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ABSTRACT: The quiescent nonisothermal bulk crystalli-
zation kinetics of high-density polyethylene was investi-
gated with a modified depolarized light microscopy tech-
nique, which allowed for studies at average cooling rates of
approximately 5-2500 °C min~'. All of the samples crystal-
lized at a pseudoisothermal temperature (i.e., the plateau or
crystallization temperature), despite the nonisothermal na-
ture of the cooling conditions. The rate of the crystallization

process increased monotonically with increasing the cooling
rate and decreasing the crystallization temperature. More-
over, the apparent crystallinity content was a certain de-
creasing function with the cooling rate. © 2002 Wiley Period-
icals, Inc. ] Appl Polym Sci 86: 1009-1022, 2002
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INTRODUCTION

Studies of the nonisothermal crystallization of semi-
crystalline polymers have usually been carried out
with differential scanning calorimetry (DSC) under
modest cooling rates ranging from 1 to 80°C min™".!
Because it is a known fact that the thermal diffusivity
of all polymers is very low in comparison with that of
metals and because the temperature reading shown by
DSC is, in fact, that of the furnace and not that of the
polymer sample itself, one cannot ignore the thermal lag
occurring between the furnace and the sample, which
can be significant at relatively high cooling rates (i.e., 40
= cooling rate (T.) = 80°C min '). To cope with this,
Janeschitz-Kriegl and coworkers* considered and used
the principle of heat transfer to correct for the thermal
lag occurring between the DSC furnace and the sample
so that the crystallization and the kinetics of the process
could be investigated with greater confidence.

Even with the correction for the thermal lag, infor-
mation obtained from DSC alone may not be enough
to describe the whole picture of the nonisothermal
crystallization of semicrystalline polymers because a
number of polymer processing techniques are nor-
mally carried out under much greater cooling rates
(e.g., the cooling of melt-spun fibers and the cooling of
the outer skin layer of an injection-molded article).
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Aiming at collecting nonisothermal crystallization ki-
netic data for the modeling of the melt spinning of
isotactic polypropylene, Ding and Spruiell*” modified
the use of the depolarized light microscopy (DLM)
technique, which was primarily applied to the study
of isothermal crystallization by Magill®” in the early
1960s, so that it could be used to study the overall
nonisothermal crystallization kinetics of semicrystal-
line polymers under cooling conditions similar to
those occurring in the melt-spinning process.

In the original DLM technique,®” only the intensity
of the transmitted light is recorded, the light being
depolarized as a result of the formation of crystals in
a sample set in a temperature-controlled hot stage
between a pair of perfectly crossed polarizers. Conse-
quently, only two quantities are of primary concern in
the original technique: the transmitted depolarized
light intensity and the temperature. Because a hot
stage is used as a part of the setup of the original
technique, studies of nonisothermal crystallization are
possible, but achievable average cooling rates (ACRs)
are generally less than 100°C min~'.®

By adopting the notion of the original technique,
Ding and Spruiell*” extended the use of the original
technique by replacing the hot stage with a specially
made sample chamber in which a thin polymer sam-
ple could be heated or cooled by nitrogen gas of a
controlled flow rate and temperature. The tempera-
ture of the sample is measured and recorded via a
signal from a fine thermocouple embedded directly in
the middle of the sample, and by adjustments in the
temperature and flow rate of the cooling medium, the
ACR of a thin slab of the polymer sample can be
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varied and controlled to about 5000°C min!*>°~11

depending significantly on the design of the sample
chamber and the materials used to fabricate the cham-
ber. At such high cooling rates, however, the transmit-
ted depolarized light intensity alone is not enough to
follow nonisothermal crystallization, mainly because
of the high nucleation rates encountered, which result
in significant scattering of the incident light.*” To cope
with this, Ding and Spruiell® formulated a basis for the
use of recorded transmitted light intensity data to
correct for scattering that may be present in the trans-
mitted depolarized light intensity data obtained. This
technique is called the Ding-Spruiell technique.***2

In this study, the nonisothermal crystallization of
high-density polyethylene (HDPE) was followed and
investigated with the Ding-Spruiell technique. Even
though a large number of data points presented in this
work were a priori published in an earlier article,'"
this article reports a number of aspects that set it apart
from the earlier one. These include the following: (1) a
description of the method for obtaining and treating
the data at low cooling rates (<100°C min ") is pro-
vided for the first time, (2) a number of new data
points collected at low cooling rates of about 5-20°C
min~ ' are included, (3) an error in computing the
value of the cooling-rate factor (CRF) that appeared in
the earlier article is corrected, (4) the kinetics of the
nonisothermal crystallization for each cooling condi-
tion are completely reanalyzed on the basis of the
Avrami macrokinetic model>™® with the data-fitting
procedure,'” and (5) a somewhat improved discussion
of some aspects of the Ding—Spruiell technique is pre-
sented that provides insight into the merit of the tech-
nique.

