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ABSTRACT: This paper describes isothermal and noni-
sothermal crystallization kinetics of a Ziegler-Natta cata-
lyzed high density polyethylene (HDPE) and linear low
density polyethylene (LLDPE) resins. Standard techniques
such as differential scanning calorimetry (DSC) and light
depolarization microscopy (LDM) techniques were used to
measure isothermal kinetics at low supercoolings. DSC
was also used to measure nonisothermal crystallization
kinetics at low cooling rates. Extrapolation of isothermal
crystallization half-times of Z-N catalyzed LLDPE resin
using the isothermal half-time analysis led to erroneous
predictions, possibly due to Z-N LLDPE consisting of a
mixture of molecules having different amounts of short

chain branching (comonomer). However, predicted recip-
rocal half-times at high supercoolings, using isothermal
half-time analysis and using nonlinear regression of noni-
sothermal crystallization kinetics measured at low cooling
rates using the differential Nakamura model, of the HDPE
were similar to measured reciprocal half times at high
supercoolings of a similar HDPE by Patki and Phillips. It
is also shown that the differential Nakamura model can be
effectively used to model nonisothermal crystallization
kinetics of HDPE resins. © 2011 Wiley Periodicals, Inc. ] Appl
Polym Sci 124: 1542-1552, 2012
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INTRODUCTION

Crystallization is the process whereby ordered struc-
tures (e.g., lamellae, spherulites) are produced from
a disordered phase, usually a melt or dilute solu-
tion.'™ Polyethylene, being a semicrystalline poly-
mer, solidifies by undergoing crystallization and
hence, crystallization is the most important phase
transition during polyethylene fabrication processes,
e.g., injection and blow molding, cast and blown
film processes, rotomolding, etc. Kinetics of crystalli-
zation and the resulting degree of crystallinity are
very important parameters for processing and prop-
erties of polyethylene fabricated parts. Mathematical
modeling and prediction of crystallinity develop-
ment for such processes require a nonisothermal
crystallization kinetics model and crystallization rate
data as a function of temperature and molecular
orientation.

Crystallization rate can be expressed in terms of
reciprocal half-times (1/t;,,). Half-time (t;,2) is the
time taken to develop half of the total crystallinity
and is a strong function of crystallization tempera-
ture. At temperatures in the vicinity of the melting
temperature (T,,) the crystallization rate is very
slow. As the temperature is lowered, the crystalliza-
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tion rate progressively increases due to an increase
in nucleation and spherulitic growth rate, and then
eventually passes through a maximum. At crystalli-
zation temperatures below the maximum, the overall
rate of crystallization becomes lower due to higher
melt viscosity reducing spherulitic growth rate. The
crystallization rate falls to zero at or below the glass
transition temperature (T;) due to lack of chain
mobility.

For rapidly crystallizing polymers, it is possible to
measure quiescent isothermal crystallization rates
only over a narrow temperature range, at low super-
coolings by using standard techniques such as differ-
ential scanning calorimetry (DSC) and light depolari-
zation microscopy (LDM). At high supercoolings,
experienced during a typical polymer fabrication pro-
cess, the isothermal crystallization rate becomes too
rapid to measure using the standard techniques.
Thus, experimentally obtained isothermal crystalliza-
tion rates by such standard techniques needs to be ex-
trapolated to lower temperatures (high supercool-
ings).® Recently, a pioneering experimental technique
has been developed by Patki and Phillips for meas-
uring isothermal crystallization rates of rapidly crys-
tallizing polymers (e.g., high density polyethylene) at
high supercoolings, enabling the measurement of the
temperature at which the crystallization rate goes
through a maximum as well as the maximum rate of
crystallization.””® However, such techniques are quite
elaborate and time consuming to get the desired crys-
tallization rate data at high supercoolings.
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Crystallization in a polymer processing operation
almost invariably occurs under nonisothermal condi-
tions, at very high cooling rates and frequently in
the presence of molecular orientation. However,
measurement of nonisothermal quiescent crystalliza-
tion using common experimental techniques such as
differential scanning calorimetry (DSC) is possible
only at low cooling rates (less than ~ 400°C/min),
much lower than is found in most fabrication proc-
esses. Prof. Spruiell’s research group at the Univer-
sity of Tennessee, Knoxville, has developed a set up
for measuring nonisothermal quiescent crystalliza-
tion kinetics at very high cooling rate (average cool-
ing rate up to 2500°C/min) using modified light
depolarization microscopy.” ! A tiny thermocouple
embedded in a polymer thin film measures the cool-
ing history and light intensity is measured simulta-
neously. Again, such techniques are quite elaborate
and time consuming to get nonisothermal crystalli-
zation kinetics data at very high cooling rates.
Hence, model or theory needs to be used to describe
and extrapolate nonisothermal crystallization, meas-
ured at low cooling rates, to higher cooling rates.
The Nakamura model or the differential form of
Nakamura model has been successfully used to
model nonisothermal crystallization kinetics of Ny-
lon, PET, PBT, and PEN resins.®'%!3

