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ABSTRACT: The effect of weight-average molecular
weight (M,,) on the nonisothermal crystallization kinetics of
linear metallocene polyethylene (m-PE) was studied with
modulated differential scanning calorimetry. Six linear m-
PEs of molecular weights in the range 122-934 kg/mol were
prepared by gas-phase polymerization. The cooling rate (R)
was varied in the range 2-20°C/min, and it significantly
affected the crystallization behavior. M,, had a weak influ-
ence on both the peak crystallization temperature and the
crystallization onset temperature. All m-PEs showed pri-
mary and secondary crystallizations. At both low and high
R’s, the crystallinity showed a significant drop (~ 30%)
when M, was increased from 122 to 934 kg/mol. At low R’s
(< 10°C/min), the rate parameters in the modified Avrami
method [primary rate constant (kg)] and Mo method [F(T)]
of analyses agreed in suggesting that an increased M,

slowed the rate of crystallization. The M,, dependency of kg
followed the Arrhenius type (kg = kro€®'/ M, where kg, is
a rate-dependent constant). However, at higher R’s, kg
approached a constant value. The order parameters
obtained by the different methods of analysis (1 and «)
were independent of M,, which suggests that the crystal
type remained the same. Hoffman-Lauritzen theory was
used for data analysis, and activation energy per segment
showed a significant decrease, from 225.0 to 11.8 kJ/mol,
when M,, was increased from 152 to 934 kg/mol. Finally, all
methods of analysis suggested a significant effect of M,, on
slowing the overall crystallization process. © 2007 Wiley
Periodicals, Inc. ] Appl Polym Sci 107: 2802-2809, 2008
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INTRODUCTION

The investigation of the melting and crystallization
behaviors of polymers is influenced by molecular
structure. The study of polymer crystallization
kinetics is important from theoretical and practical
points of view,' and many researchers have stud-
ied the crystallization behavior of different poly-
ethylenes.”'" The influence of molecular structure
and crystallization conditions on the crystallization
behavior of ethylene/a-olefin copolymers have
been studied.'** Most of these studies have used
Ziegler-Natta polyethylenes (ZN-PEs), which are
known for their heterogeneity in size and composi-
tion.'21#1721:26 Also, the previous studies have pri-
marily used fractions of conventional heterogeneous
ZN-PEs. Hence, the effect of individual structural
parameters on the crystallization phenomenon was
difficult to separate. Metallocene polyethylenes (m-
PEs) have narrow molecular weight distributions
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(MWDs) in the range 2-3, and for linear ZN-PE,
MWD is the only interfering parameter.

Several studies on the thermal properties and mo-
lecular structure of polyethylenes (PEs) have been
reported by different authors.”>*>*”” Most of these
studies have used linear low-density polyethylene
with a focus on the influence of short-chain branch
distribution on the melting and crystallization
kinetics,?>?7729:3336,37 particularly of a single polymer
and its fractions with different fractionation techni-
ques.?'?*?*3% Modulated differential scanning calo-
rimetry (MDSC) has been the main technique used to
study melting and crystallization kinetics. However,
the influence of weight-average molecular weight
(M) on the nonisothermal crystallization kinetics of
linear m-PEs has yet to be studied. I feel that the main
reason behind that is the difficulty of finding com-
mercial linear m-PE with different M,’s. So, in this
study experimental resins were prepared to investi-
gate the influence of M, on the nonisothermal crystal-
lization kinetics of linear m-PE with MDSC.

EXPERIMENTAL
Materials and sample preparation

Six linear PE samples were prepared by gas-phase
polymerization. Laboratory-prepared catalysts were
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TABLE I
Characterization of the Linear m-PEs
Ethylene Hydrogen
Resin added (psi) added Temperature (°C) M, (kg/mol) M,/ M,
M122 200 Yes 80 121.8 2.34
M155 200 Yes 70 155.1 2.07
M160 200 No 60 160.0 2.35
M169 200 No 60 169.4 217
M172 200 No 80 171.6 2.12
M934 100 No 50 934 2.86
Standard 49.6 2.95

M, = number-average molecular weight.

