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Abstract A organic—inorganic PA6/partially functional-
ized silica hybrid nanocomposites was prepared by capro-
lactam polymerized and silica nanoparticles in situ
gernerated through condensation of partially functionalized
silicic acid, which was prepared through hydrolysis of
tetraethoxysilane (TEOS) and 3-glycidoxypropyltrimeth-
oxysilane (GPTES), in one process. The non-isothermal
crystallization behaviors of pure PA6, PA6/unfunctional-
ized silica (PA6S) and PA6/functionalized silica (PA6FS)
hybrid materials were investigated by differential scanning
calorimetry (DSC). Two methods, namely, the Avrami and
the Mo, were applied to describe the crystallization process
of these three materials. DSC results showed that the
crystallization rates of PAGFS is faster than that of pure
PA6 and PAGS at the same cooling rate, the nano-silica
particles functionalized by GPS in hybrid material acted as
more effective nucleation agents, and the crystallization
rates of all these samples increased with the cooling rate
increasing. XRD results indicated that the addition of
functionalized nano-silica particles favored the formation
of the y crystalline form.
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Introduction

In recent years, polymer-based organic—inorganic hybrid
material, which considered as innovative advanced mate-
rials, has gained increasing attention in the field of material
science [1-9]. In order to prepare hybrid materials with the
size of inorganic particles in the nanoscale, one of the most
promising composite systems is the hybrid based on the
sol-gel process, which is a convenient method for prepa-
ration of hybrid materials from alkoxysilyl group contain-
ing materials via continuous reaction steps of hydrolysis
and condensation catalyzed by acidic or basic catalysts [1,
2, 5, 9]. From our laboratory, we reported a novel method
[9], which nanoparticles in situ generated though hydro-
lysis and condensation of inorganic acid and polymeriza-
tion of caprolactam in one process, of prepared PA6/
inorganic nanoparticles. In our previous work [10], we
prepared PA6/functionalized silica hybrid nanocomposites
(PA6SF) by caprolactam and partially functionalized silicic
acid, which prepared by hydrolysis of TEOS and GPTES,
in one process, which showed dramatic increases in
mechanical properties and heat resistance. In this article,
we would like to focus on the crystallization behaviors of
PAGFS hybrid nanocomposites.

It is well known that the crystallization process of a
polymer plays an important role in the production of
composites, and it also influences directly the properties of
the material. The quality of a crystal involves its mor-
phology, crystalline structure and crystallization degree,
which influence greatly the physical properties and chem-
ical properties of the nanocomposites. The behavior of
thermoplastic semi-crystalline polymers during non-iso-
thermal crystallization from the melt is of increasing
technological importance, because these conditions are the
closest to real industrial processing conditions.
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There are many of papers on studying the crystallization
kinetics of PA6 nanocomposites [11-13], but no publica-
tion has been found concerning the crystallization kinetics
of the PAG6/silica hybrid nanocomposites made by func-
tionalized silica nanoparticles in situ generated and cap-
rolactam polymerized in one process. This study
investigated the crystallization behavior of these PA6/
functionalized silica hybrid nanocomposites under non-
isothermal conditions. The Avrami method and the Mo
method were used for the analysis. XRD was also used to
clarify the crystalline structure of PAG6FS hybrid nano-
composites obtained under different cooling conditions.

Experimental
Materials

g-caprolactam was purchased from Yueyang Chemical
Plant (China) without further purification. 3-glycidoxy-
propyltrimethoxysilane (GPTES) was purchased from
Chemical Reagent Co. of wuhan University (China) and
was purified by distillation before use. Tetraethoxysilane
(TEOS) and ethanol (both chemical reagent grade), were
ordered from Xilong Chemical Fractory, Guangdong
(China).

Preparation of PA6FS hybrid nanocomposites
The PAGFS hybrid nanocomposites used in this study was

prepared in three steps as follows: (1) Into a 500 mL three-
necked round-bottomed flask, which was equipped with a

Scheme 1

(]

