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ABSTRACT: A method of obtaining polymer with markedly decreased entanglements concentration in
melt, via high-pressure crystallization of high-density polyethylene (HDPE), is elaborated. It is shown,
by calculations and experiments, that melting of chain-extended crystals obtained in this process provides
a chain-disentangled melt for a period of 20—30 min. The disentanglement is tested by means of spherulite
growth rate measurements in a regime Il melt crystallization. Spherulites grow faster from partially
disentangled melt than from melt with normal concentration of entanglements: the growth rate is
increased by 25—45%, and the conversion rate is also markedly higher. The difference is augmenting
with decreasing undercooling—consistently with conclusions made from nucleation theory including
reptation—and decaying with increasing time of melt annealing at 160 °C before crystallization, which is
a result of entanglements reconstitution. The crystallization behavior in initially chain disentangled
samples subjected to 25—30 min melt annealing is typical of entangled polyethylene, which indicates a
complete entanglement restoration. The activation energy for reptation, determined from these data, is
approximately 25 kJ/mol. Differences in overall isothermal crystallization Kkinetics of chain entangled
and chain disentangled samples are considerable at moderate undercooling. The nucleation density during
crystallization from disentangled melt is reduced in consequence of desorption of chains from heteroge-
neities surfaces during prior high-pressure crystallization of the samples. Melt annealing causes
readsorption and restoration of normal nucleation density. The morphology of samples crystallized from
a chain-disentangled melt is significantly different than those crystallized from a chain-entangled melt

while the crystal thicknesses are similar.

Introduction

Entanglements between macromolecular chains, be-
ing one of the basic consequences of their considerable
length, are very important and yet not fully understood
from both fundamental knowledge and industrial ap-
plications perspectives. The mutual interpenetration of
macromolecules determines the course of processes in
which the substantial fragments of chains are involved.
Some of the most significant examples of such processes
are crystallization, flow of molten polymer, and me-
chanical deformation of solid polymers.

In this paper, a method is proposed and tested for
obtaining linear polyethylene with markedly reduced
entanglement concentration, in which disentanglement
is still maintained for a period of time after melting.
Such samples allow one for the first time to study the
role of chain disentanglement in a molten polymer on
the crystallization process and other properties.

The basic idea relies on melting differences of chain-
folded and chain-extended crystals (CE). Melting of
disentangled chain-folded polyethylene crystals leads to
immediate reentangling. The effect is most probably due
to chain folds present in polyethylene single crystals.
The basal surface free energy of such crystals consists
of the energy of folds, chain ends, and cilia. There are
some arguments and also observations by Barham and
Sadler?! that chain-folded crystals “explode” upon melt-
ing and the fold energy is released in an explosive,
springwise manner. Fragments and ends of chains
incorporated in crystals are ejected with a high kinetic
energy into the already molten polymer and interlace
with other chains rapidly due to entropic force.

A quite different behavior may be expected if the
chains in the CE crystals are not folded and the basal
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planes consist predominantly of chain ends. Such a
crystal plane does not require relaxing of its energy on
melting, and the chains are not supposed to be trans-
located to a large extent. The basic conformational
change is then the entropy-driven coiling. Therefore,
melting of such crystals does not increase significantly
the number of entanglements over that resident in the
amorphous phase of the polymer before melting. Fur-
thermore, if the amorphous phase contains very few
entanglements and/or the crystallinity level of the
polymer is very high, melting should produce a melt
with the average distance between entanglement knots,
Me, close to M. The disentanglements of the molten
polymer should be maintained in the melt for a period
of time related to the so-called Doi—Edwards disengage-
ment time, i.e., the time needed for a macromolecule to
reptate to entirely new position.

For a better understanding of the results, we present
below briefly the main facts concerning entanglements
and their role in crystallization of polymers.

Molecular Dynamics in Polymer Melts. The ex-
tent of chain entanglement is frequently described by
the average molecular weight between entanglements,
Me, corresponding to the average chain fragment com-
prised between consecutive entanglement knots. The
value of Mg, estimated on the basis of the network
theory and compared with experiments (using the Ferry
formula), is on the order of 103—10% For linear poly-
ethylene M, = 1240,22 i.e., approximately 40 entangle-
ment points for a PE chain of a molecular weight M =
55 000.