There is still a need to show that isothermal crys-
tallization rates of polyethylene resins, measured at
low supercoolings using standard techniques, can be
accurately extrapolated to high supercoolings. Simi-
larly, there is still a need to show that nonisothermal
crystallization kinetics of polyethylene resins, meas-
ured at low cooling rates using standard techniques,
can be accurately extrapolated to high cooling rates.
This would lessen the need for elaborate experimen-
tal techniques as described above.

This paper describes measurements of isothermal
and nonisothermal crystallization kinetics of Zieglar-
Natta catalyzed high density polyethylene (HDPE)
and a linear low density polyethylene (LLDPE) res-
ins. Standard techniques of DSC and light depolari-
zation microscopy (LDM) were used to study iso-
thermal kinetics at low supercooling. Standard DSC
was also used to measure nonisothermal crystalliza-
tion kinetics at low cooling rates (less than 40°C/
min). Half-time analysis was used to extrapolate the
measured reciprocal half-times (a measure of crystal-
lization rate) to high supercoolings. The Nakamura
model was used to model and fit nonisothermal
crystallization kinetics data via nonlinear regression
to obtain reciprocal half-times at high supercoolings.
Predicted crystallization rates (reciprocal half-times)
at high supercoolings of the HDPE resin are com-
pared with recently available measured reciprocal
half times at high supercoolings of a similar HDPE
resin by Patki and Phillips,® to validate the approach

of half-time analysis and nonisothermal kinetics
modeling and regression using Nakamura model.

Background

The degree of phase transformation, 6, in an isother-
mal crystallization experiment is related to time ¢ by
the general Avrami equation shown below:

0=1—exp(—kt") 1)

where 0 is the relative crystallinity at time ¢ (0 = X}/
X0, Xy = crystallinity at time t and X, is the final
crystallinity), k is the bulk crystallization rate constant
and 7 is a constant called the Avrami index. The bulk
crystallization rate constant k is dependent on the
shape the growing crystallites (growth geometry),
growth rate of spherulites, and the amount and mode
of nucleation. The exponent or the Avrami index 7 is
dependent upon the nucleation mode (sporadic or in-
stantaneous) and the crystal growth geometry (rod,
disk, sphere, etc.) but not on amount of nucleation.
Note that the Avrami equation applies only to single
stage crystallization (primary crystallization). Values
of parameters k and n can be obtained by a suitable
method of measuring development of crystallinity
under isothermal conditions. Theoretically, a plot of
In(—In(1 — X;/X,.) versus In(t) should be linear with
n being the slope and In(k) being the Y intercept.
However, the intercept obtained by linear regression
may not be statistically accurate. Therefore, the rate
constant k is frequently evaluated from the half-time
of crystallization (t,,») using k = In(2)/t;,," where n
is the Avrami index. Half-time of crystallization is the
time at which 50% of the total crystallinity is devel-
oped. The general problem of interpretation of iso-
thermal crystallization experimental data using the
Avrami equation is that fractional exponents from the
data fitting is more usual than exceptional.

