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ABSTRACT: Polyamide 11 (PA 11)/silica nanocompo-
sites were prepared via in situ melt polymerization by the
dispersion of hydrophobic silica in 11-aminoundecanoic
acid monomer. Their isothermal crystallization process
and melting behaviors were analyzed by differential scan-
ning calorimetry. The isothermal crystallization kinetics
was analyzed by the Avrami equation. The obtained data
showed that the model of nucleation and growth of PA 11
was not affected after the incorporation of silica and was a
mixture with two-dimensional, circular, three-dimensional

growth with thermal nucleation. Double and single melt-
ing peaks were observed depending on the crystallization
temperature. The equilibrium melting point of samples
was evaluated, and the spherulites growth kinetics param-
eters and fold surface free energy were further calculated
according to the classical theories. © 2011 Wiley Periodicals,
Inc. ] Appl Polym Sci 123: 273-279, 2012
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INTRODUCTION

Recently, polyamide 11 (PA 11) has attracted much
attention as one of the promising engineering plas-
tics, which can be produced from renewable resour-
ces. Because of its excellent piezoelectric behavior
and good cryogenic and low moisture sorption
properties, PA 11 is widely used in industrial fields
from automotive to offshore oilfield applications.
Many efforts have been made to improve its me-
chanical properties, ferroelectric, and piezoelectric
property or to reduce its yield cost."® Preparing
blends using nanofillers offers a promising method
to improve properties of polyamides. Some works
have been reported on the preparation and proper-
ties of PA 11-based nanocomposites.”” To the best
of our knowledge, there is no literature on the
modification of PA 11 with silica nanoparticle. In
our laboratory, PA 11/silica nanocomposite was
prepared by in situ melt polymerization.

It is well understood that physical, chemical, and
mechanical properties of crystalline polymer depend
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strongly on the morphology, crystalline structure,
and degree of crystallization, which in turn is signif-
icantly controlled by the crystallization process
during the solidification process. Hence, the study of
the kinetics of crystallization is necessary for opti-
mizing the process conditions and establishing the
structure—property correlations in polymers. The
crystallization behavior and crystal structure of
nylon 11 have been investigated by many research-
ers.'%'? The crystallization behavior of PA 11-based
nanocomposites has also been studied to explore the
effect of nanofillers on the macroscopic performance
of naonocomposites.’*'* Tt has been demonstrated
that the nanofillers can promote the crystallization of
polymer matrix in low content, whereas it impedes
the crystallization at higher loading. In this article,
the isothermal crystallization behaviors of PA 11/
silica nanocomposites were investigated using differ-
ential scanning calorimetry (DSC). The melting
behaviors after the completion of isothermal crystal-
lization process were also discussed. The equilib-
rium melting temperature, spherulites growth
kinetics parameter, and fold surface free energy
were determined according to classical theories.

MATERIALS AND EXPERIMENTAL
Materials

11-Aminoundecanoic acid was kindly provided by
Zhonglian Zenong Chemical Engineer (Taiyuan,
China) and was wused without purification.
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Hydrophobic nanosilica was prepared via the vitriol
precipitation method using cheaper water glass as
raw material in our laboratory, and the average size
of nanosilica agglomerates was 264.8 nm with nar-
row distribution. 11-Aminoundecanoic acid and
hydrophobic nanosilica (coated with silane coupling
agent) were dried at 80°C in vacuum for at least
12 h before synthesis.

In situ synthesis of PA 11/silica nanocomposites

The weighted 11-aminoundecanoic acid and hydro-
phobic nanosilica were blended using a high-speed
mixer, and the mixture was added into a 150-mL
ampoule tube connected with a vacuum/inert gas
joint. Oxygen and volatile was removed repeatedly
by degassing the mixture using an inert gas (nitro-
gen) for several times. The ampoule tube was heated
to 190°C and reacted for 2 h. The reactor is then
heated to 230°C, and the polymerization was kept
under vacuum for 2-6 h at 230°C. After the comple-
tion of polymerization, the ampoule tube was cooled
to room temperature, and the production was granu-
lated. The in situ synthesized PA 11/silica nanocom-
posites were abbreviated as NC-X, wherein
X denotes the weight percentage of nanosilica.

The molecular weight of samples was controlled to
be as uniformly as possible to eliminate the possible
effect on crystallization by adjusting the synthesis
time. The intrinsic viscosity of the pure PA 11, NC-5,
and NC-8 was 0.95, 0.93, and 0.92 dL/g, respectively.