The notion of entanglement describes the fact that
the chains cannot cross each other in their transversal
motion; therefore, neighboring macromolecules consti-
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tute barriers for chain movement. Because of this
confinement, represented as a reduction of number of
available chain conformations, chain mobility in molten
polymer is possible mainly via longitudinal movement.
The environment constitutes an imaginary tube for a
chain, in which the chain is trapped. Any large-distance
movement of the chain, thermal movement or movement
caused by an external stress, is allowed only along such
a tube. The chain motion consists of three characteristic
types: (A) The first is fast chain movements perpen-
dicular to the tube axis, with short relaxation times,
representing the dynamics of chain sequences shorter
than the entanglement spacing along the chain—
disentanglement from the neighbors is not required in
this mode. The Rouse model describes this type of
motion, with a characteristic relaxation time 7. 0 tsM?,
where 75 is the relaxation time defined in the monomeric
scale, s ~ 10711 s (ref 4) and M is the molecular weight
of the polymer. (B) The second is longitudinal fluctua-
tion of the segment density, leading to tube length
fluctuation, with a characteristic time g O 7sM?, and
(C) The last one is evolution of the axis of the tube,
leading to disentanglement of the chain. Long relaxation
times of this motion, 7p 0 ZzsM?, where Z = M/M,,
correspond to the influence of entanglements on chain
mobility and are characteristic for curvilinear diffusion
of a chain along a tube, called by de Gennes a “repta-
tion”. The concept of reptation is a basis for the theories
of large-distance mobility of a chain trapped in en-
tangled molten polymer, founded and developed mainly
by de Gennes,® Edwards,® Doi and Edwards,” and
Graessley.8 According to this idea, only diffusing chain
ends, which randomly choose the direction in space, can
change the shape of the tube. This continuous process,
called “tube renewal”, leads to a complete disengage-
ment of a chain from the tube and a new tube formation.
The time for a complete renewal of the chain conforma-
tion, called reptation time, scales for long chains as p.
For chains of the average length, the number of en-
tanglements along the chain, expressed as the ratio of
the chain length to entanglement spacing, or M/Me, has
to be taken into account more deliberately. If this ratio
is low, e.g., smaller than 100, the chain may form loops
outside the tube, which leads to tube length fluctuation.
As a result, the reptation time may be estimated as:%10

. M, \12]2
Trep U TM [1 - (m) ] 1)

The expression (eq 1) is taken as an outset in this
work. In a hypothetical polymer with no entanglements
right after melting, the macromolecules are subject to
thermal diffusion. As the chains diffuse between each
other, the entanglements are gradually restored. The
process of reentangling may be envisaged as a progres-
sive formation of a tube for each chain. The time for a
whole tube to be constructed may be roughly estimated
by integration of eq 1 by M, decreasing with time from
the initial value M. = M (no entanglements along a
chain) to M, = 1240 (PE melt with saturated level of
entanglements).!! In the case of a molecular weight on
the order of 55 000 (the authors use such a commercial
polymer in the studies), such a calculation gives the time
for reentangling in the range 5—20 min. This result is
in fair agreement with previous estimations: e.g., for
UHMW—PE more than 10* s.1213 It is therefore conceiv-
able that once we are able to obtain the initially
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disentangled polymer melt, the disentanglement should
be maintained within a time scale that could have an
important effect on the further behavior of the polymer
and would allow for experimental evaluation of this
effect.

Crystallization of Polymers. The crystallization of
polymers starts at seeds. The nucleation model of the
crystal growth, invented by Turnbull and Fisher for
small molecules,'* generally also applies to polymers.
However, the whole process of crystallization is unique
in macromolecular materials. Because of the low activity
of the primary nuclei in polymers, a significant under-
cooling is required to start the crystallization, ranging
from 10 to 100 °C with respect to the melting temper-
ature. The growth of polymer crystals proceeds via the
secondary nucleation mechanism and also requires a
quite high undercooling. The hindrances to crystalliza-
tion result from chain structure of macromolecules:
their large length and mutual entanglement restrain
their mobility to a great extent. Chain motion occurs
mainly through reptation. Large-scale conformational
chain rearrangements are required to shift small frag-
ments of chains to suitable positions and incorporate
them into growing crystal. Therefore, the mobility of a
macromolecule with respect to its neighbors is crucial
in polymer crystallization and requires a careful con-
sideration in the description of nucleation and growth
of polymer crystals.

