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ABSTRACT: The crystallization process of a new polyam-
ide, nylon 1313, from the melt has been thoroughly investi-
gated under isothermal and nonisothermal conditions. Dur-
ing isothermal crystallization, relative crystallinity develops
in accordance with the Avrami equation with the exponent
n ~ 2 based on DSC analysis. Under nonisothermal condi-
tions, several different analysis methods were used to eluci-
date the crystallization process. The Avrami exponent n is
greater in the isothermal crystallization process, indicating
that the mode of nucleation and the growth of the noniso-
thermal crystallization for nylon 1313 are more complicated,
and that the nucleation mode might include both homogene-

ous and heterogeneous nucleation simultaneously. The cal-
culated activation energy is 214.25 kJ/mol for isothermal
crystallization by Arrhenius form and 135.1 k] /mol for noni-
sothermal crystallization by Kissinger method, respectively.
In addition, the crystallization ability of nylon 1313 was
assessed by using the kinetic crystallizability parameters G.
Based on this parameter, the crystallizability of many differ-
ent polymers was compared theoretically. © 2007 Wiley Peri-
odicals, Inc. ] Appl Polym Sci 104: 1415-1422, 2007
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INTRODUCTION

Since the invention of nylon 66 by Carothers in
1934,"* many different kinds of nylons have been
developed and a number of them have been commer-
cialized. Nylons have widely been used as fibers, en-
gineering plastics, coatings, and so on, because of
their unique physical and chemical properties.’
Almost all nylons are semicrystalline polymers and
usually exhibit good toughness and strength, high
modulus, excellent resistance to abrasion, and rela-
tively high temperature resistance. Such attractive ma-
trix of properties primarily originate from the strong
hydrogen bonds of amide groups.* As a result, the
properties of nylons vary greatly with the concentra-
tion of amide groups in the macromolecular chains.
Recently, there have been great interests in exploring
new nylons, especially short- and long-alkane-seg-
ment nylons, since the chemical structure and amide
content of short-alkane-segment nylons (e.g., nylon
2,4 and nylon 2,2) are close to those of silk fibroin.’
Although many methods have been developed for
making these short-alkane-segment nylons,® few prac-
tical applications have been found for them mainly
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because of their high melting temperatures (T,s). In
contrast, long-alkane-segment polyamides (greater
than dodecane) with a higher CH,/amide ratios ex-
hibit superior properties, including lower T,,s, lower
densities, lower dielectric constants, and water affinity
and, consequently, have widely been utilized in many
areas. Furthermore, because of the unique structure,
these long-alkane-segment polyamides bridge the gap
between polyamides and polyethylene in terms of
both structures and properties.” However, despite
expanding interest in the properties of this important
class of polymers, its crystallization behaviors remains
largely unexplored.®*'2

In general, the crystallization process affects poly-
mer properties through the crystal structure and mor-
phology established during the solidification process.
An important aspect of the crystallization process is
its kinetics. Investigation of the kinetics of polymer
crystallization is significant from both theoretical and
practical points of view. Regarding the theoretical as-
pect, the mechanism for the formation of polymer fine
structure during crystallization is important. The
practical significance arises from the effect of the
degree of polymer crystallinity on the physical and
chemical properties of polymers. Studies on isother-
mal and nonisothermal crystallization kinetics have
been reported for many semicrystalline polymers in
recent years.'** Of the thermal analysis techniques,
differential scanning calorimetry (DSC) has frequently
been exploited. It enables calorimetric measurements
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Figure 1 Heat flow versus time during the isothermal
crystallization of nylon 1313 at different crystallization
temperatures.

to be carried out in a relatively simple, quick, and pre-
cise manner. However, since most of the analysis with
respect to crystallization is conducted under isother-
mal conditions instead of the actual nonisothermal
conditions, the results are often not very useful. In
this context, we report herein the first thorough study
on the melt crystallization kinetics of nylon 1313
under both isothermal and nonisothermal conditions.

EXPERIMENTAL
Material and preparation

Nylon 1313 was prepared via a novel “petroleum fer-
ment”’ technique developed in this laboratory. The ny-
lon 1313 pellets have a relative viscosity of 1.91 as
measured in 98% H,50, at 25°C (1 g/100 mL concen-
tration). A sample film approximately of 0.2 mm
thickness was obtained by hot molding of the plastic
pellets under 5.0 MPa at 220°C for several minutes,
then quenched to room temperature.