used for all of the PE syntheses. For samples M122—
M172, (n-BuCp), ZrCl, on a polymeric support
treated with methyl aluminoxane was used. A pro-
prietary nonmetallocene catalyst was used for the
synthesis of sample M934. The number associated
with each sample is the M,, of that sample (see Ta-
ble I). GPC results for sample M934 were not reliable
because it was difficult to dissolve the sample, and
heating to 170°C was required; this resulted in sam-
ple deterioration. The columns used were also not
well suited for analyzing samples with M,’s as high
as those of sample M934. The true M,, of this sample
was very likely over 1,000,000, and the polydisper-
sity was probably close to 2.5, as suggested by S. E.
Wanke of the University of Alberta. The molar mass
measurements were done with an Alliance GPCV
2000 instrument from Waters (Edmonton, Alberta,
Canada), equipped with three HT6E columns. Tri-
chlorobenzene was used as the solvent, and Millen-
nium software from Waters was used to process the
data. The standard had a M, of 53 kg/mol and a
polydispersity of 2.9. The synthesis and molar mass
characterization of the samples were done in
Wanke’s laboratory. Before differential scanning cal-
orimetry testing, all powder samples were melt-
blended at our laboratory in a Haake melt blender at
190°C and 50 rpm for 10 min in the presence of 3000
ppm extra antioxidant. The main reason for the
addition of the antioxidant was to save the polymer
from degradation during testing.*®

MDSC

MDSC measurements were performed with a TA
Q1000 instrument equipped with a liquid nitrogen
cooling system and an autosampler. Nitrogen at a
flow rate of 50 mL/min was used to purge the
instrument. Polymer samples (7.5-9.8 mg) were
sliced and compressed into nonhermetic aluminum
pans. To minimize the thermal lag between the sam-
ple and the pan, samples with flat surfaces were
used. An empty aluminum pan was used as a refer-
ence. I removed the previous thermal effects by

heating the samples to 140°C and holding them at
this temperature for 5 min. All of the samples were
cooled to subambient temperatures for complete
evaluation of crystallization.”’ The samples were
cooled from 140 to 5°C at a rate of 2°C/min (with
+0.2°C modulation), 4°C/min (with *+0.4°C modula-
tion), and 6°C/min (with +0.6°C modulation) every
40 s. First, the baseline was calibrated with empty
crimped aluminum pans. The melting temperature
and heat of fusion were calibrated with a high-pu-
rity Indium standard (156.6°C and 28.45 J/g). A sap-
phire disc was used to measure heat capacity. The
absolute crystallinity (X.) was calculated with the
heat of fusion of a perfect polyethylene crystal,
290 J/g (see ref. 39, p 347). Here, the reversing and
nonreversing heat capacity approach*’ was used for
data analysis. Data of the nonreversing curve was
processed with Universal analysis software (pro-
vided by TA Instruments, Inc.) to obtain the crystal-
lization parameters.

Nonisothermal crystallization kinetics

Several analytical methods have been developed to
describe the nonisothermal crystallization kinetics of
polymers: (1) modified Avrami analysis,l"”_43 ()
Ozawa analysis,' (3) Ziabicki analysis,**** and other
methods.***’ In this study, the modified Avrami
analysis proposed by Jeziorny” and the Mo method
suggested by Liu et al.*® were used to describe the
nonisothermal crystallization kinetics of m-LLDPEs.
Because of the variation in the range of crystalliza-
tion temperatures, the Ozawa model' was not suita-
ble for this study. The Avrami equation is defined as
follows:*!*3

1—X; = exp(—kit") (1)

where n is the Avrami crystallization exponent,
which is dependent on the nucleation mechanism
and growth dimensions; f is the crystallization time;
k; is the growth rate constant, which depends on
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nucleation and crystal growth; and X; is the relative
crystallinity.* X, is defined as follows:

[, (aH,/dt)dt

e S ——— 2
[T (dH /dtdt @
where dH,./dt is the rate of heat evolution and f, and
t. are the onset and completion times of the crystal-
lization process, respectively. The Avrami equation
was developed on the basis of the assumption that
the crystallization temperature is constant. Jeziorny”
modified the equation to describe nonisothermal
crystallization. At a chosen cooling rate (R), the rela-
tive crystallinity is a function of the crystallization
temperature (T). That is, eq. (2) can be formulated as

J1:(dH,/dT)dT

_ 3
J1. (dH/dT)dT ©)

T =

where X7 is the relative crystallinity as a function of
crystallization temperature, T, denotes the crystalli-
zation onset temperature, and T. and T. represent
the crystallization temperatures at time ¢ and after
the completion of the crystallization process, respec-
tively. ¢ can be converted from T, with the following
equation"* (which is strictly valid when the sample
experiences the same thermal history):

