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Abstract

This study investigated the stress recovery of aligned multi-walled carbon nanotubes
(MWCNTs) embedded in epoxy using Raman spectroscopy, and evaluated interfacial shear
stress between MWCNTs and epoxy using shear-lag analysis. To this end, ultralong aligned
MWCNTs (3.8 mm long) were embedded in epoxy to obtain Raman spectra at multiple points
along the MWCNTs. Downshift of the G’-band due to tensile strain was measured from the
nanotube end to the center, and the strain distribution of embedded MWCNTs was evaluated
successfully. Interfacial shear stress was then estimated by minimizing the error between the
shear-lag analysis and measured strain distribution. The maximum interfacial shear stress
between the embedded MWCNTs and epoxy was 10.3—24.1 MPa at the failure strain of aligned

MWCNT-reinforced epoxy composites (0.46% strain). Furthermore, the interfacial shear stress
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between an individual MWCNT and epoxy was investigated.

Keywords: A. Carbon nanotubes and nanofibers; A. Nanocomposites; B. Stress transfer; Raman

spectroscopy

1. Introduction

Although carbon nanotubes (CNTs) are generally stiffer and stronger than carbon fibers, the

major objective of earlier studies on CNT-reinforced composite materials was to improve

properties of resin or to functionalize it, rather than to achieve high stiffness and/or strength.

Random orientation, aggregation, and low content (a few vol.%) of CNTs were obstacles to

overcome [1]. In recent years, multi-walled carbon nanotubes (MWCNTs) that can be spun into

a yarn were developed [2-8] and used as a preform of aligned MWCNT-reinforced polymer

composites to achieve good mechanical properties [9,10].

The interfacial properties between fibers and matrix affect the strength of the entire

composite. The interfacial strength between CNTs and polymer has been measured using nano-

pull-out tests [11-18]. Barber et al. [14] pulled out an individual MWCNT, which was attached

to the end of an atomic force microscope chip, from epoxy and determined the interfacial shear

strength to be 30+7 MPa. Ganesan et al. [17] developed a micro-fabricated device for pull-out

experiments of an MWCNT, and obtained the interfacial shear strength (1.8-12.5 MPa)

between an individual MWCNT and epoxy. Tsuda et al. [18] pointed out that van der Waals

force was a dominant factor of interfacial bonding in the MWCNT/PEEK system. MWCNT
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spun yarns have been applied to single-fiber composite tests [19,20] and micro-droplet tests

[21] to estimate the interfacial property between MWCNTs and epoxy. Although many

nanotube ends existed in a spun yarn, the estimated interfacial shear strength (12-20 MPa [19]

and 14.4 MPa [21]) was comparable to that obtained using pull-out tests of an individual

MWCNT. However, the interfacial properties between MWCNTs and polymer matrix remain

unclear because of the wide variety of experiment results and uncertainty about the influence

of nanotube ends in the use of spun yarns.

Successive fragmentation of fibers occurs in a long-fiber composite with increasing applied

stress, and clusters of fiber breaks induce final failure of the overall composite [22]. Tensile

stress in a broken fiber is zero at the break point and increases with increasing distance from

the fiber break by stress transfer of surrounding matrix. Characteristic of this stress recovery

affects fragmentation of an individual reinforcing fiber, and eventually strength of the overall

composite.

The interfacial properties between carbon fibers and epoxy have been investigated by

measuring the stress distribution of fibers based on the stress-induced Raman-band shift caused

by change in the inter-atomic distance [23-27]. CNTs also have Raman spectra similar to those

of carbon fibers, and the characteristic peaks shift with tensile strain [28]. Previous studies of

Raman spectroscopy for CNT-distributed polymer composites have attempted to estimate the

Young’s modulus of an individual CNT [28], and two-dimensional strain distribution mapping

near a glass fiber and a carbon fiber [29]. Debonding of CNTs from polymer matrix has been



detected using in situ Raman spectroscopy, in which a plateau in the Raman-band downshift

was measured while increasing applied strain [30-32]. An approach similar to that of

conventional carbon fibers can be applied to estimate the interfacial properties between CNTs

and polymer; however, to the authors’ knowledge, no study has measured stress recovery of

CNTs because of difficulty in synthesizing CNTs elongated enough to be observed using a

Raman microscope.