Differential scanning calorimetry measurement

Isothermal and nonisothermal crystallization kinetic
analysis was carried out using a Perkin—Elmer DSC-7,
and the temperature was calibrated using indium. All
DSC measurements were performed under nitrogen;
the sample weight varies between 5 and 8 mg.

Isothermal and nonisothermal
crystallization processes

Isothermal crystallization from the melt was carried out
by heating the sample to 220°C for 10 min to eliminate
residual crystals, then cooling quickly (at —100°C/min)
to the predetermined crystallization temperature (T,) in
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the range of 140-148°C. The exothermic curves of heat
flow as a function of time were recorded. All these pro-
cedures were performed on DSC. In the case of noniso-
thermal crystallization, DSC was used to provide a con-
stant rate of decreasing temperature (2.5, 5, 7.5, 10, 15,
and 20°C/min) from the melt to monitor the heat flow
as a function of temperature.

RESULTS AND DISCUSSION

Isothermal crystallization kinetic analysis

Isothermal crystallization kinetics from
Avrami equation

DSC curves for nylon 1313 in Figure 1 were recorded
by heating the samples from room temperature to
30°C above its T,, at a rate of 10°C/min, then holding
it at the temperature indicated for 10 min to remove
all residues of crystallinity, and cooling (100°C/min)
to various crystallization temperatures (T.). With
increasing crystallization temperature, the crystalliza-
tion exothermic peak shifts to a longer time and
becomes flatter. This result implies that the total crys-
tallization time is lengthened, and crystallization rate
decreases with increasing T..

The Avrami equation”** has been widely exploited
to analyze the isothermal crystallization process of semi-
crystalline polymers [eq. (1)], wherein 7 is a constant
related to the mechanism of nucleation and the form of
crystal growth, K is a constant containing the nucleation
and growth parameters, and X, is relative crystallinity
of polymers at different crystallization time.

Xy =1—exp(—kt") or
log[—In(1 - X;)] =n logt+logK (1)

The relative amount of crystallization is plotted at dif-
ferent crystallization temperatures (Fig. 2). As ex-
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Figure 2 Relative crystallinity at different time in the pro-
cess of isothermal crystallization on nylon 1313.
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Figure 3 Plots of log(—In(1 — X)) versus log t for isother-
mal crystallization at the indicated temperatures.

pected, plots of log[—In(1 — X;)] versus log t give a
pretty good linear relation for the melt crystallization
(Fig. 3). Unlike most semicrystalline polymers, no roll-
off at longer times was observed, indicating the sec-
ondary crystallization of nylon 1313 does not occur
under the experimental conditions. This result demon-
strates that the crystallization behavior of nylon1313 is
different from that of nylon 11, which has a secondary
crystallization at a longer crystallization time."® In con-
trast, the crystallization process of nylon 1313 is similar
to that of nylon 1010?° and nylon 1012*° with a very
good linear relationship between log[—In(1 — X;)] and
log t.

Accordingly, n and k can be obtained from the lin-
ear line of log[—In(1 — X)] versus log t (Fig. 3). As
shown in Table I, the Avrami parameter n varies from
1.93 to 2.38, depending on the crystallization tempera-
ture. The result indicates that the crystallization mode
of nylon 1313 under the isothermal conditions may
not be three-dimensional. The narrow spread of n
value centered 2.0 means that the nucleation process
is simultaneous and the growth of crystals in nylon
1313 is most likely two-dimensional under the experi-
mental conditions.

The value of the crystallization half-time, #;,,,
defined as the time at which the extent of crystalliza-
tion is 50%, can be derived directly from Figure 2. It
can also be determined from the kinetics parameters
[eq. (2)]. Usually the rate of crystallization G is
described as the reciprocal of t1,5, i.e., G = 11,2. The
values of t;,, derived from the two methods and 74,
are listed in Table I.

ty2 = (In2/k)"" @)