The Hoffman-Lauritzen theory gives the temperature
dependence of linear spherulitic growth rates. Bulk crys-
tallization rates can also be analyzed using the Hoff-
man-Lauritzen theory.'*'” For heterogeneous nucleation
with spherulitic growth, the Avrami rate constant k is
equal to 47n,G>/3, where 7, is the number of heteroge-
neous nucleation centers (spherulitic centers) per unit
volume and G is the linear growth rate. It can be shown
that (1/t1,2) (a measure of bulk crystallization rate) is
proportional to growth rate G, if the number of hetero-
geneous nuclei is assumed to be relatively independent
of temperature and all sites become active simultane-
ously. The temperature variation of 1/¢;,, can then be
written using Hoffman-Lauritzen theory'® as follows:

(5n) = () ool el ] @
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where T, = T, — 30°K, T, is the glass transition
temperature, R is the universal gas constant, AT is
the supercooling (AT = T,,” — T), T, is the equilib-
rium melting temperature, and U* is the activation
energy for the segmental jump rate in polymers. The
correction factor f accounts for the decrease in latent
heat of fusion Ah as temperature is lowered and is
approximately equal to 2T/(T + T,°). The above
expression can be used to obtain the values of (1/t;,
2)o and Cz from the plot of In(1/t1,5) + U*/R(T —
T.) versus 1/ (TATj‘).m’17 Equation (2) should be
used with caution if nucleation density changes sig-
nificantly with temperature. Knowing the values of
(1/t1,2), and Cs, the half-time values can then be ex-
trapolated to lower temperatures (high supercool-
ings), from which Avrami rate constant can be
calculated using k = In(2)/t;,," where n is the
Avrami index. This half-time analysis is a more fun-
damental approach to extrapolate half-time data
than the empirical Ziabicki equation.®'® Tt must be
mentioned, however, that a very large extrapolation
of half-times could be questionable using any proce-
dure unless validated. Hence, experimental techni-
ques for studying crystallization rates at high
supercoolings, as developed recently, are needed.”

The general Avrami theory of phase change can
be extended so as to describe nonisothermal crystal-
lization kinetics.

Nakamura et al.'”! have proposed the following

equation:
0=1—exp [— (/ K(T)dt) ] 3)

or using temperature as an independent variable:

n

0=1—exp|— /K(T)d% 4)

TO

T

where 0 is the relative crystallinity at temperature T
(0 = X¢/X«, Xr = crystallinity at temperature T,
and X, is the final crystallinity), R is the cooling
rate, n is the Avrami index determined in the iso-
thermal experiments, and K(T) is related to the iso-
thermal crystallization rate k(T) through the relation
K(T) = k(T)'/". The Nakamura model does transform
back to the Avrami equation under isothermal con-
ditions (when K(T) is a constant). Also, egs. (3) or (4)
can be obtained as an empirical nonisothermal
expression of the modified isothermal Avrami equa-
tion suggested by Khanna and Taylor.**

For the process modeling, a differential form of
Nakamura model is more useful than its integral
form as follows®:
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% = nK(T)(1 - 0) {m (1%9)} ©)

where 6 = Xr/X... The integral and the differential
Nakamura model are identical in terms of their pre-
dictions. Note, however, that differential eq. (5)
requires a nonzero initial crystallinity condition for n
> 1 (because if 8 = 0 then d0/dt = 0). For the differ-
ential Nakamura model, the numerical requirement
of a nonzero initial crystallinity condition can be cir-
cumvented by keeping initial crystallinity very close
to zero (for example, 6, = 107).

MATERIALS AND EXPERIMENTAL

The HDPE resin used in the study had a melt index
(measured at 190°C, 2.16 kg load) of 10 (approximate
M, = 65,000) and density of 0.962 g/cc. The LLDPE
(ethylene/octene copolymer) resin used in the study
had a melt index of 2.3 (measured at 190°C, 2.16 kg
load) and density of 0.917 g/cc. Both resins were
made using a Ziegler-Natta catalyst. Samples for the
crystallization kinetics study were prepared as films
using a melt press. The samples were melted at 180°C
in a Perkin-Elmer DSC-7 for at least 5 min before
quenching to the crystallization temperature. Quench-
ing in the DSC was performed in two stages: from
180°C to around 135°C at 200°C/min (and kept there
for one minute for DSC to stabilize) and then to the
crystallization temperature at a constant cooling rate
of 20°C/min. If a polymer melt is cooled sufficiently
quickly to a temperature where many critical size
nuclei do not yet exist, there will be an induction time
associated with establishing the new nuclei size distri-
bution before significant crystallization can proceed.
This induction time is crystallization temperature de-
pendent and is smaller at lower crystallization tem-
perature. Induction time for crystallization at various
temperatures can also be obtained using this quench
procedure. The isothermal crystallization of the
HDPE resin was studied in the DSC in the tempera-
ture range of 122-124°C. Below 122°C, the crystalliza-
tion was too rapid to follow accurately using DSC (the
crystallization would begin well before the DSC
would stabilize and equilibrate). Above 124°C, the
crystallization rate was very slow and the rate of heat
released was too slow for the DSC to measure accu-
rately. Isothermal crystallization of the LLDPE resin
could only be studied in the DSC in the temperature
range of 110-114°C for the same reasons. The relative
crystallinity (0) developed in the DSC up to time t was
defined as the fractional area confined between the
heat flow rate-time curve and the baseline.

