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A B S T R A C T

The strain sensing and thermal–mechanical behaviors of well dispersed multi-walled

carbon nanotube/polystyrene (MWCNT/PS) composite films with different wt.% of carbon

nanotubes were analyzed. The thermal–mechanical properties are studied using a dynam-

ical mechanical analyzer and the results give their storage modulus (E 0) and loss modulus

(E00) as a function of temperature. We found an increase in E 0 of up to 122% at 80 �C for a

6 wt.% MWCNT/PS composite compared to PS. The glass transition temperature increased

significantly with an increase in MWCNTs concentration. The strain sensing behavior of

the films is measured by applying an axial load over film which is attached to a brass

specimen. The composite films exhibit excellent strain sensing behavior for different

MWCNT contents. The result shows that an electromechanical response of the composite

films varies linearly with applied strain even at high strains.

� 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Since the landmark paper by Iijima [1], carbon nanotubes

(CNTs) have heralded a renewed interest in carbon based

nanomaterials owing to their remarkable electrical, mechan-

ical and thermal properties [2,3]. Multi-walled carbon nano-

tubes (MWCNTs) exhibit excellent mechanical strength

(young’s modulus �2 TPa) [4], high flexibility [5], low mass

density [6] and excellent electrical properties [7,8]. The tensile

strength, tensile modulus and poisson ratio of nanotubes

have been reported to be in the range of 37–100 GPa, 640 GPa

to 2 TPa [9] and 0.14–0.28 [10], respectively. These properties

make MWCNTs an ideal filler material in composites [11].

Polymer composites with MWCNTs as filler materials have at-

tracted much attention for their many potential applications

[3,12–16]. Ajayan et al. [17] were first to report composites

using MWCNTs as filler material and subsequently, signifi-

cant research was carried out an MWCNT/polymer compos-

ite. MWCNT/polymer composites have been widely utilized

for different applications such as photovoltaics [18,19], gas

sensors [20], optoelectronic devices [12], radio frequency

interference shielding [21,22] and in biosensing [23]. Qian

et al. [13] reported deformation mechanism and interfacial

bonding between MWCNTs and polystyrene (PS) in MWCNT/

PS composite whereas Yang et al. [24] fabricated MWCNT/PS

foam like composite by solution processing which can be

used as electromagnetic interface shielding material.

In the light of these applications, the use of hydrocarbon

polymers as the host matrix gives the advantage of superior

mechanical characteristics of the composite at lower MWCNT
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contents especially near glass transition temperature (Tg). To

measure the fundamental thermal–mechanical characteris-

tics of polymer composites, dynamic mechanical analysis

(DMA) is an important technique which is being used to study

the effect of temperature on the mechanical behavior of com-

posite materials [25]. Thostenson and Chou [26] have reported

five times improvement in elastic modulus with the aligned

MWCNTs comparison to the randomly oriented MWCNTs in

a MWCNT/PS composite, which was fabricated using micro-

scale twin-screw extruder to achieve good dispersion of

MWCNTs in a polystyrene matrix. Ham et al. [27] have re-

ported substantial enhancement of dynamic storage modulus

of polystyrene-grafted single-walled carbon nanotube

(SWCNTs) as compared to pure polystyrene. Therefore, dis-

persion state and compatibility of the filler material are the

key factors to achieve better results from MWCNT/polymer

composites.

In addition to above mentioned applications of MWCNTs,

the electromechanical (e.g. piezoresistive) properties of

MWCNTs have also been the subject of recent research efforts

with potential applications in nanomechanical sensors and

switches, etc. Schadler et al. [28] observed a shift in the

Raman peaks in MWCNT/epoxy composites when subjected

to tensile or compressive loading. Tombler et al. [29]

highlighted the reversible electromechanical properties of

SWCNTs upon deformation using an atomic force microscopy

tip. Semet et al. [30] observed a reversible change in the non-

linear conductance of MWCNTs upon being bent longitudi-

nally. Experiments by Jang et al. [31] revealed reversible

electrical resistance change when individual MWCNTs were

strained up to elastic limit. Also, change in resistance of the

nanotubes was observed within the elastic limit. Studies by

Dharap et al. [32] and Li et al. [33] marked the first attempts

to utilize the piezoelectric properties of MWCNTs at the nano-

scale for strain sensing applications at the macroscale. Using

a SWCNTs buckypaper, they observed a linear change in the

voltage response across the film using contact based mea-

surements (electrical measurements using four point probe)