Comparably, the crystallization rate of nylon 1313 is
faster than that of nylon 1010 (ty,, = 0.1-0.2 min 1)
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and slower than that of nylon 6 and nylon 66 (t1,>
=12 and 144 min}, respectively).22 In addition, tax
and t. can also be used to describe the rate of crystalli-
zation. Crystallization continues till time f. when no
further heat flow is observed. The time t,,x represents
the time to reach the maximum rate of heat flow, and
corresponds to the change-over to a slower kinetics
process.” It is very easy to find fy,,, from Figure 1. In
the meantime, since t., is the solution of dH/dt = 0,
eq. (1) can be used to derive tyax in terms of n and k
[eq. (3)]. The calculated values of t,,, are listed in Ta-
ble I. Data of t,.x can also be obtained from the heat-
flow curves in Figure 1.

n-1 1/n
tmax = ( nk ) (3)

Crystallization activation energy

The Avrami parameter K, assuming to be thermally
activated, can be used to determine the activation
energy for crystallization. Thus, the crystallization
rate garameter can be described in an Arrhenius
form,”” wherein K, is a temperature independent pre-
exponential factor, AE is the crystallization activation
energy, R is the gas constant, and T is the absolute
temperature. The plot of In k'/" against 1/T. yields a
straight line, from which AE/R is determined (Fig. 4).
The activation energy is found to be 214.25 kJ/mol
from the melt, which is lower than the value of nylon
11 (394.56 kJ/mol) for isothermal crystallization from
its melts.'®

InK AE
nTzanO__ (4)

KY" = Ky exp(—AE/RT,) _T
c

It can be deduced from Turnbull-Fisher expression
[eq. (5)],*® wherein G is the spherulitic growth rate, Gy
is a preexponential factor, k is the Boltzmann constant,
T. is the crystallization temperature, AE* is the free
energy of activation for transporting a chain segment
from the supercooled to the crystalline phase, and AF*
is the free energy of formation of a nucleus of critical
size, the transportation term, —AE*/kT., decreased
rapidly at low temperature and becomes dominant

TABLE I
Collection of Kinetic Parameters for the Isothermal
Crystallization of Nylon 1313

T. (°C)
140 142 144 146 148
n 225 210 1.93 217 2.38
Frnax (Min) 220 345 5.01 11.94 44.43
11/, (min ) 0.37 0.22 0.14 0.065 0.019
K (min™Y) 0.11 0.072  0.050 0.021 0.0055
t1/2 (min) 274 456 7.19 15.36 53.05
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Figure 4 Plot of In k" versus 1/T, for the Avrami pa-
rameter K deduced from isothermal crystallization.

for the crystallization rate when T, approached to T,.
On the other hand, the nucleation term, —AF*/kT.,
decreased rapidly at high temperature (i.e., the melt
crystallization T, approaches T,,), and becomes domi-
nant for the crystallization rate in the melt crystalliza-
tion process. The result can be explained as the pres-
ence of a maximum in the behavior of the growth
rate.”>%

AE*  AF*

IHGZIﬂGO—ﬁ kT

©)
In the current experiment, the value of T, is in the
range of 140-148°C, which approached T, = 174°C
(measured by DSC at a heating rate of 10 K/min), so
—AE*/kT, is negligible in the isothermal crystalliza-
tion process for nylon 1313. This leads to eq. (6),
wherein the crystallization rate is controlled by a sin-
gle nucleation term. The term for —AF*/kT. is de-

1.8

1/(T2A T)
Figure 5 Plot of log ty,, Versus 1/ (T?AT) of nylon 1313.
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scribed as in eq. (6b) (derived by Hoffmann), wherein
TY is the equilibrium melting point (T?, = 183 °C),'°
and y is a parameter concerned with the heat of fusion
and the interfacial free energy.

AF*
InG=InGy — KT (6a)
TO
ING = InGy — - 2-m (6b)

T2 (Th — Te)

From egs. (1), (3), and (6b), Lin obtained eq. (7),*
wherein B and C are constants, and AT is the degree
of supercooling (AT = TY — T,). Equation (7) can be
used to verify the possibility if nylon 1313 could be
described by the Avrami equation during the isother-
mal crystallization. This means if the plot of log fmax
versus 1/ (TCZAT) gives a linear line, it is very likely
that nylon 1313 can be described as undergoing pri-
mary crystallization at t,,,x. Indeed, a good linear rela-
tionship is observed (Fig. 5).