This study aims to evaluate the stress distribution of MWCNTSs using Raman spectroscopy

and to investigate the interfacial shear stress between the MWCNT and epoxy. To this end,

ultralong and aligned MWCNTs [5,8] are used to achieve multi-point measurement of Raman

spectra in MWCNTs. This study is organized as follows. Section 2 presents experiments that

measure the strain distribution of embedded MWCNTs using Raman microscopy. Section 3

evaluates the interfacial shear stress between an aligned MWCNT bundle and epoxy using

shear-lag analysis. Finally, section 4 discusses the interfacial shear stress between an individual

MWCNT and epoxy.

2. Experiments

2.1 Materials

Ultralong MWCNTs aligned vertically on a quartz substrate were used in this study. Figure

1 presents an SEM image of the MWCNT array. MWCNTs were 3.8 mm long and had a

diameter of 50 nm. These MWCNTs were synthesized from acetylene gas using a catalyst of
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iron chloride by thermal chemical vapor deposition on a bare quartz surface. The synthesizing

method is described in detail elsewhere [5,8]. A tiny part of the array (i.e., an aligned MWCNT

bundle) was picked up and embedded in epoxy. Unlike CNT spun yarns (e.g., Deng [19]),

nanotube ends did not exist in the middle of an MWCNT bundle, and this ensured uniform

stress recovery of all MWCNTs.

Figure 2 illustrates the dimensions of the specimen. An aligned MWCNT bundle was

embedded in epoxy and was loaded in tension. Bisphenol-A epoxy resin (JER 828, Mitsubishi

Chemical) and curing agent triethylenetetramine (JER TETA, Mitsubishi Chemical) were used

along with the diluent ethanol, and the weight ratio was 100:11:1. Here, ethanol was added to

facilitate void removal. The epoxy resin was first cured at 50°C for 60 minutes, and then further

cured at 100°C for 80 minutes. The influence of residual ethanol was not considered in this

study. Coupon specimens with an aligned MWCNT bundle were 40 mm long, 6 mm wide, and

1.45 mm thick. The cross-section of an MWCNT bundle was almost round as depicted in Fig.

2c. Some specimens were loaded in tension until final failure, and Fig. 2d presents a typical

SEM image of a fractured specimen. This SEM image indicated that epoxy was infiltrated well

into the MWCNT bundle. It is noted that embedding an MWCNT bundle away from the

specimen surface was ideal for stress recovery. However, the MWCNT bundle was embedded

near the surface to obtain sufficient intensity of the Raman scattering light.

Two epoxy specimens without MWCNTs were also loaded in tension up to 0.3% applied

strain to obtain the Young’s modulus and Poisson’s ratio, where the longitudinal and lateral



strains were measured simultaneously. The Young’s modulus of the epoxy, En, was 2.93 GPa,

and its Poisson’s ratio, v, was 0.378.

2.2 Raman spectroscopy

The Raman spectra of MWCNTs embedded in epoxy were obtained using a Raman
microscope (XploRA, Horiba). Table 1 lists the measurement conditions. The incident light was
polarized parallel to the MWCNT alignment. The Raman spectrum of MWCNTs is depicted in
Fig. 3, along with that of pure epoxy. Characteristic peaks of CNTs (D-band at 1350 cm™!, G-
band at 1580 cm™!, and G’-band at 2700 cm™) were observed. Although the D-band and the G-
band overlapped with large peaks of epoxy, no large peak of epoxy was observed near the G’-
band. Therefore, downshift of the G’-band was investigated in this study. The spectrum of
epoxy alone was subtracted from that of the MWCNT bundle (i.e., MWCNTs with infiltrated
epoxy) to obtain the Raman spectrum of pure MWCNTs (Fig. 4). This G’-band peak was fitted
to a Gaussian and Lorentzian curve to identify the peak wavenumber.