[32] and noncontact based measurements (observing a shift

in the Raman peak of G band) [33]. In both the studies, it

was observed that the change in response observed varied

linearly with strain. The macroscale strain sensing properties

were studied for MWCNTs using MWCNTs buckypaper [34,35]

and similar behavior was observed. These studies demon-

strate the potential of MWCNTs for macroscopic strain sens-

ing. Various strain sensors based on MWCNT composites

have also been fabricated with host polymer matrices like

polyethylene oxide [36], polyelectrolyte [37], epoxy [38,39],

poly(methyl methacrylate) [40,41], but so far there is no report

on the study of strain sensing behavior of MWCNT/PS com-

posite to the best of our knowledge.

In this manuscript, we report the fabrication of well dis-

persed different wt.% flexible MWCNT/PS composite films

synthesized using simple solution process. Functionalized

MWCNTs play an important role for the formation of well dis-

persed MWCNT/PS composite. The morphological character-

izations of the films are made using optical, X-ray

diffraction (XRD), Raman spectroscopy, scanning electron

microscope (SEM) and high-resolution transmission electron

microscopy (HRTEM) techniques. The thermal–mechanical

behaviors of different wt.% MWCNT/PS composite films are

studied using DMA. The value of storage modulus (E 0) in-

creases up to 122% at 80 �C in case of 6 wt.% MWCNT/PS. Elec-

tromechanical response of the composite films were studied

by attaching the film to a brass specimen and subjecting the

brass specimen to an axial strain in a hydraulic machine

and studying its real time electrical response in ramp loading,

cyclic loading and stepped tensile loading mode.

2. Experimental

2.1. Synthesis of MWCNTs

The MWCNTs were prepared using spray pyrolysis method

[42,43]. In this method, xylene and ferrocene form the carbon

source and catalyst material respectively. During synthesis

process, temperature and pressure of Ar gas in quartz tube

furnace was maintained at 850 �C and �300 sccm, respec-

tively. To purify the processed MWCNTs in order to remove

amorphous carbon and catalytic impurities, MWCNTs were

treated by air oxidation and 5 M hydrochloric acid, respec-

tively [44].

2.2. Functionalization of MWCNTs and preparation of
MWCNT/PS composite

MWCNTs were functionalized by treating them with a mix-

ture of sulphuric acid (H2SO4) and nitric acid (HNO3) in 3:1 ra-

tio followed by ultrasonication at 42 kHz and stirring at 50 �C
for 3 h [45]. This functionalization was confirmed by Fourier

transform infrared spectroscopy which represents presence

of carboxyl and hydroxyl group on MWCNTs. To minimize

the aggregation of functionalized MWCNTs in the composite,

they were treated with toluene containing a non-ionic surfac-

tant polyethylene glycol (PEG), followed by ultrasonication in

a sonic bath for 1 h. The PS used in this work has molecular

weight of 100,000. The required amounts of processed

MWCNTs were mixed with PS solution in toluene and the

resulting mixture was stirred for 2 h resulting in a homoge-

neous mixture. The obtained solution of composite was taken

onto a flat plate and dried at room temperature for about 12 h

forming flexible MWCNT/PS composite film. Similarly, uni-

form flexible films of 0, 1, 3, 6, 8 and 10 wt.% MWCNT/PS com-

posite were fabricated.

3. Results and discussion

3.1. Morphological aspect

The detailed morphology of MWCNTs and of different wt.%

MWCNT/PS composites were analyzed using SEM (JSM-

6700F, JEOL) and HRTEM (Tecnai-20) which operates at acceler-

ating voltage of 200 keV.

