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ABSTRACT: Differential scanning calorimetry (DSC)
was used to investigate the isothermal and nonisothermal
crystallization kinetics of polyamide11 (PA11)/multiwalled
carbon nanotube (MWNTs) composites. The Avrami equa-
tion was used for describing the isothermal crystallization
behavior of neat PA11 and its nanocomposites. For noniso-
thermal studies, the Avrami model, the Ozawa model, and
the method combining the Avrami and Ozawa theories
were employed. It was found that the Avrami exponent n
decreased with the addition of MWNTs during the iso-
thermal crystallization, indicating that the MWNTs accel-
erated the crystallization process as nucleating agent. The
kinetic analysis of nonisothermal crystallization process
showed that the presence of carbon nanotubes hindered

the mobility of polymer chain segments and dominated
the nonisothermal crystallization process. The MWNTs
played two competing roles on the crystallization of PA11
nanocomposites: on the one hand, the MWNTs serve as
heterogeneous nucleating agent promoting the crystalliza-
tion process of PA11; on the other hand, the MWNTs
hinder the mobility of the polymer chains thus retarding
the crystal growth process of PA11. The activation ener-
gies of PA11/MWNTs composites for the isothermal and
nonisothermal crystallization are lower than neat PA11.
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INTRODUCTION

Carbon nanotubes are considered to be one kind of
ideal one-dimensional reinforcing fillers for fabricat-
ing high-performance polymer composites because of
their nanoscale diameter, high aspect ratio, and
unique physical properties (such as excellent mechan-
ical strength, thermal, and electrical conductivities).1,2

Many researchers have fabricated various polymer/
carbon nanotube nanocomposites with different excel-
lent properties.3,4 When carbon nanotubes are intro-
duced to the semicrystalline polymers, this rigid filler
will act as nucleating agent and induce polymer crys-
tallization. For example, Assouline et al. investigated
the nucleation ability of multiwalled carbon nano-
tubes (MWNTs) in polypropylene composites and
found that the MWNTs accelerated the crystallization
change by acting as a phase nucleating agent in

isotactic PP.5 Wu et al. reported that the addition of
c-MWNTs (multiwalled carbon nanotubes containing
carboxylic groups) into poly(e-caprolactone) (PCL)
induced the heterogeneous nucleation at low
c-MWNT content and then inhibited the polymer
chain transportation ability during crystallization at
high c-MWNT content.6,7 The nucleation effect of
carbon nanotubes in polyamide 6 (PA6), PA66,
poly(L-lactide), and poly(ethylene terephthalate) (PET)
matrices was also studied.8–11

Polyamide 11 (PA11), a polymer which is widely
used for industrial applications, possesses excellent
piezoelectric behavior, plus good cryogenic, oil re-
sistance, and water resistance properties, although
its impact properties, tensile strength, and thermal
properties are somewhat poor. It is well understood
that the physical and mechanical properties of crys-
talline polymers greatly depend on the morphology,
crystalline structure, and degree of crystallinity. To
improve the mechanical properties of PA11, its
nanocomposites with various MWNTs loadings have
been successfully prepared by our group using a
melt-compounding approach.12 It was shown that
the addition of MWNTs markedly improved the
mechanical properties of PA11 composites. Zhou
et al. prepared PA11/MWNTs by using in situ poly-
merization method.13 Different kinds of fillers have
different effects on crystallization behavior in poly-
mer nanocomposites. Gunes et al. investigated the

Correspondence to: T. Liu (txliu@fudan.edu.cn).
Contract grant sponsor: National Natural Science

Foundation of China; contract grant numbers: 20774019,
50873027.

Contract grant sponsor: Shanghai Municipal Education
Commission and Shanghai Education Development
Foundation (‘‘Shu Guang’’ project); contract grant number:
09SG02.

Journal of Applied Polymer Science, Vol. 122, 551–560 (2011)
VC 2011 Wiley Periodicals, Inc.



influence of fillers on crystallization of shape memory
polymers and illustrated that the effect of nanofillers
on crystallization could not be considered as originat-
ing from physical presence only, and a decrease in
crystallinity has been reported in polymer matrix
caused by adding different nanofillers.14–16 It is of
great importance to investigate the critical effect of
the MWNTs on PA11 crystallization. In this article,
isothermal and nonisothermal experiments were con-
ducted to study the crystallization behavior of PA11/
MWNTs nanocomposites by using several kinetic
methods.

