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A B S T R A C T

Carbon nanotube (CNT) based continuous fiber, a CNT assembly that could retain the

superb properties of individual CNTs on a macroscopic scale, has emerged as a promising

candidate for reinforcement in multifunctional composites. While existing research has

extensively examined their short-term mechanical properties based upon quasi-static

measurements, the long-term durability of CNT fibers has been largely neglected. Here

we report time-dependent behavior of CNT fibers, with a particular focus on tensile stress

relaxation. Both the pure CNT fiber and the CNT/epoxy composite fiber exhibited signifi-

cant stress decay during the relaxation process, and this time-dependent behavior became

more significant at a higher initial strain level, a lower strain rate and a greater gauge

length. The present approach signifies a fundamental difference in the load-bearing char-

acteristics between CNT fibers and traditional advanced fibers, which has major implica-

tions for the long-term durability of CNT fibers in load-bearing multifunctional

applications.

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

Since their successful processing in 2000 [1], carbon nano-

tube-based continuous fibers have been extensively studied.

The established methods of producing CNT fibers, namely,

spinning from CNT solution [1], spinning from a vertically

aligned CNT array previously grown on a substrate [2,3], spin-

ning from a CNT aerogel formed in a chemical vapor deposi-

tion reactor [4], and twisting/rolling from a CNT film [5],

enable translation of the remarkable mechanical, electrical

and thermal properties of individual carbon nanotubes to
er Ltd. All rights reserved

.
ou).
the macroscopic scale. Comprehensive reviews of the fabrica-

tion and performance of CNT fibers have been provided in

several papers published in recent years [6–9].

As a fundamental subject of research, the mechanical

properties of CNT fibers have attracted considerable atten-

tion, particularly their tensile [10,11], compressive [12,13]

and CNT fiber/polymer matrix interfacial performance

[14,15]. Single-fiber quasi-static tensile tests have been

adopted as the most common technique for characterizing

their mechanical properties. With continuous improvement

in their tensile strength and Young’s modulus owing to
.
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extensive worldwide efforts, CNT fibers have great potential

for reinforcement in multifunctional composites. To enable

a comprehensive assessment of the full potential of CNT fi-

bers and to identify the needs of future research, it is

imperative that we move beyond the investigation of

short-term CNT fiber mechanical properties based upon

quasi-static measurements. The following introduces the

motivation for the study of one aspect of the long-term

mechanical performance of CNT fibers.

An interesting phenomenon was observed in our recent

tensile recoil experiments for an indirect measurement of

CNT fiber compressive strength [13]. In this experiment, after

a static tensile load was applied and held at a level below the

failure load, the fiber recoil was initiated by cutting the spec-

imen at the midpoint of its gauge length. Unlike in the tensile

recoil tests of traditional advanced fibers such as Kevlar and

carbon fiber [16], it was not feasible to hold the CNT fiber at

the initial load level and a load (or stress) decay was observed

when the fiber was held at the constant strain. This observa-

tion indicates that there exists a fundamental difference in

the load-bearing performances between CNT fibers and tradi-

tional advanced fibers. An example of time-dependent behav-

ior can be found in the recent work of Wu et al. [17], who

examined the electrical resistance-stress hysteresis behavior

of pure CNT fibers under quasi-static cyclic tensile loading.

A time-dependent behavior relevant to CNT-based composite

fibers was reported by Ma et al. [18]. Using dynamic mechan-

ical tests, they examined the creep and creep recovery behav-

ior of PVA/CNT composite fibers. The nature of such a

problem is similar to that of a short-fiber reinforced polymeric

composite [19].

In this paper we conduct a comprehensive study of the

various factors affecting the tensile stress relaxation behavior

of CNT fibers. We found that higher initial strain level, lower

strain rate, and greater gauge length resulted in a higher rate

of stress decay in both pure fiber and composite fiber. The

sliding among the numerous short CNTs, which are held to-

gether mostly by van der Waals interactions, is the primary

source of time-dependent deformation of CNT-based continu-

ous fibers. Better understanding of the stress relaxation

mechanism of CNT fibers is imperative for minimizing their

relaxation behavior in the future.
2. Experimental

2.1. Preparation of CNT fibers

CNT fibers tested in this study were spun by drawing and

twisting of CNT strips out of vertically well-aligned CNT ar-

rays (forests), whose CNTs were super-aligned and mainly

double- and triple-walled with diameters of �6 nm. Specific

details of the preparation of CNT fibers can be found in

Reference [20]. The weight of CNT fibers was measured

on an Ultra-microbalance (METTLER TOLEDO XP2U). A

typical 13 lm diameter and 100 mm long CNT fiber

weighed 10–30 lg, giving a linear density between 0.1–0.3

tex (1 tex = 1 lg/mm). CNT/epoxy composite fibers were

prepared using a soaking technique [13,21].
2.2. Single-fiber tensile tests

Details of the specimen preparation for single-fiber tensile

tests can be found elsewhere [15]. Ten specimens of each

type of fiber were tested on a Shimadzu EZ-S testing machine

with a load cell of 2N and a strain rate of 5.5 · 10�4 s�1.

