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ABSTRACT: Polyurethane (PU) nanocomposites were
prepared through conventional and in situ methods with
multiwalled carbon nanotubes (MWNTs) functionalized
with poly(e-caprolactone). The thermal degradation and sta-
bility of PU–MWNT nanocomposites were investigated
with nonisothermal thermogravimetry and were explained
in terms of the interaction between MWNTs and PU mole-
cules with Fourier transform infrared spectroscopy. The dif-
ference in thermal stability between the conventional and
in situ nanocomposites was also compared. The thermal
degradation of all the nanocomposite samples took place in
two stages and followed a first-order reaction. The degrada-
tion temperature of the in situ nanocomposites was higher

than that of the conventional nanocomposites with the same
loading of MWNTs. The activation energy at 10% degrada-
tion and the half-life period were also higher in the in situ
nanocomposites compared to the conventional nanocompo-
sites. Such higher thermal stability of the in situ nanocom-
posites was ascribed to covalent bond formation between
MWNTs and PU chains, which could result in better disper-
sion of MWNTs in the PU matrix for the in situ nanocompo-
sites than for the conventional nanocomposites. � 2008
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INTRODUCTION

The thermal degradation of polymer composites is
important for predicting their suitability for end-use
applications at high temperatures. For such pur-
poses, thermogravimetric analysis is widely used
with useful information such as the kinetics of
decomposition and thermal lifetime.1 The thermal
stability and mode of decomposition of polymer
composites are largely dependent on the chemical
structure of the chain segments of the polymers and
also on the nature of the interactions between the
polymer and the reinforcing materials.2 The mass
loss during the degradation may be primarily due to
chain scission of the base polymers leading to the
elimination of degraded products, loss of the interac-
tion between the polymer and filler and elimination
of the phase-separated products, and elimination of

low-molecular-weight components in the presence of
physically bound moisture, a blowing agent, and
unreacted raw materials.2

Polyurethane (PU) constitutes an important and
versatile class of polymer materials that may find
applications in areas requiring properties such as
excellent flexibility, elasticity, and damping ability.3

However, pure PU has some disadvantages, such as
low mechanical strength, high water absorption, and
poor thermal stability, that limit its high-temperature
applications. As a method of improving the thermal
stability of PU, the molecular structures, composed
of hard and soft segments, can be tailored. Another
way has also been used: making filler-reinforced
composites with fillers such as carbon nanotubes
(CNTs), which have very high thermal stability.
However, the dispersion of CNTs in PU is usually
poor because of low interfacial interaction with the
matrix polymer, and thus the improvement of the
desired property is not easily achieved in PU–CNT
nanocomposites. As a result, many researchers have
used functionalized CNTs in obtaining nanocompo-
sites with improved mechanical and thermal pro-
perties.4,5 Many examples have been reported in
polymer matrices such as poly(methyl methacrylate),
polyaniline, poly(vinyl alcohol), polystyrene, epoxy
resin, and nylon 6.6–12
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Covalent and noncovalent modification of CNTs
has been employed to prepare polymer/CNT nano-
composites: direct incorporation of functionalized
multiwalled carbon nanotubes (MWNTs) into poly-
mer matrices (noncovalent attachment) and in situ
polymerization at their surface (covalent attach-
ment).6,8 For the preparation of more thermally
stable nanocomposites, the covalent attachment is
considered to be more advantageous than the nonco-
valent attachment.8 Many researchers have studied
the thermal stability of polymer/CNT nanocompo-
sites.13–17 However, there are very few reports on
the kinetics of degradation and degradation mecha-
nism for PU/CNT nanocomposites.18,19

In this study, MWNTs grafted with poly(e-capro-
lactone) diol (PCL) were employed to make PU
nanocomposites because the PCL-based shape-mem-
ory PU was used as the matrix polymer. The PU–
MWNT nanocomposites were prepared with two
types of methods, conventional and in situ, and their
thermal stability was compared. An evaluation of ki-
netic parameters such as the degradation tempera-
tures, activation energy (DE), order of the reaction
(n), half-life (t1/2), and lifetime (tf) was also made for
the two types of PU/MWNT nanocomposites.