C

0g max = B = 5 353 2AT

7)

Nonisothermal crystallization kinetic analysis

Nonisothermal crystallization kinetics from the
Avrami equation modified by Jeziorny

The nonisothermal crystallization of nylon 1313 was
studied under different cooling rates. The results are
shown in Figure 6. The exothermic peak shifts to a
lower temperature and becomes broader as the cool-
ing rate increases. At a cooling rate of 2.5°C/min, the
peak temperature is about 135°C, which decreases to

N a
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Figure 6 Heat flow versus temperature during noniso-
thermal crystallization of nylon 1313 at different cooling
rates: (a) 2.5°C/min; (b) 5°C/min; (c) 7.5°C/min; (d) 10°C/
min; (e) 15°C/min; (f) 20°C/min.
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Figure 7 Relative crystallinity (X;) at different crystalliza-
tion temperatures in the process of nonisothermal crystalli-
zation for nylon 1313.

113°C at a cooling rate of 20°C/min. Integration of the
exothermic peak during the nonisothermal scan gives
the relative degree of crystallization as a function of
temperature (shown in Fig. 7).

It is worth noting that the abscissa for curves in Fig-
ure 7 is temperature instead of time as in the isother-
mal crystallization (Fig. 2). The curves in Figure 7 hor-
izontally shift to a higher temperature because of the
rate-dependent induction time preceding the initia-
tion of crystallization. The value of T, and the corre-
sponding peak times f;,.x, the relative degree of crys-
tallinity at T,, and the crystallization enthalpies AH,
are listed in Table II. The crystallization enthalpy var-
ied slightly with increasing cooling rate, which may
be due to the differences in nucleation densities when
using different cooling rates.*'

A relationship between crystallization temperature
(T.) and time (t) during the nonisothermal crystalliza-
tion process can be described by eq. (8), wherein Ty is
the initial temperature when crystallization begins
(t = 0). The value of T of X-axis in Figure 7 could
be transformed into crystallization time f (shown in
Fig. 8).

The curves tend to S-shaped (or reversed S-shaped)
because of the spherulite impingement at the later
stage. The higher the cooling rate is, the shorter the
time is of crystallization completion.

TABLE II
Values of T,, tmaxy AH. and X(#) during the
Nonisothermal Crystallization of Nylon 1313

n (°C/min) 25 5 75 10 15 20
T,(°C) 1351 1273 1261 1228 1175 1136
Fmax(Tiin) 544 382 267 212 177 131
AH(J/g) 4052 3971 4087 401 3884 39.11
X(£)(%) 4769 4833 4657 4821 4931 4826
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There are several methods that can be used to describe
the nonisothermal crystallization kinetics. As for the
isothermal analysis, the nonisothermal crystallization
can be also analyzed by Avrami equation, wherein Z;
is the rate constant in the nonisothermal crystalliza-
tion process.

Xi =1—exp(—Zit")
log[-In(1 — X;)] =n logt+logZ; (9)

Considering an influence on the cooling or heating
rate (O = dT/dt), ® can be assumed to be constant or
approximately constant.* The final form of the rate
parameter (Z.) characterizing the nonisothermal crys-
tallization kinetics is given as follows [eq. (10)]. The
plot of log[-In(1 — X;)] versus log t at each cooling
rate results a straight line, from which values of n and
Zy or Z, could be determined from the slopes and
intercepts, respectively (as shown in Fig. 9 and Table
IIT). It must be taken into account that in nonisother-
mal crystallization, the values of Z;, and n do not have
the same respective physical meaning as in the iso-
thermal crystallization, because under nonisothermal
conditions, the temperature changes constantly, but
the Z;, and #» still provide a good measure to get
insight into the kinetics of nonisothermal crystalliza-
tion for the nonisothermal data of nylon 1313, because
there is a good linearity by plotting log[—In(1 — X,)]
versus log f during the defined range of nonisother-
mal crystallization process.

lg Zt
lgZe == (10)
100
80
< )
o —u— 2 5k/min
2 60 L —e—  5k/min
£ —v— 7.5k/min
E —v— 10k/min
@ —e— 15Kk/min
o 40 —*— 20k/min
2
&
© 20
0 1 " i " 1 " 1 "
0 200 300 400 500 600 700

Time (s)
Figure 8 Relative crystallinity (X;) at different crystalliza-
tion times in the process of nonisothermal crystallization

for nylon 1313.
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Figure 9 Plots of log[—In(1 — X;)] versus log t for the
nonisothermal crystallization process of nylon 1313.