The gauge length of all specimens was fixed to 15 mm,

and their diameters were measured by the laser diffraction

method.

2.3. Tensile stress relaxation tests

The specimen fabrication technique and the testing equip-

ment used in the tensile stress relaxation experiments were

the same as those used in quasi-static tensile measure-

ments. The ultimate strain values of both pure and com-

posite fibers, obtained from the quasi-static tensile tests,

were used as the reference strain level to determine the ap-

plied strain in the relaxation tests. To investigate the effects

of the initial strain level, strain rate and gauge length on

the tensile relaxation behavior of CNT fibers, specimens

with two gauge lengths, namely, 7 and 15 mm, were de-

formed to several strain levels, namely, 0.5%, 1.0%, 1.5%

and 2.0% at different strain rates, namely, 5.5 · 10�5,

5.5 · 10�4 and 5.5 · 10�3 s�1. Upon reaching the predeter-

mined initial strain (e0), the specimen was then held at this

strain level, and the force (F) needed to sustain the constant

strain was monitored and recorded by a digital camera for a

time span of 1 h. Specimens of single carbon fiber were also

tested for comparison. All stress relaxation tests were per-

formed at room temperature. In our previous work [15], sta-

tistical analysis using a two-parameter Weibull distribution

model shows that the CNT fibers from the same source as

the current fibers have small scattering in their strengths,

indicating high quality consistency of these fibers. There-

fore, in this study, five specimens of each type of fibers

were tested for each given condition (tensile rate, initial

strain level and gauge length) and the specimen whose

testing result was closest to the average value of the five

sets of data was selected as the representative at each gi-

ven condition for following analysis. The results of stress

relaxation were plotted with the stress ratio (rt/r0) obtained

from the stress at a specific time (rt) divided by the maxi-

mum stress (r0) when the required strain was attained ver-

sus log time; or the stress relaxation modulus at a

particular time (Et = rt/e0) against the logarithm of time.

The stress was calculated under the assumption that there

was no change in the cross-sectional area of the specimen

during the relaxation tests. The slope of the plotted curve

(designated as S in all the figures) was obtained by a regres-

sion analysis of the data for the best fit to a straight line.

2.4. In-situ Raman measurements

In-situ Raman measurements during fiber loading and relax-

ation were carried out using a LabRAM HR (Jobin–Yvon,

Horiba Group, France) microspectrometer in conjunction

with a confocal microscope. The laser with a wavelength

of 632.81 nm was used to excite Raman scattering in the
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specimen. The spectra were taken with a 100· objective

lens, which gives a laser spot size of around 1 micron.

The laser power was adjusted to 2 mW to avoid the heating

effect. The exposure time was set at 5 s, and an accumula-

tion number of three times was used. Before testing, the

instrument was calibrated with the 520 cm�1 peak of silicon

substrate. A tensile-testing stage (Ernest F. Fullam) was used

to deform the CNT fibers under the microscope. The tensile

rate was set at 2.3 mm/min. The peak values were derived

by using Lorentzian routines fitted to the raw data obtained

from the spectrometer.
Fig. 1 – Single-fiber quasi-static tensile tests of CNT fibers. (a) T

fiber and CNT/epoxy composite fiber. (b) Typical G’ band Raman

at the tensile strains of 0% and 2%. (c) Raman peak shift of the
3. Results and discussion

3.1. Tensile properties of CNT fibers

The typical tensile stress–strain curves of CNT fibers before

and after epoxy resin infiltration are illustrated in Fig. 1a.