T, T

t
R

(4)

where R is the cooling rate (°C/min). The double-
logarithmic form of eq. (1) yields

In[—In[1 — X}]] = Ink; + nint (5)

Thus, n and the crystallization rate constant (k;) can
be obtained from the slope and intercept of the plot
of In[—In(1 — X,)] versus In ¢, respectively, for each
R. The physical meaning of k; and n cannot be
related to the nonisothermal case in a simple way;
they provide further insight into the kinetics of noni-
sothermal crystallization. The rate of nonisothermal
crystallization depends on R. Therefore, k; can be
corrected to obtain the corresponding primary rate
constant (kg) at a unit R":

Inkg = Ink; /R (6)

A method modified by Mo, which combines the
Avrami equation with the Ozawa equation, was also
used to describe the nonisothermal crystallization.
Its final form is given next:*®

InR=InF(T) — alnt (7)

where Mo modified crystallization rate parameter (F(T))
= [k(T)/ k]t represents the value of R and a is the
ratio of n to the Ozawa exponent (m; o = n/m).
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Furthermore, the effective activation energy (AE,)
was calculated theoretically with the method pro-
posed by Vyazovkin and Sbirrazzuoli.** In this
method, the coefficient of the growth rate (G) and
the overall crystallization rate (4X/dt) are related by

dInG _ dIn(dX/dt)
AT-1 4T

—E/R= 8)
G is given as a function of T, by the Hoffman-Laur-
itzen equation in the context of the Hoffman-Laurit-
zen secondary nucleation theory.”® Vyazovkin and
Sbirrazzuoli* modified the Hoffman-Lauritzen
equation to calculate AE, at a given conversion (X)
from the following relationship:

T2 To) — T? — T4, T
2+&R<w T
(T - T) (To, = T)*T

where U" denotes the activation energy per segment,
which characterizes the molecular diffusion across
the interfacial boundary between melt and crystals;
T is usually set equal to T, — 30 K, where T, is the
glass-transition temperature of the polymer; K, is a
nucleation constant; T9, is the equilibrium melting
point for the polymer, and R is the gas constant. The
Vyazovkin and Sbirrazzuoli method and Hoffman-
Lauritzen theory have been widely used in recent lit-
erature to calculate U* and Kg.51754

AE, = U 9)

RESULTS AND DISCUSSION
Nonisothermal crystallization

The nonisothermal crystallization MDSC traces (non-
reversing curves) of linear m-PEs at low and high R
values (2 and 20°C/min) are shown in Figure 1(a,b).
The m-PE crystallization exotherms were fairly simi-
lar. They showed a distinct high-temperature peak
followed by a minor broad long tail. A primary crys-
tallization was observed at high temperatures, and a
secondary crystallization was observed at low tem-
peratures. The different parameters obtained from
Figure 1 are listed in Table II. These parameters
include: T,, which is the temperature at the intersec-
tion of the tangents of the baseline and the high-tem-
perature side of the exotherm; the peak crystalliza-
tion temperature (TP*¥); the enthalpy of crystalliza-
tion (AH.), and X.. These parameters were obtained
at different R’s in the range 2-20°C/min.

At low R’s (2°C/min), T, and TP®* were in the
range 124-125 and 120-121°C, respectively. On the
other hand, at high R’s (20°C/min), T, and Tpeak
were in the range 120-122 and 116-118°C, respec-
tively. So, both T, and TPk shifted to lower values
at high R’s. However, R had a weaker influence on
T, in comparison with its influence on TP***. At both
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Figure 1 Differential scanning calorimetry nonisothermal
crystallization exotherms of metallocene high-density poly-
ethylenes (m-HDPEs) with R’s of (a) 2 and (b) 20°C/min.

