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Obstract

Two series of polyurethane (PU) and carbon nanotubes (CNT) based composites with 0.0, 0.25, 0.5 and 1.0 mass% of 
CNT were obtained from diluting a commercial masterbatch with 30 mass% CNT and using two different dispersion 
methods. The quality of the dispersions was assessed using optical microscopy, and scanning and transmission electron 
microscopies. These tests showed that high controlled shear stress is necessary to produce composites with nanoscale 
dispersion: the elastic modulus improved by an average of 38% in the case of the high-shear dispersed materials in 
comparison with the neat polymer. A specific fatigue test conducted by dynamic mechanical analysis was first used in 
this work to compare the neat PU with the CNT/PU nanocomposites. The number of cycles to failure increased from 
2700 for the neat polymer to 3200 for the 0.5 mass% CNT based nanocomposite; the elongation at failure increased 
by 145% in the test conditions.
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1. Introduction

The extraordinary properties of carbon nanotubes 
(CNT)[1-3] have motivated large efforts to apply them as 
reinforcing agents in polymer composites[4,5]. The success, 
however, is being limited by the difficulties to disperse the 
nanomaterial and promote a good interaction with polymer 
chains at the interfaces. Various strategies using different 
processing equipment/methods, have been tested to improve 
dispersion: high shear mixers, three roll-mill, or planetary 
mixers in the case of resin to thermosets[6-10]; and extrusion 
and injection in the case of thermoplastics[11,12]. Companies 
commercialize masterbatches with high concentrations 
of CNT up to 50 mass%. The high concentration of CNT 
increases significantly the viscosity of the masterbatches, 
leading liquid resins to be stored and commercialized 
as solid pellets. Masterbatches of CNT are available for 
thermoplastic (polyethylene, polypropylene, etc.) and for 
thermoset resins (epoxy and polyurethane).

Abbasi et al.[13] produced composites of polypropylene 
(PP) and carbon nanotubes from a 20 mass% commercial 
masterbatch using a twin-screw extruder for dilution. They 
reported that processing at low temperature and high speed 
increased the shear mixing, which in turn broke off the 
agglomerates of CNT, resulting in a better dispersion of 
the nanotubes and increase in the electrical conductivity 
of the composites. Pötschke et al.[14] used a Haake mixer 
coupled with a twin-screw extruder to produce composites 
of polycarbonate and carbon nanotubes from a commercial 

masterbatch with 15 mass%. The authors obtained SEM 
images showing the CNT covered by the polymer and 
randomly oriented. Cryofracture image of those composites 
after dilution shows that the cracks propagated through the 
matrix. The carbon nanotubes, however, appear to have 
bridged the cracks in the matrix, reinforcing the strength 
of the composite. Mansour et al.[15] produced composites of 
thermoplastic polyurethane (TPU) and carbon nanotubes from 
a 10% mass masterbatch to evaluate mechanical properties 
such as hardness and compression strength. They showed 
that the use of carbon nanotubes increased hardness by up 
to 13% and modulus by up to 256%. Additional reports 
featuring nanocomposites of thermoset polyurethane based 
on commercial masterbatchs have not been found. As such, 
to the best of our knowledge, this is the first work on this 
subject.

Polyol resins are used as precursors of polyurethane 
elastomers (PU). This highly viscous liquid at room 
temperature can receive CNT in polyol masterbatches, 
which reacts with isocyanates producing PU. PU elastomers 
are versatile materials that can be employed in industrial 
equipment such as bend stiffeners in the off shore oil industry 
and conveyor belts in the mining industry[16,17]. For these 
industrial applications, there are complex requirements of 
mechanical properties, especially tear strength, abrasion 
resistance, and fatigue behavior. Therefore, they can benefit 
from new formulations that could show real gain in different 
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 properties simultaneously. The introduction of small amounts 
of CNT has the potential to increase performance for this kind 
of highly demanded materials. This was already shown by 
our previous work[9,10,18], as well as that of other authors[19-21].

The PU elastomer chains are composed by the polyol 
segments and the isocyanate segments, which contribute to 
the flexibility, mechanical resistance, and fatigue resistance of 
these materials[22-24]. Conventional fatigue tests are conducted 
in servo-hydraulic testing machines able to apply cyclic 
forces to specimen and measure the number of cycles to 
failure. This type of testing is frequently time-consuming 
and expensive. A new fatigue test for the PU elastomers and 
its nanocomposites using a dynamic mechanical analyzer 
(DMA) was tested in this work. Similar fatigue tests were 
employed for metals[25] or other polymers such as PTFE 
and SBR[26,27], but it is the first time that the fatigue of a PU 
elastomer nanocomposite was evaluated by DMA.