THEORETICAL BACKGROUND

As mentioned previously, the uniqueness of the Ding—
Spruiell technique lies in the fact that the temperature
of the sample is measured and recorded via the signal
from a fine thermocouple embedded directly in the
sample. Because on the cooling of a sufficiently thin
polymer slab the temperature distribution across the
polymer sample may be assumed to be uniform, the
cooling characteristics of the nonisothermal samples
can be examined through heat-transfer analysis, as
discussed in detail in ref. 5. This is the simplest case of
the transient conduction heat-transfer problem, which
involves heat conducted across the thickness from the
middle of the sample to the interface between the
sample and the cooling medium, at which point the
heat is carried away by a convection process.” The
heat-transfer analysis readily shows that, before crys-
tallization, the temperature at the midpoint of the
sample is given by

T, ~ T, o\ [k 1 :
Ts,O_Tcm_exp_? E?t ()
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where T, T, and T, are the temperatures of the
sample at arbitrary time f, of the sample before cooling
down, and of the cooling medium, respectively. h is
the combinative convection heat-transfer coefficient,
and k, b, p, and c are the thermal conductivity, half
thickness, density, and heat capacity of the sample,
respectively.

In addition, the term hb/k is the Biot number (Bi)
physically representing the ratio of the internal ther-
mal resistance of a solid to the boundary-layer thermal
resistance. When Bi < 1, the temperature distribution
across the surface is supposedly uniform (i.e., the tem-
perature is independent of the position across the
thickness), which is exactly the condition preferred for
the Ding-Spruiell technique.”>?® The term k/pc is the
heat diffusivity «, which designates the ability of the
material to dissipate thermal energy. It should be
noted that the term kt/pcb or at/b is the Fourier num-
ber (Fo) physically representing the ratio of the heat
conduction rate to the rate of thermal energy storage
in a solid. The rearrangement of eq. (1) results in the
following equation:

Ts,t - Tcm _ h )
Ts,O_Tcm_exp a bT’Ct ( )

which is the form of the equation used in the original
publications by Ding and Spruiell.*® It is worth noting
that the term /1/bpc is conveniently defined as the CRF
in the original work and has a unit of the reciprocal
time (i.e., s Y).

In the original DLM technique, only the transmitted
depolarized light intensity is recorded. It is assumed
that the transmitted depolarized light intensity is lin-
early proportional to the development of crystallinity
during crystallization of the sample, so the variation of
the time-dependent relative crystallinity [6(f)] can
then be computed from the following equation:

(B 15— 10)
X%~ 1() = 1(0) 3)

o(t) =

where x(t) and x(«) are the absolute crystallinities at
arbitrary time t and at infinite time, respectively, and
I(t), I(0), and I(=) are the transmitted depolarized light
intensities at arbitrary time f, at time zero (i.e., before
crystallization), and at infinite time (i.e., after the com-
pletion of crystallization), respectively.

The formation of crystals not only depolarizes the
incident light but also scatters it. The scattering effect
becomes increasingly significant with an increasing
nucleation rate for crystallization at high undercool-
ings (under isothermal conditions) or at very high
cooling rates (under nonisothermal conditions). This
scattering causes the transmitted light intensity I to
vary in a manner that is not directly proportional to
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the crystallinity, and it can be quantified as the de-
crease in the transmitted light collected without an
analyzer.” This is the main reason for the use of trans-
mitted light intensity data recorded both with and
without an analyzer to account for the structural
changes during the crystallization process, as stated in
the Ding—Spruiell technique. In this case, 6(f) can be
instead computed from the following equation:

X  R(t) ~ R(0)
X() ~ R() — R(0)

0(t) = 4)

where R(t), R(0), and R() are the relative light inten-
sities at arbitrary time ¢, at time zero (i.e., before crys-
tallization), and at infinite time (i.e., after the comple-
tion of crystallization), respectively. Here, the relative
light intensity is calculated according to the following
equation:

I(¢) — 1.

RO ="7®

(5)

where () and [y(t) are the time-dependent transmit-
ted light intensities collected both with and without an
analyzer present in the microscope system, respec-
tively. I, is an empirical calibration constant that quan-
tifies the physical characteristics of the system. A de-
tailed description of the mathematical derivation and
the performance of calibration can be found in the
original publication by Ding and Spruiell.”