TABLE II

Thermodynamic Properties of the Linear m-PEs
R (°C/min) Resin T, (°C) TF=*(C) AH.(/g) X. (%)
2 M122 1242 121.11 184.6 63.64
M155 124.0 120.93 172.3 59.72
M160 124.0 120.98 169.6 58.49
M169 124.0 121.14 170.1 58.65
M172 1241 120.15 163.3 56.31
M934 1252 122.89 128.9 44.44
5 M122  122.50 120.70 179.9 62.05
M155 120.8 116.85 168.1 57.97
M160 123.1 119.29 163.7 56.44
M169 121.2 116.68 160.76 55.43
M172  122.6 119.57 162.3 55.95
M934 1241 121.46 124.1 42.78
10 M122 1215 119.31 168.8 58.22
M155 121.0 118.37 162.3 55.96
M160 121.5 117.56 154.3 53.22
M169 121.5 117.91 153.2 52.81
M172  121.0 118.03 150.6 51.94
M934 1231 120.02 116.2 40.08
20 M122  121.0 117.8 172.0 59.31
M155 120.0 116.95 164.2 56.63
M160 121.0 115.75 156.2 53.88
M169 120.5 116.61 158.1 54.51
M172  120.5 115.76 147.2 50.76
M934 122.0 118.12 117.9 40.66
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low and high R’s, X. showed a significant drop
(~ 30%) when M, was increased from 122 to 934
kg/mol. In addition, the drop in crystallinity as a
result of increased R was less than 10%.

The crystallization exotherm data obtained at 2
and 20°C/min are shown in Figure 2(ab). X; was
calculated with eq. (3). The results for all samples
and at all rates are given in Table II. X; was then
converted into X; by transformation of the tempera-
ture axis to the time analogue with eq. (4). X, versus
t is plotted in Figure 3(a,b). Initially, an attempt was
made to fit the whole data of m-PEs with the
Avrami analysis, as shown in Figure 4(a,b). Figure
4(a,b) represents the Avrami plots of all m-PEs at 2
and 20°C/min, respectively. Data at other rates are
not shown here; however, the extracted parameters
are displayed in Table IIl. It was clear that the
observed variations in the n values were due to the
poor fit of the Avrami equation for the whole range,
as reflected in the regression coefficient. However,
this was also observed in all of the previous publica-
tions that used the Avrami equation to fit the whole
range of data. Therefore, it is a problem of the model
used. On the other hand, the other method of data
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Figure 2 Development of Xr with T, for m-HDPEs with
R’s of (a) 2 and (b) 20°C/min.
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Figure 3 Development of the relative degree of crystallin-
ity [X(#)] with t for m-HDPEs with R’s of (a) 2 and (b)
20°C/min.

analysis that uses the activation energy (Hoffman-
Lauritzen theory) results in much better fitting
because the method assumes the activation energy to
be temperature dependent.

All m-PEs showed two linear parts. At low R’s (at
2 and 5°C/min), the second linear part approached a
plateau, whereas at high R’s (10 and 20°C/min), the
linear portion had a more positive slope. All m-PEs
were linear molecules with very similar MWDs (2-
3). Hence, the only explanation for the observation
of the second linear part was through the primary
and secondary crystallization approach suggested by
Wunderlich.”” The mechanism of secondary crystalli-
zation was suggested to be either a crglstal perfection
process or a crystal thickness growth.” Similar devi-
ations in the Avrami plots were reported by several
authors in similar crystallization studies. For exam-
ple, see the results of Jiao et al. [Fig. 6(a) of ref. 24];
Janimak and Stevens [Fig. 5 of ref. 30] for m-LLDPE,
and Liu et al. [Fig. 7 of ref. 48] for copolyterephtha-
lamide. Janimak and Stevens™ used a single line to
fit the whole set of data, applying the least squares
method.

Journal of Applied Polymer Science DOI 10.1002/app
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The values of 1, k;, kg, and the coefficient of deter-
mination (r%) are listed in Table III. At a R of 2°C/
min, n increased from 2.5 to 3.6 when the M, was
increased from 122 to 934 kg/mol. The average
value of n was 3. These values were in agreement
with previous literature reports on linear PE that
suggested spherulitic growth with the n values in
the range of 3-4.°*° At high rates (20°C/min), n
was in the range 1.6-2.6 with an average of 2. The
value of n was usually an integer between 1 and 4
for different crystallization mechanisms and a frac-
tion for secondary crystallization.”””® Hence, n had a
weak R dependency, which suggested that the type
of crystal was likely independent of R. The fact that
the average values of n were either 2 or 3 suggested
that there was instantaneous nucleation.”” The main
reason for having fractional n values is the data fit-
ting, which was evident in the regression coefficient
(see Table III). For other reasons that can result in
fractional n values, see the review article by Pior-
kowska et al.>” However, the primary crystallization
rate parameters (k; and kgi), given in Table III,
decreased with increasing M, at low R’s (2 and