EXPERIMENTAL

Materials and sample preparation

PA11 pellets used in this study were purchased
from Atofina (Rilsan Besno TL, Atofina). Since poly-
amides are very easy to absorb moisture, before
compounding all the samples were dried in vacuum
oven at 80�C for 24 h to remove the absorbed water.
The MWNTs were prepared by catalytic chemical
vapor deposition of methane on Co-Mo/MgO cata-
lysts, according to the procedures reported previ-
ously.17 The catalyst in the as-prepared MWNTs
sample was removed by dissolving in concentrated
nitric acid (Shanghai Chemical Reagent Co., Shang-
hai, China), and then the MWNTs powder was
filtered and washed with deionized water for at least
five times. The MWNTs were further refluxed in
2.6M nitric acid to increase more carboxylic and
hydroxyl groups on the surface of the MWNTs. A
range of PA11/MWNTs nanocomposites containing
0, 0.2, 0.5, and 1.0 wt % MWNTs was prepared via
melt compounding using a Brabender twin-screw
extruder at 220�C with a screw speed of 80 rpm.

Characterization

Isothermal and nonisothermal crystallization kinetics
was performed using a Pyris 1 differential scanning
calorimeter (DSC) (Perkin–Elmer, Norwalk, CT). The
instrument was calibrated with high-purity indium
and zinc. For melt crystallization, the samples were
heated up to 230�C and held there for 5 min to
remove small nuclei that might act as seeding crys-
tals. Isothermal crystallization experiments were per-
formed as follows: the sample was heated to 230�C
at a rate of 20�C/min and held there for 5 min to
eliminate any previous thermal history, and then
cooled at a rate of �50�C/min to the predetermined
crystallization temperature (Tc), ranged from 160 to
182�C with a step of 2�C. The sample was main-
tained at Tc for 1 h to get the DSC trace returned to
the calorimeter baseline. For nonisothermal crystalli-

zation process, the samples were crystallized at
different cooling rates of 2.5, 5, 10, 15, and 20�C/
min. All the experiments were carried out in sealed
pans under dry nitrogen environment.

RESULTS AND DISCUSSION

Isothermal crystallization kinetics

The effect of MWNTs on the crystallization behavior
of PA11 can be analyzed using the Avrami equa-
tion.18,19 The relative crystallinity, X(t), at time t, is
defined as follows:

XðtÞ ¼ XcðtÞ=Xcðt1Þ ¼
Z t

0

dHc

dt
dt

�Z t1

0

dHc

dt
dt (1)

The Avrami equation is given as follows:

1� Xt ¼ expð�Ztt
nÞ (2a)

or

logf� ln½1� XðtÞ�g ¼ n log tþ logZt (2b)

where n is a constant that depends on both the
nucleation and growth of the crystals, and Zt is the
crystallization rate constant. Figure 1(a,b) show
the relationship between X(t) and t, and plots of
log{�ln [1 � X(t)]} versus log(t) during isothermal
crystallization for neat PA11 and PA11/MWNTs
(99.8/0.2) nanocomposite. It can be seen that all
curves are fitted well with the Avrami equation and
result in linear relationships, indicating that the
Avrami method is suitable for describing the isother-
mal crystallization behavior of PA11 and PA11/
MWNTs nanocomposites. Using the plots of log{�ln
[1 � X(t)]} versus log(t), the values of n and Zt can
be obtained from the slope and intercept, respec-
tively, as listed in Table I. It can be concluded that
the value of n varies from 1.7 to 2.4, depending on
the loading level of MWNTs and the crystallization
temperature. Thus, it may be inferred that the
crystal growth of PA11 nanocomposites does not
completely follow the three-dimensional spherulitic
propagation. We can also see that the value of n
decreases after adding MWNTs into PA11 matrix,
indicating that the MWNTs act as nucleating agent
and thus result in a change in the nucleation mecha-
nism of PA11. The following two factors may be
the reasons leading to the decrease of n value9,20: (1)
MWNTs act as 1D nuclei in the PA11 matrix; (2) The
carboxylic and hydroxyl groups of the nanotubes
induce dense nucleation on the surfaces of the
MWNTs. Therefore, the crystal growth for PA11
chains is confined within the adjacent crystals and
the dimension is thus decreased.
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The crystallization half-time, t1/2, is defined as the
time at which the extent of crystallization is 50%
complete and is determined from the measured
kinetic parameters as follows:

t1=2 ¼ ðln 2=ZtÞ1=n (3)

