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ABSTRACT: Analysis of the isothermal, and nonisothermal crystallization kinetics of
Nylon-11 is carried out using differential scanning calorimetry. The Avrami equation
and that modified by Jeziorny can describe the primary stage of isothermal and
nonisothermal crystallization of Nylon-11. In the isothermal crystallization process, the
mechanism of spherulitic nucleation and growth are discussed; the lateral and folding
surface free energies determined from the Lauritzen—Hoffman equation are ¢ = 10.68
erg/cm® and o, = 110.62 erg/cm?; and the work of chain folding ¢ = 7.61 Kcal/mol.
In the nonisothermal crystallization process, Ozawa analysis failed to describe the
crystallization behavior of Nylon-11. Combining the Avrami and Ozawa equations, we
obtain a new and convenient method to analyze the nonisothermal crystallization
kinetics of Nylon-11; in the meantime, the activation energies are determined to be
—394.56 and 328.37 KdJ/mol in isothermal and nonisothermal crystallization process
from the Arrhonius form and the Kissinger method. © 1998 John Wiley & Sons, Inc. J Appl
Polym Sci 70: 2371-2380, 1998

Key words: nylon-11; isothermal and nonisothermal crystallization kinetics; activa-
tion energy; differential scanning calorimetry

INTRODUCTION

The crystal structure of Nylon-11, a high-perfor-
mance semicrystalline polymer, was studied by
Aelion,! Slichter,? and Little? and a few crystal
modifications, that is, «, o', B, v, 6, and &' were
found.*® In room temperature, the stable « form
has a triclinic unit cell. Unit cell dimensions are
as follows® ¢ = 0.49 nm, b = 0.54 nm, ¢
= 1.49 nm (fiber axis), a« = 49°, B = 77°, and y
= 63°. The glass transition temperature (T,) of
purified Nylon-11 is 41.96°C, and the melting
temperature (7',,) is 184°C (heated at 10°C/min
by DSC).6-8
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In our previous work, the structure and mor-
phology of Nylon-11 was investigated by wide-
angle X-ray diffraction (WAXD), differential scan-
ning calorimetry (DSC), and density method.®
The isothermal and nonisothermal crystallization
kinetics of Nylon-11 was studied by DSC in this
article.

EXPERIMENTAL

Materials and Preparation

The samples of Nylon-11 were obtained from Al-
drich Chemical Company, Inc. (USA), and have a
density of 1.026 g/cm?®. The samples need be pu-
rified to remove addition agents. Nylon-11 was
dissolved in concentrated formic acid solution at
80-100°C and filtered to remove impurities. Dis-
tilled water was put into the solution to separate
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Figure 1 Plots of lg{—In[1 — X(#)]} versus lgt for
isothermal crystallization at the indicated tempera-
ture.

Nylon-11. The sample was hot-filtered with filter
paper and rinsed with distilled water, and then
placed in a vacuum oven for 48 h.

Differential Scanning Calorimetry

Isothermal and nonisothermal crystallization ki-
netics was carried out using a Perkin—Elmer
DSC-7 differential scanning calorimeter cali-
brated the temperature with indium. All DSC
were performed under a nitrogen purge; sample
weights were between 8—10 mg.

Isothermal and Nonisothermal
Crystallization Process

The samples were heated quickly (at 80°C/min) to
20-30°C above the melting temperature (T,,),
stayed there for 10 min to eliminate residual crys-
tals, then cooled (at —80°C/min) to the designated
crystallization temperatures (7.), which were 5
different temperatures in the range of 164 to
172°C for the isothermal crystallization process
(Fig. 2) and 5 different speed rates of cooling in
2.5, 5,10, 20, and 40°C/min for the nonisothermal
crystallization process (Fig. 6). The exothermic
curves of heat flow as a function of time were
recorded and investigated.