For the description of the macroscopic evolution of
crystallinity during primary crystallization under quies-
cent, isothermal conditions, a number of macrokinetic
models have been proposed over the past 60 years, in-
cluding the so-called Avrami model,"*"® the simulta-
neous Avrami model,'>?! the Tobin model,?*?* the
Malkin model,” and the Urbanovici-Segal model.*®
Among these, the Avrami model is most widely used,
partly because of its mathematical simplicity and firm
theoretical basis.”

An analysis of the experimental 6(t) value is usually
carried out in the context of the Avrami macrokinetic
model:'*'®

0(t) = 1 — exp[—(K,(t — to))"]1 € [0, 1] (6)

where K, is the Avrami rate constant, 1, is the Avrami
exponent, and t is the induction period. Normally, K,
is written in the form of the composite rate constant k,
(i.e., k, = K. It should be noted that both k, (and,
therefore, K,) and n, are constants specific to a given
crystalline morphology and type of nucleation for a
particular crystallization condition,”” and K, has a unit
of the reciprocal time (i.e., s ).
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EXPERIMENTAL
Materials

The HDPE resin (labeled E12) used in this study was
supplied in pellet form by Dow Chemical Co. (Bay-
town, Texas). The molecular weight and density infor-
mation of the as-received resin was as follows: weight-
average molecular weight (M,) = 101,300 g mol *,
number-average molecular weight (M,) = 53,900 g
mol ™!, M,,/M, = 19, and p = 0.9540 g-cm °>. The
thermal properties of the as-received resin, measured
with DSC at a rate of 20°C-min~!, were as follows:’
melting onset temperature (T,,°") = 127.2°C, melt-
ing peak temperature (T,,) = 132.3°C, cooling onset
temperature (T,°™°) = 118.9°C, and cooling peak
temperature (T,;) = 116.7°C. The equilibrium melting
temperature (T,,°) of this resin was determined to be
142.7°C or 415.9 K.*® To eliminate possible variations
in the properties of the polymer from pellet to pellet,
we cut a large number of pellets into pieces, mixed
them together, and then melt-pressed them at 160°C
into films.

Nonisothermal crystallization

Samples used in the Ding-Spruiell technique were
prepared by portions being cut from the as-prepared
film. A 25.4-pm-diameter, J-type iron/constantan
thermocouple was placed between two portions of
film, which were later sandwiched by a pair of clean
glass slides. The whole setup was then transferred to a
Mettler hot stage and was carefully pressed to give a
sample of the desired thickness (ca. 80 um) at a con-
stant fusion temperature of 160°C. The sample was
then placed in the sample chamber, which was later
secured on the sample stage of a microscope. Light of
controlled intensity and noise was passed through the
sample and into the objective lens. The eyepieces of
the binocular microscope were replaced with photo-
cells, which were set with and without an analyzer so
that transmitted light intensity data collected both
with and without the analyzer were obtained.
Melting of the sample was accomplished by the
passage of nitrogen gas through a separate heating
unit before the connection with the sample chamber.
The hot nitrogen was then blown into the chamber to
heat the sample until it melted. The heating rate could
be controlled by adjustments in the temperature, the
flow rate of nitrogen, or both. For complete melting,
the heating rate had to be slow enough and the tem-
perature of the sample had to be brought to a certain
temperature and held there for a certain period of
time, depending on the polymer of interest (in this
case, 160°C for at least 5 min). After this holding
period, cooling of the sample was achieved by replace-
ment of the hot nitrogen with cold nitrogen of a con-
stant temperature. Similarly, the ACR could be con-



1012

SUPAPHOL AND SPRUIELL

TABLE I
Density, Thermal Properties, and Relevant Apparent Crystallinity Content of HDPE Samples Prepared
by Cooling at Different Cooling Rates

CRF (s™") ACR (°C/min) p° (g/cm?) T, (°C) AH; (J/8) Xepce (%) Xepsc (%)
0.0013° 10.58 0.9532 131.7 201.1 724 69.8
0.0024° 20.13 0.9528 131.6 199.2 72.1 69.2
0.0084" 67.83 0.9509 130.6 194.7 70.8 67.6
0.0452° 375.2 0.9451 129.8 176.2 66.9 61.2
0.1000° 794.2 0.9432 129.4 172.9 65.7 60.0
0.1441° 1134 0.9421 129.1 170.0 64.9 59.0
0.1257° 1061 0.9419 129.0 168.1 64.8 58.4
0.2038" 1586 0.9413 129.0 163.1 64.4 56.6
0.4154° 3251 0.9395 128.7 161.4 63.1 56.0
0.4418° 3535 0.9386 128.6 160.8 62.5 55.8

@ Hot-stage-cooled sample.
P Air-cooled sample.