DSC analysis

Isothermal crystallization and subsequent melting
behavior studies were performed using a Mettler
DSC822e, and the temperature was calibrated with
the indium standard. All DSC experiments were per-
formed under a nitrogen purge at a constant flow
rate. Sample weights were between 2 and 3 mg. All
samples were dried at 80°C under vacuum for 12 h
before measurement.

DSC experiments of isothermal crystallization and
subsequent melting behaviors were performed as
follows: the sample was heated to 230°C at a rate of
50°C/min and stayed for 10 min to eliminate any
previous thermal history. Then, it was cooled at a
rate of —100°C/min to the predetermined crystalliza-
tion temperature (T.) and was maintained at T, for
1 h. The specimens were subsequently heated to
230°C at a rate of 10°C/min.

RESULTS AND DISCUSSION
Melting behaviors after isothermal crystallization

The DSC heating thermograms of PA 11 and its
nanocomposites after crystallization at various T.
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was illustrated in Figure 1. Double melting peaks
were observed for all samples in the case of low
crystallization temperatures. The Peak I at lower
temperature shifts toward a higher temperature as
the crystallization temperature increases, whereas
the Peak II at high temperature becomes weaker, but
its position displays almost no change. Such double
melting endotherms can be contributed to two dif-
ferent crystal structures, different crystal size and
perfection, or recrystallization.">'® The melting Peak
I is assumed to be caused by the melting of crystals
formed on cooling from melt, whereas the Peak II
mainly corresponds to the melting of crystals that
have recrystallized during the heating run (after the
first melting peak). More perfect crystals are formed
at high crystallization temperature, and they start to
melt at higher T,. When the perfection of crystals is
no more improved with increasing T., no further
recrystallization takes place during the DSC run,
resulting in the two peaks merging into a single one
for the samples crystallized at higher temperature.

Equilibrium melting temperature

To carry on quantitative analysis of crystallization
behavior, especially to investigate the temperature
dependence of the crystallization rate, it is necessary
to determine the equilibrium melting point as accu-
rately as possible. According to the Hoffman-Weeks
theory,"” the equilibrium melting point (T) can be
determined by linear extrapolation of T,, versus T,
data to intersect the line T,, = T, Mathematically,
the dependence of T,, on T, is expressed as:

T 1
Tm—ZBTm[l—zﬁ] 1)

where B = ocJl/ol,, and o is the fold surface free
energy, | is the lamellae thickness and the subscript
e refers to equilibrium conditions, and = 1.0 in the
absence of recrystallization or annealing during
melting.'®"?

It is well known that the higher the crystallization
temperature, the more suitable it is to get the equi-
librium melting point.*’ Because the high tempera-
ture peaks are approximately at the same position
regardless of the temperatures at which the samples
were crystallized. Therefore, the value of melting
temperature at Peak I according to low T. and those
melting temperature obtained when only single
melting peak was plotted as a function of T. in
Figure 2. Extrapolating linearly the experimental
data up to the T, = T, line according to Hoffman-
Weeks analysis, the equilibrium melting temperature
(T9) for the pure PA 11, NC-5, and NC-8 are deter-
mined to be 225.09, 206.03, and 205.60°C, respec-
tively. The TY, value of the pure PA 11 was higher
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Figure 1 DSC traces of samples isothermally crystallized at the indicated temperatures at heating rate of 10°C/min.

1.11 1.21

than that reported by Liu et al."” and Zhang et a
In addition, the nanocomposites display lower T9,
values compared with the pure PA 11, indicating
that the crystals in the nanocomposites become
imperfect because of the retarded crystallization phe-
nomena induced by the incorporation of silica.

Isothermal crystallization behavior

The crystallization behavior of all specimens was
carefully investigated by DSC. Figure 3 shows a typical
DSC trace of NC-5 that isothermally crystallized at the
predetermined temperatures. As can be seen, the crys-
tallization peaks shift toward to the right and become
flatter with the increasing crystallization temperature.
It implies that the crystallization rate decreases with
the increasing crystallization temperature.

Isothermal crystallization kinetics analysis

With the recorded DSC exothermic curves in terms of
the heat flow per gram of the sample dH (t)/dt as a func-

tion of time for systems undergoing the isothermal
crystallization process at various T, we can analyze
the isothermal crystallization kinetics. The relative
degree of crystallinity at different crystallization time
can be calculated according to the following equation®:

t dH. (¢
Xelt=00)  [i-xdi g

where X, (t) and X (t = o0) is the relative degree of
crystallinity at time ¢ and infinite time, respectively.
The plot of X (t) ~ t for NC-5 is shown typically
in Figure 4. It is clear that characteristic sigmoid
isotherms shift to the right with the increasing iso-
thermal crystallization temperature. The completion
time of crystallization becomes longer, and the crys-
tallization rate decreases.

