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ABSTRACT: A spray drying approach has been used to
prepare polyurethane/multiwalled carbon nanotube (PU/
MWCNT) composites. By using this method, the
MWCNTs can be dispersed homogeneously in the PU ma-
trix in an attempt to improve the mechanical properties of
the nanocomposites. The morphology of the resulting PU/
MWCNT composites was investigated by scanning elec-
tron microscopy (SEM) and transmission electron micros-
copy (TEM). SEM and TEM observations illustrate that the
MWCNTs are dispersed finely and uniformly in the PU
matrix. X-ray diffraction results indicate that the micro-
phase separation structure of the PU is slightly affected by
the presence of the MWCNTs. The mechanical properties
such as tensile strength, tensile modulus, elongation at

break, and hardness of the nanocomposites were studied.
The electrical and the thermal conductivity of the nano-
composites were also evaluated. The results show that
both the electrical and the thermal conductivity increase
with the increase of MWCNT loading. In addition, the per-
colation threshold value of the PU composites is signifi-
cantly reduced to about 5 wt % because of the high aspect
ratio of carbon nanotubes and exclusive effect of latex par-
ticles of PU emulsion in dispersion. VC 2012 Wiley Periodicals,
Inc. J Appl Polym Sci 000: 000–000, 2012
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INTRODUCTION

Since the discovery of carbon nanotubes (CNTs) by
Iijima in 1991,1 they have attracted interest from sci-
entists and engineers from all over the world. With
unique and outstanding properties, such as excellent
strength, modulus, electrical and thermal conductiv-
ities, and low density, CNTs have attracted much
attention in the field of polymer/CNT composites.2–7

Homogeneous dispersion of the CNTs in the poly-
mer matrix and good interfacial bonding between
the CNTs and the polymer matrix are the key factors
affecting the properties of the composite. When com-

pared with the enormous number of studies on the
application of CNTs in epoxides, thermoplastics, and
fibers, the number of reports dealing with the appli-
cation of CNTs in elastomers was few because of the
high viscosity of the elastomeric matrix.8–11 Poly-
urethane (PU) is an important class of polymer
materials for a variety of applications owing to their
useful properties such as excellent flexibility, elastic-
ity, and damping ability. The PU properties can be
easily tailored through changing the molecular chain
structures of the soft and hard segments. Therefore,
it is reasonable to believe that PU can serve as
an excellent matrix for polymer/CNTs. The CNT/
elastomer nanocomposites could have broader appli-
cation potential because of their unique mechanical,
thermal, and electrical properties.
Traditional methods used for the preparation

of polymer/CNT composites include melt blend-
ing,12–15 in situ polymerization,16–18 and solution
methods.19,20 However, in most of the studies, the
incorporation of CNTs did not result in the expected
reinforcement because the lack of chemical compati-
bility between the two phases led to poor dispersion
of CNTs. Chemical modification of CNTs is
regarded as an effective way of achieving well-dis-
persed CNTs in a polymer matrix21,22; however,
chemical modification will inevitably result in the
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disruption of the tube structure and loss in superior
properties of the CNTs. Powder–rubber composites
reinforced with CNTs by means of spray drying23

has proved that the novel technology is better than
the traditional methods for preparing CNT-rein-
forced elastomer composites with high viscosity.

In this work, we prepared PU/MWCNT compo-
sites by a spray drying process. The MWCNTs were
well dispersed in the PU matrix as revealed by scan-
ning electron microscopic (SEM) and transmission
electron microscopic (TEM) images. The mechanical
properties, electrical conductivity, and thermal con-
ductivity of the composites were characterized.

EXPERIMENTAL

Materials

Waterborne PU was purchased from Beijing Jinhuili
Applied Chemical Products, with a solid content of
30 wt %. MWCNTs with purity of 95 wt % were pre-
pared by chemical vapor deposition and were sup-
plied by Tsinghua University, China. The diameter
and the length of the MWCNTs were in the ranges
10–20 nm and 0.5–1000 lm, respectively. Sodium do-
decyl sulfonate (SDS) used as a dispersant was
obtained from Sinopharm Chemical Reagent.