In[-In{1-X{4]

b} 0.5 1

u a4
Inf-Inf1 =Xt
e

24

3 - . .
=3 2.5 -2 1.5 -1 0.5 0

Figure 4 Avrami plots for m-HDPEs with R’s of (a) 2 and
(b) 20°C/min.
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TABLE III
Avrami Parameters for the Linear m-PEs

Primary crystallization

R (°C/min) Resin ny kn kr1 r

2 M122 2.53 0.172 0.415 0.74
M155 2.76 0.131 0.362 0.84

M160 2.76 0.106 0.325 0.89

M169 2.96 0.094 0.307 0.88

M172 3.00 0.066 0.257 0.96

M934 3.61 0.004 0.061 0.93

5 M122 1.64 2.317 1.522 0.77
M155 2.19 1.022 1.011 0.99

M160 2.45 1.025 1.012 0.94

M169 2.45 0.757 0.87 0.97

M934 3.8 0.051 0.226 0.93

10 M122 1.83 6.945 1.214 0.81
M155 1.9 6.199 1.2 0.93

M160 1.99 4.152 1.153 0.97

M169 1.98 4.848 1.171 0.96

M172 2.06 4.622 1.165 0.96

M934 3.78 0.604 0.951 0.94

20 M122 1.55 8.341 1.112 0.79
M155 1.63 10.35 1.124 0.92

M160 1.77 8.925 1.116 0.97

M169 1.81 9.808 1.121 0.94

M172 2.02 9.734 1.121 0.96

M934 2.63 5.111 1.085 0.96

5°C/min). The rate constant was sensitive to both
M,, and R. However, at high rates (10 and 20°C/
min), kg; was independent of both M, and R and
approached a value of 1.1, as shown in Table III. The
M,, dependency of kg; could be fitted by an Arrhe-
nius-type relationship (kgqz = kro€*®/M,, where kg,
is a rate-dependent constant). The values of the con-
stants were rate dependent. At 2°C/min, kg =
0.0489¢*%° /M,, (r* = 0.958), whereas at 5°C/min, kg,
= 0.1725¢*%/M,, (r* = 0.966). The fact that the expo-
nential power was approximately the same, within
experimental errors, suggested that the decrease in
kg1 due to the increase in M,, was an activated state
process and the constant (273-289) was related to
the activation energy of the primary crystallization.
M., was in kilograms per mole. In addition, the pre-
exponential constant was rate dependent, which is
the case in Arrhenius-type relationships. In general,
the M,, dependency of kr was similar to the temper-
ature dependency of viscosity.

Furthermore, a kinetic model proposed by Mo*
was used [see eq. (7)]. Plots of In R versus In ¢ for all
of the linear m-PE samples are shown in Figure
5(a,b) for M122 and M934. Plots for other samples
are not shown here; however, the Mo parameters for
all of the samples are given in Table IV. From these
plots, values of a and F(T) were obtained at different
crystallinities in the range 20-80%. All plots were
linear, as predicted by eq. (7). F(T) increased system-
atically with the increase in percentage crystallinity.
In general, the higher the M,, was, the higher was
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Figure 5 Plots of In R versus In t at each given relative
crystallization: (a) M122 and (b) M934,

the value of F(T), which suggested an increased diffi-
culty of polymer crystallization. This observation
was valid at all levels of crystallization. These results
were in agreement with the previous observations
on kg; obtained through the Avrami method. So,
both the modified Avrami and Mo methods of anal-

TABLE IV
Values of the Mo Parameters, o and F(T), at a Fixed
Value of the Relative Degree of Crystallinity [X(#)] for
All of the Samples

X(t) (%)
Resin Variable 20 40 60 80
M122 a 0.927 0.961 1.048 1.160
E(T) 2.276 2.431 2.963 4.907
7 0.937 0.927 0.934 0.957
M155 a 0.856 0.909 0.979 1.078
E(T) 2.602 3.178 3.96 5.619
7 0.991 0.981 0.980 0.986
M160 a 0.932 1.032 1.112 1.171
E(T) 2.78 3.381 4310 6.339
7 0.997 0.998 0.998 0.997
M169 a 0.903 0.964 1.035 1.124
F(T) 2915 3573 4491 6.453
7 0.988 0.980 0.980 0.989
M172 a 0.976 1.026 1.085 1.166
E(T) 2.766 3.452 4.376 6.288
7 0.974 0.970 0.971 0.975
M934 a 0.993 1.027 1.060 1.071
F(T) 7 8.238 10.04 13.3
e 0.987 0.992 0.996 1.00

Journal of Applied Polymer Science DOI 10.1002/app
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ysis agreed in suggesting an increased difficulty of
crystallization with increased M,,.