N, inlet—outlet and a cooler, 117 mL TEOS, 190 mL
ethanol and 13 g GPTES were added. After vigorous stir-
ring with a magnetic at room temperature for 15 min,
36 mL 0.05 M hydrochloric acid was added. The stirring
was carried out for about 30 min under ambient condition
and a transparent solution was obtained; (2) 3,000 g e-
caprolactam, the solution obtained by step (1) and 1 g
antioxidant were added into a reactor equipped with a
mechanical stirrer. The mixture was heated to and held at
383 K for 12 h under vacuum; (3) 80 g distilled water as
the initiator was added into the reactor, the mixture was
heated to and held at 453-493 K for 1 h and then heated at
538 K for 5 h at 0.5~0.8 MPa in a N, atmosphere, then at
0~—0.06 MPa for about 1 h. The material was extruded to
produce cylindrical extrudates by N,, followed by im-
mersed immediately in a cold-water (about 293 K) and
pelletized with an adjustable rotating knife, located after
water bath, into 5 mm length. Then these granules were
washed with water at 357 K for 10 h. The chemical reac-
tions of the synthesis of PA6FS hybrid nanocomposites are
shown in Scheme 1. Pure PA6 and PAG6S (prepared by
reported [9]) hybrid nanocomposites were also prepared
under the same condition.

Differential scanning calorimetry measurement

The non-isothermal analyses were carried out using a TA
DSC-Q10 differential scanning calorimeter thermal ana-
lyzer. The samples were heated to 523 K at a rate of
20 K/min under nitrogen atmosphere, then kept for 5 min
at this temperature to eliminate the heat history before
cooling at a specified cooling rate. Constant cooling rate
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2.5, 5, 10, 15, 20 and 40 K/min were applied. The ther-
mograms corresponding to the heating and cooling cycles
were recorded and analyzed to estimate the non-isothermal
crystallization kinetics and crystallinity degree.

Transmission electron microscope (TEM) observation

Thin plates were cut by ultramicrotomy from the systems
and observed under a TECNAI G? 20 Transmission Elec-
tron Microscope (TEM) at a high voltage of 120 kV.

X-ray diffraction (XRD)

To eliminate the influence of the specimen thickness, about
100 pm films of PA6 and PA6FS were prepared as reported
[8]: The granules of PA6 and PAGFS were put between two
glass slides, and were heated in oil-bath up to 523 K. After
the granules entirely melted, a load was applied on the
surfaces of the slides to press the melted materials into thin
films. These films were kept on 523 K for 5 min to elim-
inate the heat history, then cooled under three kinds of
conditions: (1) The films were cooled down in the oil-bath
from 523 K to 293 K naturally; (2) The films were cooled
down in the air at 293 K; (3) The films were quenched in
the water at 293 K.

XRD patterns were recorded by a D/max 2550 X-ray
diffractometer. The CuK« radiation source was operated at
40 kV and 300 mA. Patterns were recorded by monitoring
those diffractions from 5° to 40°. The scan speed was
4°/min.

Non-isothermal crystallization kinetics model

It is well known that isothermal crystallization kinetics of
polymers is commonly studied by the Avrami method [14]

1 — X.(¢) = exp(—Z1") (1)

where X.(f) is the relative crystallinity degree, n is the
Avrami crystallization exponent dependent on the mecha-
nism of nucleation, ¢ is the time taken during the crystal-
lization process, and Z; is a crystallization growth rate
constant. Both Z, and n are constants which are denoted as
a given crystalline morphology and type of nucleation at a
particular crystallization condition. Therefore, we have

log[—In(1 — X.(r))] =logZ, + nlogt (2)

Plotting log[—In(1 — X,(¢))] versus log 7 for a certain
cooling rate, the Avrami exponent n and the crystallization
rate Z, can be calculated. Equation (1) is suitable for an

isothermal crystallization system. Just like isothermal
analysis, non-isothermal crystallization can also be ana-
lyzed by the Avrami equation, but, considering the non-
isothermal characterization, Jeziorny [15] presented the
final form of the parameter characterizing the kinetics of
non-isothermal crystallization as follows:

logZ. =1logZ/¢ (3)

where ¢ is the cooling rate.

The non-isothermal crystallization can also be analyzed
using the Ozawa method [16]. The Ozawa equation is as
follows

1 — X, = exp[—k(T)/¢"] (4)

where k(T) is the crystallization rate constant, X. is the
relative crystallinity, ¢ is the cooling rate, and m is the
Ozawa exponent depending on the crystal growth and
nucleation mechanism.

Mo and Liu [17, 18] have proposed a new kinetic
equation of non-isothermal crystallization by combing the
Avrami and Ozawa equations:

log¢ =log F(T) —alogt (5)

where a refers to the ratio of the Avrami exponent 7 to the
Ozawa exponent m(a = n/m); the parameter
F(T) = [K(T) /Z,]l/m represents the value of cooling rate,
which has to be chosen at unit crystallization time when the
measured system amounts to a certain degree of crystal-
linity. According to Eq. 5, the plot of In¢ versus In 7 at a
given crystallinity will be a straight line. Parameters a and
F(T) can be obtained from the slope and the intercept of the
line.