Two types of dispersion methodologies were thus 
investigated: the dispersion proposed by the supplier of a 
commercial masterbatch of CNT and the dispersion optimized 
by our group, employing three-roll mills[9,10]. The quality 
and mechanical properties of these resulting dispersions 
were compared and a fatigue test by DMA was used to 
investigate the influence of CNT, under cyclic effort, in the 
lifetime of the material.

2. Materials and Methods

2.1 Materials

A masterbatch of multiwalled carbon nanotubes was 
purchased from Arkema (France)[28]. Supplier reports that 
the masterbatch contains 30 mass% of CNT in polyether 
polyol resin (Graphistrength C PU1-30). Plastiprene 
(Brazil) kindly provided polytetramethylene ether glycol 
(PTMEG), toluene diisocyanate (TDI), 1,4-butanediol, and 
4,4-methylene-bis-ortho-chloroaniline (MOCA) for use in 
the synthesis of the elastomeric polyurethane.

2.2 Preparation of MWCNT/PU composites

Two series of composites were prepared by adding 
different amounts of the masterbatch in PTMEG and reacting 
with TDI and 1,4 butanediol. The prepolymer synthesized 
was cross-linked with MOCA[9,10]. The final concentrations 
of the composites were 0.25, 0.50 and 1 mass% of carbon 
nanotubes. Two types of dispersion methodologies were 
tested to disperse the masterbatch in the PTMEG. In the 
first instance, as proposed by the supplier, composites were 
prepared by adding the masterbatch under mechanical stirring 
(IKA, RW20, 350 RPM, 100 °C, overnight). In the second 
one, composites were prepared by adding masterbatch using a 
high shear mechanical mixer (IKA, T25, 20,000 RPM, 5 min) 
and subsequently with a three roll mill (Exakt, 80E, 5 runs, 
gap 5:10, 300 RPM). Two reference samples (without carbon 
nanotubes) were also processed using the two methods. 

The procedures of masterbatch dispersion are summarized 
in Table 1.

2.3 Characterization

The characterization of the samples included a study of 
the morphology of the masterbatch using scanning electron 
microscopy (SEM) in a Quanta 200-FEG / FEI microscope; 
the cryo-fracturing of a masterbatch pellet with liquid nitrogen 
to analyze the surface; and the examination of carbon 
nanotubes extracted from the masterbatch with acetone 
by transmission electron microscopy (TEM) on a Tecnai - 
G2-20 / FEI microscope. Additionally, thermogravimetric 
analyses of the masterbatch were performed in a synthetic 
air atmosphere with a heating rate of 10 °C min-1 from room 
temperature to 1000 °C, using the Q5000 TA instruments 
apparatus. Samples of the masterbatch dilutions in PTMEG 
(0.10 mass%), prior to cure, were characterized by optical 
microscopy (OM) in transmission mode using an Olympus 
BX50F microscope with a magnification of 100x. The same 
OM analysis was also done for composite fragments in 
order to evaluate the dispersion of the nanotubes in the 
final material. Furthermore, the mechanical properties of 
the composites were tested in an Emic DL10.000 universal 
testing machine; elastic modulus was asserted using ASTM 
D638 and replicates of five dog bone specimens, type IV, 
with 115 mm (length), 6 mm (width) and 3 mm (thickness). 
The secant modulus at 6% elongation was used for evaluation. 
The tests were performed at 23 ± 2 °C and at relative humidity 
of 50 ± 10% using an extensometer, a load cell of 50 kgf, 
and a displacement velocity of 50.0 cm.min-1.

Finally, a fatigue test conducted using the tensile mode 
DMA was developed for this work. The test was performed 
under isotherm at 50 °C, the specimens were oscillated 
with a frequency of 5 Hz and a force of 6 N until rupture. 
The specimen’s dimensions were 20 mm (length) × 6 mm 
(width) × 0.5 mm (thickness) and they were notched to 
induce crack propagation. Five specimens of each sample 
were tested and the two extreme results were excluded, thus, 
the data presented is in triplicates. Several experiments, using 
different temperatures, were conducted with specimens of 
different dimensions, with different frequencies and forces, 
and without/with notch to find the test parameters that 
revealed the fatigue behavior of the neat elastomeric PU 
and nanocomposites studied in this work. The extensive 
preliminary work (not reported here) showed that within the 
low limit of force that the DMA allows (6 N), it is necessary 
to introduce the notch and prepare thin specimens in order 
to get a clear fatigue response in this kind of PU.