The maximum crystallization, tmax, is defined as
follows:

tmax ¼ ½ðn� 1Þ=nZt�1=n (4)

Table I also presents the values of t1/2 and tmax.
As nucleating agent, the MWNTs significantly
increase the temperature of melt crystallization for
PA11. Therefore, it is difficult to compare isothermal
crystallization rates of neat PA11 with those of
PA11/MWNT composites at the same crystallization
temperature. However, the t1/2 decreases with

increasing the MWNTs content in the nanocompo-
sites, indicating that the MWNTs can accelerate
polymer crystallization.
The crystallization process for bulk PA11 is

assumed to be thermally activated, and then the
crystallization rate parameter Zt can be approxi-
mately described by the following Arrhenius
relationship21:

Z
1=n
t ¼ k0 expð�E=RTcÞ (5a)

or

1

n
lnZt ¼ ln k0 � DE

RTc
(5b)

where k0 is a temperature-independent pre-exponen-
tial factor, R is the gas constant, and DE is the crys-
tallization activation energy. DE can be determined
by the slope coefficients of plots of (1/n)ln(Zt) as a
function of 1/Tc (Fig. 2). Figure 3 shows the effect of
the MWNT content on the DE of isothermal crystalli-
zation for PA11. It can be seen that the crystalliza-
tion activation energy of PA11/MWNT composites
is lower than that of neat PA11, whereas that of the
composite containing 0.5 wt % MWNTs is the lowest
and then increases with increasing the MWNTs con-
tent. This is probably because the crystallization of
PA11 consists of both nucleation and crystal growth
processes. When the MWNTs content is low (e.g.,
below 0.5 wt %), the strong nucleation effect of the
nanotubes plays an important role in the PA11 nano-
composites, crystallization activation energy thus
decreases compared with neat PA11. When the
MWNTs loading level is high (e.g., 1.0 wt %), the

Figure 1 Relative crystallinity, X(t), at different crystalli-
zation times, t, and plots of log{�ln[1 � X(t)]} as a function
of log(t) during the process of isothermal crystallization
for (a) neat PA11 and (b) PA11/MWNTs (99.8/0.2)
nanocomposite.

TABLE I
Avrami Kinetic Parameters from the Avrami Equation
for the Isothermal Crystallization of Neat PA11 and Its

MWNTs Nanocomposites

Tc

(�C) n K
t1/2
(min)

tmax

(min)

Neat PA11 161 2.1 9.14 0.300 0.266
163 2.2 2.99 0.513 0.459
165 2.2 0.97 0.859 0.769
167 2.4 0.20 1.700 1.577

PA11/MWNTs (0.2%) 174 1.8 2.54 0.488 0.383
176 1.8 1.21 0.740 0.588
178 1.8 0.56 1.131 0.872
180 1.7 0.26 1.807 1.315

PA11/MWNTs (0.5%) 176 1.9 2.24 0.540 0.442
178 1.8 0.90 0.866 0.693
180 1.9 0.51 1.181 0.954
182 1.7 0.33 1.525 1.144

PA11/MWNTs (1.0%) 176 1.8 4.62 0.343 0.265
178 1.8 2.48 0.493 0.384
180 1.8 1.77 0.588 0.452
182 1.8 0.48 1.243 0.953
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presence of more nanotubes would result in much
more steric hindrance thus reducing the transporta-
tion ability of polymer chains during crystallization.
It should be noted that the surface property of
MWNTs may have a great influence on the crystalli-
zation of the matrix polymer. Deng et al. found that
the functional groups on the MWNTs surface influ-
enced the thermal and mechanical property of PA6
matrix, which is caused by the reduced chain mobil-
ity in the system because of the interactions between
functional groups.22 Therefore, the crystallization
activation energy increases when further increasing
the content of MWNTs. These nanoscale confine-
ment and multiple nucleation effects of the MWNTs
were also found in PCL/MWNTs and PA6/MWNTs
nanocomposites.6,8