From the slopes and the intercepts of the lines in Fig-
ure 9, the Avrami exponent n and rate constant Z; can
be determined. Meanwhile, the half-time t;,, for the
crystallization can also be obtained from eq. (2). The
data are presented in Table III. Results in Table III
show that in the case of the Avrami exponent n is
greater than that in the isothermal crystallization pro-
cess (Table I), which indicates that the mode of nucle-
ation and the growth of the nonisothermal crystalliza-
tion for nylon 1313 are complicated and that the
nucleation mode might include homogeneous and
heterogeneous nucleation at the same time. The more
rapid the cooling, the larger the value of n is. It seems
that this dependence is directly related to the increas-
ing effect of the athermal nucleation process, which is
connected with the increase in the cooling rate. Thus
the morphology of crystallization, i.e., the amounts of
the individual forms, is dependent on the processing
conditions. The decisive factor is the cooling rate, the
polymer morphology can be determined in a specific
manner.

Combined Avrami equation and Ozawa equation

Considering the effect of O, Ozawa® shifted the
Avrami equation into all of the process of nonisother-
mal crystallization, as described in eq. (11), wherein

TABLE III
Values of n, log Z,, log Z. and t;/, Determined by
Avrami Equation During the Nonisothermal
Crystallization of Nylon 1313

® (°C/min) 25 5 75 10 15 20
n 470 578 478 493 502 520
log Z, 362 -354 -215 -175 -141 —0.77
log Z, ~145 -071 -029 -0.18 —0.094 —0.039
th)2 544 384 261 210 178 1.31
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C(T) is the relative crystallinity, m is Ozawa exponent,
and K(T) is kinetics crystallization rate constant.

1 - C(T) = exp[=K(T)/®"]
log{—In[1 — C(T)]} = —m log® +IgK(T) (11)

To describe the nonisothermal crystallization process
exactly, a new technique® by associating the Avrami
equation and Ozawa equation was used here.

logZ; +n logt =1gK(T) —m log ® (12)
log ® = - 1og[K(T)/Z)] — ™ logt 13
ogd=_ oglK(T)/ t]—a og (13)

Let F(T) = [K(T)/ ZJY™ and a = n/m, the parameter
F(T) then becomes the value of cooling rate, which
has to be chosen at unit crystallization time when
the measured system reaches a certain degree of
crystallinity. By means of front assumptions, we
obtain the final form [eq. (14)].

log® =log F(T) —a logt (14)

At a given degree of crystallinity, the plots of log ®
versus log t according to eq. (10) were given in Fig-
ure 10, from which the values of a and F(T) were
obtained, respectively (see Table IV). The values of
F(T) systematically increase with raising relative
crystallization time. A higher cooling rate is required
for obtaining a higher degree of crystallinity. Mean-
while, the value of a remains constant approximately
throughout the crystallization process.

Kinetic crystallizability

The kinetics of nonisothermal crystallization was first
investigated in 1967 by Ziabiki.”** A theory was
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Figure 10 The plot of Ig ¢ versus lg f from the combined
Avrami and Ozawa equation.
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TABLE IV
Nonisothermal Crystallization Kinetics Parameters of
Nylon 1313 at Different Degree of Crystallinity

X (%) 20 30 40 50 60 70 80

a 1.43 1.44 1.44 1.45 1.44 1.44 1.44
F(T) 391 397 400 407  4.09 411 4.15

developed based on the assumption that crystalliza-
tion can be presented by means of the equation for
first order kinetics [eq. (15)], where the rate constant
K(T) is only temperature-dependent.

dX/dt = [1 — X)K(T) (15)

The change of rate constant as a function of tempera-
ture is illustrated by a curve resembling a Gaussian.
The curve is described by eq. (16), where Ky,ay is the
maximum value of the rate constant corresponding to
the temperature Ty D is the half-width of the crys-
tallization curve; and T,, is the melting temperature of
the polymer. The kinetic crystallizability (G) [eq. (17)]
can be obtained from eq. (13), where T, is the glass
transition temperature of the polymer.