RESULTS AND DISCUSSION

Isothermal Crystallization Kinetic Analysis

Isothermal Crystallization Kinetics
from Avrami Equation

The crystallization process is usually treated as a
composite of 2 stages: the primary crystallization

stage and the secondary crystallization stage. The
crystallization process is very marked by temper-
ature dependence. Assuming that the relative de-
gree of crystallinity increases with an increase in
the crystallization time ¢, then the Avrami equa-
tion [eq. (1)]'®!! can be used to analyze the iso-
thermal crystallization process of Nylon-11, as
follows:

X(t) =1 — exp[ —Kt"]
lg{-In[1 -X#) |} =nlgt+1gK (1)

The double logarithmic plot of lg{—In[1 — X(#)]}
versus lg ¢ is shown in Figure 1. Each curve shows
an initial linear portion, then subsequently tends
to level off; this fact indicates the existence of a
secondary crystallization of Nylon-11, with the
deviation due to the secondary crystallization
that is caused by the spherulite impingement in
the later stage of crystallization process.'®'® The
values of n and K are determined from the initial
linear portion in Figure 1 and Table I. The
Avrami parameter n is range from 1.6 to 3.2,
depending upon the crystallization temperature
T.. The result indicates that the spherulites nu-
cleate and grow freely at the primary crystalliza-
tion stage; the crystallization mode of Nylon-11
might be the mixture with one-dimensional, nee-
dle-like and two-dimensional, circular, diffusion-
controlled growth with thermal nucleation.'? The
values of the crystallization rate parameters K
increase with a decrease in the crystallization
temperature 7T, (Table I), and the values of K
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Figure 2 Heat flow versus time during isothermal
crystallization of Nylon-11 at the different crystalliza-
tion temperatures by DSC.
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Table I Avrami Parameters n, K, ¢, 1/, 71,2 and X(Z,,...) from the Avrami

Equation for Nylon-11

T, (°C) 164 166 168 170 172
n 1.6 2.1 2.4 2.7 3.2

K (min %) 12.30 10.00 6.92 1.62 0.22
) 0.1220 0.2390 0.3588 0.7047 1.4268
t1/5 (min) 0.173 0.275 0.385 0.730 1.430
Ty (min 1) 5.87 3.63 2.60 1.37 0.70
X(t ) (%) 32.31 40.36 44.29 46.72 49.77

exhibit very different temperature dependency
characteristic of nucleation-controlled and ther-
mal-activated crystallization associated with the
proximity of the T',, and the T, respectively.

The crystallization half-time ¢,,, is defined as
the time at which the extent of crystallization is
completed 50% and is determined from the mea-
sured kinetics parameters. That is,

11’1 2 1/n
b=\ (2)
Usually, the rate of crystallization G is described
as the reciprocal of ¢;,,; that is to say, G = 74,5

= (ty,5) _*. The values of 7, and ¢,,, are listed
in Table I. Compared with other polyamides, the
crystallization rate of Nylon-11 is faster than that
of Nylon-1010 (7,5, = 0.1 ~ 0.2 min "' and
slower than Nylon-6 and Nylon-66 (r,, = 12
min~ ! and 144 min~1).1* C. C. Lin'® used eq. (1) to
calculate the necessary time for maximum crys-
tallization ¢, ,, since this time corresponds to the
point where dQ(¢)/dt = 0, Q(t) is the heat-flow

rate, obtaining
n— 1 1/n

The calculated values of ¢, . are listed in Table I.
Data of ¢,,,, can be obtained from the heat-flow
curves in Figure 2.

The cyclic diagram of thermal analysis for Ny-
lon-11 in Figure 2 is recorded by heating the
amorphous film from room temperature to 20—
30°C above the melting temperature (7,,) at
10°C/min, holding it there for 10 min in order to
remove all residues of crystallinity, and then cool-
ing down (at —80°C/min) to various crystalliza-
tion temperatures, 7,. With the crystallization
temperature increases, the crystallization exo-

therms shifted to higher temperatures and be-
came flat (Fig. 2); it implies that the total crystal-
lization time is lengthened, and the crystalliza-
tion rate decreases with the increased 7, (Table D).