Nonisothermal crystallization kinetics

The crystallization exotherms of PA11 and its com-
posites at various cooling rates are illustrated in
Figure 4. The nonisothermal crystallization peak
temperature, Tp, peak time, tTp, and the crystalliza-
tion enthalpies, DHc, at different cooling rates
obtained from Figure 4 are summarized in Table II.
For both neat PA11 and its composites, as the cool-
ing rate increases, the crystallization peak becomes
broader and the Tp shifts to lower temperature, indi-
cating that the lower the cooling rate is, the earlier
the crystallization occurs. When the samples were
cooled quickly from the melt, the motion of the
polymer chains could not follow the cooling rate.
Therefore, more supercooling was required to initi-
ate crystallization at higher cooling rate.23–25 It can
be concluded from Table II that, at a given cooling
rate, the Tp values of PA11/MWNTs composites
were slightly higher than that of neat PA11. This can

Figure 2 Plots of (1/n)ln(Zt) versus as a function of 1/Tc

for the Avrami parameter Zt from the isothermal crystalli-
zation process.

Figure 3 Effect of MWNTs on the isothermal crystalliza-
tion activation energy of PA11.

Figure 4 DSC curve of nonisothermal melt crystallization
for (a) neat PA11 and (b) PA11/MWNTs (99.8/0.2)
nanocomposite.
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be explained by the theory proposed by Ebengou.26

The MWNTs had a heterogeneous nucleation effect
on the polymer chains, which could be easily
attached to the surfaces of the MWNTs. As a result,
the crystallization of PA11 was promoted and
occurred at a higher crystallization temperature.

To further analyze the nonisothermal crystalliza-
tion process, the crystallization kinetics of neat PA11
and PA11/MWNTs nanocomposites is compared.
The relative crystallization of nonisothermal crystal-
lization, which is defined as a function of tempera-
ture, can be expressed as eq. (6):

Xt ¼
Z T

T0

dHc

dT

� �
dT=

Z T1

T0

dHc

dT

� �
dT (6)

where T0 and T1 represent the onset and end tem-
peratures of crystallization, respectively, and dHc/dT
is the heat flow rate. The development of Xt with
crystallization temperature at various cooling rates is
presented in Figure 5.

During the nonisothermal melt crystallization pro-
cess, the relationship between the crystallization
time t and the crystallization temperature T can be
described as follows:

t ¼ ðT0 � TÞ=U (7)

where T is the temperature at crystallization time t,
T0 is the onset temperature of crystallization, and U
is the cooling rate. According to eq. (7), the value of
T on the X-axis in Figure 6 can be transposed into
the crystallization time t, as shown in Figure 6. The

relative crystallinity Xt,Tp, and the crystallization
time tTp at different cooling rates are shown in Table
II. The value of Xt,Tp changes randomly between 30
and 50%. As the cooling rate became faster, tTp
became shorter. This indicates that the crystallization
of neat PA11 and PA11/MWNTs nanocomposites
occurred at higher temperature and took more time
as the cooling rate decreased, implying that the crys-
tallization is controlled by the nucleation process.25

The half crystallization time of nonisothermal
crystallization (t1/2) is defined as the time taken
from the onset of crystallization to the time when Xt

is 50%. t1/2 is defined as follows:

t1=2 ¼
T0 � T1=2

U
(8)

where T1/2 is the crystallization temperature corre-
sponding to the relative crystallinity of 50%. The
values of t1/2 for neat PA11 and PA11/MWNTs
nanocomposites are also listed in Table II. It can be
seen that t1/2 became lower as the cooling rate
increased, also indicating that neat PA11 and its
MWNTs nanocomposites crystallized faster when
the cooling rate became higher. In addition, the t1/2
values of PA11/MWNTs nanocomposites are higher
than that of neat PA11, implying that the crystalliza-
tion rate decreases when adding MWNTs into PA11
matrix. It seems that the MWNTs act as physical
hindrance and thus retard the crystallization of
PA11 in the nonisothermal crystallization process.
This may be attributed to the higher interfacial
area and interaction between PA11 chains and the

TABLE II
Peak Temperature (Tp), Time (tTp), Crystallization Enthalpy (DHc), and Relative Crystallinity (Xt) at Maximum

Rate of Heat Flow and Half-Time of Crystallization (t1/2) During Nonisothermal Melt Crystallization of PA 11 and
PA11/MWNTs Composites