¢ Calculated from the position on the density gradient column according to the equation p (g/cm?®) = 0.0012 X Position

+ 0.8413.

trolled by adjustments in the temperature, the flow
rate of nitrogen, or both. A personal computer was
used to simultaneously record the light intensity and
temperature data. A schematic illustration of the DLM
setup as well as a detailed description can be found in
refs. 5 and 9. This setup allowed for nonisothermal
crystallization studies to be carried out under an ACR
range of about 100-2500°C min ' (the air-cooling re-
gime).

To extend the use of the Ding—Spruiell technique to
the study of the nonisothermal crystallization of
HDPE at lower cooling rates (<100°C minfl), we used
a Mettler hot stage in place of the sample chamber.
Even though the temperature-control module of the
hot stage is sensitive enough to provide good control
over the temperature settings, the temperature reflect-
ing on the screen of the controller is in fact that of the
heating elements, not that of the sample (similar to
DSC). Consequently, monitoring of the temperature
history of the sample was again accomplished via the
signal from a thermocouple embedded directly in the
sample, as described previously. Use of the Mettler
hot stage as the sample chamber allowed for noniso-
thermal crystallization studies to be carried out under
an ACR range of about 5-20°C min ™' (the hot stage-
cooling regime).

Density, thermal properties, and apparent
crystallinity content

To obtain physical information such as the density,
thermal properties, and apparent crystallinity content
as a function of the cooling rate, we designed and
carried out a separate experiment. Ten samples were
cooled at different cooling rates ranging from 10 to
3500°C min~'. A combination of density gradient col-
umn (DGC) and DSC techniques was used to obtain
the density, thermal properties, and apparent crystal-
linity content information of these samples (Table I).

The DGC used in this experiment was prepared
from a mixture of isopropanol and ethylene glycol,*
providing a density range of 0.8500-0.9700 g cm °.
The density gradient along the column was carefully
constructed and calibrated with five standard beads
having accurately known densities until the calibra-
tion curve obtained was extremely linear. Halves of
the samples prepared at different cooling rates were
later put into the column and allowed to sit in the
column until the positions of these samples in the
column were steady. The density of each sample was
then calculated from the equilibrium position accord-
ing to the calibration curve obtained earlier, and the
apparent crystallinity content was accordingly calcu-
lated from the value of the density obtained.

Thermal properties of the other halves of the sam-
ples were investigated with a differential scanning
calorimeter (DSC-7, PerkinElmer), which was well cal-
ibrated for the temperature scale with an indium stan-
dard. The weight of each sample was kept to 3—4 mg
for optimal results, and each sample was later loaded
in the DSC cell, the temperature of which was preset at
50°C. The melting endotherm for each sample was
recorded from 50 to 160°C at a rate of 20°C min ™' in an
attempt to exclude the possibility of an annealing ef-
fect. The melting peak temperature and the enthalpy
of fusion of each melting endotherm were recorded,
and the apparent crystallinity content was accordingly
calculated from the value of the enthalpy of fusion
obtained.

RESULTS AND DISCUSSION
Time-dependent temperature data

Figure 1 illustrates examples of the actual cooling
curves recorded for both hot-stage and air-cooling
regimes. Even though all of the cooling curves in the
latter regime appear to be similar to those in the
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Figure1 Actual cooling curves collected at three different cooling conditions for (a) the hot-stage-cooling regime and (b) the

air-cooling regime.

hot-stage-cooling regime, the physical aspects of the
cooling process between the two regimes are different.
Let us first consider the cooling curves shown for the
hot-stage-cooling regime [see Fig. 1(a)]. For a particu-
lar cooling curve, it is obvious that the temperature of
the sample drops at a constant rate corresponding to
the cooling rate preset on the Mettler controller (even
though the actual cooling rate observed by the embed-
ded thermocouple was a bit off from the preset value).
The temperature continues to drop down to the point
at which the crystallization process begins. It is appar-
ent, during the crystallization, that the temperature of
the sample does not follow that of the heating ele-
ments of the hot stage because of the liberated crys-
tallization heat. This results in the formation of the
plateau region (i.e., the formation of the constant-
temperature region in the cooling curves). As the crys-
tallization slows down, the temperature of the sample
continues to drop and finally follows that of the heat-
ing elements of the hot stage.

Let us now turn attention to the cooling curves
shown for the air-cooling regime [see Fig. 1(b)]. It is
apparent that the temperature of the sample drops
drastically at the very beginning of the cooling pro-
cess, mainly because of the large temperature differ-
ence between the sample and the cooling medium. As
for the hot-stage-cooling regime, the temperature con-
tinues to drop until the crystallization begins, during
which the formation of the plateau region is also evi-
dent. After the plateau region, the crystallization pro-
cess slows down significantly, even though the slow
process of secondary crystallization may continue for
a significant period of time. This results in a further
drop in the temperature of the sample.