Crystallization Activation Energy (AE)

The crystallization process for bulk Nylon-11 is
assumed to be thermally activated, then the crys-
tallization rate parameter K can be approxi-
mately described by the following Arrhenius

form16:

K" =k, exp(—AE/RT,)

AE

RiTC (4)

1
—InK=1nk,—
n

where &, is a temperature-independent preexpo-
nential factor, R is the gas constant, and AE is the
crystallization activation energy. AE can be de-
termined by the slope coefficient of plots of (1/n)In
K vs. 1/T, (Fig. 3). The value of the activation
energy for the primary crystallization process is
found to be —394.56 kJ/mol. Because it has to
release energy while transforming the molten
fluid into the crystalline state, the value of AE is
negative on the basis of the concept of heat quan-
tity in physical chemistry.
From Turnbull-Fisher expression [eq. (5)],!”

AE* AF*

lnGZInGO—ﬁ— KT

6))

where G is the spherulitic growth rate, G, is a
preexponential factor, k is the Boltzmann con-
stant, T, is the crystallization temperature, AE*
is the free energy of activation for transporting a
chain segment from the supercooled to the crys-
talline phase, and AF* is the free energy of for-
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Figure 3 (1/n)ln K versus 1/T, for Avrami parame-
ter K deduced from isothermal crystallization.

mation of a nucleus of critical size. At low tem-
perature, the transportation term, — AE*/kT,,
decreased rapidly; when T, is approached to T,,
the transportation term should be dominant for
the crystallization rate. At high temperature
(that is, the melt crystallization 7', approached
T,.), the nucleation term, — AF*/kT,, decreased
rapidly, and it should be dominant for the crys-
tallization rate in the melt crystallization process;
the result can be explained as the presence of a
maximum in the behavior of the growth rate.*18

In our experiment, the values of T, are 164—

172°C, which approached T',, = 184°C, so AE*/
kT, is negligible in the isothermal crystallization
process for Nylon-11. This leads to

In G =1In G, — AF*/KT, (6a)

where the crystallization rate is controlled by a
single nucleation term, and the term for AF*/kT,
is adapted as derived by Hoffmann, as follows:

xT»,

-1y

InG=1InG,—

where T?, is the equilibrium melting point (79,
= 202.85°C),? and y is a parameter concerned
with the heat of fusion and the interfacial free
energy.

From eqs. (1), (3), and (6b), C. C. Lin obtained'®

C

18 tuex = B = 5305 72 AT

(7

where B and C are constants, and AT is the de-
gree of supercooling (AT = T° — T.). Equation
(7) can be used to verify the possibility that Ny-
lon-11 could be described by the Avrami equation
at the primary stage of the isothermal crystalli-
zation. This means that drawing a plot of 1gt .
versus 1/(T2AT), if the plot is a straight line, it is
very likely that Nylon-11 can be described as un-
dergoing primary crystallization at ¢,,,,. The plot
is shown in Figure 4, and it has a good linear
relation.

Spherulitic Growth Analysis

To make the Turnbull-Fisher expression [eq. (5)] be
suitable for the crystallization process of homopoly-
mers in large degree of supercooling, J. I. Lauritzen
and J. D. Hoffman analyzed the spherulitic growth
rate G and obtained the famous Lauritzen—Hoff-

man equation, as follows'? 22
G=G 707*
TP T R(T.—T,)

K
X exp[— T’Ang:| (8a)

where R is the gas constant, U* is the transport
activation energy, T'. is a hypothetical temperature
below which all viscous flow ceases, K, is a nucle-
ation parameter, AT is the degree of supercooling,
and f'is a correction factor to account for the varia-
tion in the bulk enthalpy of fusion per unit volume
with temperature, f = 2T/AT° + T.). The uni-
versal values of U* = 1500 cal/mol and T, = T,