~ AH(t)
0= AH(o0)
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Figure 1 Isothermal kinetics of the HDPE resin obtained
using differential scanning calorimetry (DSC) at various
crystallization temperatures.

The DSC had a partial area software to compute
development of crystallinity as a function of time.

Light depolarization microscopy (LDM) is another
rapid method to follow development of crystalliza-
tion in polymers and is based on depolarization of
polarized light by crystallites in thin films.>> LDM
was used to study isothermal crystallization of the
LLDPE resin in the temperature range of 110-114°C
using thin films between a glass slide and a thin
cover slip. The sample was melted using a Mettler
FP-82 hot stage at 180°C for at least five minutes.
The sample was then rapidly transferred to a Mettler
hot stage kept under microscope at the crystalliza-
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Figure 2 Isothermal kinetics of the Z-N LLDPE resin
obtained using differential scanning calorimetry (DSC) at
various crystallization temperatures.
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Figure 3 The Avrami analysis of the HDPE resin isother-
mal kinetics data.

tion temperature. Upon inserting the sample, tem-
perature oscillations were observed and it took
about 1 min for the temperature to reach the equilib-
rium. The light intensity chart recorder was started
immediately after inserting the sample. For LDM,
the light intensities were normalized to obtain a sig-
moidal crystallinity development curve.”

RESULTS AND DISCUSSION
Isothermal kinetics and half-time analysis

Isothermal crystallization kinetics data for the HDPE
and LLDPE resins, obtained using DSC, at various
crystallization temperatures are shown in Figures 1
and 2, respectively. It can be seen that the time taken
for half of the crystallinity to develop (t;,2, a mea-
sure of crystallization rate) is a strong function of
the crystallization temperature. The isothermal
kinetics data can be treated using the Avrami eq. (1).
The Avrami analysis of the HDPE and LLDPE resin
isothermal data for relative crystallinity between 10
and 90% is shown in Figures 3 and 4, respectively. It
can be noted from Figures 3 and 4 that only the pri-
mary crystallization was obtained (as straight lines
with single slope could be drawn through the data)
for both the resins at the isothermal crystallization
temperatures studied. This would be expected for a
linear polymer such as the HDPE resin. However, a
Z-N LLDPE consists of a mixture of molecules hav-
ing different amounts of short chain branching
(comonomer). Since no secondary crystallization was
observed for the LLDPE resin at the isothermal crys-
tallization temperatures, it can be inferred that only
“high density fractions” with low level of short-
chain branch content were able to crystallize at such

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 4 The Avrami analysis of the Z-N LLDPE isother-
mal kinetics data.

high temperatures. If isothermal crystallization is
allowed to occur at lower temperatures, the fractions
having a higher level of short-chain branching
would also be able to crystallize. However, the crys-
tallization of such highly short-chain branched frac-
tions (which would occur after the crystallization of
the “high density” fraction) typically does not follow
the classical Avrami equation and is referred to as
secondary crystallization. To further check the ab-
sence of secondary crystallization at such high crys-
tallization temperatures, LDM was used to follow
development of crystallinity at the abovementioned
temperatures. The isothermal kinetics data of the
LLDPE resin obtained by LDM are shown in Figure
5 and the Avrami analysis of the data is shown in
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Figure 5 Isothermal kinetics data of the Z-N LLDPE res-
ins obtained using light depolarization microscopy (LDM).
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Figure 6 The Avrami analysis of the Z-N LLDPE isother-
mal kinetics data obtained by light depolarization micros-
copy (LDM).