EXPERIMENTAL

Materials

MWNTs 10–20 nm in diameter and 20 lm long were
purchased from Iljin Nanotech (Seoul, Korea). PCL
(weight-average molecular weight 5 3000; Solvay
Co., Cheshire, UK), 4,40-methylene bis(phenyl isocya-
nate) (MDI; Aldrich, St. Louis, MO), and 1,4-butane
diol (BD; Junsei Chemicals, Tokyo, Japan) were used
for this study.

Preparation of PU

The neat PU was synthesized with a two-step
method from its monomers MDI, PCL, and BD in
the molar ratio of 4 : 1 : 3 (Table I). Initially, the

required quantities of MDI and PCL were added at
a temperature of 808C for 90 min to a four-necked
cylindrical vessel equipped with a mechanical stirrer
and a nitrogen flow. Then, BD as a chain extender
was added slowly to the prepolymer at 1108C, and
the reaction was allowed to continue for another
150 min. Finally, the synthesized PU was washed
with water and dried overnight in an oven at 658C
in vacuo.

Preparation of conventional nanocomposites
of PU and MWNTs

After the dissolution of neat PU in dimethylforma-
mide, the temperature was raised to 808C, the requi-
site quantity of MWNTs was added, and the mixing
was continued for 12 h. The nanocomposites were
dried overnight in an oven at 658C in vacuo and
were coded as C-0.5, C-1.5, and so forth; the num-
bers in the sample codes denote the weight percent-
age of MWNTs in the composites.

Preparation of in situ nanocomposites
of PU and MWNTs

The carboxylated MWNTs were prepared by the
treatment of MWNTs in a mixture of HNO3 and
H2SO4 (1/3 v/v) at 90–1308C for 120 min. The
carboxylated MWNTs were reacted with thionyl
chloride (SOCl2) to get acyl chloride functionalized
multiwalled carbon nanotubes (f-MWNTs). Then, f-
MWNTs were reacted with a required quantity of
PCL (Table I) at 658C for 24 h to get PCL-g-MWNTs.
The reaction procedure for PCL-g-MWNTs is shown
in Figure 1.

With the same composition used for conventional
composites, the PU prepolymer was synthesized by
the reaction of MDI with PCL-g-MWNTs at 808C for
90 min. Then, BD was added slowly to the prepoly-
mer at 1108C, and the reaction was allowed for
another 150 min. After the addition of about 100 mL
of dimethylformamide, the temperature was reduced
to 808C, and the mixing was continued for another
12 h. Finally, the PU composites were washed with

TABLE I
Compositions of the PU/MWNTs Nanocomposites

Composite
MDI

(mol %)
PCL

(mol %)
BD

(mol %)
MWNTs
(wt %)

f-MWNTs
(wt %)

PU 4 1 3 0 0
C-0.5 4 1 3 0.5 0
C-1.5 4 1 3 1.5 0
C-3.5 4 1 3 3.5 0
C-6.5 4 1 3 6.5 0
I-0.5 4 1 3 0 0.5
I-1.5 4 1 3 0 1.5
I-3.5 4 1 3 0 3.5
I-6.5 4 1 3 0 6.5
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water and dried overnight in an oven at 658C
in vacuo, and they were coded I-0.5, I-1.5, and so
forth; the numbers in the sample codes denote the
weight percentage of f-MWNTs in the composites, as
presented in Table I. The possible reaction procedure
for the in situ nanocomposites is shown in Figure 2.

Measurements

Fourier transform infrared (FTIR) spectroscopy

FTIR spectroscopy measurements were performed
with a Jasco FTIR 300E (Jasco Inc., Easton, MD) with
an attenuated total reflectance method.