Results and discussion
Morphologies of SiO,

TEM photographs of PA6S and PAGFS are shown in
Fig. 1. Figure 1a shows that the silica nanoparticles were
approximately 50~70 nm in diameter, the nanoparticles
formed a slightly aggregated and became larger in size, and
dispersion of the particles in PA 6 was poor. However, the
size silica in the PAGFS is 30 nm, this indicates that the
silica particles exhibited a homogenous matrix. The reason
for this is possible that GPTES used as a coupling agent has
an epoxy group and this group reacted with PA6 matrix.
These results mean that the fine silica particles are com-
posed of silica and a part of epoxy network which should
form an interpenetrating network structure between the
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Fig. 1 TEM graphs of PA6S (a) and PAGFS (b)

organic and inorganic components with a covalent bond. It
suggested that the GPTES coupling agent resulted in the
morphological change of the hybrid materials.

Non-isothermal crystallization behavior

The DSC thermograms of non-isothermal crystallization
for pure PA6, PA6S and PAG6FS hybrid nanocomposites at
different cooling rates are presented in Figs. 2—4, respec-
tively. Figure 2 reveals a small crystallization exotherm at
455.5 K(T},) for pure PA6 cooled at 2.5 K/min, T, peak
became more intense and shifts to lower temperature as the
cooling rate increases. A similar trend was observed in
PAG6S (Fig. 3) and PA6FS (Fig. 4) hybrid nanocomposites.
The values of T}, T; (initial crystallization temperature) and
AH (the crystallization enthalpy) of non-isothermal crys-
tallization exotherms of these three materials were listed in
Table 1. It is clear that all the samples have nearly same T},
which means the addition of silica nanoparticles has little

a. 40 K/min
b. 20 K/min
c. 10 K/min
d. 5 K/min

e. 2.5 K/min

]
380 400 420 440 460 480 500
Temperature (K)

Fig. 2 DSC thermograms of non-isothermal crystallization for pure
PAG6 at different cooling rates
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Fig. 3 DSC thermograms of non-isothermal crystallization for PA6S
nanocomposites at different cooling rates

effect on the onset temperature of the crystallization. As for
the AH, which is proportional to the degree of crystallinity
X, it can be seen that the value change in the following
order: pure PA6 > PA6S > PAGFS.

Table 1 listed the value of the crystallization peak time
t,, which is denoted as the time the sample spends during
the temperature drop from 7; to T,. The #, decreases
roughly with the increase of the cooling rate, meaning the
increase in the rate of crystallization. It can also be seen
that the value of #, of PAGFS is smaller than that of pure
PAG6, indicating that the crystallization of pure PA6 is more
difficult than that of PA6FS hybrid nanocomposites. For
comparison, the reciprocal values of the time f, versus
cooling rates for all the samples were plotted in Fig. 5. It
was found that for a #, certain sample, the rate of non-
isothermal crystallization increases with increasing the

40K/min
20K/min
0r 10K/min
[ 5K/min

8 - 2.5K/min

exo

n T n n T 1 T i
360 380 400 420 440 460 480 500

Temperature(K)

Fig. 4 DSC thermograms of non-isothermal crystallization for
PAGFS nanocomposites at different cooling rates
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Table 1 Values of AH, T;, T,, and t, at various cooling rates for pure PA6, PA6S and PA6FS

R (K/min) AH (J/g) T; (K) T, (K) t, (min)
Pure PA6

2.5 60.62 472.7 455.5 6.9
5 59.76 469.5 449.6 4.0
10 57.15 465.8 443.1 2.3
20 54.40 461.5 436.0 1.3
40 53.7 455.7 425.6 0.8
PA6S

2.5 48.36 469.5 457.0 5

5 45.80 465.1 452.0 2.7
10 44.29 460.1 445.8 1.4
20 42.14 4553 4379 0.9
40 40.50 448.4 427.0 0.6
PAGFS

2.5 50.71 473.1 467.0 24
5 50.85 468.9 462.2 1.3
10 51.32 465.1 456.9 0.8
20 52.10 459.7 450.4 0.5
40 53.39 454.0 442.8 0.3

cooling rate. The rate of crystallization of PAGFS is the
highest one at all cooling rates, and the rate of PA6S is
located between in the rates of PA6FS and pure PAG,
which means the addition of silica nanoparticles in situ
generated and functionalized by GPTES accelerates crys-
tallization greatly.