Preparation of PU/MWCNT composites

The pristine MWCNTs were mixed with SDS in a
mass ratio of 10 : 1, and the mixture was added into
deionized water. After supersonic stirring, a suspen-
sion of MWCNTs was obtained. Different amounts (0,
1, 3, 5, 10, and 20 phr) of the above suspension were
mixed with 100 phr PU. Deionized water was gradu-
ally added to each mixture, and a suspension of
MWCNTs in the PU latex was obtained after disper-
sion in an ultrasonic processor for 3 h. A mixed PU/
CNTs latex suspension with a total solid content of
about 10 wt % was obtained. The above MWCNT–
PU latex suspension was sprayed and dried by a
spraying dryer (Model B290; Büchi, Switzerland). The
spray condition was as follows: air inlet temperature
of 160�C, suspensions feeding rate of 200 mL h�1,
and a nozzle cleaner of 4 min�1. The spray dry pro-
cess is schematically shown in Figure 1.

Finally, the PU/MWCNT composites were com-
pressed to slices of 10 cm � 15 cm in size by using a
hot press at 180�C under 15 MPa for 10 min and then
cold pressed at room temperature under 15 MPa.

Characterization

The fracture morphology of the PU/MWCNT com-
posites was investigated by an XL-30 field-emission
SEM produced by FEI. The SEM specimens were
prepared by free fracturing under cryogenic condi-

tions, and then gold particles were sprayed on the
surface of the specimens. The morphology of the
PU/MWCNT composites was observed by an H-800
TEM produced by Hitachi, Japan. The specimens for
TEM observations were prepared by cryogenic
microtoming with a Reicherte Jung Ultracut Micro-
tome and mounted on 200-mesh copper grids.
X-ray diffraction (XRD) studies were carried out

in the 2y range of 5�–90� by using a Rigaku D/Max
2500VBZt/PC X-ray diffractometer (Rigaku, Japan).
The scanning speed was 0.02� s�1.
The ‘‘Payne effect’’ of the composites was meas-

ured at 170�C and 1 Hz as a function of strain
amplitude in the range 0–400% by using a Monsanto
RPA-2000 apparatus (Monsanto, St. Louis, MO).
The shore A hardness of the composites was meas-

ured according to ASTM D-2240 by using an XY-1
type A durometer (No. 4 Chemical Machinery Plant
of Shanghai Chemical Equipment, Shanghai, China).
Three different locations of the same sample (>6 mm
in thickness) were measured to get an average value.
Tensile tests of dumbbell specimens were carried

out on a CMT4104 testing machine (Shenzhen SANS
Testing Machine, Shenzhen, China) at a speed of 500
mm min�1, according to ASTM D-412. The storage
modulus, loss modulus, and tan d were measured as
a function of temperature with dynamic mechanical
thermal analysis (DMTA VA3000; Rheometric Scien-
tific, NJ, USA) in the tension mode at a frequency of
10 Hz and temperature increments of 3�C min�1.
The electrical conductivity of the PU/MWCNT

composites was measured by using a digital multim-
eter when the resistance was below 2 � 107 X and a
ZC43-type megger when the resistance was above
2 � 107 X. The thermal conductivity of the PU/
MWCNT composites was measured by a heat flow
meter (FOX50, Laser Comp., MA, USA).

RESULTS AND DISCUSSION

Morphology of PU/MWCNT composites

The fracture morphology of the PU/MWCNT com-
posites with different MWCNT loadings are shown
in Figure 2. As can be seen in Figure 1, MWCNTs

Figure 1 Schematic illustration of the preparation pro-
cess for PU/MWCNT composites.
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are well dispersed in the PU matrix regardless of the
MWCNT loading. The good dispersion was further
confirmed by the representative TEM images of the
PU/MWCNT composites shown in Figure 3. The PU
emulsion was dispersed by the ultrasonic method,
and the suspension was dried quickly by the spray
drying process, both processes preventing MWCNTs
from aggregating in the PU matrix. In addition,
there were many outcrops of broken MWCNTs on
the fractured surfaces of the PU/MWCNT compo-
sites [Fig. 2(d,f)], indicating a strong interaction
between the MWCNTs and the PU matrix. It indi-

cates that the MWCNTs suffered some mechanical
loads during the tensile test.