For comparison, a single carbon fiber (T-300) specimen with

a diameter of 7 lm was also tested. It can be seen from

Fig. 1a that both pure CNT fiber and CNT/epoxy composite fi-

ber had a higher strain-to-failure than that of the carbon fiber,

even though their tensile strengths and Young’s moduli were
ypical tensile stress–strain curves of carbon fiber, pure CNT

spectra of a pure CNT fiber and a CNT/epoxy composite fiber

G’ band as a function of applied strain.
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much lower than those of the carbon fiber. Due to resin infil-

tration, the diameter of the CNT fiber was slightly increased

from 13 to 14 lm. However, after resin infiltration, the tensile

strength of CNT fibers increased from 0.8 to 1.2 GPa, and the

Young’s modulus increased from 44 to 62 GPa, while the strain

to failure decreased slightly from 2.5% to 2.2%. This enhance-

ment in mechanical performance of the CNT/epoxy compos-

ite fiber is attributed to the effective infiltration of the epoxy

resin into the void space within the pure CNT fiber, which

was confirmed by the microscopic images in our previous

study [13]. However, it should be noted that the tensile

strength and modulus of CNT fibers tested in this study were

lower than those of our previous work [13,15], which could be

attributed to the larger fiber diameter and greater gauge

length adopted in the present study.

The enhancement in mechanical performance of the CNT/

epoxy composite fiber, indicating the increase in the load

transfer to the CNTs after resin infiltration, is further verified

by in-situ Raman measurements during the fiber deformation

process. Fig. 1b shows typical G’ band Raman spectra of a pure

CNT fiber and a CNT/epoxy composite fiber under strain. The

major characteristic of both types of specimen is the down-

shifting trend of the peak position and the broadening of

the line shape. The downshifts of the G’ band are expected

and arise as a result of the elongated carbon–carbon bonds

[22,23]. The variation of the peak positions is summarized in

Fig. 1c. Unlike the two-stage feature of downshifts of the G’

band observed at low and high strains in other CNT fiber-re-

lated studies [5,18], the downshifts of the G’ band in this study

showed a monotonic increase with rates of 5.07 and 8.51 cm�1

per 1% strain for the pure fiber and CNT/epoxy composite fi-

ber, respectively. The elevated downshift rate of G’ Raman

band could be attributed to the improved strain transfer effi-

ciency with the introduction of the epoxy matrix. This im-

plied that more load was carried by CNTs in the composite

fiber than in the pure fiber at a given macroscale strain. It

should be noted that the downshift rate of the G’ band for

the fibers studied here is different from those reported in

other studies [5,18,24], probably due to the variation in the

composition and structure of CNT fibers tested.

3.2. Comparisons of tensile stress relaxation behavior of
different fibers

Specimens of carbon fiber, pure CNT fiber and CNT/epoxy

composite fiber were stretched to an initial strain level of

1.0% at a constant strain rate of 5.5 · 10�4 s�1, and their stress

relaxation data are plotted in Fig. 2. As can be seen from the

force–time curves shown in Fig. 2a, the load of the carbon fi-

ber was almost constant after 1 h and decreased by only 5.4%

even after being held for 18 h at the constant initial strain. As

for pure CNT fiber, there was significant load decay during the

first four minutes of the relaxation process, and the load

dropped by as much as 32% after 18 h at constant strain. This

divergence in the relaxation behavior of carbon fiber and pure

CNT fiber is a reflection of their structural differences. Unlike

the dense structure of carbon fiber, a single CNT fiber is an

assembly of individual CNTs held together by weak van der

Waals force, limited mechanical interlocking, and friction

force [11]. When the CNT fiber was held at a constant strain,
slippage among CNT bundles within the fiber took place. This

sliding could be a time- and load-dependent phenomenon,

which resulted in a gradual load drop. Fig. 2b presents the

stress relaxation plot of stress ratio rt/r0 versus time of

the three specimens. It is noted that the stress relaxation rate

of the composite fiber, as represented by the slope of the

curve, was higher than that of the pure fiber at the same ini-

tial strain level, even though the composite fiber retained a

higher load after 1 h. According to the previous studies on

interfacial properties between CNT fibers and polymer resins

[14,15], the critical interfacial shear strength for the onset of

slip at the CNT/epoxy interface was only in the range of

12–20 MPa, which suggested that the interaction between

the CNT fiber and epoxy matrix was insufficient. However,

the initial stress of the composite fiber, calculated from the

initial force reached at 1% strain, was around 400 MPa. There-

fore, one possible mechanism for the observed increase in the

composite fiber relaxation rate is that in addition to interbun-

dle sliding, CNT/epoxy interfacial sliding may occur during

the relaxation process.

