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ABSTRACT 

The effect of the length of multiwall carbon nanotubes (MWCNTs) on the electrical properties of 
MWCNT/polymer composites is investigated. A methodology based on controlled ultrasonic 
fragmentation was implemented to systematically reduce the length of the MWCNTs, supported by 
scanning electron microscopy and length measurements. The as-received and fragmented MWCNTs 
were used to fabricate MWCNT/polymethyl methacrylate composites, evaluating the effect of such a 
fragmentation in the resulting electrical conductivity of the composites. The effect of length-
shortening and carbon nanotube alignment on the piezoresistive properties of such composites is an 
ongoing work which will be presented at the conference. 
 
1. INTRODUCTION 

Recent advances in the nanotechnology field have brought new and more demanding applications 
which involves smartness and multifunctionality. In the area of materials science, composite materials 
are nowadays very explored and used for novel applications due to their versatility and combination of 
properties of the matrices and fillers. In particular, polymer-based composites reinforced with carbon 
nanoparticles have gained a lot of attention and much research has been developed towards this 
direction [1]. Carbon black (CB) [2], carbon nanotubes (CNTs) [3-5] and multilayer graphene 
nanoflakes [6] have been reported as filler materials, improving in a notorious manner the mechanical, 
electrical, and thermal effective properties of nanocomposites. For the case of CNT/polymer 
composites, several reports confirm the use of these materials in applications such as mechanical, gas 
and thermal sensors [1,7,8], for mentioning a few examples. The electrical and piezoresistive 
properties of the CNTs along with the versatile properties of polymers make them good candidates to 
be used on several sensing areas. However, the full potential of these materials has not yet been 
unravelled probably due to the lack of understanding of the underlying mechanisms governing such 
complex sensorial processes, and also due to the strong structure-property relationship, which is in 
turn determined by the challenging dispersion and manufacturing process. Among the most relevant 
parameters influencing the effective electrical and piezoresistive properties of CNT/polymer 
nanocomposites, the geometry (length, diameter and waviness), concentration and alignment of the 
CNTs are suggested as the main ones. In a previous work by our group, electrical and piezoresistive 
properties were enhanced by aligning the CNTs in a specific direction [9]. Whichmann et al. [2] 
investigated the effect of the concentration and type of particle (CB and CNTs) on the electrical and 
electromechanical response of epoxy-based nanocomposites. Authors found that the electrical and 
piezoresistive responses are dominated by the interparticle contacts (determined by the morphology of 
the conductive network), which can be characterized by a tunnelling mechanism. In a theoretical work 
by our group, the contribution of CNT dimensional changes to the effective electromechanical 
response of CNT/polymer composites was investigated; it was found that such a contribution is very 
low and it was suggested that the main mechanism of the piezoresistive response of composites was 
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the modification of the CNT network configuration, which is importantly influenced by the geometry 
and concentration of the filler particles [10]. Thus, it is clear that more efforts should be carried out in 
order to explore the effect of the morphology of the filler on the electrical and piezoresistive properties 
of CNT/polymer composites, which would allow to optimize their performance. Therefore, a study on 
the effect of multiwall carbon nanotube (MWCNT) length on the electrical and piezoresistive 
properties of MWCNT/polymer composites has been undertaken, reporting in this first part of the 
work only the electrical properties. A methodology to systematically reduce the MWCNT length by 
ultrasonic energy was implemented and morphological evidence of such a length reduction is 
presented. The electrical conductivity of MWCNT/polymethyl methacrylate (PMMA) composites is 
measured finding the electrical percolation threshold for MWCNT/PMMA composites with 
fragmented and as-received MWCNTs. Piezoresistive properties and the effect of alignment for as 
received and fragmented MWCNTs is an ongoing work which will be presented at the conference. 
 
2. EXPERIMENTAL 

2.1. Materials and methods 
Commercial MWCNTs of a purity >95% were used [11]. As-received MWCNTs have a length of 1-6 
µm and external diameters ranging from 30 to 50 nm. For the process of reduction of MWCNTs 
length, N-N-dimethylformamide (DMF) was used to disperse the MWCNTs using an ultrasonic bath 
(Branson, 110 W at 40 kHz). An ultrasonic probe of high and concentrated power (Sonics, VC-750, 
using 225 W at 20 kHz) was used to fragment the MWCNTs, following a procedure explained in the 
following section. For the observation of the MWCNTs at the microscale, a scanning electron 
microscope (SEM) (JEOL, FESEM-7600) was used. For the preparation of MWCNT/PMMA 
composites, chloroform was used as the solvent to disperse the MWCNTs and to dissolve the PMMA 
pellets. For the electrical characterization, a Keithley 6517B electrometer was used to measure the 
electrical resistance of the MWCNT/PMMA composites. The more resistive composites required the 
additional use of a Keithley 8009 resistivity test fixture. 
 