Thermogravimetric analysis

Thermogravimetry (TG) and derivative thermo-
gravimetry (DTG) analysis of the nanocomposites
and pure components were carried out in a thermo-
gravimetric analyzer (TGA Q2050, TA Instruments,
New Castle, DE) equipped with a computer data an-
alyzer. The measurements were performed from
room temperature to 6008C, except for MWNTs, in a
nitrogen atmosphere at a flow rate of 50 mL/min
and heating rate of 108C/min. For each sample,
three tests were performed at the same heating rate
and in the same temperature range.

Determination of DE by the
Freeman–Carroll method

DE for 10% decomposition of the composites and the
order of the degradation reaction were determined
with the standard kinetic equation by the Freeman–
Carroll method:20,21

� dw=dt ¼ Ae�DE=RTwn (1)

where dw/dt is the rate of the degradation reaction
(mg/s), A is the pre-exponential factor (s21), DE is
the activation energy (J/mol), R is the molar gas con-
stant (8.314 J/mol/K), T is the absolute temperature
(K), and w is the active weight at a particular time
(mg). By taking the logarithm of eq. (1) and differen-
tiating it, we derived the following equation:

d lnð�dw=dtÞ
d lnw

¼ ð�DE=RÞ dð1=TÞ
d lnw

þ n (2)

From eq. (2), the values of DE and n were
calculated.

Determination of t1/2 and tf by the
Flynn–Wall method

t1/2 was defined as the lifespan of the material when
the weight of the sample became half of its initial
value. tf of the polymer to failure was defined as the
value of w when it became 1/20 of its initial value
(i.e., 5% remaining).22

t1/2 and tf of the composites were estimated at
2008C with the Flynn–Wall method.23 Assuming that
the rate constant of the decomposition reaction (k) is
independent of temperature and that the degrada-
tion reaction is to have first-order reaction kinetics,
t1/2 and tf can be obtained as follows:

t1=2 ¼ ln 2

k
¼ 0:693

k
(3)

tf ¼ ln 20

k
¼ 2:996

k
(4)

where k denotes Ae2DE/RT and n equals unity.

Figure 1 Reaction procedure for the preparation of PCL-g-MWNTs.

Figure 2 Possible reaction procedure of the nanocomposites prepared by the in situ method.
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Scanning electron microscopy (SEM) and transmission
electron microscopy (TEM) observations

The morphology of the cryogenically fractured sur-
face of pure PU and the nanocomposites was
observed with a scanning electron microscope (S-
4200, Hitachi, Tokyo, Japan). The fractured surface
was sputter-coated with gold to facilitate scanning
under SEM at a 08 tilt angle. For MWNTs, the pow-
der sample was sputter-coated with gold.

The morphological analysis was also carried out
with TEM. Samples for TEM were prepared by the
dispersion of the sample in ether and subsequent
placement of a drop of the suspension on one side
of the transparent polymer-coated 200-mesh copper
grid. TEM images were taken with a Zeiss LIBRA-
120 (Tokyo, Japan), the energy-filtering TEM being
combined with state-of-the-art electron optics with
unique Koehler illumination.

RESULTS AND DISCUSSION

FTIR analysis

Figure 3 shows FTIR spectra of unmodified MWNTs,
and a peak with very low intensity at 1637 cm21

due to C¼¼O stretching can be seen, indicating the
presence of a small number of carboxylic groups in
MWNTs as impurities.4 After oxidation with the
mixture of acids, the C¼¼O stretching is shifted to
1695 and 1644 cm21. These peaks are assigned to
free carbonyl groups and hydrogen-bonded carbonyl
groups of the MWNTs, respectively.15 Acylation of
carboxylic groups leads to the formation of a car-
bonyl peak at 1722 cm21 with one new peak at
829 cm21. The new peak may be due to C��Cl bond
formation. After the reaction with PCL along with