First, the downshift trend of the G’-band due to tensile strain was evaluated. Specimens were
loaded in tension using a tension stage (TST350, Linkam Scientific Instruments), while the
applied strain was measured using a strain gage attached near the MWCNT bundle. Both of the
crossheads of this machine were moved the same distance, and the observed position was
constant. Raman spectra were measured at strain levels up to an applied force of 200 N (23

MPa applied stress). The measurement was repeated at least five times for one strain level.



Figure 5 plots the peak wavenumber of the G’-band against the applied strain. The peak
wavenumber decreased linearly with increasing strain. The relationship between peak
wavenumber x (cm™') and dimensionless applied strain & was approximated by

Kk =-455.7¢+2700. (1)
Equation (1) enabled us to evaluate the strain of MWCNTs at an arbitrary point from the
measured wavenumber of the G’-band.

The peak wavenumber of the G’-band was 2697.654 cm’! before embedding (Fig. 3a), and
therefore, Eq. (1) suggested that the residual strain of -0.51% was generated in the MWCNT

bundle. But hereafter, the residual strain was disregarded for simplicity.

2.3 Measurement of stress recovery in the aligned MWCNT bundle

The strain distribution of an aligned MWCNT bundle was investigated. Raman spectra were
first measured at pre-determined positions of the bundle without loading. The specimen was
then loaded, and Raman spectra were again measured at the same pre-determined positions
under constant tensile strain. The measurement was repeated at least twice for one position, and
the peak wavenumber was averaged. Based on Eq. (1), strain at a position was obtained from
the difference in peak wavenumbers to remove error caused by the small fluctuation of the
initial peak wavenumber along the MWCNT bundle.

Figure 6 depicts a typical result of the distribution of the G’-band downshift amount along

the MWCNT bundle. The horizontal axis represents the distance ratio from the center of the



bundle, x/L, where x is a coordinate whose origin is the center of the bundle and L is the half-
length of the bundle. The calculated strain is also presented in the second vertical axis of Fig.
6. The strain was zero at the end of the bundle, and increased to a constant strain when
approaching the center of the bundle; this result demonstrated stress recovery of the MWCNT
bundle. The applied strain was about 0.5% in this test as listed in Table 2, and the epoxy was
almost elastic in this strain range. Although matrix-yielding occurred in a tiny region near the
end of the bundle, its influence on the strain distribution would be trivial. Epoxy has viscoelastic
nature, but its influence is not significant at the room temperature. We assumed that the strain
distribution did not alter within a time period required for the measurement.

Eight specimens were tested in this study. The interfacial properties will be investigated
further by using the results of the four specimens in which the recovered strain almost coincided

with the applied strain.

3. Evaluation of interfacial shear stress between the MWCNT bundle and epoxy

Aligned MWCNTs and resin infiltrated into the bundle behave as a unified body, and all
MWCNTs in a bundle are assumed to have the same strain distribution. Thus, stress recovery
along the bundle can be analyzed using a shear-lag model [33]. The longitudinal strain of the

bundle, ¢, is calculated by

£ =&, {1 - cosh(ﬂj sech(ns)} , )
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and the constant # is expressed as

E

m

12
{EUD (1+ Vm)ln(R/r)} ' 3)

Here, x is the position from the center as illustrated in Fig. 2b, €4y is the applied strain, 7 is the

radius of the bundle, s is the aspect ratio (=L/r), Eup is the Young’s modulus of the aligned-

MWCNT composite, En is the Young’s modulus of the matrix resin, and vm is Poisson’s ratio

of the matrix resin. The volume fraction of MWCNTs in the bundle (4%) was determined from

the weight change of an MWCNT bundle/epoxy composite measured using a thermal analyzer

(DTG-60A, Shimadzu Corporation), in which epoxy alone was removed from the composite at

high temperature. Eup was then calculated using the rule of mixture with the estimated Young’s

modulus of an individual MWCNT (680 GPa) [34]. The dimensionless parameter (R/r)

represents the size of the shearing zone of the matrix that transfers the tensile load to the fiber,

where R is the radius accompanying shear deformation. However, the shearing zone was

unclear in the experiment, and the constant n cannot be determined experimentally.