XRD patterns of PU/MWCNT composites

Figure 4 shows the XRD patterns for PU, MWCNTs,
and PU/MWCNT composites. The PU clearly shows
a strong diffraction peak at 2y ¼ 17.5�, whereas the
MWCNTs show two diffraction peaks at 2y ¼ 25.6�

and 42.8�, which correspond to different crystallite
species of crystalline graphite. The locations of the
above three peaks remain the same in the pattern

Figure 2 SEM images of PU/MWCNT composites with different MWCNT loadings: (a and b) 1 phr; (c and d) 5 phr;
and (e and f) 10 phr.
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for PU/MWCNT composites, indicating that the
introduction of MWCNTs did not affect the micro-
structure of PU.

Dynamic mechanical properties of
PU/MWCNT composites

The effect of MWCNT loading on the dynamic me-
chanical properties of composites was analyzed by
DMTA in this work. The elastic modulus (E0) and
the loss factor (tan d) of the pristine PU and PU/
MWCNT composites are plotted as a function of
temperature in Figure 5. Under an oscillating force,
the resultant strain on the specimen depends on
both the elastic and the viscous behavior of the
material. The storage modulus is a measure of the
recoverable strain energy in a deformed specimen
and reflects the elasticity of the material, and the
loss factor is related to damping as a result of
energy dissipation.

Figure 5(a) shows that the storage modulus of the
PU/MWCNT composites is higher than that of the

pristine PU at all temperatures and that the storage
modulus increases with increasing MWCNT loading.
The high modulus and specific surface area of
MWCNTs enhance the stiffness of the PU, resulting
in an increase of storage modulus of the PU/
MWCNT composites. The CNT network will lead to
stress transfer, as well as hindrance of plastic flow
for the PU/MWCNT composites, resulting in the
increase in the stiffness of PU. At low temperatures,
the modulus of the pristine PU is high because of
the semicrystalline characteristic of PU, and the
addition of MWCNTs has little effect on the modu-
lus. With the increase in the temperature, the E0 of
all specimens decreases. However, it is evident that
the stiffness of PU increases as a result of the addi-
tion of MWCNT, and the stiffness increased with the
increment of with MWCNT loading. Therefore, the
transition temperature (from rubbery state to viscous
flow state) increases with increasing MWCNT load-
ing, and the reinforcing effect is higher above the Tg

of the composites.
As the temperature reached about 90�C, the hard

phase of the pristine PU started to dissociate. The
modulus of the PU quickly decreased because the
physical crosslinks in the PU were destroyed. As a
result, the PU changed into the viscous state. How-
ever, this modulus decay was greatly suppressed by
the incorporation of MWCNTs and the elastic state
persisted at higher temperatures. Therefore, the PU/
MWCNT composites could keep a high modulus at
high temperatures. This result was attributed to the
nanotube–nanotube network structure, which
increased the elasticity of the composites and pre-
vented the composites from flowing under small
deformations. Correspondingly, the loss factor of the
PU/MWCNT composites at 200�C decreased with
increasing MWCNT loadings because of both vol-
ume effect and interfacial interaction effect, as
shown in Figure 5(b).

Figure 3 TEM images of PU/MWCNT composites with
different MWCNT loadings: (a) 1 phr and (b) 10 phr.