If the assumption of the uniform temperature pro-
file across the thickness of the sample is valid, the
temperature of the sample before the onset of crystal-
lization (i.e., the portion before the plateau region) can
be described by eq. (2). The value of CRF, which is a
quantitative measure of the cooling history for a given
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cooling condition of a sample, is obtained by the direct
fitting of the portion of the data before the onset of
crystallization to eq. (2). A detailed description of how
to determine the onset of crystallization is given later.
Despite the solid physical meaning of CREF, its use to
quantify the characteristics of each cooling condition
is somewhat difficult to comprehend. Consequently,
the use of a more familiar parameter, the ACR [(dT/
dt).vgl, is an alternative to that of the CRF. The ACR
can also be determined by the direct fitting of the same
portion of the data to a linear equation. An illustration
of the relationship between the ACR and CRF is given
in Figure 2(a). According to the plot, the empirical
relationship between the ACR and CRF obeys a linear
relation.

As mentioned previously, the existence of the pla-
teau region is a result of the competing contributions
between the liberated crystallization heat and the heat
taken away. According to Figure 1, the lowering of the
position of the plateau region on the temperature axis
[the plateau temperature (T,)] with increasing ACR is

evident. This phenomenon is the result of both ther-
modynamic and kinetic effects. Figure 2(b) illustrates
the relationship between T, and ACR.

Time-dependent transmitted light intensity data

The transmitted light intensity data collected both
with and without an analyzer are illustrated in Figure
3(a) for the hot-stage-cooling regime (e.g.,, CRF
= 0.0023 s~ * or ACR = 18.7°C min" ') and in Figure
3(b) for the air-cooling regime (e.g., CRF = 0.0304 s *
or ACR = 253.5°C min ). Obviously, the light inten-
sity data obtained for the two regimes are similar,
despite the large difference in the timescales of their
experimental runs. This supports the applicability of
the Ding-Spruiell technique to the study of noniso-
thermal crystallization over a wide range of cooling
rates. Let us now consider the transmitted light inten-
sity data shown in Figure 3 in general.

It is convenient to divide the transmitted light in-
tensity data shown in Figure 3 into three regions. The



NONISOTHERMAL BULK CRYSTALLIZATION OF HDPE

1015

Time (s)
0 25 50 75 100 125 150
3-5 T T T T } T T T T I T T T T } T T T T } T T T T = T T T T 14
C |, Light Intensity without Analyzer
30 __mmxm@mmcégwwmooo " ..W_:‘_ 13 _
& i ° S ] o
' - o 112 32
g 25+ * ] o
- ] [0)]
= ° ¢ 311
© 5 X . ] E
S - ':" I, Light Intensity with Analyzer . 110 CB?
— | \ o o ] [{)
— 1n5_— _'.‘..’08. ooo% 9 L
[ CRF = 0.0023 s o T
[ ACR = 18.7 °C min™ (@) .
i I, Light Intensity without Analyzer ""““..“.““_é'_ 125
'0000000000000000000000 o oo ] .
C\/I-\ 25'—__ o ... —E— 1 20 O_
£ Lol . e 1115 3
4 [ ] - [0)]
< 7 F11o <
© i .
(@] L . . . . 3105 ©
- 151 I, Light Intensity with Analyzer J 3
_ e sece, OO o°°°°°°°°°°°°°°°°°ooooo°o°ooooo_:_10'0 <
10 [ CRF=0.0304s" ‘e ° 1950
VT ACR = 253.5 °C min” (b) 1
000
0 5 10 15 20 25
Time (s)

Figure 3 Overlay plots of the transmitted light intensities

collected both with and without an analyzer for (a) the

hot-stage-cooling regime (CRF = 0.0023 s ') and (b) the air-cooling regime (CRF = 0.0304 s ).

first region is the region in which both light intensities
are constant, but it is obvious that the value of the light
intensity collected with an analyzer is much lower
than that of the light intensity collected without an
analyzer. Because, within this region, the polymer is
still in the molten state (i.e., the isotropic state), the
transmitted light intensity collected without an ana-
lyzer should be at its highest value, whereas that
collected with an analyzer should be at its lowest
value. With ideal crossed polarizers and an isotropic
sample, the transmitted light intensity collected with
an analyzer should be zero. However, actual crossed
polarizers have a certain level of defects that allow a
certain amount of light to leak through.”