0.8

0.41 7

00| —

Ao

095

]gtmax
o
=

00, 105 110 715
1/(TC AT)(108)

Figure 4 Plot oflg¢,, ., versus 1/(T?AT) of Nylon-11.
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— 30K are used here in all calculations.?° It is often
most convenient to rearrange eq. (8a) as

*

2.303R(T, - T.)

lg G+

Kg
=18Go~ 53057 a7 f (B

drawing a plot of lg G + U*2.303R(T. - T..)
versus 1/(2.3037, - AT - f), with the slope
= —K, (Fig. 5). Hence, the values of K, are 1.66
X 10° K2

The value of K, for Nylon-11 allows the apparent
lateral and end surface free energies, o and o, to be
calculated from the following formulas.!?2°

2b4(00,)T},

4by(oo,) T,
SRR Tante 9

KD =—3n0k

or K (II) =

where b, is the thickness of a monomolecular
layer in the crystal, £ is the Boltzmann constant,
and Ah? is the bulk enthalpy of fusion per unit
volume for fully crystalline polymer, Ah? = AHY,
X p. = 189.05 X 1.153 = 217.97 J/ecm?, K,
= K,(D), if the formation of a surface nucleus is
followed by rapid completion of the substrate (re-
gime I kinetics), and K, = K,(ID) if surface nu-
clei form in large number on the substrate and
spread slowly (regime II kinetics). In order to
investigate which regime the data in the selected
temperature region (that is, from 164 to 172°C),
the Z-test of Lauritzen?®?! is used. Z is defined by

CRYSTALLIZATION KINETICS OF NYLON-11 2375

Z = 10%L/2a,)* exp[ — X/T(AT)] (10)

where L is the effective lamellar width, and a is
the width of the molecular chain in the crystal. If
substitution of X = K, into Z-test (10) results in
Z = 0.01, then crystallization conforms to re-
gime [; on the other hand, with X = 2K, into
Z-test (10) yields Z = 1, regime II kinetics is
obeyed. It is more convenient, as pointed out by
Lauritzen and Hoffman,?! to use the known value
of K, and the inequalities for Z to estimate the
range of values of L in regime I or regime II and
determine if these values of L are realistic in each
regime. Since we do not yet know which crystal-
lographic plane represents the preferred growth
face, we have followed the standards of the Ba-
vais—Friedel law, which states that the preferred
face will be the crystal plane with the largest
spacing. Therefore, according to the lattice pa-
rameters of Nylon-11 given in our previous arti-
cle,? Nylon-11 crystals are of a-form with triclinic
unit cells, with the lattice parameters being a
= 0.49nm,b = 0.54 nm,c = 1.49 nm (fiber
axis), a« = 49°, B = 77°, and y = 63°. This pre-
ferred growth plane will be (100), where the thick-
ness of a monomolecular layer, b,, in the (100)
plane is 0.444 nm and the chain width, a,, is 0.54
nm. Assuming Z = 0.01 and substituting X
= K, into Z-test (10), we obtain L = 0.004 nm.
This conclusion does not conform experimental
results, so Z = 0.01 is not correct; in the mean-
time, assuming Z = 1 and X = 2K, we obtain
L = 1.05 nm from eq. (10),s0 Z = 1 can be used
to explain experimental results. With all the
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Figure 6 Heat flow versus temperature during
nonisothermal crystallization of Nylon-11 at different
cooling rates by DSC.
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above-mentioned results, the regime of crystalli-
zation is easily determined to be regime II; that
is, numerous surface nuclei involved in formation
of substrate; thereby, K, = 2boaaeT9n/Ah]9k.

Surface-Free Energy (o,0,) and Work
of Chain Folding (q)

Following the procedure of Hoffman et al.?° ¢ and
o, are determined from the value of oo, as fol-
lows:

g = O.IAh?(aobo)lm
o, = ogoelo (11)

In eq. (9), using AhY = 217.97 J/em® and TJ,
= 202.85°C, the value of oo, is derived. From
eq. (11), we obtain o = 10.68 erg/cm? and o,
= 110.62 erg/cm?.