3.3. Various effects on the tensile stress relaxation
behavior of CNT fibers

3.3.1. Effect of initial strain level
Fig. 3 presents the stress relaxation plot with both the force (F)

and the stress relaxation modulus (Et) versus time of CNT fi-

bers and their composites at several initial strain levels,

namely 0.5%, 1.0%, 1.5% and 2.0% at the constant strain rate

of 5.5 · 10�4 s�1. Compared to that of pure CNT fiber, a higher

initial load and greater load retention after 1 h were observed

in the case of CNT/epoxy composite fiber at each initial strain

level (Fig. 3a and b). In addition, it was obvious from Fig. 3c

that the rate of stress relaxation of pure CNT fiber increased

gradually with the initial strain level. The higher rate of relax-

ation occurring at elevated initial strain level could be attrib-

uted to the larger amount of permanent deformation

resulting from the irreversible slippage among CNT bundles

within the fiber. A similar tendency in the relaxation rate var-

iation with the initial strain level was observed in the com-

posite fiber (Fig. 3d).

3.3.2. Effect of strain rate
To explore the effect of tensile strain rate on the relaxation

behavior of CNT fibers, specimens of both CNT fiber and com-

posite fiber were loaded to the initial strain of 1.0% with two

different strain rates, namely, 5.5 · 10 �5 and 5.5 · 10�3 s�1.

Higher initial tensile stress and modulus were observed in

both the pure CNT fiber and its composite fiber when a higher

strain rate was applied (Fig. 4a and b). From the slope of the

curves shown in Fig. 4c and d, we found that the stress relax-

ation rate was inversely proportional to the tensile strain rate.

Although the differences among the sample testing results at

the two strain rates shown in Fig. 4 are not great, a higher

slope value at the lower strain rate was observed in all the five

testing sets. It is likely due to the fact that when a lower ten-

sile rate was applied to the fiber, CNT bundles within the fiber

had adequate time to slip past each other and adjust their

alignment in the tensile direction, resulting in irreversible

deformation, whereas when the fiber was deformed at a



Fig. 2 – Comparisons of relaxation behavior of carbon fiber, pure CNT fiber and CNT/epoxy composite fiber. (a) Force as a

function of time during loading and relaxation. (b) Stress ratio rt/r0 as a function of time.

Fig. 3 – Effect of initial strain level on the relaxation behavior of CNT fibers. Force as a function of time during the loading and

relaxation of (a) pure CNT fiber and (b) CNT/epoxy composite fiber. Stress relaxation modulus Et as a function of time of (c)

pure CNT fiber and (d) CNT/epoxy composite fiber.
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Fig. 4 – Effect of strain rate on the relaxation behavior of CNT fibers. Force as a function of time during the loading and

relaxation of (a) the pure CNT fiber and (b) the CNT/epoxy composite fiber. Stress ratio rt/r0 as a function of time of (c) the pure

CNT fiber and (d) the CNT/epoxy composite fiber.
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higher strain rate, much of the fiber deformation was elastic

and reversible. Therefore, elastic recovery occurred during

the relaxation stage of the fiber loaded with a higher strain

rate, and thus a lower relaxation rate was expected.

3.3.3. Effect of gauge length
The effect of gauge length on the stress relaxation behavior

was investigated for specimens with two different gauge

lengths, namely, 7 and 15 mm. The specimens were loaded

to the initial strain of 1.0% at the constant strain rate of

5.5 · 10�4 s�1. Fig. 5 shows that in both cases, i.e., pure fiber

and composite fiber, the initial force and the initial stress

relaxation modulus of the specimen with greater gauge

length were higher than those with lower gauge length when

the same initial strain was attained. After a time span of 1 h,

the stress relaxation modulus retention of the former was

still higher than that of the latter. However, it is shown in

Fig. 5c and d that the 15-mm specimen exhibited a higher

relaxation rate than the 7-mm specimen. This gauge length-

dependent behavior was even more obvious in the case of

CNT/epoxy composite fiber (Fig. 5d). This behavior is consis-

tent with the size effect observed in traditional advanced
fibers [19]. Specimens with greater gauge length have a higher

probability of defects, resulting in higher local stress concen-

tration, and hence larger extent of irreversible deformation

and stress relaxation of the fiber.

3.4. Raman characterization during CNT fiber relaxation

To investigate the mechanism that could be responsible for the

observed stress decay of CNT fibers, in-situ Raman measure-

ments were carried out during fiber relaxation process. A spec-

imen of pure CNT fiber was stretched to an initial strain of

1.67%. After being held for 16 h under this initial strain, the

specimen was tensile loaded until failure. Variation of the G’

band peak position during the relaxation process is shown in

Fig. 6. As expected, the G’ band peak position had a downshift

when the specimen was stretched to the initial strain of 1.67%.