In the second region, as crystallization takes place,
the light intensity collected without an analyzer is
scattered because of the presence of small spherulites
(or other crystalline aggregates), and this results in a
substantial decrease in the transmitted light intensity.
For the light intensity collected with an analyzer, the

light scattered at the onset of crystallization causes a
small dip in the transmitted light intensity. As crys-
tallization further proceeds, the light intensity col-
lected without an analyzer continues to drop as the
growing spherulites scatter the incident light, whereas
the light intensity collected with an analyzer increases
in value as the growing spherulites depolarize the
incident light. As these spherulites start to impinge
upon one another, a smaller amount of incident light
is scattered. This causes the light intensity collected
without an analyzer to increase in value, reach a max-
imum, and finally gradually decrease and level off. In
the third region, after the impingement is complete,
slight changes in both light intensities may be attrib-
uted to the secondary crystallization occurring very
slowly over time.

Finally, from the transmitted light intensity data
collected, 6(t) can be readily computed for each cool-
ing condition according to egs. (4) and (5), and it is
used for further analysis.
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Figure 4 Overlay plots of the temperature and relative crystallinity curves for CRF = 0.0417 s~ .

Formation of the plateau region

An overlay plot of the temperature and relative crystal-
linity curves for an air-cooled sample with CRF = 0.0417
s ' or ACR = 349.7°C min ' is shown in Figure 4.
According to the figure, points 2b and 3b stand for the
starting and ending points of the plateau region. Points
2a and 3a represent the corresponding points on the
relative crystallinity curve. Here, points 1la and 1b rep-
resent the onset of the primary crystallization process on
the relative crystallinity and temperature curves, respec-
tively. To understand the formation of the plateau re-
gion, we need to establish basic knowledge about the
bulk crystallization process.

It is commonly known that the crystallization pro-
cess assumes a sigmoidal relationship with respect to
time (see Fig. 4). Specifically, bulk crystallization can
be divided into three stages. First, the early stage [ca.
0 = 6(t) = 0.1] is for the formation of nuclei and the
subsequent growth of the nuclei into small spherulites
(or other crystalline aggregates). Within this stage, the
bulk crystallization rate is very slow, resulting in a
very small amount of liberated crystallization heat.
Second, the rapid stage [ca. 0.1 = 6(t) = 0.7] represents
further growth of small spherulites into larger ones.
This stage is thought to cease when a majority of the
spherulites impinge upon one another (points 3a and
3b in Fig. 4). Within this stage, the bulk crystallization
rate increases significantly as the small spherulites
grow larger, reaches a maximum, and gradually de-
creases as impingement occurs. This stage is the stage
in which the largest amount of crystallization heat is

liberated. Lastly, the later stage [ca. 6(t) = 0.7] is
thought to involve the occurrence of continued sec-
ondary crystallization. Within this stage, the bulk
crystallization rate gradually decreases and becomes
zero at an infinite crystallization time.

According to the aforementioned mechanisms, the
formation of the plateau region in the cooling curves
can then be described. In the early stage of crystalli-
zation, the temperature in the plateau region contin-
ues to drop because the liberated crystallization heat
cannot compensate for the amount of heat taken away
by the cooling medium. As crystallization progresses
further (i.e., in the rapid stage), the liberated crystal-
lization heat increases dramatically, reaches a maxi-
mum, and finally decreases gradually. This is the rea-
son the temperature in the plateau region often exhib-
its a weak maximum and finally decreases gradually.
In the later stage of crystallization, the temperature in
the plateau region begins to drop rapidly because the
liberated crystallization heat from the secondary crys-
tallization process is very small in comparison with
the amount of heat taken away by the cooling me-
dium. Because the majority of the crystallization pro-
cess [ca. 0.1 = 6(t) = 0.7] occurs in the plateau region
within which the temperature fluctuation is negligible,
it is safe to state that even though the cooling of the
samples in the Ding—Spruiell technique is nonisother-
mal in nature, crystallization actually occurs at a
pseudoisothermal temperature. As a result, T), is sim-
ply the crystallization temperature for a particular
cooling condition.
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Figure 5 Schematic procedure for the determination of f, and f, 5 data.

Determination of the induction time (#,) and half-
time of crystallization (;5)

Let us first define the terms #, and ¢, 5. In this article, ¢,
is defined as the time interval the polymer spends
from T,,” to the moment at which crystallization takes
place, whereas f, 5 is defined as the time interval the
polymer spends from the onset of crystallization to the
time at which the crystallization is half completed [i.e.,
at 6(t) = 0.5].