The work of chain folding per molecular fold
can be obtained as?%?*

g, = 0'2 + q/zaobo =g+ q/2a0b0 (12a)

where ¢? is the value that ¢, would assume if no
work were required to form the fold, and g is the
work required to bend a polymer chain back upon
itself, taking into account the conformational con-
straints imposed on the fold by the crystal struc-
ture. As a first approximation, ¢ may be taken as
being roughly equal to the lateral surface energy,
o. It is expected, therefore, that ¢ will be signif-
icantly less than q/2ayb, and, consequently, may
be set equal to zero as the second approximation.
Accordingly, eq. (12a) is usually written as fol-
lows:

q - 2aoboo'e (12b)

For any single polymer, o, is considered to be
inversely proportional relationship to the chain
area (ayb,), with the proportionality constant be-
ing g/2; therefore, the value of ¢ is 5.31 X 10~ 2°
J per molecular chain fold, that is, 7.61 kcal/mol
for Nylon-11. Compared with Nylon-1010, the val-
ues of o and o, are 10.36 and 68.0 erg/cm?, and
the work of chain folding ¢ = 3.96 Kcal/mol; the
result indicates that the chains of Nylon-11 are
stiffer than those of Nylon-1010.
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Figure 7 Relative crystallinity X(¢): (a) at different
crystallization temperatures 7" and (b) at different crys-
tallization times ¢ in the process of nonisothermal crys-
tallization for Nylon-11.

Nonisothermal Crystallization Kinetic Analysis
Avrami Equation by Jeziorny Modified

We have discussed isothermal crystallization ki-
netics for Nylon-11. Now nonisothermal crystalli-
zation kinetics will be discussed. The crystalliza-
tion exothermic peaks of Nylon-11 at various cool-
ing rates, @, are shown in Figure 6. T* is the peak
temperature where the crystallization rate is
maximum, and 7% is shifted to a low temperature
region with the cooling rate increased (Fig. 6).
The values of the corresponding peak times ¢,
and T% at different cooling rates are listed in
Table II; at the in the meantime, the crystalliza-
tion enthalpies are also listed in Table II. The
data indicate that for the maximum crystalliza-
tion temperature (or time), very different rate
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Table II The Values of T% ¢,,.., AHec, and X(¢) in Nonisothermal

Crystallization for Nylon-11

@ (°C/min) 2.5 5 10 20 40
T* (°C) 170.80 168.20 165.23 161.54 157.20
oy (min) 3.44 1.39 0.77 0.43 0.23
AH, (J/g) 46.27 53.35 55.20 55.41 52.08
X(t) (%) 41.51 34.50 31.39 29.42 29.40

dependencies existed in the melt crystallization
for Nylon-11.

From the DSC digital information, we calculate
the values of relative crystallinity X(¢) at differ-
ent crystallization temperatures 7', shown in Fig-
ure 7(a). We obtain a series of reversed S-shaped
curves. A relationship between crystallization
temperature T and time ¢ is given by eq. (13)
during the nonisothermal crystallization process,
as follows:

;1 To=T] (13)
- ()

T, is the initial temperature when crystallization
begins (t = 0). The values of T of X-axis in Fig. 7(a)
could be transformed into crystallization time ¢
[shown in Fig. 7(b)]. Because of the spherulite im-
pingement in the later stage, the curves tend to flat
and became S-shaped (or reversed S-shaped). We
can obtain the values of 7" or ¢ at the various cooling
rate from Figure 7 at a random relative crystallinity
X(@). The values of X(¢) are shown in Table II at the
peak temperature 7.