This downshift continued until failure at a strain around 2.3%,

indicating the deformation of CNTs due to the applied stress.

However, there was no obvious trend of the variation of the

G’ band peak position with an increase in the duration of the

relaxation process. Since Raman scattering is sensitive to the

inter-atomic distance when CNTs are mechanically strained



Fig. 5 – Effect of gauge length on the relaxation behavior of CNT fibers. Force as a function of time during the loading and

relaxation of (a) pure CNT fiber and (b) CNT/epoxy composite fiber. Stress relaxation modulus Et as a function of time of (c)

pure CNT fiber and (d) CNT/epoxy composite fiber.

Fig. 6 – Variation of the G’ band peak position with increase

in the duration of relaxation for the pure fiber.
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[22,23], this observation in Raman characterization implies

that the stress relaxation of the CNT fiber observed in the

relaxation tests could largely arise from slippage among CNT

bundles.
3.5. Simulation of the relaxation behavior

The stretched exponential function is used to simulate the

relaxation behavior of CNT fibers and the mathematical

expression of this function is given in Eq. (1) [25]

EðtÞ ¼ ðE0 � E/Þe�
t
sð Þk þ E/ð0 < k < 1Þ ð1Þ

This function expresses the tensile stress relaxation mod-

ulus E(t) as a function of the time t during the relaxation.

There are four parameters in this function, namely, the initial

tensile modulus E0, the equilibrium tensile relaxation modu-

lus E1, the relaxation time s and the distribution parameter k.

The predicted curves of the stress relaxation of pure CNT fiber

and CNT/epoxy composite fiber at several strain levels using

the stretched exponential function as well as the experimen-

tal data are shown in Fig. 7. The values of k were found to be

about 0.40 for both pure CNT fiber and CNT/epoxy composite

fiber at all strain levels and hence k = 0.40 was used for all

simulations. It can be seen that the stretched exponential

function fits the experimental stress relaxation data very well

for both pure CNT fiber and CNT/epoxy composite fiber. The

values of the stress relaxation model parameters are given



Fig. 7 – Stress relaxation curves predicted from the stretched exponential model for (a) the pure CNT fiber and (b) the CNT/

epoxy composite fiber. Symbols are experimental data and solid lines are the predicted curves.

Table 1 – Summary of the stretched exponential model parameters for both the pure CNT fiber and the composite fiber.

Initial strain level (%) E0–E1 (GPa) s (s) E0 (GPa) E1 (GPa)

Pure Composite Pure Composite Pure Composite Pure Composite

0.5 0.04 0.04 251.6 290.5 0.20 0.19 0.16 0.15
1.0 0.08 0.14 86.7 196.7 0.38 0.43 0.30 0.33
1.5 0.11 0.21 205.5 212.1 0.52 0.72 0.41 0.51
2.0 0.13 0.25 135.4 150.4 0.62 0.95 0.49 0.70
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in the Table 1. It is noted that for both pure fiber and compos-

ite fiber, the initial modulus E0 simulated by the function was

almost the same as the experimental value at each initial

strain level. Furthermore, at each strain level, the composite

fiber had higher relaxation time and retained greater equilib-

rium modulus compared to those of pure fiber (except at 0.5%

initial strain).

4. Conclusion

This paper reports a comprehensive study of the various fac-

tors affecting the tensile stress relaxation behavior of CNT fi-

bers, including the fiber type, initial strain level, strain rate

and gauge length. The major conclusions are as follows. First,

both the pure CNT fiber and the CNT/epoxy composite fiber

exhibited significant stress decay during the relaxation pro-

cess, whereas no obvious stress relaxation was observed in

the case of the single carbon fiber. Second, higher initial

strain level, lower strain rate, and greater longer gauge length

resulted in a higher rate of stress decay in both the pure fiber

and the composite fiber. Third, due to interfacial sliding at the

CNT/epoxy interface as well as interbundle sliding, the com-

posite fiber showed a higher relaxation rate than that of the

pure fiber with the same initial strain, although the former

retained a higher stress relaxation modulus after a holding

time of 1 h.
On account of the stress relaxation mechanisms of CNT

fibers, the present research points out that future effort in

minimizing the relaxation behavior should focus on enhanc-

ing interactions among CNT bundles in the pure fiber and

improving resin infiltration as well as enhancing interfacial

bonding between CNT bundles and the resin in the compos-

ite fiber. The present approach has demonstrated the signif-

icant implication of time-dependent behavior in general and

tensile stress relaxation in particular on the long-term dura-

bility of CNT fiber based load-bearing multifunctional

composites.
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