To determine these two important parameters in the
Ding-Spruiell technique, we require the time-depen-
dent data of the temperature T(f), the transmitted light
intensity collected without an analyzer (Iy), and the
relative crystallinity 60(f). These data for a hot-stage-
cooled sample with CRF 0.0023 s~' or ACR
= 18.7°C min ! are plotted together in Figure 5 as a
schematic representation of how to determine these
parameters. Practically, there are four steps for deter-
mining these two parameters. First, let us consider the
determination of the onset of the induction period.
This is the time t,, which is simply the projection of the
T, 0 value (i.e., for this HDPE resin, T,° = 142.7°C%®)
with respect to the temperature curve onto the time

axis. Second, let us consider the determination of the
onset of the crystallization. This is the time t,, which is
simply the projection of the point on the light intensity
curve at which the intensity data start to deviate from
the common baseline onto the time axis. Third, let us
consider the determination of the time at 6(t) = 0.5.
This is the time t5, which is simply the projection of the
point 6(f) = 0.5 on the relative crystallinity curve onto
the time axis. Ultimately, t, is calculated by the sub-
traction of t; from t, (i.e., t, = t, — t;), whereas t, 5 is
determined by the subtraction of f, from t; (ie., ty5

= t3 - tz).

Variation of t, and t,; with the cooling rate

ty and t, 5 were found to follow a power-law relation-
ship with the ACR. The power-law relationships of t,
and ¢, 5 with CRF can respectively be expressed as

to = 0.156CRF 7 (2 = 0.990) (7)

tos = 0.131CRF "%  (* = 0.995) (8)
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Kinetics of the crystallization process

It has been stated previously that, for a particular
cooling condition, a large fraction of the crystallization
process takes place at a pseudoisothermal temperature
(i.e., the plateau or crystallization temperature). This
allows the analysis of the kinetics of the process to be
carried out according to the traditional Avrami mac-
rokinetic model [i.e., eq. (6)]. Instead of using the
traditional analytical procedure mentioned previ-
ously, we can perform the data analysis with a direct
data-fitting procedure'® in which the experimental
data are fitted directly to eq. (6) with a nonlinear
multivariable regression program. With this analytical
procedure, relevant kinetics parameters are automati-
cally obtained along with the best fits.

Experimental results for n, are plotted as a function
of the ACR in Figure 6(a). Because n, lies mostly
between about 2.5 and 4, it can be postulated along
with a direct observation under the optical microscope
that the growth is three-dimensional and that the nu-
cleation is predetermined. Figure 6(b) illustrates a log—
log plot of K, versus the ACR, in which a linear

relationship between the two parameters is clearly
evident. It clearly shows that K, increases with an
increasing cooling rate, suggesting that the bulk rate
of crystallization increases with an increasing ACR,
as expected. Interestingly, both n, and K, exhibit a
power-law relationship with the ACR.

Temperature dependence of the crystallization rate
parameters

Before going further, we should note that K, obtained
earlier is not the only parameter used to quantify the
overall rate of crystallization. The reciprocal value of
tos (i-e., tys ') is, in fact, the most fundamental pa-
rameter used. Because these bulk rate parameters (i.e.,
tos ' and K,) are known to be very sensitive to
changes in the temperature, a plot of such rate param-
eters against the crystallization temperature (i.e., T,) is
meaningful. Such a plot is illustrated in Figure 7. It is
apparent that the two rate parameters exhibit a similar
temperature dependence, in that both rate parameters
decrease with an increasing crystallization tempera-
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ature.

ture. This similarity is quickly recognized because the
two rate parameter are related to each other according
to the following equation:

K, = (In2)"/"-t;} )

To quantify and describe the temperature dependence
of the rate parameters, one has to realize that the rate
parameters (i.e., t,5s ' and K,) relate, in one way or
another, to the primary nucleation rate N and/or the
subsequent crystal growth rate G.>°~>* Although the
temperature dependencies of the parameters N and G
are known to be different>*™? the rate parameters
have often been considered to have temperature de-
pendencies similar to that of the subsequent crystal
growth rate G (written in the context of the original
Lauritzen-Hoffman secondary nucleation theory,**?*
which is given by

u+ B
" R(T.—T.) TAAT)f

W(T) = Yoexp (10)

where W(T) and V¥, are the respective rate parameter
(i.e., tys ' and K,) and the respective pre-exponential
parameter [i.e., (tys ')y and K], respectively. U* is
the activation energy characterizing the molecular dif-
fusion across the melt/crystal interface (for HDPE, U*
= 6276 ] mol ! 3>7%), whereas B is a parameter related
to the secondary nucleation. T.. is the characteristic
temperature at which long-range molecular motion is
very unlikely to occur (for HDPE, T,. = 160 K**), R is

the universal gas constant, AT is the degree of under-
cooling (i.e., for this HDPE resin, AT = 4159 — TP),
and f is a factor used to correct for the temperature
dependence of the enthalpy of fusion [i.e., for this
HDPE resin, f = 2T,/(T, + 415.9)].