U (�C/min) Tp (
�C) tTp (min) DHc (J/g) Xt,Tp (%) t1/2 (min)

Neat PA11 2.5 166 1.0 42.1 43 1.1
5 164 0.6 48.0 40 0.7

10 160 0.5 49.9 36 0.6
15 157 0.4 54.0 34 0.4
20 155 0.3 56.4 31 0.4

PA11/MWNTs (0.2%) 2.5 175 2.8 33.6 48 2.8
5 171 1.6 36.0 46 1.7

10 167 0.9 36.6 43 0.9
15 165 0.7 38.5 41 0.7
20 162 0.5 40.6 38 0.5

PA11/MWNTs (0.5%) 2.5 176 3.1 35.5 42 3.4
5 172 2.3 36.5 41 2.3

10 168 0.7 39.0 43 0.8
15 165 0.5 40.2 39 0.6
20 163 0.5 40.8 37 0.5

PA11/MWNTs (1.0%) 2.5 176 2.7 40.3 40 2.9
5 173 1.7 40.4 40 1.8

10 169 0.7 43.0 43 0.8
15 166 0.6 43.6 41 0.6
20 163 0.5 46.1 41 0.6
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surface-modified MWNTs, which can reduce the
mobility of the polymer chains for crystallization. It
can be concluded that the roles of the MWNTs are
twofold: on one hand, the MWNTs act as heteroge-
neous nucleation agent in PA11 matrix; on the other
hand, the interaction between the MWNTs and
PA11 and the physical hindrance effect retard the
crystallization of polymer chains. In previous studies
on PA11/ZnO and PA6/montmorillonite compo-
sites, same changing trend of t1/2 has been
observed.27–29

To get a deep understanding of the nonisothermal
crystallization process, the Avrami, the Ozawa, and
the combined Avrami–Ozawa methods are used
here to analyze the nonisothermal crystallization
kinetics of PA11 and PA11/MWNTs nanocompo-
sites. For nonisothermal crystallization, the parame-
ters n and Zt in the Avrami equation [eq. (2a) and
(2b)] have an explicit physical meaning as in isother-
mal crystallization, due to the constant change in

temperature. Although the physical meaning of n
and Zt cannot be related in a simple way to the iso-
thermal case, the direct application of eq. (2a) and
(2b) could still provide some insights in describing
the nonisothermal crystallization kinetics of many
polymeric systems.30,31 Considering the nonisother-
mal character of the crystallization process investi-
gated, Jeziorny pointed out that the value of rate
parameter Zt should be adequately corrected.32 The
factor that should be considered was the cooling
rate, U. Assuming a constant or approximately con-
stant value of U, the final form of the parameter
characterizing the kinetics of nonisothermal crystalli-
zation was given as follows:

logZc ¼ logZt

U
(9)

The values of the Avrami exponent n and the rate
parameter Zc can be determined from the slope and
intercept of the plot of log[�ln(1 � Xt)] versus log(t),
respectively. The plots of log[�ln(1 � Xt)] versus
log(t) for PA11 and its MWNTs composites are
shown in Figure 6. The Avrami exponent n, shown
in Table III, is about 3, implying that the modes of
the nucleation and the growth of both PA11 and
PA11/MWNTs composites are complicated and the
nucleation mode should be homogeneous thermal
nucleation, and its crystal growth is three-dimen-
sional spherulitic growth. We can see that for all the
samples, the values of n in nonisothermal crystalliza-
tion become higher than those in isothermal crystal-
lization. As reported previously,33 the mode of
spherulitic nucleation and growth for nonisothermal
crystallization of PA11 is more complicated than
that for isothermal crystallization process. In addi-
tion, the values of Zc, listed in Table III, increase
with increasing the cooling rate. The larger the rate
parameter Zc value, the higher the crystallization
rate is. Under the same cooling rate, higher Zc is
obtained for PA11 than those for PA11/MWNTs
composites, indicating that the presence of MWNTs
hinders the growth of PA6 crystallite under noniso-
thermal condition, which is in accordance with the
results of t1/2.
Considering the nonisothermal crystallization

being a rate dependent process, Ozawa extended the
Avrami equation to the nonisothermal condition by
replacing time variable in Avrami equation with a
variable cooling rate and derived a kinetic equation
as follows34,35:

1� Xt ¼ exp �K Tð Þ
Um

� �
(10)

where K(T) was a cooling function, and m was
Ozawa exponent depending on the crystal growth

Figure 5 Relative crystallinity, X(t), at different crystalli-
zation temperatures, T, during the process of nonisother-
mal crystallization for: (a) neat PA11 and (b) PA11/
MWNTs (99.8/0.2) nanocomposite.
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and nucleation mechanism. According to the double
logarithmic form of eq. (10), the Ozawa plots of
log[�ln(1 � Xt)] versus log(U) for PA11 and its
MWNTs composites were shown in Figure 7. The Xt

values calculated at different temperatures decreased
with increasing cooling rate at a given temperature.
The continuous change in the slope of the plots
clearly indicates that m is not constant with tempera-
ture, and the cooling function K(T) cannot be deter-
mined due to the curvature in the curves. The
zig–zag lines in Figure 8 made it difficult to estimate
the Ozawa exponent m and the cooling function
K(T), indicating that the Ozawa analysis could not
adequately describe the nonisothermal crystallization
kinetics of neat PA11 and its composites. The reason
may be due to the inaccurate assumption in Ozawa
theory since nonisothermal crystallization is a
dynamic process in which the crystallization rate is
no longer constant but a function of time and cool-
ing rate.

To describe the nonisothermal crystallization pro-
cess more effectively, a combined model proposed
in our previous report was also used here for
comparison. The kinetic equation was deduced by
combining the Avrami equation with the Ozawa
equation and thus a novel equation was obtained as
follows36:

logZt þ n log t ¼ logK Tð Þ �m logU (11)

which can be further rewritten as follows:

logU ¼ log F Tð Þ � a log t (12)

where the parameter F(T) ¼ [K(T)/Zt]
1/m refers to the

value of cooling rate, which has to be chosen at unit
crystallization time when the measured system
amounts to a given degree of crystallinity. Figure 8
presents the plots of log(U) as a function of log(t).
The good linearity of the plots verifies the success of
the combined approach applied in this case. The val-
ues of F(T) and a at the given relative crystallinity
are listed in Table IV. It can be seen that the value
of F(T) increases as the relative crystallinity becomes
higher, indicating that at unit crystallization time,
a higher relative crystallinity can be obtained with a
higher cooling rate. In addition, the values of F(T)
for PA11/MWNTs nanocomposites were higher than
that for neat PA11 at the same Xt, suggesting that
the addition of MWNTs slowed down the crystal
growth process of PA11, which is in agreement with
the above results of t1/2. For the sample with the
same MWNTs loading, the values of a only showed

Figure 6 Relative crystallinity, X(t), at different crystalli-
zation times, t, during the process of nonisothermal crys-
tallization for: (a) neat PA11 and (b) PA11/MWNTs (99.8/
0.2) nanocomposite.

TABLE III
Effect of Cooling Rate on the Nonisothermal

Crystallization Kinetic Parameters of PA11 and PA11/
MWNTs Composites

U (�C/min) Zt Zc n

Neat PA11 2.5 0.57 0.80 2.6
5 1.95 1.14 3.0

10 6.38 1.20 3.7
15 12.87 1.19 3.2
20 18.05 1.16 3.2

PA11/MWNTs (0.2%) 2.5 0.03 0.25 3.2
5 0.12 0.65 3.3

10 0.84 0.98 3.1
15 1.84 1.04 3.1
20 3.23 1.06 2.7

PA11/MWNTs (0.5%) 2.5 0.01 0.16 4.2
5 0.02 0.46 5.2

10 1.38 1.03 2.7
15 2.77 1.07 2.6
20 4.68 1.08 2.8

PA11/MWNTs (1.0%) 2.5 0.02 0.21 3.4
5 0.06 0.57 3.8

10 1.19 1.02 2.5
15 2.17 1.05 2.6
20 3.52 1.06 2.8
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a slight variation at different relative crystallinities,
indicating that the mechanism of nucleation and
growth remained the same as the Xt changed. More-
over, the a value of neat PA11 differed obviously
from those of the composites with different MWNTs
loadings, suggesting that the addition of MWNTs
changed the nucleation and growth mechanism of
PA11.