Fig. 1 shows XRD pattern of pure PS, 1, 3, 6, 8 and 10 wt.%

of MWCNT/PS composite films. Rigaku Powder XRD instru-

ment was used for the analysis of above samples. Pure PS, 1

and 3 wt.% MWCNT/PS composites show the broad peaks at

19�, which is the signature of PS polymer [46]. Prominent

peaks of MWCNTs were not obtained till 3 wt.% MWCNT/PS
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composite due to low concentration of MWCNTs in polymer

matrix. When concentrations of MWCNTs are increasing

above 3 wt.% (equal or more than 6 wt.% MWCNTs) in PS poly-

mer, main peaks of MWCNTs start at 26� (3.43 Å) and 43�
(2.11 Å), which correspond to the nanotubes (0 0 2) and

(1 0 0) reflections, respectively. To study the crystallinity of

pure PS and different wt.% MWCNT/PS composite, we have

fitted XRD pattern to calculate full width half maxima

(FWHM) value, which is shown in inset of Fig. 1. The value

of FWHM decreases by increasing MWCNTs concentration

in MWCNT/PS composite with the exception of 3 wt.% com-

posite which is matter of further study. FWHM of pure PS

was found 7.64 whereas 10 wt.% composite showing 6.97 va-

lue, which suggests the improvement in the crystalline

behavior of MWCNT/PS composite as increasing concentra-

tion of MWCNTs.

Raman spectroscopy is a powerful tool to investigate the

interaction between MWCNTs with polymer matrix. We have

used 514.5 nm wavelength line of Ar-ion laser for Raman

excitation for all the composite concentrations. The Raman

spectra of pristine MWCNT exhibits the D band at 1350 cm�1

(due to amorphous carbon and disorder), G band at 1580 cm�1

(because of graphitic nature) and D* band at 2700 cm�1 (second

order of D band) [47,48]. A Raman spectrum of PS exhibits

Raman bands at 1000, 1600 and 2908 cm�1. Fig. 2a shows the

Raman spectra of different sample of varying wt.% MWCNT/

PS composite films. With increase in concentration of

MWCNTs in PS matrix, the D, G and D* bands are shifted to low-

er wavenumber values despite being identical in shape. The G

bands alone of the Raman spectra of 6, 8 and 10 wt.% MWCNT/

PS composite are shown in Fig. 2b. The peak was fitted to single

peak using SpectraCalc software in order to get the exact peak

position and linewidth (see Fig. 2b). It is evident that the G

peaks of 8 and 10 wt.% are shifted to lower wavenumber by

around 14–18 cm�1 as compared to that of the 6 wt.% compos-

ite. This shift represents increasing interfacial interaction

between MWCNTs with polymer matrix [49]. Also, the D, G

and D* peaks are more prominent with increase in wt.% of

MWCNTs in PS matrix, which is quite obvious.

Fig. 3a shows low magnification SEM micrograph of the

MWCNT/PS composite film. There is great dispersion of

MWCNTs in polymer matrix due to strong interfacial interac-

tion between carboxyl or hydroxyl group on MWCNTs with PS

molecules. To obtain better quality MWCNT/polymer com-

posite, good dispersion of filler materials in polymer matrix

is very essential. There are several methods reported in the

literature [50–52] to make a good dispersion of filler materials

in polymer, such as use of sodium dodecyl sulphate, N-

methyl-2-pyrrolidone, etc. For obtaining better dispersion of

MWCNTs, PEG was used as a surfactant during chemical

functionlization of MWCNTs. This surfactant plays a key role

in dispersion by reducing the Van-der Walls forces between

MWCNTs [53,54] and facilitates their dispersion in PS matrix

by reducing the chances of aggregation of MWCNTs in

MWCNT/PS composite. TEM micrograph of MWCNT/PS

(Fig. 3b) supports our comments about good dispersion of

chemically modified MWCNTs in polymer matrix.