Assuming the relative degree of crystallinity
increases with an increase in the crystallization time,
the Avrami equation is adopted to analyze the
isothermal crystallization process®**:

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 2 Application of Hoffman-Weeks analysis to samples for determining equilibrium melting temperature. Melting

point of Peak I as a function of the crystallization temperature.

X(t) =1 — exp(—K¢") 3)

or
log[—In(1 — X(¢))] = nlogt + log K 4)

where K is the crystallization rate constant, and # is
the Avrami exponent whose value depends on the
mechanism of nucleation and on the form of crystal
growth. The plot of log{—In[1 — X, (#)]} versus logt for
NC-5 is illustrated typically in Figure 5. Unlike most
semicrystalline polymers, no obvious roll-off at longer
times is observed, implying that the secondary
crystallization of PA 1lin the nanocomposites does
not occur under experimental conditions. For compar-
ison, the regime of about 10-75% conversion in the
curves for the samples is chosen to determine the
exponent n and K according to eq. (4). Performing
the least square fit to the linear section in Figure 5, the
values of n and K (Table I) are obtained from the slope
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at the indicated temperatures.
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Figure 4 Relative crystallinity X(f) versus different crys-
tallization time t in the isothermal crystallization process
for NC-5 sample.

and intercept of the fitted curves, respectively. Usu-
ally, the values of n should be an integer between 1
and 4 for different crystallization mechanisms.
Because other complex factors, such as the competi-
tion of a diffusion-controlled growth and the irregular
boundary of the spherulites, are probably involved
during the process, the Avrami exponent # is not a
straightforward integer.”> It can be seen that the
obtained values of n for all samples are similar at
the same crystallization temperature, indicating that
the model of nucleation and growth of PA 11 is not
affected after the incorporation of silica. In addition,
all the n values fall into the range of 2.37 and 3 0.39,
showing that the crystallization model of PA 11 might
be a mixture with two-dimensional, circular, three-
dimensional growth with thermal nucleation.”® The
values of the crystallization rate parameter K for

5
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Figure 5 Crystallization rate as a function of crystalliza-
tion temperature for samples.

all samples increase with decreasing crystallization
temperature. Moreover, the K value of nanocompo-
sites is greater than that of the pure PA 11 at the same
indicated T. and tends to increase with the further
loading of silica. It is implied that silica can act as
heterogeneous nucleating agent and promote the
crystallization process.

Some other important parameters for the crystalli-
zation kinetics include crystallization half-time, rate
of crystallization, and the time for maximum
crystallization.

The crystallization half-time t,,, is defined as the
time at which the relative degree of crystallinity was
50% and can be calculated from eq. (5) using the
measured kinetics parameters,

tyjy = (In2/K)"" ®)

The rate of crystallization G is defined as the recip-
rocal of t;,,; thatis, G = 11, = 1/t1/2.27 We find in
the curves of G versus T, (Fig. 6) that the rate of
crystallization decreases with increasing T. for each
specimen. Furthermore, the rate of crystallization
displays an increasing behavior with the increasing
silica loading level. It was speculated that the
separated silica nanoparticles can act as hetero-
geneous nucleating site, which results in a faster
nucleation rate.

The time to reach the maximum rate of crystalliza-
tion t,., can also be used to characterize the rate of
crystallization. The data of t,.x can be readily
obtained from the isotherms in Figure 3.® Because
tmax corresponds to the point at which dQ(t)/dt = 0,
Q(t) is the rate of heat evolution, thus f,,., can be
determined as follows:

tmax = [(n — 1)/”K]1/n (6)

TABLE 1
Parameters of the Isothermal Crystallization for Pure PA
11 and its Nanocomposites

K tl /2 T1/2 tmax

Sample T,(°C) n  (min™') (min) (min™') (min)

PA 11 165 2.84 28.49 0.27 3.71 0.26
167 2.73 3.29 0.57 1.77 0.55
169 291 0.39 1.22 0.82 1.20
171 3.37 0.04 227 0.44 2.28
173 2.88 0.02 3.56 0.28 3.49
NC-5 165 3.29 92.28 0.23 4.43 0.23
167 2.85 21.30 0.30 3.33 0.29
169 2.49 2.26 0.62 1.61 0.59
171 2.55 0.41 1.23 0.81 1.17
173 3.06 0.03 2.67 0.38 2.64
NC-8 165 3.39  110.98 0.22 448 0.22
167 2.55 11.99 0.33 3.06 0.31
169 2.37 3.04 0.54 1.87 0.49
171 2.37 0.58 1.08 0.92 1.00
173 2.69 0.09 2.09 0.48 2.02

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 6 A typical plot of 1g(—In(1 — X (t))) versus 1g(t)
of the NC-5 sample isothermally crystallized at the prede-
termined temperatures.