Figure 6. It can be seen from Figure 6 that only the
primary crystallization (with a single value of
Avrami index) was obtained at such high crystalliza-
tion temperatures confirming the DSC isothermal
kinetics results. The half-time values and Avrami
indices for the isothermal crystallization kinetics
data obtained using DSC for both resins are tabu-
lated in Tables I and II. These half-time data do not
include the induction time: time to start crystalliza-
tion after temperature has reached the desired iso-
thermal crystallization temperature. Note that induc-
tion time is a function of crystallization temperature
as mentioned earlier. The Avrami indices obtained
using LDM for the LLDPE resin are also shown in
Table II. The isothermal kinetics data of the LLDPE
resin obtained by DSC and LDM at 114°C are com-
pared in Figure 7. It can be seen from Figure 7 and
Table II that both half-times of crystallization and
Avrami indices are different for the DSC and LDM
methods. This is due to the fact that each method
follows development of crystallinity using different
principles. It can be seen from Figure 7 that DSC
may be more sensitive to the initial development of
crystallinity which is not detectable in the LDM

TABLE 1
Tabulation of Half-Times and Avrami Indices at
Various Crystallization Temperatures Measured
Using DSC for the HDPE Resin

If]/z (S)

Temperature (°C) Avrami index, n

124 607.2 1.79
123.5 434.7 1.77
123 283.8 1.93
122.5 222.9 1.77
122 166.5 2.04
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TABLE II
Tabulation of Half-Times Measured Using
DSC and Avrami Indices Measured Using DSC
and LDM at Various Crystallization Temperatures
for the LLDPE Resin

Temperature Avrami Avrami index,
O ty, (s) index, n, DSC n, LDM
114 425.5 1.80 2.93
113 213.5 1.77 3.14
112 109.6 1.72 3.04
111 59.4 1.68 3.52
110 33.7 1.64 -

method. It can also be seen from Table II that the
Avrami indices obtained using LDM are greater
than those obtained using DSC. Thus, DSC and
LDM data cannot be compared with each other and
should be treated individually.

As already noted, the half-times could only be
measured using DSC over a narrow range of tem-
peratures at low supercoolings. Thus, the experimen-
tally obtained macroscopic rate of crystallization (1/
t1/2) needs to be extrapolated to lower temperatures
(high supercoolings) where crystallization actually
occurs in processing of semicrystalline polymers
including polyethylene resins. The plots of this half-
time analysis for the HDPE and the LLDPE resin,
using eq. (2) describing temperature variation of t;,
», are shown in Figures 8 and 9, respectively. The
glass transition temperature was taken to be —40°C
(and hence, T, = —70°C), the equilibrium melting
point was taken to be 144.5°C, and U* was taken to
be 1500 cal/mol. The linear regression analysis of
the data for the HDPE resin gave values of (1/t1,2),
and Cj to be 1.1011 x 10° s~! and 1.30 x 10° (°K)?,
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Figure 7 Comparison of isothermal kinetics data of the
Z-N LLDPE obtained using differential scanning calorime-
try (DSC) and light depolarization microscopy (LDM).
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Figure 8 Half-time analysis of the HDPE isothermal
kinetics data using eq. (2). [Color figure can be viewed in
the online issue, which is available at wileyonlinelibrary.
com.]

respectively. The linear regression analysis of the
data for the LLDPE resin gave values of (1/t1,2),
and Cj to be 2.377 x 10" s7! and 2.935 x 10° (°K)?,
respectively. The half-times can then be extrapolated
to lower temperatures (high supercoolings) and the
Avrami rate constant, k, can then be calculated using
k = In(2)/t, 2" where n is the Avrami index. The ex-
trapolated reciprocal half times for both the poly-
mers are compared in Figure 10. It can be seen from
Figure 10 that predicted (1/t;,,) (and crystallization
rates) for the LLDPE resin are higher at lower tem-
peratures than that for the HDPE. This cannot be
correct as a HDPE would be expected to crystallize
at higher rates than an LLDPE at all temperatures.
The reason for this discrepancy could be due to the
fact that half-time analysis is invalid if nucleation

density changes significantly in the range of
Half-time Analysis
1
- \ LLDPE
T
& 0
&
2 9}
+
&
g 2f
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';?SE-S 8E-5 8.5E-5 9E-5
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Figure 9 Half-time analysis of the Z-N LLDPE isothermal
kinetics data using eq. (2). [Color figure can be viewed in
the online issue, which is available at wileyonlinelibrary.
com.]
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Figure 10 Plot of extrapolated reciprocal half-times for
both HDPE and Z-N LLDPE resins using the half-time
analysis.

temperatures studied, which probably is the case for
the LLDPE resin.