3.2. Thermal–mechanical properties

Mechanical behavior of composites was measured by using

DMA (Model Q800 TA instruments) which is a thermal analy-

sis technique that measures the properties of a material

when it deforms under periodic stress. This analysis

Fig. 1 – XRD pattern of different wt.% MWCNT/PS composite films. Prominent peaks of MWCNTs were not obtained till 3 wt.%

MWCNTs due to low concentration of MWCNTs in polymer matrix. In inset, FWHM of PS has been shown by adding different

wt.% MWCNTs in PS matrix. FWHM of Pure PS was found 7.64 whereas 10 wt.% composite has FWHM 6.97 value.
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determines a variety of fundamental material parameters like

storage modulus, loss modulus, transition temperature and

damping behavior (ratio of loss/storage modulus). Tension

mode was used on specimens measuring 4 mm wide and

30 mm long. The E 0 and loss modulus (E00) of films were mea-

sured at oscillation frequencies of 1 Hz and collected auto-

matically as the samples were heated from 40 �C to 120 �C
at a constant heating rate of 2 �C/min. E 0 and E00 were plotted

as a function of temperature for different wt.% MWCNT/PS

specimens (Fig. 4a and b, respectively). E 0 represents the elas-

tic behavior of materials which value decreases with increas-

ing temperature because of the drastic motion of molecular

chain at the Tg. The value of E 0 for pure PS at 80 �C is

947 MPa which increases to 2105 MPa i.e. by around 122% for

6 wt.% MWCNTs/PS composite. However at 40 �C, the corre-

sponding increase in E 0 is only around 20%. The value of E 0

starts decreasing with further increase in concentration of

MWCNTs beyond 6 wt.% in the composite. This may be the

consequence of agglomeration of MWCNTs at higher concen-

tration, which is probably reducing the strong interfacial

interaction between chemically functionalized MWCNTs with

polymer molecules. Fig. 4b shows a variation of E00 as a func-

tion of temperature (�C) for different wt.% MWCNT/PS com-

posite films. This behavior represents energy loss or

dissipation as heat due to relatively free movement of the

polymer chains at Tg. In Fig. 4b, shifting of the maxima to

higher temperatures upon increasing concentration of

MWCNT represents that MWCNTs make strong interfacial

bonds with PS chain which also affects the large free move-

ment of the polymer chains to a large extent. A relatively free

movement of polymer chains affects the induce effect on Tg

of the polymer composite. This change in Tg of different

wt.% MWCNT/PS composites can be calculated from the max-

ima of E00 vs. temperature plot (Fig. 4b). Thus making use of

Fig. 2 – Raman spectra of composites using 514.5 nm excitation (a) different wt.% MWCNT/PS composite films in which

MWCNT shows D band at 1350 cm�1 (due to amorphous carbon and disorder), G band at 1580 cm�1 (because of graphitic

nature) and D* band at 2700 cm�1 (second order of D band). (b) Comparison of G bands of 6, 8 and 10 wt.% MWCNT/PS

composite on an expanded scale by using spectra calc. software with its actual value. It is clearly seen that with increasing

MWCNTs wt.% in PS matrix, the bands are shifted to lower wavenumber values.

Fig. 3 – (a) SEM (b) TEM micrograph of well disperses MWCNT/PS composite which shows that there is higher dispersion of

MWCNTs in PS matrix due to better interaction between MWCNTs with PS.
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the E00 graph, a curve between MWCNTs wt.% and Tg has been

plotted as shown in Fig. 4c. From this plot, one can see that as

MWCNTs wt.% increases in polymer matrix, maximum value

of Tg changes from 81 �C for pure PS to 98 �C for 10 wt.%

MWCNT/PS composite i.e. an enhancement of around 21%.

This improvement of Tg is obviously due to reduction of poly-

mer chain mobility caused by increase in intermolecular

interaction between MWCNTs and polymer chain molecules.

3.3. Strain sensing

A thin film of MWCNT/PS composite was attached to a brass

specimen (cross section 0.25 inch · 2.0 inch) using an epoxy

as adhesive. To ensure perfect bonding and subsequent strain

transfer, vacuum bonding technique was adopted and bond-

ing was carried out for 12 h. Electrical contact was attained

by depositing silver leads onto the film by sputter coating. A

four point probe was formed by depositing leads of identical

thickness equally spaced on the film. Wires were attached

to the silver leads using silver epoxy. Electrical measurements

were made using a Keithley 2400 sensitive digital source me-

ter (with a measurement precision of ±1 lV or ±10 pA). The

electrical measurements from the composite film are pre-

sented as it is without the use of any analog or digital filters.