K(T) ~ Kpax exp[—4 In2(T —T,,)*>/D*  (16)
T
G= / K(T)dT = (n/In2)*KpaxD/2  (17)
T,

The kinetic crystallizability (G) characterizes the
degree of transformation obtained over the entire
crystallization range (T, — T,) with unit cooling
rate. Considering the influence of cooling rate during
nonisothermal crystallization, the final corrected
form of this parameter will thus be described as
follows:

G
Ge = drT /dt (18)
Calculation of G, parameter was made possible by
knowing the values of Ky,x and D appearing in eq.
(14). The half-width D can be easily determined
from the crystallization thermogram. The K.« value,
corresponding to temperature Thay at which the
crystallization rate is maximum, can be calculated. It

TABLE V
Parameters Characterizing the Kinetic Crystallizability of
Nonisothermal Crystallization of Nylon 1313

® (°C/min) 2.5 5 7.5 10 15 20
D (K) 6.5 6.7 7.7 9.1 11.7 11.8
Kinax 0.21 0.23 0.50 0.54 0.55 0.88
G 1.44 1.62 413 5.20 6.89 11.04
G, 0.58 0.32 0.55 0.52 0.46 0.55
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can be shown, using eq. (12) as a starting point, that
the formula required is as follows:

Kmax = Ck(tmax)_l (19)
wherein
o _ Jo ot 20)
¢ JiE vty

wherein t; and tr are the initial and final time,
respectively. tp.x is the time taken from the start of
crystallization until reaching the maximum rate of
reaction.

The parameters characterizing the nonisothermal
kinetic crystallizability of nylon 1313 examined are
listed in Table V. The results show that G, can be suc-
cessfully used for characterizing the kinetics of noni-
sothermal crystallization. This arises from the fact that
the value of G, is not dependent on the conditions of
the crystallization process, and particularly on the
cooling rate of the polymer.

Crystallization activation energy (AE)

Considering the influence of the various cooling rate
® on the nonisothermal crystallization process, the
activation energy can be determined by eq. (18) as
proposed by Kissinger,”® wherein R is the gas constant
and T, is the peak temperature. The plots of In(®/T}’)
versus 1/T), are shown in Figure 11, from which AE/R
can be derived. The activation energy was found to be
135.1 kJ/mol. The n and k obtained from the noniso-
thermal Avrami equation at low crystallinity can be
used to calculate the activation energy of crystalliza-
tion under nonisothermal conditions.”” For noniso-
thermal crystallization of nylon 1313, the activation

-8.5

-8.0 e

9.5+ 7

-10.0 4 LIy

In(6/Tp?)

-10.5 4 e

-11.0 4 e
<

-11.5 T T T

T T T T T T T T T
2.44 2.46 2.48 2.50 2.52 2.54 2.56 2.58 2.60

1000/Tp

Figure 11 Plot of In(®/T?) versus 1/T, from the Kissinger
method.
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Figure 12 Arrhenius plots for evaluating nonisothermal
crystallization activation energy of nylon 1313.

energy can also be determined by the Avrami equa-
tion [eq. (4)], where T is the onset temperature of crys-
tallization. From the slope of Figure 12, AE/R can be
obtained. Consequently, the crystallization energy
was determined to be 116.5 kJ /mol.

dIn(®/T})]  —AE
d(1/T,) ~ R @1
CONCLUSIONS

A systematic study of the isothermal and nonisother-
mal melt crystallization kinetics of nylon 1313 was
carried out with DSC. The results indicate that the
Avrami equation can be successfully used to describe
the kinetics of isothermal crystallization processes.
The Avrami exponent was found to be around 2.0 for
nylon 1313 under isothermal conditions, indicating
that the crystallization of nylon 1313 during isother-
mal conditions is of two-dimensional growth. The
nonisothermal crystallization process of nylon 1313
was analyzed by a modified Avrami equation and a
novel equation combining the Avrami and Ozawa
equation. The calculated activation energy is 214.25
kJ/mol for isothermal crystallization by Arrhenius
form, and 135.1 kJ/mol for nonisothermal crystalliza-
tion by Kissinger method, respectively. The activation
energy determined by Arrhenius forms for noniso-
thermal crystallization was 116.5 kJ/mol. In addition,
the ability of the nylon 1313 samples to crystallize was
determined by the kinetic crystallizability parameters

Journal of Applied Polymer Science DOI 10.1002/app
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G. Its crystallizability was then compared theoretically
with other polymers based on the values of G.