3. Results and Discussions

Figure 1a-c shows: (a) TGA analyses with a mass loss 
of 29% at approximately 550 °C, which is associated to the 
decomposition of carbon nanotubes confirming the nanotube 

Table 1. Procedures of masterbatch dispersion.
 Dispersion methods

Method 1 Dispersion with mechanical stirring, 350 RPM, 100 °C, overnight.
Method 2 Dispersion with high shear, 20.000 RPM for 5 min and three-roll mill, 5 runs, gap 5:10, 300 RPM.
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content reported by the supplier[28]; (b) the appearance of the 
masterbatches in the form of pellets with a high concentration 
of carbon nanotubes; and (c) the cryo-fractured image of a 
pellet, in which CNT can be visualized pulling off the matrix, 
respectively. Figure 1d shows a TEM image of the carbon 
nanotubes extracted from the masterbatch with acetone, 
displaying nanotubes with an average of 10 nm of external 
diameter. The characterization of the masterbatch and the 
MWCNT in the material indicated that this commercially 
available system has desirable features for the employment 
as additive in elastomeric PU developed for industrial 
demands[9,10,13]

Figure 2 shows optical microscopy images of diluted 
samples of the masterbatchs in PTMEG with 0.10 mass% 
of CNT, prior to cure, produced through the two procedures 
presented in this work (Table 1). The method of dispersion 1 
using only mechanical stirring was recommended by the 
supplier, however, it was not enough to disperse the carbon 
nanotubes that remained agglomerated in small grains, as 
indicated in Figure 2a by the arrows highlighting the aggregates. 
Method 2, showcased the need of high and controlled shear 
stress to produce composites with nanoscale dispersion, 
Figure 2b. The morphology of Figure 2b typically results 
from the shearing of the CNT aggregates by the roll mill; it 

allows the formation of nanotube networks in all directions, 
consequently permitting improvements in the mechanical 
and electrical properties of the nanocomposite[29].

Figure 3a shows optical images of composite fragments 
with 0.25 and 0.50 mass% of CNT and (b) SEM images of 
composite fragments with 0.50 mass% of CNT, which show 
how efficient dispersion, obtained by processing method 2, 
was maintained even after curing. The larger black spots of 
CNT aggregates, which are present after method 1 dispersion, 
are observable at the top of Figure 3a, some of which have 
been indicated by arrows. Much smaller aggregates are 
observed in composites produced by method 2 as indicated 
by the arrows in the lower half of Figure 3a. SEM images 
furthermore confirm these observations: for the method 1 
dispersion, the high magnified image (top-right of Figure 3b) 
shows the inside of an agglomerate of approximately 10 μm 
diameter. The SEM images in two magnifications on the 
bottom of Figure 3b show the typical dispersion achieved 
with the high shear method 2 with carbon nanotubes better 
distributed and pulled out of the PU matrix.

The composites processed by the most efficient dispersion 
method (method 2), as demonstrated by the morphological 
study, were tested for tensile strength and Figure 4b shows 

Figure 1. Commercial masterbatch: (a) TGA curve; (b) inset - masterbatch sample; (c) SEM image of the cryofracturated pellet; (d) TEM 
image of the carbon nanotube extracted from the masterbatch.

Figure 2. Optical microscopy images for the dispersion (prior to cure) of masterbatch on PTMEG to a 0.10 mass% composite: 
(a) Method 1: dispersion by mechanical stirring; and (b) Method 2: dispersion with high shear and three-roll mill.
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the secant elastic modulus at 6% elongation. The elastic 
modulus increased up to 38% in comparison with the 
reference sample. Increases in modulus were also observed 
by Lopes et al.[10], a study in which up to 47% increase in 
the stiffness of the composites was obtained with addition 
of 0.5% MWCNT in PU. Mansour et al.[15] obtained similar 
increases in composite stiffness with 1 mass% of nanotubes 
in a thermoplastic polyurethane formulation.

DMA analysis presented in Figure 5 shows that the 
storage modulus of the composite is similar to the neat PU 
at room temperature. Nevertheless, for temperatures above 
50 °C, it is noted that storage moduli of 1 mass% composites 
are superior to the reference by up to 20% at 120 °C, for 
example. Tan δ curves show a large event associated to glass 
transition from -50 °C to 100 °C. The main peak of tan δ is 
found at 50 °C and a shoulder peak can be seen at – 30 °C. 
Neat PU and 1 mass% CNT based composite both show 

no variation in the peak temperatures at the tan δ curve. 
The DMA curves obtained in this study are very similar to 
the ones showed in the work of Lopes et al.[10]. In that case, 
the same morphology of elastomeric PU employed in the 
present work was produced with the addition of MWCNT by 
high shear mixing. The difference is that herein the CNT was 
added with the help of a commercial masterbatch. Therefore, 
if high shear dispersion methodology is applied, the results 
obtained with elastomeric PU/MWCNT are reproducible.