The brass specimen was subjected to an axial load in a

hydraulic testing apparatus (mechanical test system (MTS)

instruments) with a maximum capable load of 100 Kips. The

MWCNT/PS thin film was insulated from the surface of the

brass specimen using a thin coat of epoxy. The applied strain

to the brass specimen is measured directly using a strain

gauge attached onto the surface of this insulating epoxy layer

on the brass specimen. The strain measurements were per-

formed using National Instruments Bridge module (NI 9237)

and all strain measurements were taken at a sampling fre-

quency of 2000 Hz.

The electrical response of the composite film when sub-

jected to strain was measured by applying an input voltage

of 0.25 V (the choice of the input voltage was to ensure that

Fig. 4 – Graphs (a) and (b) represents E 0 and E00 of different wt.% MWCNT/PS composite films vs. temperature (40–120 �C)

respectively (c) Tg of different wt.% composite. The value of E 0 for pure PS at 80 �C is 947 MPa which increases up to 2105 MPa

(122%) in case of 6 wt.% MWCNT/PS composite. As MWCNTs wt.% increases in PS matrix, maximum value of Tg changes

from 81 �C for pure PS to 98 �C (21%) for 10 wt.% MWCNT/PS composite.
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the output current from the composite film was limited to a

value less than 1 mA to avoid self heating in the film). The

film was stretched or compressed axially by applying

mechanical load to the brass specimen to which the film is at-

tached. Three different types of loading profiles were chosen:

ramp loading, cyclic loading and stepped tensile loading.

Ramp loading was done mainly to identify the strain gauge

factor (GF) of the composite film and cyclic loading was cho-

sen to identify any phase difference between the response

of the film and the applied load. Stepped tensile loading (i.e.

tensile load applied in increments interspersed with intervals

of constant load) was applied mainly to evaluate the perfor-

mance of the composite film under constant loading.

Fig. 5 shows the response of 6 wt.% and 10 wt.% composite

film for all the three loadings mentioned above. Fig. 5a–c

show the response (change in current DI) of a 6 wt.%

MWCNT/PS film and Fig. 5d–f show the response (change in

current DI) of a 10 wt.% MWCNT/PS film for loading repre-

sented by the strain gauge readings (in microstrain) as shown

in Fig. 5g–i. It can be seen from the plots that the current re-

sponse of the sensor is excellent and virtually tracks the load-

ing applied to it without any delay and corresponds linearly

with the measured strain in the brass specimen. The re-

sponse is also noise free and returns to its pre-loading condi-

tions once the brass specimen is unloaded. Such a response is

highly desirable for a sensor that is capable of measuring both

static and dynamic loads.

The GF of the thin film is given by the formula

GF ¼
DR
Ro

e
¼

Rf � Ro

eRo
¼

V
if
� V

io

e V
io

¼
io � if

eif

where DR refers to change in resistance due to applied strain,

Rf refers to the final resistance of strained thin films, Ro refers

to the initial resistance of unstrained thin films, V is the ap-

plied input voltage, e refers to applied strain and if and io refers

to the final and initial current measured across the sensor be-

fore and after application of the strain.

The sensitivity of MWCNT/PS films with increasing wt.% of

MWCNTs is shown in Fig. 6. Using the above formula the GF of

6 wt.% MWCNT/PS film was calculated as 3.28 and that of

10 wt.% MWCNT/PS film was calculated as 1.49. This behavior

of decreasing sensitivity with increasing nanotubes content

confirms with earlier observations where researchers have

Fig. 5 – Output current response plotted as a function of difference in current reading from the nanotubes film (in lA) vs. time

for (a)–(c) 6 wt.% MWCNT/PS film; (d)–(f) 10 wt.% MWCNT/PS film; for loading represented by the strain readings shown in (g)–

(i) as a function of strain (in le) vs. time for Ramp loading (left column), cyclic loading (middle column) and stepped tensile

loading (right column).