The Vyazovkin and Sbirrazzuoli* method of anal-
ysis [eq. (9)], which is based on Hoffman-Lauritzen
theory for secondary crystallization,™® was used.
Samples M155 and M934 were taken as examples of
low- and high-M,, resins. For linear PE, 416.2 and
153.15 K were used for T¢ and T, respectively.*
Values of activation energy (E) at different tempera-
tures were obtained with eq. (8). Then, eq. (9) was
rewritten in the following format:

[E] = U*[Z] + K[Y] (10)

where [E] is the matrix of activation energy data, [Z]

and [Y] are the matrices of the [ﬁ} and

-300 .,
et 1] 387 3 3G9 3a0 3 382 393
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400 —— Mol
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Figure 6 Plots of the activation energy versus the temper-
ature for (a) M152 and (b) M934.
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T0)*=T2—T¢,T
R
was used for the solution of the previous nonlinear
equation. Optimum values of U" and K, that fit eq.
(10) were obtained and are plotted along with the
experimental data in Figure 6. Values of U" were cal-
culated as 11.8 and 240.7 kJ/mol for M934 and
M152, respectively. However, K, was 95.0 and 225.0
for M934 and M152, respectively. The increase in the
kinetic parameter K, due to the increase in M, may
seem to contradict the previous results from Avrami
analysis. However, Hoffman-Lauritzen secondary
crystallization theory and the Vyazovkin and Sbir-
razzuoli* method of analysis are different than the
Avrami method, which is mainly for the primary
crystallization part of the data (linear part of the
curve). The decrease in U* from 240.7 to 11.8 kJ/mol
with the increase in M,, from 152 to 934 kg/mol sug-
gested that a high M,, tended to slow the crystalliza-
tion process. The decrease in U was almost 10 times
the increase in K,. Hence, the Avrami, Mo, and Hoff-
man-Lauritzen theory methods of analysis agreed in
suggesting the strong influence of M, on slowing
the overall crystallization process. This decrease was
likely due to decreased molecular transport with

increased M,,.

sets, respectively. MatLab software

CONCLUSIONS

On the basis of the previous results and discussion,
the following was concluded:

1. The nonisothermal crystallization of linear m-
PEs with M,’s in the range 122-934 kg/mol
occurred through primary and secondary crys-
tallization processes.

2. M,, had a weak influence on both TF*** and T..
It moved to a lower temperature region as M,,
is increased.

3. Both T, and TP shifted to lower values at high
R’s. However, R had a weaker influence on T, in
comparison with its influence on T P*¥,

4. Both at low and high R’s, crystallinity showed a
significant drop (~ 30%) when M, was in-
creased from 122 to 934 kg/mol. In addition,
the drop in crystallinity as a result of increased
R was less than 10%.

5. At low R’s (< 10°C/min), the rate parameters
in the modified Avrami (kg) and Mo [F(T)]
methods of analysis agreed in suggesting that
increased M,, slowed the rate of crystallization.
The M,, dependency of kg followed an Arrhe-
nius-type relation (kg = kg, e?81/ M,,). However,
at higher R’s, kg approached a constant value.

6. For the primary crystallization, the crystalliza-
tion constant n (calculated with the Avrami
analysis modified by Jeziorny) was insensitive
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to M,, Values of n depended on R, in agreement
with previous literature reports.”®® The order
parameters obtained by the different methods
of analysis (n and «) were independent of My,
which suggested that the crystal type remained
the same in the studied range.

7. The Vyazovkin and Sbirrazzuoli method of

analysis, which is based on Hoffman-Lauritzen
theory, was also used, and U" decreased from
240.7 to 11.8 kJ/mol when M, was increased
from 152 to 934 kg/mol. The kinetic parameter
K, increased from 95.0 to 225.0 when M, was
increased from 152 to 934 kg/mol. Therefore,
the decrease in the segmental activation energy
was more significant than the increase in the
kinetic parameter K,. The results of Hoffman-
Lauritzen theory were in agreement with the
Avrami and Mo methods of analysis. All meth-
ods suggested the strong influence of a high M,
on the slowing of the crystallization process.
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