Once nucleated, the polymer crystals grow. The
growth results from a superposition of two competing
processes: the secondary nucleation on the crystal face
and the substrate completion. Their relative intensities
vary with temperature, influencing the growth mecha-
nism and, consequently, the structure and mechanical
properties of the solid polymer. These essential differ-
ences give rise to a distinction of three regimes of
crystallization.’® At moderate undercoolings (in regime
| and the upper region of regime Il), the substrate
completion rate is higher or comparable to that resulting
from filling the layer with secondary nuclei. A macro-
molecule, once attached to a crystal face in a single
nucleation event, is quite likely to be successively
engaged in the layer formation, completing its substan-
tial part. Crystal face layers are built up in a chain-
folded manner, and—because large lengths of chains are
involved—macromolecules are in great part reeled out
of the melt by crystallization forces. In these circum-
stances, chain mobility is expected to influence mark-
edly crystal growth. As the crystallization temperature
is lowered (and regime 111 is approached), the crystal
surface nucleation increasingly dominates the layer
spreading process and the growth consists predomi-
nantly of profuse nucleation events. Macromolecules are
embedded along their lengths in numerous crystal
layers, frequently belonging to different crystals, and
are subject only to small displacements in the course of
crystallization. Thus, at large undercoolings the melt
resistance to chain motions should not affect much the
crystal formation.

The reptation model of polymer molecular dynamics®
considers the fact that—due to the obstacles formed by
the entanglements with other macromolecules—any
motion transverse to the chain axis requires extensive
cooperation from adjacent chains and is much more
difficult than the longitudinal chain progression. The
ease of reptational mobility, both thermal mobility and
mobility under an applied force, is determined by the
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resistance of the melt to chain motion, which—in turn—
depends on the structure of the entanglement net-
work: the entanglement topology and concentration. It
is expected that the reduction of entanglement concen-
tration, lowering the number of obstacles to chain
motion, increases the rate at which the chain reptates.
The effective reptational friction experienced by a chain,
pulled by crystallization forces toward the growth front
(in the reeling-in process), should therefore depend—
apart from the pending chain length—on the concentra-
tion of entanglements and should decrease with the
decrease of the later. As they arise from the reptation
theory, the entanglement points act as obstacles, ad-
ditional to friction, in the reptation of the chain.
According to the Kinetic theory of crystallization, the
reptation rate has an effect on the crystal growth,
particularly at low undercoolings. The effect of reeling-
in rate on the crystal growth is expressed by the formula
for the growth rate, G, given by Hoffman?®. 17 (for more
detailed and precise discussion of polymer crystalliza-
tion see recent review by Hoffman?8):

*

Ky ]
TAT (2)

The exp[—Kg/TAT] factor in this equation represents a
stable secondary nucleus formation (T is the crystal-
lization temperature, AT is the undercooling, and Kg is
a constant depending on the crystallization regime). The
Go exp[—Qp*/RT] factor characterizes the slowing down
of the crystal growth caused by the resistance of the
molten polymer to the pulling of the macromolecule by
crystallization forces (Qp* is the activation energy for
reptation; R is the universal gas constant). The preex-
ponential factor G is a function of f/(¢n), where fis a
crystallization force, n is the number of pendant chain
units, proportional to M, and &; is the reptational friction
coefficient. The crystallization forces draw a macromole-
cule, or its part, adjoining the growing crystal, to the
growth front. The resistance of the melt to this motion
is greater the more entangled the chain with the
surrounding macromolecules. At low undercoolings, as
large fragments of chains are incorporated in crystals
in a tight-folded manner, the resistance to chain trans-
port controls the crystal growth, G. This reasoning
implies that the lower the number of entanglements
along the chains, the higher growth rate is possible at
high crystallization temperatures.

The growth rate measured during isothermal melt
crystallization at low undercooling can then help to
detect changes in the level of entanglements in crystal-
lizing molten polymer with respect to the saturated
entanglement concentration. Spherulite growth rate,
equivalent to that of lamellar crystals, can be measured
by means of light microscopy, during isothermal crystal-
lization. This procedure was first applied for testing the
disentanglement in melts of chain-extended (CE) poly-
ethylene obtained by high-pressure crystallization. The
density of CE polyethylene materials can reach 0.994
g/cms, indicating almost no amorphous phase existence.
Macromolecular chains in CE samples are then com-
pletely uncoiled and disentangled—internally and be-
tween other macromolecules. As the chains are straight-
ened, the folding in CE crystals is scarce.

High-pressure crystallized chain-extended linear poly-
ethylene was, therefore, chosen in this research as an

Qo
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Figure 1. Pressure cell details: (a) pressing punch, (b) heater,
(c) brass seals, (d) sample, (e) temperature sensor channel, and
(f) closing punch.

initially disentangled material that should preserve
chain disentanglement for a substantial time after
melting. This hypothesis was verified by investigation
of the Kinetics of crystallization from such molten
samples. Chain straightening in CE samples—occurring
under high pressure and temperature, through chain
slippage in the condis mesophase®—ensures a high level
of disentanglement and a scarcity of chain folds in the
solid state.