the carbonyl peak, the peaks at 1236 and 1174 cm21

appear, and they are due to C��O stretching coming
from the reaction between the ��COCl group of the
f-MWNT and the ��OH group of PCL. The neat PU
shows a very weak peak at 1722 cm21 corresponding
to the free carbonyl group, a sharp peak at 1637
cm21 for the carbonyl group of the urethane linkage,
a peak at 1396 cm21 for C��H scissoring and bend-
ing coming from BD, and peaks at 1218, 1103 and
1004 cm21for C��O stretching of the backbone chain.
In the case of the conventional nanocomposites (e.g.,
C-1.5), no new peak is found; all the peaks have
come from the raw MWNTs and neat PU, and this
implies a poor interaction between the constituents.
Here the interaction between the PU chain and the
MWNTs is mainly due to the physical entanglement.
For in situ nanocomposites (e.g., I-1.5), the peaks at
1664, 1388, and 1085 cm21 correspond to the car-
bonyl of the urethane linkage, C��H scissoring and
bending from BD, and C��O stretching of the back-
bone chain coming from the reaction with diisocya-
nate and PCL-g-MWNTs, respectively. The MWNTs
remain inside as a part of the PU chain (Fig. 2). As a
result, there is a strong interaction between PU and
MWNTs in the form of covalent bond formation.

Effect of MWNTs on thermal degradation

Figure 4 shows TG and DTG curves of MWNTs and
PU. The initial degradation temperature (Ti) values
corresponding to 1% decomposition for neat PU and
MWNTs are 273 and 6048C, respectively. The first
maximum decomposition temperature (T1max) and
second maximum decomposition temperature (T2max)
for PU are 362 and 4128C, respectively, indicating
two-stage degradation of PU. The initial degradation
of PU is due to the dissociation of the urethane link-
age to form isocyanate and alcohol, and the second
stage of degradation is the dissociation of isocyanate

Figure 3 FTIR spectra of PU, the MWNTs, and samples
C-0.5 and I-0.5.

Figure 4 TG and DTG of the MWNTs and PU.
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and alcohol to a primary or secondary amine, olefin,
and carbon dioxide.24,25 However, MWNTs show
very slow single-stage degradation at 7318C, which
is responsible for the degradation of the impurities
present in MWNTs, such as amorphous carbon and
metal oxides, and the breakdown of their length at
the defect sites.

TG and DTG curves for the conventional nano-
composites are shown in Figure 5. As the weight
proportion of MWNTs in the composites increases
from 0.5 to 6.5%, the Ti value decreases gradually
from 216 to 1858C, as presented in Table II. These Ti

values of conventional composites are lower than
that of pure PU. This may be due to the presence of
a small number of carboxylic groups as impurities
remaining on the MWNTs as the carbon atom of
MWNTs attached to the carboxylic group is sp3-
hybridized and therefore more susceptible to ther-
mal degradation. However, all the conventional
nanocomposites undergo the first stage of degrada-
tion within the temperature range of 374–3768C. As
the values for temperature at which 50% of the ma-
terial has been degraded (T50) and T1max are close
enough, it seems that during the first stage of degra-

dation, which corresponds to the dissociation of
mainly the PU chains into diisocyanate and diol,
almost 50% loss occurs. Moreover, T2max and Tf (the
temperature of the finish) increase with the increase
in the weight percentage of MWNTs in the compo-
sites. This may be due to the effect of MWNTs as a
thermal barrier against the further dissociation of
diisocyanate and diol, which are formed during the
first stage of degradation of PU/MWNT composites.