Figures 6, 7 and 8 present the relative crystallinity de-
gree as a function of temperature for these three materials
crystallized at various cooling rates. The higher the cooling
rate, the lower the temperature range at which the crys-
tallization occurs, therefore, the transformation is con-
trolled by nucleation. In addition, all curves have

= pure PA6
3.0 ® PA6S
A  PAGBFS

1 (min™)

P

0 5 10 15 20 25 30 35 40 45
Cooling rate (K/min)

Fig. 5 Plots of 1/t, as a function of cooling rate for pure PA6, PA6S
and PA6FS nanocomposites

approximately the same shape, indicating that only the
retardation effect of cooling rate on the crystallization is
observed in these curves.

Non-isothermal crystallization kinetics analyses

Figures 9, 10 and 11 present plots of log[-In(1 — X.(?))] as
a function of logt for pure PA6, PA6S and PAG6FS,
respectively. The parameters n, Z,, Z. and t,,, showed in
Table 2 were obtained from Figs. 9-11. n values of pure
PAG6 vary from 2.56 to 3.11, and those of PA6S range from
2.72 to 3.56, which means the addition of silica influences

80 -

60 -

Relative crystallinity(%)

20 -

I . I . I . I . J
400 420 440 460 480

Temperature (K)

Fig. 6 Plot of relative crystallinity as a function of temperature for
pure PAG6 crystallized non-isothermally at various cooling rates
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Fig. 7 Plot of relative crystallinity as a function of temperature for
PAG6S crystallized non-isothermally at various cooling rates
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Fig. 8 Plot of relative crystallinity as a function of temperature for
PAGFS crystallized non-isothermally at various cooling rates
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Fig. 9 Plot of log[-In(1 — X,)] as a function of logt pure PA6
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Fig. 10 Plot of log[-In(1 — X,)] as a function of logt for PA6S

the mechanism of nucleation and the growth of PA6
crystallites. Those of PA6GFS range from 2.95 to 3.91,
which means the addition of silica nanoparticles in situ
functionalized is more effective than that of unfunctional-
ized silica. The data listed in Table 2 also show that for all
samples Z. increases and t1,, decreases as the cooling rate
increases, which means an increase of the rate of crystal-
lization. At the same cooling rate, the higher Z. of PA6FS
than that of pure PA6 and PAGS indicates that the silica
modified by GPTES prompted crystallization effectively.
Figures 12, 13 and 14 present plots of log¢ as a function
of logt for pure PA6, PA6S and PAGFS, respectively. The
slope a and intercept log F(T) showed in Table 3 were
obtained from the fitted straight line. It can be seen from
Table 3 that the values of F(7) systematically increase with
an increase in the relative degree of crystallinity. At a given
degree of crystallinity, the higher the F(T) value, the higher
cooling rate is needed within unit crystallization time,
indicating the difficulty of polymer crystallization. By
comparing the values of F(7) of different samples, we have
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Fig. 11 Plot of log[-In(1 — X,)] as a function of logt for PA6FS
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Table 2 Values of n, Z,, Z. and t,,, at various cooling rates for pure PA6, PA6S and PA6FS nanocomposites

¢ (K/min) n Z, Z, (min™")* t (8)
Pure PA6

2.5 2.56 0.01 0.13 392
5 2.87 0.02 0.44 230
10 2.99 0.07 0.76 134
20 3.02 0.30 0.94 79
40 3.11 1.33 1.01 47
PAGS

2.5 2.72 0.01 0.13 291
5 2.98 0.04 0.51 154
10 3.21 0.14 0.82 85
20 3.33 1.41 1.02 53
40 3.56 6.83 1.05 31
PAGFS

2.5 2.95 0.07 0.35 129
5 3.23 0.17 0.70 84
10 3.68 1.54 1.04 52
20 391 7.52 1.11 31
40 3.86 85.22 1.12 21

* Is calculated from Eq. 3

found that the value of PAGFS is lower than those of pure
PA6 and PAGS, meaning that the crystallization rate of
PAGFS is faster than those of pure PA6 and PA6S. This is
in accordance with the result obtained from the Avrami
approach.