Figure 4 X-ray diffraction patterns of PU, MWCNT, and
PU/MWCNT composites with different MWCNT loadings.
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Payne effect

At a given frequency and temperature, the shearing
storage modulus (G0) of unfilled rubbers is inde-
pendent of the deformation amplitude. In contrast,
G0 for the filled rubber shows a significant depend-
ency on the dynamic deformation; here, the value
considerably decreases with the increment of strain
amplitude. This nonlinear behavior of filled rubbers
is known as the Payne effect24,25 and has been
explained by the existence of a filler network in the
rubber matrix. With increasing strain amplitude, the
filler network is breaking down, thus resulting in a
decrease of the storage modulus.

Figure 6 shows the Payne effect of PU and PU/
MWCNT composites with different MWCNT load-
ings. The plateau region is long for pristine PU, indi-
cating that the dynamic modulus did not change
with the increment of strain in a certain strain range.
The decrease of modulus at high amplitudes of
deformation was due to the disentanglement of
macromolecule chains. With the increase of ampli-
tude of deformation, the breakdown of the
MWCNTs network leads to a rapid decrease of the

storage modulus of the PU/MWCNT composites.
When the amplitude of deformation was sufficiently
large, the MWCNTs network was broken down
completely and the storage modulus was reduced to
a minimum. The higher the MWCNT loading, the
higher is the degree of crosslinking network before
breakdown. Therefore, the storage modulus at low
amplitudes of deformation is higher, and the strain
at which the storage modulus begins to decrease is
smaller. The Payne effect increases with increasing
MWCNT loadings.

Mechanical properties

The results of the mechanical properties testing are
displayed in Table I. It can be seen that with the
increase of MWCNT loading, the elongation at break
decreased, the hardness of the composites increased
gradually, and the tensile strength first decreased
and then increased slowly. The above results are
similar to the mechanical properties of short fiber/
rubber composites.26 Thermoplastic PU is a type of
polymer with soft segment and hard segments.
Small MWCNT loadings lead to an impurity effect
and disrupt the order of soft and hard segments,
leading to a decrease of tensile strength. When the
MWCNT loading increased to 5 phr, the MWCNTs
formed a network structure to which stress can be
transferred from the PU matrix to offset the impurity
effect. However, whether the tensile strength of the
composites can exceed that of the pristine PU
depends on the orientation and the aspect ratio of
the MWCNTs and the interaction between MWCNTs
and PU.

Functional properties

It has been recognized that MWCNT is an excellent
reinforcing filler for the enhancement of physical
and mechanical properties of polymer materials.
Recently, a large amount of research work has
focused on the functional properties of the polymer/
MWCNT composites and properties brought about
by the MWCNTs such as electrical conductivity27–29

and thermal conductivity.30,31 The percolation theory

Figure 5 (a) Dynamic storage modulus and (b) loss fac-
tor as a function of temperature for pristine PU and PU/
MWCNT composites.

TABLE I
Mechanical Properties of PU/MWCNT Composites with

Different MWCNT Loadings

MWCNT
loadings
(phr)

Shore A
hardness

Tensile
strength
(MPa)

Elongation
at break (%)

Modulus
at 100%

elongation
(MPa)

0 74 27.1 156 25.9
1 78 23.5 65 –
5 80 26.3 61 –

10 82 26.7 64 –
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has usually been used to explain the improvement
in electrical conductivity of polymer/MWCNT com-
posites, and the critical concentration of the fillers in
the composite is called the percolation threshold.