2.2. Fragmentation of MWCNTs 
In order to evaluate the influence of the MWCNT length on the electrical properties, MWCNTs were 
systematically fragmented by a procedure based on using ultrasonic energy. To this aim, 0.9 mg of 
MWCNTs were dispersed in 15.4 g (16.3 ml) of DMF (concentration of 5.84 x 10-3 wt.%) and 
mechanically agitated for 30 min at room temperature. After this, the MWCNT/DMF solution was 
sonicated using an ultrasonic horn (225 W at 20 kHz) for a total of 4 h (2 h effective sonication time), 
which was programmed with on and off sequences of 30 s to avoid overheating. An ice bath was also 
used to avoid overheating. As a final step, a drop (~15 mg) of the solution was poured onto Si 
substrates for SEM imaging of the fragmented MWCNTs. A schematic of the experimental process 
used for the MWCNT length reduction is shown in Figure 1. 
 

 
 

Figure 1. Schematic of the MWCNT fragmentation process. 
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The reference sample (as-received MWCNTs) was obtained by using a similar procedure, i.e. 
dispersing the same amount of MWCNTs (0.9 mg) in the same amount of DMF (16.3 ml) but 
substituting the concentrated power of the ultrasonic horn for 30 min of dispersion in a conventional 
ultrasonic bath (110 W at 40 kHz), after the initial 30 min of mechanical agitation. Since the bath 
power (110 W) is spread over the whole volume of the tank (2.8 l) and it is applied for 30 min, this 
yields an energy density of 70.7 MJ/m3, which was delivered to the as-received MWCNTs. On the 
other hand, the 225 W of the ultrasonic horn are applied (for 2 h) directly to the 16.3 ml of DMF 
within the beaker, which yields a total specific energy delivered to the (fragmented) MWCNTs of 99.4 
GJ/m3. Although the actual energy density received by the MWCNTs may be slightly less because of 
damping and loses, the order of magnitude provides a clear picture of what is expected for each group 
of MWCNTs. As reported in [12] energy densities of the order of 106 Pa are expected to yield 
dispersion with none or very limited fragmentation, while those of the order of 109 Pa are expected to 
yield MWCNT fragmentation. 
2.3. Fabrication of MWCNT/PMMA nanocomposites 
Composite materials with MWCNT weight concentrations of 0.1, 0.3 and 0.5 wt.% were prepared 
using as-received and fragmented MWCNTs and PMMA as the host matrix by means of the solution 
casting technique, as illustrated in Figure 2. Initially, MWCNTs were dispersed in chloroform using an 
ultrasonic bath and the PMMA pellets were dissolved by mechanical agitation using the same solvent, 
Figure 2a. Afterwards, both solutions were mixed to form a MWCNT/PMMA/chloroform liquid 
solution. A controlled evaporation of the chloroform was carried out by means of repetitive steps of 
ultrasonic agitation at room temperature and mechanical agitation at 70 °C, until the majority of the 
solvent was evaporated and the desired solution viscosity was reached, Figure 2b. The 
MWCNT/PMMA/chloroform solution was then cast on a glass mould and solid ~300 µm thick 
MWCNT/PMMA films were obtained, as shown in Figure 2c. As a final step, films were dried in a 
furnace in sequential steps between 60°C and 80°C, incrementing10°C each day, Figure 2d. 
 

 
Figure 2. Schematic of the nanocomposite preparation process. 

 
2.4. Electrical characterization of nanocomposites 
In order to evaluate the electrical percolation of the MWCNT/PMMA composites with as-received and 
fragmented MWCNTs, the electrical resistance (R) of specimens using a Keithley 6517B electrometer. 
For composites with electrical resistances above GΩ, the use of a special resistivity test fixture 
(Keithley 8009 resistivity test fixture) connected to the electrometer was required and the samples 
were elaborated in a wafer shape, in accordance to the fixture requirements, see Figure 3a. On the 
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other hand, for specimens of electrical resistances below GΩ, the test fixture was not required and 
smaller rectangular specimens were used instead, see Figure 3b. A schematic of the specimens and the 
experimental setup for the electrical characterization are shown in Figure 3. 
The electrical conductivity (σ) of the specimens was then calculated as, 
 

σ = Le/AR       (1) 
 

were Le and A are the effective distance between the electrodes and the cross-section area of the 
specimen, respectively, see Figure 3. 
 

 
Figure 3. Electrical characterization of MWCNT/PMMA composites. a) Specimens with electrical 
resistance higher than GΩ (wafers), b) rectangular specimens with electrical resistance lower than GΩ. 
 