TG and DTG curves for the in situ composites are
shown in Figure 6, and the degradation tempera-
tures are tabulated in Table II. There is also a
decreasing trend in the Ti values with the increasing
weight percentage of MWNTs in the composites as
observed in the case of conventional nanocompo-
sites. The increased proportion of carboxylic groups
coming from the acid-treated MWNTs leads to an
early stage of thermal degradation. However, the Ti

values of in situ composites are higher than those of
conventional composites because of better interaction
between MWNTs and PU chains. However, T1max,
T2max, T50, and Tf for the composites increase gradu-
ally with the weight percentage of MWNTs in the
composites. This may be due to more polymer–filler
interaction in the composites as well as the pro-
perties of MWNTs as a barrier, which delays the
degradation of the composites. Moreover, all the
degradation temperatures for the in situ nanocompo-
sites are always higher than those for the conven-
tional nanocomposites with the same loading of
MWNTs. This implies that in the case of the in situ
nanocomposites, the degradation starts at a later
stage and persists for a longer time. Thus, the in situ
nanocomposites are more thermally stable than the
conventional nanocomposites. It is also clear from
the relation between the extent of degradation and
temperature, as shown in Figure 7. For the in situ
nanocomposites, the extent of degradation is lower
than that for the conventional nanocomposites. This
may be due to the formation of stable chemical

Figure 5 TG and DTG of the conventional nanocompo-
sites.

TABLE II
Degradation Temperatures of the Pure

Components and Nanocomposites

Sample Ti (8C) T1max (8C) T2max (8C) T50 (8C) Tf (8C)

PU 273 362 412 391 510
MWNT 604 731 — — —
C-0.5 216 376 412 378 474
C-1.5 198 376 464 377 493
C-3.5 189 375 469 375 506
C-6.5 185 374 472 371 509
I-0.5 245 412 463 399 486
I-1.5 240 415 466 408 513
I-3.5 234 421 471 409 516
I-6.5 227 425 475 410 520

Figure 6 TG and DTG of the in situ nanocomposites.
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bonds between the constituents, as confirmed by the
previous FTIR results.

Effect of MWNTs on DE of thermal degradation

The DE values and order of the degradation reaction
for the base materials and the composites are sum-
marized in Table III. The DE values for PU and
MWNTs were found to be 163.6 and 312.6 kJ/mol,
respectively. This indicates that in the initial stage of
degradation, MWNTs need higher DE for the degra-
dation process than that of PU because of the inher-
ently higher thermal stability of MWNTs. The values
of n for PU and MWNTs were calculated to be 1.05
and 0.98, respectively. This indicates that the degra-
dation reaction is a first-order reaction.

DE of the conventional nanocomposites is lower
than that of the neat PU. Because the unmodified
MWNTs were used in conventional nanocomposites,
there may be very low reinforcement with the PU
chain, and the interaction is mainly from physical
entanglement. MWNTs can also enter into the PU
molecular chains, thereby increasing the intermolec-
ular distance or rather decreasing the intermolecular
force of attraction. Consequently, the low-molecular-
weight chain may be more easily degraded and
eliminated from the composites. Therefore, there is
the reduced DE value for the composites, which is
also in agreement with the lower Ti of the compo-
sites. However, there is an increasing trend in DE
with the weight percentage of MWNTs in the com-
posites. The increase in DE with the increase in the
weight percentage of MWNTs is due to the higher
reinforcement. n is also unity for the conventional
nanocomposites.

DE for the in situ nanocomposites is always higher
than that for the neat PU or conventional nanocom-
posites, as shown in Table III. The I-6.5 nanocompo-

site has the maximum DE value of 210.9 kJ/mol
among all the composites. This is due to the forma-
tion of covalent bonds between the MWNTs and PU
chains. Moreover, n has a value very close to unity.
It well corresponds to the earlier assumption of the
first-order reaction used in obtaining DE values of
the thermal degradation of the samples.

Effect of MWNTs on t1/2 and tf

The values of t1/2, determined at 2008C for PU and
MWNTs, were found to be 66.0 and 873.2 h, respec-
tively. Similarly, the values of tf for PU and MWNTs
at the same temperature are 285.5 and 3775.0 h, as
presented in Table III. For the conventional nano-
composites, the t1/2 and tf values are lower than
those of neat PU. In the case of in situ nanocompo-
sites, their values are lower at a loading of MWNTs
lower than 1.5 wt %, but at a loading higher than 1.5
wt %, they are higher than those for neat PU. More-
over, in situ nanocomposites have higher t1/2 and tf
values than those for the conventional nanocompo-
sites with the same loading of MWNTs. The I-6.5
nanocomposite has the maximum t1/2 value of
92.7 h and tf value of 400.6 h. This is ascribed to
better bonding between MWNTs and PU chains, as
explained earlier.