Nonisothermal kinetics

The nonisothermal kinetics data obtained at various
cooling rates using DSC for both HDPE and Z-N
LLDPE resins are shown in Figures 11 and 12,
respectively. It can be noted that the higher the cool-
ing rate lower the temperature at which the crystalli-
zation begins for both resins. The nonisothermal
data for the Z-N LLDPE resin showed slow second-
ary crystallization occurring at lower temperatures
at all cooling rates (the arrow points to the begin-
ning of the secondary crystallization tail). The noni-
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Figure 11 Nonisothermal crystallization kinetics data of

the HDPE resin obtained at various cooling rates using

differential scanning calorimetry (DSC).
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Figure 12 Nonisothermal crystallization kinetics data of
the Z-N LLDPE resin obtained at various cooling rates
using differential scanning calorimetry (DSC).

sothermal kinetics data obtained for the Z-N LLDPE
resin at the cooling rate of 10°C/min using DSC and
LDM are compared in Figure 13. It can be seen from
Figure 13 that the measured crystallinities by the
two methods are different at a given temperature
with the LDM curve showing a rapid increase in
crystallinity compared to the DSC data. Again, this
difference can be attributed to the fact that each
method measures the development of crystallinity
using a different principle.

Equation (4) can be used to predict the nonisother-
mal crystallization data of the HDPE and Z-N
LLDPE resins once the temperature dependence of
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Figure 13 Comparison of nonisothermal kinetics of the
Z-N LLDPE resin obtained at the cooling rate of 10°C/min
using differential scanning calorimetry (DSC) and light
depolarization microscopy (LDM).
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Figure 14 Comparison of experimental and predicted
nonisothermal crystallinity data of the HDPE resin using
the Nakamura model at various cooling rates.

the quiescent crystallization rate Avrami constant
k(T) is obtained from isothermal experiments and
half-time analysis for each resin. The predictions of
non-isothermal crystallization from the isothermal
data using the Nakamura model for both the resins
are compared in Figures 14 and 15, respectively.
Avrami index n = 2 was used in both cases. It can
be seen from Figure 14 that the predictions of the
Nakamura model for the HDPE resin match the
measured nonisothermal data reasonably well,
although the model did marginally overpredict the
nonisothermal data at higher cooling rates, possibly
because the Nakamura model does not account for
the induction (lag) time for nucleation. However, the
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Figure 15 Comparison of experimental and predicted
nonisothermal crystallinity data of the Z-N LLDPE resin
using the Nakamura model at various cooling rates.

TABLE III
Tabulation of K, Values for Various C; Values at
Different Cooling Rates Obtained Using Eqs. (6) and (7)
for the HDPE Resin

Cooling rate

(°C/min) C3=1.15x 10> C3=13 x 10° C3 = 1.6 x 10°
2 1.69 x 10° 9.11 x 10° 255 x 107
5 1.89 x 10° 9.33 x 10° 2.17 x 107
10 1.90 x 10° 8.44 x 10° 157 x 107
20 1.70 x 10° 6.85 x 10° 1.06 x 107
40 1.42 x 10° 5.15 x 10° 6.47 x 10°

Nakamura model significantly overpredicted the
nonisothermal crystallinity data of the Z-N LLDPE
resin as can be seen from Figure 15. This is probably
due to extrapolated crystallization rates (1/t1,2),
which were erroneously high as seen in Figure 10. It
can also be noted that the Nakamura model deals
with only primary crystallization and thus cannot
account for slower secondary crystallization occur-
ring in the LLDPE resin at lower temperatures.