The constant # was then determined to minimize the error between the measured strain

distribution and the theoretical one. Figure 6 plots the theoretical strain distribution (solid line)

and the experiment result. The measured strain distribution agreed well with the theory. This

consistency validated the first assumption that the MWCNT bundle and epoxy impregnated

into the bundle could be considered a unidirectional composite.

The interfacial shear stress between the MWCNT bundle and the surrounding epoxy, 7, is



expressed as

ne
T, = % E,, sinh(ﬂ) sech(ns). 4)

' r
Figure 7 presents the distribution of the interfacial shear stress analyzed using the constant n
determined for the specimen investigated in Fig. 6. The maximum shear stress was predicted at
the end of the bundle, and the shear stress decreased to zero when approaching its center.

The fracture surfaces of aligned MWCNT-reinforced epoxy composites [9,10] suggested that
fiber breaks induced the final failure of composites, and that the MWCNT/epoxy interface was
intact until final failure. The failure strain of the aligned MWCNT-reinforced epoxy composite
with the MWCNT volume fraction of 4.5% was 0.46% strain [34], and the maximum interfacial
shear stress at that strain was 24.1 MPa. Table 2 lists the analyzed results for four specimens,
and the maximum interfacial shear stress was estimated to be 10.3—24.1 MPa at 0.46% applied
strain. Note that this strain was not the applied strain at which debonding was generated in the
MWCNT-bundle/epoxy specimen tested in this study.

The residual strain acting on the MWCNT bundle was disregarded in this analysis.

Consideration of the residual strain is a future work.

4. Discussion
The above estimation was the interfacial shear stress between the MWCNT bundle and epoxy,

not between an individual MWCNT and epoxy. The maximum shear stress always appears at
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the end of nanotubes (x = L), and an individual MWCNT has a very high aspect ratio (s = 76,000

in this study). In these conditions, the maximum interfacial shear stress can be calculated as

ne,
Timax — 2pp Eyp - (5)

If the stress state is similar regardless of bundle diameter (i.e., the dimensionless parameter

(R/r) representing shearing zone size is constant), the maximum interfacial shear stress can

easily be calculated.

To verify the above assumption, the stress distribution near a homogenized fiber bundle was

analyzed using the finite-element method. Figure 8 depicts an axisymmetric half-model with a

bundle radius of 60 um, considering symmetry. The model was 3 mm long, and the half-length

of the bundle was 1.9 mm. Some models with a smaller bundle radius (as well as model width)

were also prepared. The entire model was divided uniformly by four-node axisymmetric

elements. Double-nodes were arranged at the top of the bundle, and tensile stress could not be

transferred from the matrix to the bundle through the top of the bundle. Material properties as

in the shear-lag analysis were used, and the Poisson’s ratio of the bundle was assumed to be

equal to that of the matrix. The bottom of the model was fixed in the longitudinal (x) direction,

and uniform tensile displacement (0.5% strain) was applied to the top of the model.

Figure 9a depicts the contour plot of the shear strain (y.x) for the bundle radius of 60 um, and

Fig. 9b presents the shear strain y:x at the top of the bundle (x = 1.9 mm) against the distance

from the center. The shear strain was concentrated at the corner of the bundle, and decreased

quickly to zero. Here, the shearing zone radius R was defined as the distance from the center at
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which the shear strain was less than the threshold (0.05%). Figure 10 plots the dimensionless

parameter (R/r) against the bundle radius. The parameter (R/r) was roughly constant, regardless

of bundle radius.

This result confirmed the use of the constant n for the MWCNT bundle (Table 2) in Eq. (5)

to estimate the maximum interfacial shear stress between an individual MWCNT and epoxy.

The maximum shear stress between an individual MWCNT and epoxy, i max, Wwas thus evaluated

as 10.5 to 24.2 MPa at the applied strain of 0.46%. The estimated maximum interfacial shear

stress was comparable to the interfacial shear strength measured using nano-pull-out tests

[14,17] and to the interfacial shear stress between MWCNT spun yarn and epoxy estimated

using the Kelly-Tyson model [19].