Finally, the temperature-dependent crystallization
rate function W(T) can be quantified by the simple
fitting of each respective rate parameter (i.e., to5 ' and
K,) to eq. (10) with the same nonlinear multivariable
regression program used earlier in the Avrami analy-
sis. The fitting parameters obtained for the results
shown in Figure 7 as a solid line for t,5 ' data and as
a dotted line for K, data are (1) (ty5 "), =2.8 X 10°s~!
and B = 1.7 X 10° K* and (2) K, o = 2.2 X 10* s " and
B =17 X 10° K>.

Density, thermal properties, and apparent
crystallinity content

The density, melting peak temperature, enthalpy of
fusion, and relevant apparent crystallinity content of
HDPE samples prepared by cooling at different cool-
ing rates are reported in Figures 8 and 9. The apparent
crystallinity content shown in both figures is in fact
the crystallinity weight percentage calculated from the
density and the enthalpy of fusion according to the
following equations:

pc<p—pa

Xepce(%) = r ) %100 (11)

c a
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Figure 8 Overlay plots of p and x. calculated therefrom versus the ACR.

AH,

Xepsc(%) = -5 X 100 (12)
DsC AHJQ

where p, p,, and p, are the sample density and the
densities of the pure amorphous and pure crystalline
samples, respectively (i.e., for HDPE, p, = 0.855 g
cm? and p. = 0.997 g cm > %), and AH; and AHp
represent the enthalpies of fusion of the sample and
that of the 100% crystalline sample, respectively (i.e.,
for HDPE, AH? = 288 ] g~ ).

According to both figures, the density, melting peak
temperature, enthalpy of fusion, and relevant appar-
ent crystallinity content all decrease with an increas-
ing cooling rate. This corresponds well to the general
notion of polymer crystallization, which is attributable
to both the thermodynamic and kinetic contributions.
It is generally known that lamellar thickness is an
increasing function of the crystallization temperature,
as described by the Gibbs-Thomson equation,**** and
that the thicker the lamellae are, the higher the melting
point will be. Because it has been shown earlier in
Figure 2(b) that the crystallization temperature (i.e.,
T,) is a decreasing function of the cooling rate, the
lamellar thickness and melting peak temperature
should, likewise, be a certain decreasing function of
the cooling rate.

As the cooling rate increases, the rate of crystalliza-
tion also increases, and the time interval during which
the crystallization occurs becomes shorter. These facts
suggest that the higher the cooling rate is, the lower
the amount will be of crystallizable materials that will
crystallize. In addition, as the cooling rate increases,

the incorporation of defects, such as loose loops and
dangling chain ends, into the bulk of the crystallizing
materials may contribute to the decrease in the density
and the enthalpy of fusion. Indeed, it is shown in
Figures 8 and 9 that the density, melting peak temper-
ature, and enthalpy of fusion exhibit a power-law
relationship with the ACR. Because the apparent crys-
tallinity content can be calculated from either the den-
sity or the enthalpy of fusion data, the apparent crys-
tallinity content calculated from either set of data
should also exhibit a power-law relationship with the
ACR.

The fact that the apparent crystallinity content cal-
culated from the density is higher than that from the
enthalpy of fusion deserves further consideration. It
was shown by Glotin and Mandelkern® on fractions
of HDPE that the crystallinity content obtained from
density is always higher than that from the enthalpy
of fusion. They postulated that the crystallinity con-
tent calculated from the density incorporates contri-
butions from the interfacial layer (i.e., the rigid amor-
phous phase), whereas that from the enthalpy of fu-
sion does not.

CONCLUSIONS

These nonisothermal crystallization studies of HDPE
based on the Ding—Spruiell technique showed that the
bulk crystallization kinetics were a strong function of
the cooling rate. Within the range of cooling rates
studied, an increased cooling rate led to a decreasing
crystallization temperature and a rapidly increasing
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Figure 9 (a) Relationship between T,, and ACR and (b) overlay plots of AH;and . calculated therefrom versus the ACR.

rate of crystallization. Despite the nonisothermal na-
ture of the technique, the bulk of crystallization took
place at a pseudoisothermal temperature, a result of
the competing contributions between the liberated
crystallization heat and the heat carried away from the
sample by the cooling medium. The technique used
gave reliable, reproducible, and quantitative results
under conditions that could not previously be studied
by simple, traditional techniques.

The physical information, such as the density, melt-
ing peak temperature, and enthalpy of fusion, ob-
tained from the combination of the DGC and DSC
techniques exhibited a significant dependence on the
cooling conditions of the samples, in that they were all
found to decrease with an increasing cooling rate. A
similar relation was also found with the apparent
crystallinity content calculated from either the density
or enthalpy of fusion data. It was postulated that, as
the cooling rate increased, the decrease in the lamellar
thickness and the incorporation of defects, such as
loose loops and dangling chain ends, into the bulk of
the crystallizing materials were the main contributions
to such phenomena.
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Grants for New Faculty/Researchers.
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