Effect of MWNTs on the morphology of the
nanocomposites

Figure 8(a) shows SEM photographs of neat PU. The
cryogenically fractured surface is almost smooth;
however, the neat MWNTs show a random arrange-
ment of the nanotubes, with a few agglomerations in
some places, as shown in Figure 8(b). Figure 8(c)
shows the SEM pictures of the conventional nano-
composites containing 0.5 wt % MWNTs, and a
few aggregated structures of MWNTs can be seen
in some places. This indicates that the dispersion
of MWNTs is not good because of low interfacial

Figure 7 Extent of degradation with temperature for the
conventional and in situ nanocomposites with 6.5 wt %
MWNTs.

TABLE III
DE, n, t1/2, and tf Values of the Pure Components

and the Nanocomposites

Sample DE (kJ/mol) n t1/2 (h) tf (h)

PU 163.6 1.05 66.0 285.5
MWNT 312.6 0.98 873.2 3775.0
C-0.5 126.5 0.98 10.5 45.4
C-1.5 131.7 0.98 17.2 74.2
C-3.5 141.0 0.99 22.7 98.2
C-6.5 157.5 1.02 23.6 102.1
I-0.5 168.1 0.98 49.0 211.9
I-1.5 177.9 0.99 63.1 272.9
I-3.5 190.4 1.12 75.4 325.8
I-6.5 210.9 1.02 92.7 400.6
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interactions between the MWNTs and PU. A similar
trend has also been observed at a high loading of
MWNTs, as in Figure 8(d). Figure 8(e) shows the
SEM photographs for the I-0.5 nanocomposite. The I-
0.5 sample with a low proportion of MWNTs has a
better dispersion of MWNTs than the C-0.5 nano-
composite because of the good interaction in the
form of covalent bond formation. Figure 8(f) shows
the SEM photographs of the in situ nanocomposites
with 6.5 wt % MWNTs. It also shows a smaller do-
main size of the dispersed MWNTs. Moreover, the
fractured surface of the I-6.5 sample shows a rib- or
channel-like structure. This indicates that the applied
stress can be transferred uniformly through the
MWNTs to the polymer matrix. This may be due to
the formation of chemical bonds between the
MWNTs and the PU chain. The nanocomposites

having better MWNT dispersion result in higher
thermal stability.

Figure 9 shows the TEM photographs of C-0.5, C-
3.5, I-0.5, and I-3.5 nanocomposites. Figure 9(a,c)
shows that the MWNTs remain intact; there is no
appreciable breakdown of their length, and they
remain as the aggregated structure. However, in Fig-
ure 9(b,d), it is clear that the MWNTs are dispersed
and distributed throughout the matrix almost uni-
formly. The TEM results also indicate a better dis-
persion of MWNTs in the in situ nanocomposites
than in the conventional nanocomposites.

CONCLUSIONS

The PU, MWNTs, and nanocomposites have an
almost first-order reaction in thermal degradation.

Figure 8 SEM photographs at 10,0003 of (a) PU, (b) the MWNTs, (c) C-0.5, (d) C-6.5, (e) I-0.5, and (f) I-6.5.
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Ti shifts toward a lower temperature for both nano-
composites with a higher proportion of MWNTs.
The in situ nanocomposite with 6.5 wt % MWNTs
shows the highest thermal stability and the maxi-
mum t1/2 and tf values. DE of the degradation reac-
tion is always higher for in situ nanocomposites than
for conventional nanocomposites with the same
loading of MWNTs. The higher thermal stability of
the in situ nanocomposites is due to the formation of
covalent bonds between the MWNTs and PU chain.
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