Obviously, this combination method can effectively
describe the nonisothermal crystallization kinetics of
PA11 and its MWNTs composites. The advantage of
the combined kinetic model is that it correlates the
cooling rate to temperature, time, and morphology
(i.e., nucleation and growth mechanism of crystals).
Also, this combined method has been proved to be
effective in many other polymers and polymer nano-
composites, such as poly(ether ether ketone ketone),36

poly(ethylene 2,6-naphthalate),37 poly(3-dodecylthio-
phene),38 PA11/ZnO composites,27 PP/silica nano-
composites,39 high-density polyethylene/polyhedral
oligomer silsesquioxane nanocomposites,40 PET/
antimony-doped tin oxide nanocomposites,41 PCL/

layered double hydroxide nanocomposites,42 and
PA6/MWNTs nanocomposites.8

To estimate the effective energy barrier for noniso-
thermal crystallization process, several mathematic
models were proposed to estimate the crystallization
activation energy (DE) for the transport of polymer
chains toward the growing surface. Among them,
Kissinger model and Takhor model are the most
popular.43–45 However, Vyazovkin46 demonstrated
that Kissinger model is inappropriate for melt crys-
tallization. Considering the variation of peak temper-
ature (Tp) with cooling rate, the activation energy DE
could be determined using Takhor model45:

d½lnðUÞ�
dð1=TpÞ ¼ �DE

R
(13)

Figure 9 shows the plots of Takhor model. The
crystallization activation energy DE can be calculated
from the slopes, i.e., DE ¼�R � slope, and the

Figure 7 Ozawa plots of log{�ln[1 � X(t)]} versus log(U)
for nonisothermal melt crystallization of: (a) neat PA11
and (b) PA11/MWNTs (99.8/0.2) nanocomposite.

Figure 8 Plots of log(U) versus log(t) for nonisothermal
melt crystallization of (a) neat PA11 and (b) PA11/
MWNTs (99.8/0.2) nanocomposite.
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results are listed in Table V. It can be seen that the
activation energy of neat PA11 is the lowest, and the
value of DE for the composites increases as the load-
ing of MWNTs increases. The crystallization activa-
tion energy is closely related to crystallization
process and can reveal the potential of crystallization
ability. The overall crystallization process usually
consists of concurrent nucleation and growth steps.
It is well known that polymer chains are highly
entangled in the melt and possess relatively high
viscosity and low diffusivity. For polymer crystalli-
zation, therefore, the chains or chain segments must
overcome certain energy barriers to transport (or dif-
fuse) and deposit (or attach) onto the growing front
of a crystal. The presence of the MWNTs plays an
important role on the nucleation of PA11, and thus
the crystallization activation energy of the compo-
sites is lower than that of neat PA11. Moreover, the
values of crystallization activation energies obtained
from nonisothermal crystallization are lower than
those from isothermal crystallization. It should be
pointed out that the tendency of crystallization acti-
vation energy with the MWNTs contents in PA11

nanocomposites is quite different in both kinetic sys-
tems. These results indicate that in nonisothermal
crystallization, the nucleation process is the key fac-
tor, whereas in isothermal crystallization, the crystal
growth process is more dominant. Same conclusion
was also made by Wu et al.6 The results of noniso-
thermal crystallization activation energy again prove
the MWNTs serve as heterogeneous nucleating
agent, thus promoting the crystallization process of
PA11.

CONCLUSIONS

A series of PA11 nanocomposites with different
MWNTs concentrations has been prepared by melt
compounding. The isothermal and nonisothermal
melt crystallization kinetics of neat PA11 and its
MWNTs composites was comparatively investigated.
Avrami equation was used for describing the iso-
thermal crystallization behavior. For the nonisother-
mal crystallization behavior, the modified Avrami
equation, Ozawa method, and the combined
Avrami–Ozawa approach were used. During the
isothermal crystallization, the MWNTs accelerated
crystallization as nucleating agent. The analysis of
nonisothermal crystallization process shows that the
presence of the MWNTs hinders the mobility of
polymer chain and dominates the nonisothermal
crystallization process. The activation energy for iso-
thermal and nonisothermal crystallization was esti-
mated. Compared with neat PA11, the activation
energy of PA11/MWNTs composites is lower, which
is ascribed to the two competitive effects of the
MWNTs: acting as nucleation medium to promote
crystallization process of PA11 and physical hin-
drance to retard crystal growth of PA11.
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