Fig. 6 – Plot of normalized current response as a function of

strain for different wt.% content of MWCNTs in the MWCNT/

PS composite films.
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reported that an increase in wt.% of MWCNT fillers leads to

the reduction of the GF of the composite sensors [41,55,56].

Table 1 summarizes the GF of the MWCNT/PS films with dif-

ferent wt.% of MWCNTs.

It is observed that the MWCNT/PS films exhibit different

sensitivities under tension and compression. This indicates

that the underlying mechanism that leads to changes in resis-

tivity of the film under strain is different in tension and com-

pression. The change in resistivity of the MWCNT/PS

composite can be attributed to any of the following phenom-

ena: loss of contact between the nanotubes in the matrix,

change in the tunneling resistance between nanotubes due

to strain and piezoresistivity of strained nanotubes. Hu

et al. [55] using numerical simulations and experimental

measurements identified tunneling effect as the major work-

ing mechanism of strain sensing under small strains. Park

et al. [36] showed in that for very high strains (�100%) the in-

crease in electrical resistance is mainly due to loss of

MWCNTs–MWCNTs contacts due to directional alignment of

embedded MWCNTs. In this study it is most pertinent to as-

sume that the electrical response of the film to applied strain

is mainly a result of tunneling effect and reorientation of

MWCNTs in the polymer matrix upon application of strain.

The current response from MWCNT/PS films as shown in

Fig. 7 exhibits a linear relation with applied strain. It is very

important to investigate whether the relation holds good even

at high strains. Structures undergo large nonlinear deforma-

tions when subjected to loads greater than or equal to the

yield strength, and a linear relation between the current re-

sponse from sensor and applied strain is highly necessary

to identify the onset of yielding in structures at such high

deformations. The performance of MWCNT/PS film at very

high strains was investigated by progressively applying higher

tensile loads to the brass specimen until the specimen yielded

in tension and subsequently unloaded to zero loads. Fig. 7a

shows the current response from a 10 wt.% MWCNT/PS film

for the nonlinear stress–strain curve (shown in Fig. 7c). From

the plot of applied strain as a function of time (Fig. 7b) it can

be seen that the brass specimen undergoes permanent defor-

mation and does not return back to its initial zero displace-

ment upon removal of load. Fig. 7d shows that the linear

relationship between the current response and applied strain

continues even at very high values of strain although the

brass specimen undergoes yielding.

Table 1 – GF of the MWCNT/PS films with different wt.% of
MWCNTs.

MWCNTs wt.% 6% 8% 10%

Tension 3.28 1.55 1.49
Compression 2.55 1.04 0.998
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Fig. 7 – Current response from 10 wt.% MWCNT/PS film as it is subjected to a very high tensile loading (a) current response

from the film as a function of time (b) strain applied to the film as a function of time (c) nonlinear stress–strain curve

corresponding to the loading applied to brass specimen (d) current response from the film as a function of strain.
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4. Conclusions

In this study, the thermal–mechanical properties and charac-

teristics of composite films made from MWCNTs and PS was

thoroughly investigated and the strain sensing behavior of

these films was studied in detail. The structural morphology,

XRD and Raman studies films showed very well dispersed

uniform films of composite. DMA studies showed an increase

in Tg of the composite film in comparison to pristine PS film.

The value of storage modulus E 0 for pure PS at 80 �C is 947 MPa

which increases up to 2105 MPa (122%) for PS to 6 wt.%

MWCNT/PS composite. The composite films show excellent

noise free electromechanical response to applied strain both

in compression as well as tension. The response of the film

was studied under different types of loading (cyclic, ramp

and stepped tensile loading) and it corresponded linearly with

applied strain even at very high strains when the brass spec-

imen to which they were affixed yielded under tensile load-

ing. Further the response observed was completely

reversible and returned to preloading conditions upon load

removal. The sensitivity of the composite films was studied

under different concentrations (by wt.%) of MWCNTs in them

and it was observed that the increasing concentration of

nanotubes led to a reduction in the film sensitivity and

MWCNT/PS composite films exhibit excellent strain sensing

characteristics.
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