The authors thank Prof. Li-Xia Li of State Key Laboratory
of Polymer Physics and Chemistry, Changchun Institute of
Applied Chemistry of China, for DSC measurements and
helpful discussion for this work. The Scientific Project of
Henan Province sponsored this work (0424270081).

References

1. Carothers, W. H. U.S. Pat. 2,130,948 (1938).

2. Carothers, W. H.; Graves, G. D. U.S. Pat. 2,163,584 (1939).

3. Kohan, M. I. Nylon Plastic Handbook; Munich; Carl Hanser
Verlag, 1995.

4. Morgan, P. W. Condensation Polymers; New York: Wiley,
1965.

5. Kaplan, D.; Adams, W. W.; Farmer, B.; Viney, C. Silk Polymer,
Washington, DC: American Chemical Society, 1994; ACS Sym-
posium Series 544.

6. Wang, Q.; Shao, Z. Z.; Yu, T. Y. Polym Bull 1996, 36, 659.

7. Ehrenstein, M.; Dellsperger, S.; Kocher, C.; Stutzmann, N.;
Smith, P. Polymer 2000, 41, 3531.

8. Greene, J. L., Jr.; Huffman, E. L.; Burks, R. E., Jr.; Sheehan, W. C.;
Wolff, I. A. ] Polym Sci Part A-1: Polym Chem 1967, 5, 391.

9. Perkins, R. B.; Roden, J. J.; Tanquary, A. C.; Wolff, I. A. Mod
Plast 1969, 5, 136.

10. Wang, L. H.; Balta, C. F. J.; Tetsuo K.; Roger, S. P. Polymer
1993, 34, 4688.

11. Gregory, J. C.; Mathias, L. J. Polymer 1993, 34, 4978.

12. Wang, L. H; Roger, S. P. ] Polym Sci Part B: Polym Phys 1995,
33, 785.

13. Icenogle, R. D. ] Polym Sci Polym Phys Ed 1985, 23, 1369.

14. La, C. V.; Brucato, V.; Piccarolo, S. ] Polym Sci Part B: Polym
Phys 2002, 40, 153.

15. Zhang, G. S.; Yan, D. Y. ] Appl Polym Sci 2003, 88, 2181.

16. Zhang, Q. X.; Zhang, Z. H.; Zhang, H. F.; Mo, Z. S. ] Polym
Sci Part B: Polym Phys 2002, 40, 1784.

17. Yu, S.; Jabarin, S. A. J Appl Polym Sci 2001, 81, 23.

18. Liu, S. Y.; Yu, Y. N.; Cui, Y,; Zhang, H. F.; Mo, Z. S. ] Appl
Polym Sci 1998, 70, 2371.

19. Jabarin, S. A. ] Appl Polym Sci 1987, 34, 97.

20. Wang, G. M; Yan, D. Chin ] Polym Sci 1998, 16, 241.

21. Liu, J. P.; Mo, Z. S. Chin Polym Bull 1991, 4, 199.

22. Ziabicki, A. Appl Polym Symp 1967, 6, 1.

23. Li, Y. J; Zhu, X. Y.; Yan, D. Y. Polym Eng Sci 1989 2000, 40

24. Avrami, M. J. Chem Phys 1939, 7, 1103.

25. Avramim, M. J. Chem Phys 1940 8, 212.

26. Blundell, D. J.; Osborn, B. N. Polymer 1983, 24, 953.

27. Cebe, P.; Hong, S. D. Polymer 1996, 27, 1183.

28. Turnbull, D.; Fisher, J. C. ] Chem Phys 1949, 17, 71.

29. Baer, E.; Collier, J. R.; Carter, D. R. SPE Trans 1965, 5, 22.

30. Lin, C. C. Polym Eng Sci 1983, 23, 113.

31. An, Y. X,; Dong, L. S; Mo, Z. S. ] Polym Sci Part B: Polym
Phys 1998, 36, 1305.

32. Jeziorny, A. Polymer 1978, 19, 1142.

33. Ozawa, T. Polymer 1971, 12, 150.

34. Di, L. M. L,, Silvestre, C. Prog Polym Sci 1999, 24, 917.

35. Ziabicki, A. F. Textiltech 1967, 18, 142.

36. Kissinger, H. E. ] Res Natl Bur Stand 1956, 57, 217.