3. RESULTS 
3.1. Fragmentation of MWCNTs 
Figure 4 presents representative SEM images of the as-received (Figure 4a) and fragmented (Figure 
4b) MWCNTs, measured after the dispersion/fragmentation treatments described in section 2.2. In 
order to obtain a representative MWCNT length for each case and observe if the MWCNTs were 
consistently fragmented, tenths of images were obtained and a several hundreds of MWCNTs were 
measured for different specimens. Several statistical distributions were first tried to fit the data, being 
the log-normal distribution the best fit. The expected value of the MWCNT length for the as-received 
MWCNTs was estimated as 1.23 µm while such a value for fragmented MWCNTs was estimated as 
0.58 µm, thus confirming the systematic length reduction. Several authors have investigated the effect 
of the ultrasonic energy on the reduction of the MWCNT length, mentioning that the main causes of 
MWCNT fragmentation are the ultrasonic energy, the time of application and the solvent viscosity, 
among the main ones [12-16]. These parameters can be collected in a single parameter named an 
energy density (Pa) as discussed by Huang and Terentjev [12]. Lu et al. [14] reported that the 
sonication causes high density of defects on the MWCNT such as bending, buckling and breaking on 
smaller pieces when the cavitation process is very energetic, as for the case of ultrasonic probes acting 
in low volumes and low viscosity solvents. Chen et al. reported that the ultrasonic energy produces 
rapidly collapsing cavitation bubbles providing high local solvent velocities which can act as both 
separating forces and scissoring forces [15]. Such scissoring forces tear down individual CNTs into 



21st International Conference on Composite Materials 
Xi’an, 20-25th August 2017 

5 
 

multiple shorter CNTs and reduce the average length of CNTs. Huang and Terentjev [12] use 
energetic terms to quantify such an effect, and argue that specific energy density values can be 
estimated to avoid significant MWCNT fragmentation, being these values function of the MWCNT 
aspect ratio (length/diameter). In our case, the energy densities received by the MWCNTs from the 
ultrasonic bath and ultrasonic horn are in the order of 106 Pa and 109 Pa, respectively, which are values 
below and above the fragmentation energy for the MWCNTs here used [12]. As such, it is expected 
that the 30 min of ultrasonication using the bath (low energy) does not cause significant breakage of 
MWCNTs, as required for the reference sample (as-received MWCNTs), while the energy delivered 
by the horn will cause evident fragmentation of the MWCNTs. Therefore, from this analysis, it is clear 
that the usage of a ultrasonic horn for long elapsed time and over a small volume of low viscosity fluid 
such as DMF cause of the significant MWCNT shortening shown in Fig. 4. 

 

 
Figure 4. SEM imaging of MWCNTs after sonication processes. a) As-received MWCNTs, b) 
fragmented MWCNTs. 
 
3.2. Electrical characterization 
Electrical resistance was measured from nanocomposites fabricated with as-received and fragmented 
MWCNTs at low weight concentrations (0.1, 0.3 and 0.5 wt.%) and results are shown in Figure 5. 
From Figure 5 it can be observed that for the lowest concentration (0.1 wt.%), both composites are 
under the percolation threshold with conductivities close to 1 x 10-12 S/m. For 0.3 wt%, a dramatical 
increase in conductivity of ~11 orders of magnitude was observed for the composites fabricated with 
as-received MWCNTs (σ ~ 10-1 S/m), and such a value was maintained for 0.5 wt% composites. On 
the other hand, an increase of 6 orders of magnitude in conductivity was observed for composites with 
fragmented MWCNTs at 0.3 wt% (σ ~ 10-6 S/m) and then the conductivity increased up to ~10-4 S/m 
for 0.5 wt.% composites. Although for both cases the effect of increasing MWCNT concentration on 
the conductivity of the composite is evident, for concentrations of 0.3 wt% and above composites with 
as-received (longer) MWCNTs exhibit higher conductivities than those of the composites with 
fragmented (shorter) MWCNTs. In that respect, Wang et al. reported that longer and thicker CNTs 
ensure a more effective electron conduction path along individual CNTs [17]. Foygel et al. carried out 
computational investigations and found that longer CNTs enhance the electrical conductivity of 
composites as the electrical percolation is reached at lower CNT concentration when CNT aspect ratio 
(length/diameter) is higher [18]. On the other hand, Martin et al. [19] found lower electrical 
conductivities of CNT-based composites when the aspect ratio increases, but this was more an 
(indirect) effective agglomeration issue rather than a direct consequence of the CNT length. These 
authors based their findings on an accelerated agglomeration of shorter CNTs which rendered higher 
values of electrical conductivity, which has also been pointed out by other authors [20,21]. 
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Figure 5. Electrical conductivity of MWCNT/PMMA composites fabricated with as-received and 
fragmented MWCNTs. 
 
4. CONCLUSIONS 
The effect of the MWCNT length on the electrical properties of low concentration MWCNT/PMMA 
composites was investigated. A procedure to systematically reduce the MWCNT length assisted by 
ultrasonic energy was implemented and the results were corroborated by SEM imaging. Using this 
methodology, fragmented and as-received MWCNTs were used to fabricate MWCNT/PMMA 
composites by solution casting and the electrical conductivity was measured. The conductivity of 
composites with as-received MWCNTs was higher, being this explained by the higher aspect ratio of 
the MWCNTs. The higher aspect ratio of MWCNTs yields less contact resistance and less barriers for 
electron dispersion and promotes better effective electron conduction paths along the composites. The 
effect of length-shortening and carbon nanotube alignment on the piezoresistive properties of such 
composites is an ongoing work which will be presented at the conference. A better understanding of 
the role of the geometric parameters of nanoparticles on the effective electrical and piezoresistive 
properties of the composites would bring a better optimization of the performance of smart 
multifunctional nanocomposites. 
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