Mandelkern®® considered that the primary
stage of nonisothermal crystallization can be de-
scribed by the Avrami equation, based on the
assumption that the crystallization temperature
is constant. Mandelkern obtained the following:

1—-X(t) = exp[—Z¢"]
lg{—-In[1 -X(@#)]}=nlgt+1gZ, (14)

where Z, is the rate constant in the nonisothermal
crystallization process. Jeziorny?® considered the
values of Z, determined by Avrami eq. (14) should
be adequate. Considered to be an influence on the
cooling or heating rate ® = d7T/d¢, Jeziorny
assumed that ® was constant or approximately
constant. The final form of the rate parameter

characterizing the kinetics of nonisothermal crys-
tallization is given as follows:

lg Z,

lgZ. =4

(15)

Drawing the straight line corresponding to
lg[—In(1 — X,)] versus lgt by using eq. (14), we
can determine the values of Avrami exponent n
and the rate parameter Z, or Z, from the slope
and intercept (Fig. 8). The values of n, Z;, Z.., and
t1/o are shown in Table III. Like the process of
isothermal crystallization (Fig. 1), all curves are
divided into the following 2 sections: the primary
crystallization stage, and the secondary crystalliza-
tion stage. At the secondary stage, the straight line
tends to level off at 55—-60% relative crystallinity.
The result also indicates the existence of a second-
ary crystallization in the process of nonisothermal
crystallization for Nylon-11. At the primary stage,
the Avrami exponent, n; > 5, indicates that the
mode of the nucleation and growth at primary stage
of the nonisothermal crystallization for Nylon-11 is
more complicated than those of the isothermal crys-
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the nonisothermal crystallization process of Nylon-11.
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Table III The Values of n, Z,, Z_, and ¢,,, from the Avrami Equation at the Two Stages

of Nonisothermal Crystallization for Nylon-11

Primary Crystallization Stage

Secondary Crystallization Stage

® (°C/min) n, Z,4 Z., Tyye (min~ 1) Ny Z, Z .o Ty/e (min 1)
2.5 7.71 3.02 X 10°° 0.0156 0.61 1.34 0.21 0.540 0.83
5.0 6.54 4.27 X 1072 0.532 0.96 0.85 0.69 0.929 141
10.0 5.50 1.17 1.016 1.08 0.94 1.05 1.005 1.49
20.0 5.38 26.30 1.178 1.10 0.96 1.91 1.033 1.52
40.0 5.05 524.81 1.169 1.11 1.20 4.47 1.038 1.41

tallization process. At the secondary stage, the Let F(T) = [K(MY/ZJ]Y™, and a = n/m; the

Avrami exponent, n, = 1(Table III), because of the
spherulites’ impingement and crowding, and the
form of spherulites’ growth transform into the one-
dimensional space extension, the crystallization
mode becomes simpler; in the meantime, the crys-
tallization rate 7y, increases with increased the
cooling rate ® and tends to constant.

Ozawa Analysis in Nonisothermal
Crystallization Kinetics

Considering the effect of ®, Ozawa?®’ shifted the
Avrami equation [eq. (14)] into all of the process
of nonisothermal crystallization, as follows:

1 - C(T) = exp[ - K(T)/®™]
Ig{—=In[1 -C(D)]} = —m Ig & +1g K(T) (16)

where C(T) is the relative crystallinity, m is
Ozawa exponent, and K(T) is kinetics crystalliza-
tion rate constant. Drawing the plot of Ig{—In[1
— C(T)]} versus lg® according to eq. (16), we
should obtain a series of straight lines, but we do
not obtain straight lines in Figure 9. The experi-
mental facts indicate that eq. (16) is limited to
describe the kinetics in the nonisothermal crys-
tallization process.