The value of t,.x can be derived from the Avrami
exponent n and the parameter K, as summarized in
Table L.

Nucleation parameter and surface free energy

The Hoffman-Lauritzen theory” suggests that the
linear growth rate, G, depends on temperature, T, as
follows:

G=G Bl S [P )
ORI R - Ty ) TP TeATr
or
u- K,
InG + m = TCATf (8)

The first exponential terms describes the effect of the
temperature dependence of melt viscosity and
accounts for the reduced molecular mobility as the
temperature approaches the glass transition temper-
ature, and in particular, the thermodynamic glass
transition temperature T, = Ty — 30 (T, = 43°C for
PA 11 in this study). This term also contains the acti-
vation energy for chain transport and viscous flow
U*, for which is commonly given by a universal
value of 6300 J/mol. The second exponential terms
accounts for the rate determining effect of primary
nucleation on the crystallization at low degree of
supercooling (AT = T% — T.). The parameter f =
2T./(TY + T.) is a correction factor that accounts for
the change in the latent heat of fusion that occurs
with changing crystallization temperatures.

The kinetic parameter, Kg, is a term connected
with the energy need for the formation of nuclei of
critical size and has the following form:

Journal of Applied Polymer Science DOI 10.1002/app
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nboc,T?,

Ke =" Rk

©)
where b is the distance between two adjacent fold
planes, ¢ and o, are the lateral and fold surface free
energy, kg is the Boltzmann constant, Al is the heat
of fusion per unit volume of crystal, and n takes the
value 4 for crystallization Regimes I and III and 2
for regime II. In the current work, the crystallization
Regime I was observed, and n took the value 4. The
results of the kinetic data treatment, using G values
presented in Figure 6, are illustrated in Figure 7. The
values of the nucleation parameter K, are given as a
slope of 5.76 x 10° K2, 2.31 x 10° K2 and 2.03 x 10°
K* for pure PA 11, NC-5, and NC-8, respectively.
Clearly, the K, values of the nanocomposites are
lower than those of the pure PA 11 and tend to
decrease with the further loading of silica. Generally,
a foreign surface reduces frequently the nucleus size
for crystal growth because the creation of the inter-
face between polymer crystal and substrate may be
less hindered than the creation of the corresponding
free polymer crystal surface. A preexisting surface
can reduce the free energy opposing primary nuclea-
tion for a heterogeneous nucleation process. As
such, the well-separated silica nanoparticles can
reduce the work necessary to create a new surface.

Adoption Aly=2.1797 x 10° J/m® and b = 4.44 A
the production of 6o, can be evaluated from eq. (9).
The data of oo, for the pure PA 11, NC-5, and NC-8
are 1.96 x 107° J*/m*, 0.82 x 107° J*/m*, and 0.72 x
1072 J?/m*, respectively.

o was often estimated by an empirical equation as
follows™":

O = 0.11Ahf\/ aobo (10)
7
6
~~~
(an]
Ly
2
B 2
*
=
+
)
c
7 " Pure PA11
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Figure 7 Plots of In G + U /R (T. — T, versus 1/(T.ATf)
for samples.
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where a, and by are the parameters of the PA 11 unit
cell, and their values are 4.9 and 5.4 A, respectively.
o is thus determined to be 1.23 x 1072 ]/ m?. Substi-
tuting this value into co,, the fold surface free energy
(o) for the pure PA 11, NC-5, and NC-8 are obtained
to be 0.159, 0.067, and 0.059 J/ mz, respectively. The
lower the values of o, the less the necessary energy
for the fold of the macromolecules into the nucleus
surface. Therefore, the values of o, for the pure PA 11
and its nanocomposites indicate that the macromole-
cules can readily fold into the nucleus surface with
the incorporation of silica, which promote the crystal-
lization process. The results are in good agreement
with that obtained from Avrami equation.

CONCLUSIONS

The isothermal crystallization and melting behaviors
of the in situ synthesized PA 11/silica nanocompo-
sites were analyzed by DSC. The Avrami equation
well described the isothermal crystallization process
of the primary stage. The data obtained from the
analysis of isothermal process showed that the incor-
poration of nanosilica has no significant influence on
the crystallization model of PA 11 but promoted the
rate of crystallization. The evaluation of the spheru-
lites growth kinetics parameters and fold surface
free energy further supported this result.

All specimens displayed double melting peaks af-
ter isothermally crystallized at the lower tempera-
ture, whereas single melting peaks after isothermally
crystallized at the higher temperature. The equilib-
rium melting point was further evaluated according
to the classical theory.
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