?
qk
¼ hcosðWÞi
hj sinðWÞji

����
����
2

ð3Þ

where q? and qk are the resistivities perpendicular and paral-

lel to the stretch direction, respectively. The orientation func-

tions hcosðWÞi and hj sinðWÞji are defined as

hcosðWÞi ¼
Z p=2

�p=2
cosðWÞFðW;A;rÞdW ð4Þ

hj sinðWÞji ¼
Z p=2

�p=2
j sinðWÞjFðW;A;rÞdW ð5Þ

where A is the aligned fraction of the CNTN that we attempt

to determine, r is the Gaussian standard deviation, and

F(W,A,r) describes the deviation from the perfect alignment

of all constituent CNTs:

FðW;A; rÞ ¼ 1�A
p
þA

1

r
ffiffiffiffiffiffiffiffi
p=2

p e�2p2=r2 ð6Þ
FWHM ¼
ffiffiffiffiffiffiffiffiffiffiffiffi
2 ln 2
p

r ð7Þ

Based on the assumption that after stretching, only orien-

tation of the nanotubes changed during the process, the

aligned fraction A was solved from Eq. (3) by inserting the val-

ues of FWHM that were obtained from the WAXD study, and

the anisotropy ratio that was measured by the Montgomery

method.

For the pristine network with FWHM = 180� and q?=qk ¼ 1:0,

the aligned fraction was zero; for the network at the strain of

20% with FWHM = 42� and q?=qk ¼ 3:9, the aligned fraction

was 0.57; for the network at the strain of 40% with FWHM = 34�
and q?=qk ¼ 12:3, the aligned fraction was 0.85. In comparison,

we also determined the aligned fraction of stretch-aligned

CNTNs following the traditional approach through Raman

and XRD results. We calculated the corresponding values of

aligned fraction to be 0.03, 0.37 and 0.54 for strains of 0%,

20% and 40%, respectively, using the average G-band peak

intensities that were measured at each stage. While for the

pristine networks, the overestimation by the traditional ap-

proach showed the inhomogeneity that existed intrinsically

in the CNTNs. The overall underestimation of the aligned frac-

tions in the stretched networks demonstrated the limitations

of using Raman spectra in the characterization of layered

CNTNs of long carbon nanotube ropes. Deemed as a bulk mea-

surement [25], XRD results were much less limited by the

beam size and penetration depth compared to Raman mea-

surements, however the aligned fractions determined by

XRD alone were greatly affected by impurities within the

CNTNs such as amorphous carbon, metal catalysts, and voids,

etc. Such effects of impurities were mitigated in the anisot-

ropy measurements of the electrical resistivities of CNTNs,

since the nanotubes were the only material with high aspect

ratio within the network: impurities either did not conduct,

or equally contributed to the conduction in both directions.

4. Conclusion

This research furthered our early study in an effort to better

understand the mechanism of stretch-induced alignment. In

situ SAXS and WAXD, Raman spectroscopy, and electrical

anisotropy measurements were carried out during the stretch-

ing process. It was concluded that the process of stretch-in-

duced alignment of CNTNs included straightening the

waviness of the long nanotube ropes, self-assembling and

denser packing of the nanotubes. Since the alignment fraction

over macroscopic dimensions is of great importance to the

structure–property relationship studies and the quality con-

trol for manufacturing, we proposed an approach that com-

bined the electrical anisotropy and WAXD results to

determine the value for stretch-aligned networks of long

nanotubes and their ropes.
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