Crystalline form

PAG6 is known to crystallize into various phases: the «
stable crystal and among others the y-phase [8, 19]. In the
o-phase the hydrogen bonds are formed between antipar-
allel chains whereas in the y-phase they are formed
between parallel chains. XRD was used to gain insight into

1.4
1.2 4
= 1.0 A
€
3
< 0.8 H
{2
k]
0.6 -
0.4 H
n 1 n 1 n 1 n 1 n 1 n 1 n 1 n 1 n 1 n 1 J
04 -03 -02 -01 00 01 02 03 04 05 06
log t (min)
Fig. 12 Plot of log¢ as a function of logt for pure PA6

the influence of silica on the crystalline fraction. It was
previously reported [20] that the o form exhibited two
reflection peaks at 20 ~ 20° [«1 (200), d = 0.44 nm] and
24° [o2 (002), d = 0.37 nm], where only one reflection
peak at 20 ~ 21° [y (200), d = 0.42 nm] was observed for
the y form. The «1 peak is sensitive to the distance between
hydrogen-bonded chains inside the sheet-like structures
whereas the «2 peak is sensitive to the separation distance
between the sheets [21].

Figures 15 and 16 show the XRD patterns of pure PA6
and PAGFS hybrid nanocomposites under different cooling
conditions, respectively. The results indicate that in the

0.8

log ¢ (K/min)

0.6

0.4

ol e e e INNNN
-04 -03 -02 -0.1 0.0 0.1 0.2 0.3 0.4 0.5 0.6

log t (min)

Fig. 13 Plot of log¢ as a function of logs for PA6S nanocomposites
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log t (min)

Fig. 14 Plot of log¢ as a function of logt for PAGFS nanocomposites

Table 3 Values of F(T) and a at various relative crystallinity for
pure PA6, PA6S and PAGFS

Xc F(T) a
Pure PA6

0.3 9.68 1.30
0.4 11.21 1.32
0.5 12.29 1.32
0.6 13.53 1.34
0.7 15.75 1.36
PAG6S

0.3 9.75 1.32
0.4 10.43 1.34
0.5 11.85 1.35
0.6 12.77 1.35
0.7 14.36 1.37
PAGFS

0.3 8.44 1.19
0.4 9.23 1.21
0.5 10.34 1.23
0.6 10.96 1.24
0.7 11.01 1.26

slow and the medium cooling rates (cooling in oil-bath and
in air), there exists only the o form, while cooled rapidly
(quenched in water), the o and y form co-existed in pure
PA6 (Fig. 15). The « and y form coexist in PA6/modified
silica hybrid nanocomposites films under air cooling rate.
But the y form becomes dominant in higher cooling rate
(Fig. 16). Under cooling in oil-bath, in pure PA6, the «l
peak is higher than the o2 peak (Fig. 15, curve 1). How-
ever, in PA6/modified silica hybrid nanocomposites film,
the ol peak is lower than the «2 peak (Fig. 16, curve 1).
This means that the extent of hydrogen-bonded NH asso-
ciated with the a-phase in PA6FS hybrid nanocomposites is

@ Springer
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Fig. 16 XRD patterns of PA6FS nanocomposites under various
cooling conditions: (1) oil-bath cooling, (2) air cooling and (3) water
cooling; the curves were vertically offset for clarity

reduced [8]. Vaia et al. [22] suggested that the addition of
silicate clay layers forces the amide groups of PA6 out of
the plane formed by the chains. This results in conforma-
tional changes of the chains, which limits the formation of
H-bonded sheets and the y-phase is favored. We think that
the same reason result in the y-phase is favored in PA6FS
hybrid nanocomposites.

Conclusion

A systematic study of the non-isothermal crystallization
kinetics of pure PA6, PA6S and PAGFS has been per-
formed by the DSC technique. The crystallization kinetics
of each sample was investigate according to two different
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kinetic models, namely, the Avrami and the Mo. Both
models can describe the experimental data very well.

The DSC results imply that the nano-sized SiO, in situ
generated and functionlized by GPTES in PA6FS hybrid
nanocomposites act as nucleation agents and accelerates
the crystallization during the cooling process from the
melt. But the introduction of silica nanoparticles does not
have great effect on the onset temperature of crystalliza-
tion. The addition of silica influences the mechanism of
nucleation and the growth of polyamide crystallites.

XRD results indicated that the addition of functionalized
nano-silica particles favored the formation of the y crys-
talline form.
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