In an effort to assess this important characteristic of 
an elastomeric material such as PU, fatigue behavior tests 
by DMA were also performed in this study. The industrial 
applications of elastomeric PU in oil, gas and mining industries 
are very demanding on the material because they are used in 
harsh conditions of impact, high temperature and need long 
life cycles of sometimes over a decade. Figure 6a, b presents 
images of the test pieces used in these experiments as well as 

Figure 3. (a) Optical and (b) SEM images of CNT/PU composite fragments prepared with commercial masterbatch dilution by two 
different methods. Method 1 (top) is mechanical stirring and Method 2 (bottom) is high shear /roll mill processing. The concentrations 
of CNT in PU are indicated in the bottom of the figure.

Figure 4. Results of mechanical testes for PU and nanocomposites prepared by Method 2: (a) Engineering stress-strain representative 
curves (from a minimum of five replicates); (b) Secant modulus at 6% elongation for elastomeric neat PU and composites.
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the tensile device used in the tests. In Figure 6c, the fatigue 
behavior of the samples was examined based on the results 
of the % of elongation at failure as a function of number of 
cycles to failure. The results showed a dispersion of data 
allowing only a qualitative comparison between the neat PU 
and the nanocomposites. We have decided to present the three 
more consistent results which are marked in the image with 
an ellipsis rather than averaging. Only after 2400 cycles do 
the notched-thin specimens start to fail in conditions of 50 °C, 
tensile of 6 N and 5 Hz. The neat PU showed approximately 
2700 cycles up to failure with about 10% elongation. It is 
clear that the composites presented higher % of deformation 
before failure, with significant increases of up to 245% in 
elongation for 1.0 mass% composite in comparison with 
the neat polymer. Composites with 0.25 and 0.50 mass% 
of nanotubes show an increase in the number of cycles to 
failure of 7 and 19%, respectively. The average of the results 
showed in Figure 6 are summarized in Table 2.

The fatigue test employed in this work showed a clear 
tendency for expanded lifespan and increased ductility for 
the samples with additions of carbon nanotubes. Although the 
conditions of this test by DMA make it difficult to compare 
with other references, the observation of the results allows 

for confirmation of effective gains in the fatigue resistance 
of the nanocomposites. Loos et al.[19] have been studied the 
effects of carbon nanotube (CNT) inclusion on cyclic fatigue 
behavior using a convectional tension fatigue test and the 
tensile properties of polyurethane (PU) composites. They 
have shown a similar tendency as what was observed in the 
present work, i.e. the incorporation of CNT extended the 
life of PU before fatigue in the high-stress amplitude and 
low-cycle regime by up to 248%. Loos et al.[19] state that the 
micrographs indicate the key mechanisms for enhancement 
in fatigue life as CNT crack-bridging and pull-out. Moreover, 
the effective enhancement in the properties of PU obtained 
in this study is attributed to successful dispersion of the 
CNTs and improved interaction between filler and matrix, 
suggesting an energy absorbing mechanism responsible for 
the increase in the fatigue life.

Figure 5. DMA results. Storage modulus, Loss modulus and Tan δ of neat elastomeric polyurethane and nanocomposite with 1.0 mass% 
of CNT prepared with a commercial masterbatch dilution by Method 2.

Figure 6. (a) Fatigue samples; (b) tensile probe apparatus; and (c) fatigue behavior for neat PU and nanocomposites.

Table 2. Average of fatigue test results.

Sample Cycles to failure Elongation to 
failure / %

0% 2722 ± 81 11 ± 2
0.25% 2910 ± 146 27 ± 7
0.50% 3232 ± 44 25 ± 10
1.00% 2556 ± 60 38 ± 4
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4. Conclusions

In this study carbon nanotubes were used as efficient 
mechanical reinforcement for elastomeric polyurethane. 
This is seen by the increase in elastic modulus and storage 
modulus. It was also observed in the significant contribution 
of the carbon nanotubes for the increased fatigue strength, i.e. 
elongation and number of cycles at failure. This reinforcement 
was possible because of an efficient dispersion method 
for a commercial masterbatch achieved using techniques 
that generated high shear and produced composites with 
nanoscale dispersion. The nanocomposites PU/CNT have 
mechanical characteristics that make them possible substitutes 
in applications that demand high performance materials.
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