The MWCNT bundle was embedded near the top surface of the specimen as depicted in Fig.

2¢, and the its position may affect stress transfer. Insufficient shearing zone will cause

incomplete stress recovery of the MWCNT bundle. However, in the experiments, the recovered

strain in the bundle almost coincided with the applied strain (Fig. 6). This result suggested that

the influence of the embedding position was not so significant. Although the distance between

the top surface and the MWCNT bundle was small compared to the shearing zone size, the

bundle was surrounded by sufficient matrix for stress recovery, except the limited region.

5. Conclusion

This study measured the strain distribution of aligned MWCNTs embedded in epoxy based
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on the downshift of the Raman G’-band, and evaluated the interfacial shear stress between

MWCNTs and epoxy. An ultralong MWCNT bundle (3.8 mm long) was used in this study to

achieve multi-point measurement of Raman spectra of MWCNTs. The stress recovery of the

embedded MWCNT bundle was measured successfully based on the experimentally

determined relationship between the peak wavenumber of the G’-band and the applied strain.

The interfacial shear stress distribution was estimated by minimizing the error between the

shear-lag analysis and the measured strain distribution. The maximum interfacial shear stress

between an MWCNT bundle and epoxy was 10.3 to 24.1 MPa at the failure strain of aligned

MWCNT-reinforced epoxy composites (0.46% strain [34]).

Moreover, finite-element analysis was performed to predict shearing zone size, and the shear

strain distribution against the distance normalized by the bundle radius was almost unchanged

by the bundle diameter. This result confirmed that the ratio of bundle radius to matrix shearing

zone size was almost constant. Therefore, the interfacial shear stress between an individual

MWCNT and epoxy could be estimated using shear-lag analysis and the measured strain

distribution of the MWCNT bundle. The maximum interfacial shear stress between an

individual MWCNT and epoxy was then determined to be 10.5 to 24.2 MPa.
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Figure captions and Table captions

Figure 1 SEM image of the ultralong MWCNT array on a quartz substrate.

Figure 2 Specimen with an embedded MWCNT bundle: (a) dimensions, (b) magnified
illustration near the MWCNT bundle, (c) micrograph of the cross-section, and (d)
SEM observation of a fractured MWCNT bundle embedded in epoxy.

Figure 3 Typical Raman spectra in the range of 1000 to 3000 cm™: (a) MWCNTs. (b) Epoxy.

Figure 4 Raman spectra near the G’-band of (a) pure MWCNTs, (b) the aligned-MWCNT
bundle/epoxy composite, and (c¢) epoxy only.

Figure 5 Relationship between the Raman shift of the G’-band and the applied strain.

Figure 6 Measured and analyzed stress recovery of the aligned MWCNT bundle under
0.489% applied strain.

Figure 7 Predicted interfacial shear stress distribution corresponding to Fig. 4 (€app = 0.489%).

Figure 8 Axisymmetric finite-element model with a bundle radius of 60 pm. Some models
with smaller bundle radiuses were also analyzed.

Figure 9 Shear strain (y»x) distribution near the bundle.

Figure 10 Relationship between the dimensionless parameter (R/r) and bundle radius.
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Table 1 Measurement conditions for micro Raman spectroscopy.

Laser power (mW) 16.2
Laser wavelength (nm) 532
Spot size (um) 2.6
Laser power reduction (%) 10
Exposure time (s) 70
Integration count 2
Grating (gratings/mm) 2400
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Table 2 Analyzed results of the maximum interfacial shear stress between the MWCNT

bundle and epoxy.

Bundle radius  Aspect ratio Constant Applied strain in Maximum interfacial
7 (um) s n the experiment (%)  shear stress (MPa) )
135 14.4 0.264 0.481 18.2
116 14.7 0.209 0.452 14.4
117 16.2 0.350 0.489 24.1
119 16.0 0.152 0.444 10.3

(*) The maximum interfacial stress was calculated using the applied strain &4y of 0.46%,

which was the failure strain of the aligned MWCNT/epoxy composite.
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