Combined Avrami Equation and Ozawa Equation

In order to find a method to describe exactly the
nonisothermal crystallization process, we obtain
the following by associating eqs. (14) and (16)%%2°:

lgZ+nlgt=1gKT) —mlg ®

1 n
lg ® = ey 1g[K(T)/Z] - lgt

parameter F'(T) is the value of cooling rate, which
has to be chosen at unit crystallization time when
the measured system amounts to a certain degree
of crystallinity. F(T) has a definite physical and
practical meaning. By means of front assump-
tions, we obtain

lgd=1gF(T) —algt a7

At a certain degree of crystallinity of Nylon-11,
drawing the plot of g ® versus Ig ¢ according to
eq. (17) is shown in Figure 10. When the cooling
rate is very small (& = 2.5°C/min), the crystalli-
zation time ¢ is extended and caused the spheru-
lites impingement in the later stage, the lines
tend to level off. Using straight line to fit these
data points, one can obtain a series of lines with
slope = —a and intercept = 1g F(T'). The values of
a and F(T) are listed in Table IV, the values of
F(T) increase with an increase in the cooling rate
®, and the values of a are constant approxi-
mately.
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Figure 9 The plot of 1g{—In[1 — C(T)]} versus lg®
from the Ozawa equation for Nylon-11.
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Figure 10 The plot of Ig ® versus lg ¢ from the com-
bined Avrami and Ozawa equation for Nylon-11.

Crystallization Activation Energy AE

Considering the influence of the various cooling
rate ® in the nonisothermal crystallization pro-
cess, Kissinger®® thought the activation energy
AE could be determined as follows:

d[In(®/T*)]  AE
dUT* ~ R

(18)

where R is the gas constant and 7% is the peak
temperature. Drawing a plot of g ®/T* versus 1/T%,
we obtain a line with good linear relation in Figure
11; the slope =d[lg(®/T*2))/d(1/T*) = —AE/2.303R,
and AE = —328.37 KJ/mol for Nylon-11. Compared
with AE in the isothermal crystallization process,
the values of AE are equal approximately, and the
experimental result indicates that the research
method is correct in the isothermal and nonisother-
mal crystallization process for Nylon-11.

CONCLUSIONS

The study of the isothermal and nonisothermal
crystallization kinetics of Nylon-11 was carried
out by DSC. The Avrami analysis indicates that
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Figure 11 The plot of 1g(®/T*2) versus 1/T* from the
Kissinger method for Nylon-11.

the crystallization process is composed of the pri-
mary stage and the secondary stage. At the pri-
mary stage, the Avrami exponentn = 2 ~ 3in
the isothermal crystallization process for Nylon-
11, and the process of crystal nucleation and
growth is a mixture of a one-dimensional, needle-
like process and a two-dimensional, circular, dif-
fusion-controlled process. The spherulitic nucle-
ation and growth kinetics were discussed, are the
results listed in Table V. The result of ¢ > 7
kcal/mol indicates that the chains of Nylon-11 is
stiffer than another polyamide (that is, Nylon-
1010).

At the primary stage in the nonisothermal
crystallization process, the Avrami exponent, n;
> 5, indicates that the mode of spherulitic nu-
cleation and growth is more complicated than
that in the isothermal crystallization process for
Nylon-11. But at the lateral stage, the crystalli-
zation time is lengthened, the spherulites are im-
pinged and crowded, the crystallization rate de-
creases, and the mode of spherulitic nucleation
and growth becomes simple (Avrami exponent, n,,
~ 1). The Ozawa equation failed to describe
singly the nonisothermal crystallization process.
But with a combined Avrami and Ozawa equa-
tion, we can obtain a new method to describe it.

Table IV The Values of a and F(T) at a Certain Degree of Crystallinity

from Equation (17) of Nylon-11

X(@) (%) 20 30 40 50 60 70
a 1.039 1.055 1.078 1.089 1.129 1.140
F(T) 7.36 7.95 8.56 9.09 10.15 11.88
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Table V The Results of the Isothermal Crystallization Kinetics for Nylon-11