Isayev et al.'*'® have suggested the use of noniso-
thermal induction times obtained from the isother-
mal induction time to predict nonisothermal crystal-
lization kinetics using the Nakamura model. Some
investigators have used nonlinear regression meth-
ods to fit nonisothermal data directly.® Using half-
time analysis and the Nakamura model, Patel and
Spruiell® have directly fitted nonisothermal data of a
nylon 6 resin using the Marquart algorithm.** The
procedure involved using Y = In[1/(1 — 6)] to sim-
plify eq. [5] to the following expression:

ay et

= nK(D) (V)" Q)

where

K(T) = (In(2))’ (tll/z) op [— R(TU—TOJ P [‘ TZSTf}
)

Denoting K, = (ln2)1/ "(1/t1,2)o, the nonisothermal
data can be directly fitted using both K, and C; as
parameters of the model while keeping n fixed.
However, keeping n = 2, nonisothermal data could
be equally well-fitted with various pairs of values of
K, and Cs. Hence, the value of C; was subsequently
kept constant while solving for the value of K,. For
the HDPE resin, this was repeated for three different
values of C; equal to 1.6 x 10°, 1.3 x 10° and 1.15 x
10°. The data for each cooling rate was fitted indi-
vidually to obtain K, value for a given C; value. The
K, values for the HDPE resin at each cooling rate for
these values of C; are tabulated in Table III. It can
be seen from Table III that the values of K, are
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Figure 16 Nonlinear regression fitting of nonisothermal
crystallization data of the HDPE resin using the Nakamura
model.

almost constant at different cooling rates for C; =
1.15 x 10°. However, for C; = 1.6 x 10°, the value of
K, decreased with an increase in cooling rate. A sim-
ilar trend can also be seen for C; = 1.3 x 10°. The
average of K, values, for C3 = 1.15 x 10°, was equal
to 1.7 x 10°. The differential Nakamura model pre-
dictions using this average of K, and C; = 1.15 x
10° are compared with the experimental data at dif-
ferent cooling rates in Figure 16. The predictions
matched the experimental data very well. It is im-
portant to note that using this procedure, the noniso-
thermal data at each cooling rate from 2 to 40°C/
min could be fitted with a single value of parame-
ters C; and (1/t,2), (or K,) as would be desired.

For the LLDPE resin, the value of C3 and K, using
this procedure were found be 1.25 x 10%and 1.13 x
10*, respectively. The differential Nakamura model
predictions using C3 = 1.25 x 10° and K, = 1.13 x
10* are compared with the experimental data for the
Z-N LLDPE resin at different cooling rates in Figure
17. The predictions matched the primary crystalliza-
tion nonisothermal data very well. Note that only
the primary crystallization regime was fitted, as the
Nakamura model does not deal with secondary crys-
tallization. For fitting secondary crystallization data,
an empirical equation with additional parameters
would need to be used. The half-time analysis pa-
rameters, obtained by directly fitting nonisothermal
crystallization data, can now be used to predict (1/
t1/2) over the entire temperature range for both the
polymers. The results are shown in Figure 18. It can
be seen that predicted (1/t1,,) (crystallization rates)
are higher for the HDPE than the Z-N LLDPE resin
at all temperatures as would be expected. From Fig-
ure 18, it can be seen that a maximum in crystalliza-

Journal of Applied Polymer Science DOI 10.1002/app

PATEL

1.00
\}
]
D
D
E 0.80
Z P
- 3
.
;5 0.60 o0000 2 *C/MIN
0 sassa 5 °C/MIN P
> ©0000 10 °C/MIN b
o wwews 20 °C/MIN :
o +v+ser 40 °C/MIN ]
0.40
L;ZJ b
’_
3
w
@ 0.20

00 120

4] 60 80 1
TEMPERATURE (°C)

Figure 17 Nonlinear regression fitting of nonisothermal
crystallization data of the Z-N LLDPE resin using the
Nakamura model.

tion rate for the HDPE resin occurred at about 70 —
75°C and the maximum reciprocal half-time was
about 10 s

As mentioned earlier, Patki and Phillips”® have
measured isothermal crystallization rates of a HDPE
resin (0.954 g/cc, M, = 101,300 g/mol, predicted
melt index = 2) at high supercoolings using an elab-
orate technique of modified light depolarization mi-
croscopy method. They showed, for the first time
experimentally, the characteristic maximum in bulk
crystallization and spherulitic growth rate of a
HDPE resin. Their results are reproduced as Figure
19. Results of Patki and Phillips are also compared
in Figure 20 with predicted reciprocal half-times
(bulk crystallization rates) of the HDPE used in this

™, -NLLDPE
HDPE

0.1

(1/t12) (1/sec)

0.001

=50 150

0 50 ) 100
TEMPERATURE (°C)