Figure 7 shows the electrical conductivity and the
thermal conductivity of the composites plotted
against the MWCNT loading. The electrical conduc-
tivity did not show a significant increase when the
MWCNT loadings increased from 0.5 to 4.5 wt %.
The conductivity of the composites increased rapidly
when the MWCNT loading exceeded 4.5 phr, and
the conductivity reached a stable value at a MWCNT
loading of 5.5 wt %. At a 5.5 wt % loading of
MWCNTs, the electrical conductivity of the compos-
ite was 5 � 10�5 S cm�1, an improvement of 11
orders of magnitude over that of pristine PU (9.7 �
10�16 S cm�1). The percolation threshold of about
5 wt % is far smaller than the value of 10 wt % for
PU/MWCNT composites prepared by melt blend-
ing.32 Generally, the percolation threshold is related
to the dispersity, orientation, and aspect ratio of the
fillers. When the MWCNT loading is 10 phr, the
degree of MWCNTs network is high, and it is bene-
ficial to the formation of conductive paths. There-
fore, the PU/MWCNT composites prepared by
spray drying have the same aspect ratio of
MWCNTs as that of composites prepared by melt
blending, which is also beneficial to the formation of
conductive paths. A possible explanation is that the
expected maximum conductivity of the single tubes
(about 104 S cm�1) is by far not reached for the PU/
MWCNT composites above the percolation threshold
in the electrical measurements. In fact, Figure 7(a)
shows a plateau value of about 10�2 S cm�1, which
lies about six orders of magnitudes below that of the
single tubes. This result clearly demonstrates that
the charge transport through the tube network em-
bedded in the PU matrix is hindered strongly by
quantum tunneling effects.

The improvement in thermal conductivity is
another focus on the polymer/CNT composites
because of the superior thermal conductivity of
CNTs. It has been experimentally shown that the
thermal conductivity of polymers was slightly
enhanced by the incorporation of CNTs.33,34 Figure
7(b) shows the thermal conductivity of PU/MWCNT
composites plotted against the MWCNT loading.
These results show that the thermal conductivity
increases gradually with the increase of MWCNT
loading. At 8 wt % loading of MWCNTs, the ther-
mal conductivity of the composite is 0.27 W m�1

K�1, which is 1.69 times that of pristine PU (0.16 W
m�1 K�1). Obviously, when compared with the phe-
nomena shown in Figure 7(a), the effect of MWCNTs
on the thermal conductivity is not obvious. The pres-
ence of gaps in the MWCNTs network is expected to
limit the transport of charge carrier significantly,
leading to a strong reduction of thermal conductivity
induced by electron transport. For MWCNTs dis-
persed in a polymer matrix, further scattering effects
such as interfacial boundary scattering and defect
scattering will appear, leading to a drastic reduction
of thermal transport properties.35 In addition, the
thermal transport through the MWCNTs network by

Figure 6 Payne effect and storage modulus versus defor-
mation of PU/MWCNT composites with different MWCNT
loadings.

Figure 7 (a) Electrical conductivity and (b) thermal conduc-
tivity of PU/MWCNT composites with different MWCNT
loadings.
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phonons will be strongly hindered by the gaps
between adjacent tubes. Thus, it is not surprising
that the thermal conductivity of the PU/MWCNT
composites is several orders of magnitude below
than that of the isolated MWCNTs (up to 3000 W
m�1 K�1). Furthermore, the percolation behavior, as
observed for the electrical conductivity [Fig. 7(a)], is
not found in Figure 7(b). This is mainly due to the
difference in the mechanism of electrical and ther-
mal conductivities. In electrical conductivity, the
electrons transport through the CNTs. However, the
phonons may be transferred not only through the
CNTs but also through the CNT to the PU matrix.
As a result, the increase of thermal conductivity
does not show a percolation threshold with the
increase of CNT loading.

CONCLUSIONS

PU/MWCNT nanocomposites were successfully pre-
pared by a spray drying process. SEM and TEM
images showed that the MWCNTs were well dis-
persed in the PU matrix. With the increase of the
MWCNT loading, the modulus of the PU/MWCNT
composites increased and the thermal stability
improved. The electrical conductivity results
revealed the presence of a percolation network at fil-
ler loadings as low as 5 wt %. The electrical conduc-
tivity of the composites was improved by more than
11 orders of magnitude with the addition of 5.5 wt
% MWCNTs. The incorporation of MWCNTs into
PU resulted in only a slight enhancement of the
thermal conductivity. The theoretically predicted
thermal conductivity of isolated tubes of MWCNTs
cannot be realized in PU-based composites in prac-
tice. Obviously, the large surface area of the CNTs
leads to strong phonon boundary scattering, which
results in poor thermal conductivity.
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