Quantity Value Remarks
Equilibrium melting point, 7°, 202.85°C Liu et al.®
Heat of fusion, Ahp 217.97 J/em? ARY = AH), X p,
The chain width, a, 0.54 nm Liu et al.?
The thickness of a monomolecular layer, b, 0.444 nm Liu et al.?
The lateral surface free energy, o 10.68 erg/cm? o = 0.1ARD (aeby)'?
The arithmetic product, oo, 1181.42 erg®cm* K, = 2b,00,Ty/ARYE
The end surface energy, o, 110.62 erg/cm? o, = oolo
The work of chain folding, q 7.61 Kcal/mol q = 2aybyo0,

The nucleation parameter, K,

1.66 X 10° K?

Collier and Carter'® and Hoffman'®-2°

The crystallization activation energy AE is de-

termined by the Arrhonius form and the Kiss-
inger method in the isothermal and nonisother-
mal crystallization process of Nylon-11, and the
values of AE are approximately equal.

REFERENCES

DN

oo

10.
11.
12.

13.

14

. R. Aelion, Ann. Chem., 5, 3 (1948).

. W. P. Slichter, J. Polym. Sci., 36, 259 (1959).

. K. Little, J. Polym. Sci., 10, 225 (1959).

. A. Kawaguchi, J. Macromol. Sci., Phys., B20, 1
(1981).

. K. G. Kim, B. A. Newman, and J. I. Scheinbeim, /.
Polym. Sci., Polym. Phys., 23, 2477 (1985).

. B. A. Newman, T. P. Sham, and K. D. Pae, J. Appl.
Phys., 48, 4092 (1977).

. R. Greco and L. Nicolais, Polymer, 17, 1049 (1976).

. K. H. Illers, Polymer, 18, 551 (1977).

. S. Y. Liu, Y. Ma, Y. N. Yu, H. F. Zhang, and Z. S.

Mo, Chin. J. Appl. Chem., 15, 33 (1998).

M. Avrami, J. Chem. Phys., 7, 1103 (1939).

M. Avrami, J. Chem. Phys., 8, 212 (1940).

B. Wunderlich, Macromolecular Physics, Vol. 2, Ac-

ademic Press, New York, 1977.

J. P. Liu and Z. S. Mo, Chin. Polym. Bull., 4, 199

(1991).

. A. Ziabicki, Appl. Polym. Symp., 6, 1 (1967).

15
16

17.

18.

19.

20.

21.

22.

23.
24.

25.

26.
27.
28.
29.

30.

. C. C. Lin, Polym. Eng. Sci., 23, 113 (1983).

. P. Cebe and S.-D. Hong, Polymer, 27, 1183 (1986).
D. Turnbull and J. C. Fisher, J. Chem. Phys., 17,71
(1949).

E. Baer, J. R. Collier and D. R. Carter, SPE Trans-
actions, 5, 22 (1965).

J. D. Hoffman, SPE Trans., 4, 315 (1964).

J. D. Hoffman, G. T. Davis, and J. I. Lauritzen, Trea-
tise on Solid State Chemistry, Vol. 3, N. B. Hannay,
Ed., Plenum Press, New York, 1975, Chap. 6.

J. L. Lauritzen and J. D. Hoffman, J. Appl. Phys.,
44, 4340 (1973).

T. T. Wang and T. Nish, Macromolecules, 19, 421
(1977).

dJ. 1. Lauritzen, «J. Appl. Phys., 44, 4353 (1973).

J. I. Lauritzen and J. D. Hoffman, J. Res. Natl.
Bur. Stand. (U.S.) 64A, 73 (1960).

R. A. Fava, Methods of Experimental Physics;
Vol. 16B - Polymers, Part B: Crystal Structure
and Morphology, Academic Press, Inc., New
York, (1980).

A. Jeziorny, Polymer, 19, 1142 (1978).

T. Ozawa, Polymer, 12, 150 (1971).

L. C. Lopez and G. L. Wilkes, Polymer, 30, 882
(1989).

T. X. Liu, Z. S. Mo, S. E. Wang, and H. F. Zhang,
Polym. Eng. Sci., 837, 568 (1997).

H. E. Kissinger, J. Res. Natl. Stand. (U.S.), 57, 217
(1956).