Figure 18 Plot of extrapolated reciprocal half-times for
both resins using parameters obtained from nonlinear
regression fitting of their nonisothermal data.
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Figure 19 Variation of measured (a) bulk growth rate and (b) spherulitic growth rate with crystallization temperature.
The plots show for the first time the characteristics maximum for HDPE. Graphs obtained from Patki and Phillipss. [Color
figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

study using both isothermal half-time analysis and
nonlinear regression of nonisothermal crystallization
kinetics data using the differential Nakamura model.
Interestingly, Patki and Phillips observed the maxi-
mum in bulk crystallization rate at about 70 — 75°C."
This value is very similar to that obtained from ex-
trapolated isothermal half-times using the half-time
analysis as well as that obtained from nonlinear
regression of nonisothermal crystallization kinetics
data using the differential Nakamura model of the
HDPE resin used in this study. This can be seen from
Figures 10 and 18, respectively. Furthermore, the
experimentally measured maximum bulk crystalliza-
tion rate (1/t,,2) of the HDPE resin studied by Patki
and Phillips was about 10 (s™).® This value is also
very similar to that obtained from extrapolated iso-
thermal half-times using the half-time analysis as
well as that obtained from nonlinear regression of
nonisothermal crystallization kinetics data using the
differential Nakamura model of the HDPE resin used
in this study, as can be seen from Figure 20.

This suggests that the isothermal crystallization
rates of a HDPE resin measured at low supercool-
ings using standard techniques such as DSC and
LDM can be accurately extrapolated to high super-
coolings using the half-time analysis. Nonlinear
regression method can be directly used to fit noniso-
thermal data of HDPE resin obtained at low cooling
rates using standard techniques to obtain isothermal
crystallization rates over a broad range of tempera-
tures, at high supercoolings. Also, nonlinear regres-
sion can be directly used to fit nonisothermal data of

HDPE resin obtained at low cooling rates to obtain
half-time analysis equation parameters without iso-
thermal kinetics measurements. The same values of
the parameters can then be used to predict the qui-
escent nonisothermal crystallization at high cooling
rates using the Nakamura model.

CONCLUSIONS

The above study showed that DSC and LDM meth-
ods gave different isothermal and nonisothermal
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Figure 20 Comparison of results of Patki and Phillips
with predicted reciprocal half-times (bulk crystallization
rates) of the HDPE used in this study using both isother-
mal half-time analysis and nonlinear regression of noniso-
thermal crystallization kinetics data using the differential
Nakamura model.
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crystallization kinetics results for the HDPE and
LLDPE resins and cannot be compared with each
other. The predicted maximum reciprocal half-time
(1/t1,2) and the temperature at the maximum recip-
rocal half-time for the HDPE resin, obtained by
extrapolating isothermal reciprocal half-times using
the half-time analysis as well as by nonlinear regres-
sion of nonisothermal crystallization data obtained
at low cooling rates using the differential Nakamura
model, were about 10 s' and 70°C, respectively.
These values are very similar to the experimentally
measured maximum reciprocal half-time (1/t,2)
and temperature at the maximum reciprocal half-
time of a similar HDPE resin obtained by Patki and
Phillips. Hence, bulk isothermal crystallization rates
(reciprocal half-times) of HDPE resins at high super-
coolings can be accurately predicted by extrapolating
isothermal half-times obtained at low supercoolings
using the half-time analysis as well as by nonlinear
regression of nonisothermal crystallization kinetics
measured at low cooling rates using standard tech-
niques using the differential Nakamura model.
Hence, elaborate, specialized and time consuming
technique of Patki and Phillips may not be needed
to measure bulk crystallization kinetics at high
supercooling of HDPE resins. It can also be
concluded that the differential Nakamura model
can be effectively used to model nonisothermal
crystallization kinetics of HDPE resins. The above
study also showed that the extrapolation of isother-
mal crystallization half-times of the Z-N catalyzed
LLDPE resin, using a half-time analysis of the iso-
thermal kinetics data obtained at low supercoolings,
led to erroneous predictions. This is possibly due
to Z-N LLDPE consisting of a mixture of molecules
having different amounts of short chain branching
(comonomer). Hence, technique of Patki and Phil-
lips is still valuable for measuring isothermal crys-
tallization rates at high supercooling of LLDPE.
Presence of secondary crystallization in Z-N LLDPE

Journal of Applied Polymer Science DOI 10.1002/app
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resins also makes it very challenging to model and
predict crystallinity development.
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