Experimental Section

Linear polyethylene Petrothene LS 606—00, Millennium
(former Quantum, VSI Division, Cincinnati, OH) was used in
this study for preparing chain-extended as well as reference
samples. Its weight-average molecular weight, M,, = 55 000,
polydispersity index, My/M,, = 4.80, melt flow index, MFI =
9—11 ¢g/10 min (ASTM D-1238), and density is in the range
0.941-0.980 g/cm?, depending on the crystallinity level. A
narrow fraction of HDPE, M,, = 88 500, Mn/M,, = 1.11, from
S.N.P.A., was also used for a part of the research.

The samples in the form of 1 mm thick films were compres-
sion molded at a temperature of 160 °C under a pressure of
15MPa for 2 min and solidified at ambient temperature. Disks
9.5 mm in diameter were cut out from the films. About 20 such
disks were loaded into a custom-made pressure-cell in which
the high-pressure crystallization was conducted. The cell,
shown in Figure 1, is made of ultrahigh-strength steel capable
of applying pressure up to 1000 MPa, at a temperature of 300
°C. A channel is drilled along the axis of the cell, with very
high surface smoothness (the channel surface roughness is
0.02—-0.12 um) and high diameter accuracy (the roundness of
the hole deviation is 0.4—0.6 um). Tungsten carbide punches,
capable of pressure up to 1680 MPa, are used. The accuracy
of fitting the punches to the channel and additional brass
sealing prevents the highly compressed molten polymer from
any leakage out of the cell. Four heaters, 600 W total power,
are controlled by an Omega 9131A temperature controller,
ensuring inside the cell a temperature accuracy of 1 °C. The
temperature sensor is placed in a small channel drilled in the
wall of the cell and located a distance of 10 mm from the
sample. The polymer is compressed by use of an Instron tensile
testing machine, via a fixture stabilizing the load exactly along
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the die axis. The hydrostatic pressure inside the cell is
controlled with an accuracy of about 0.5 MPa.

The high-pressure crystallization procedure, based on our
earlier work,?° was as follows: (1) melting the sample at
atmospheric pressure at a temperature of 235 °C, (2) applica-
tion of a pressure of 630 MPa, (3) crystallization for 1 h, (4)
cooling the sample down to 60 °C still under pressure, and (5)
release of the pressure.

The samples (marked as PECE) were obtained in the form
of rods 9.5 mm in diameter, about 1 cm high. The process
parameters were adjusted on the basis of a number of
experiments, to minimize the extent of degradation of poly-
ethylene.

To eliminate any effects other than chain extension and
disentanglement on the properties investigated in further
research, the reference samples were subject to the analogous
thermal history as PECE samples: they were kept at a
temperature of 235 °C for 1 h, but at a pressure of 250 MPa
at which the pseudohexagonal phase and chain extension—
according to the phase diagram of linear polyethylene—do not
occur. The lower DSC melting points and, consequently, the
thinner average lamellar thickness in these samples—labeled
below as PEref—support this assumption. In Appendix I, other
anticipated side effects in regarded experimental procedures
are described in detail.

The habits of crystallization from melts of disentangled and
reference samples were comprehensively studied. Spherulite
growth rates during isothermal crystallization, preceded by
melt annealing at 160 °C for different time intervals, were
measured using light microscopy. The densities of primary
nuclei active in such crystallizations were evaluated in bulk
samples by means of light microscopy and compared to the
results obtained from small-angle light-scattering experiments.
The macroscopic isothermal crystallization Kinetics and the
influence of melt annealing on crystallization were studied by
means of differential scanning calorimetry (DSC). The degrees
of crystallinity of melt-crystallized samples were measured in
the DSC and wide-angle X-ray scattering experiments. The
morphological features of melt-crystallized samples—spherulitic
structure and lamellar thickness—were investigated using
light and atomic force microscopy and DSC.

Gel Permeation Chromatography. The GPC measure-
ments were performed using a Waters 150-C apparatus
equipped with a differential refractometric detector and
Waters HMW-7 and HMW-6E columns at 142 °C. Samples
were dissolved in 1,2,4-trichlorobenzene at 142 °C for 25 h.

Density Measurements. Densities of the samples were
determined by means of a density gradient column, filled with
a mixture of ethyl alcohol and water. Measurements were
performed at 22 °C.

Light Microscopy. The crystallization from melts of the
PECE and PEref samples was investigated by means of a
polarizing light microscope equipped with a Linkam THMS
600 hot stage (controlled with a precision of 0.1 °C and
overheating/overcooling during the change of the temperature
profile of 0.1 °C) and connected to image acquisition and
analysis system. The specimens, prepared by careful micro-
toming of PECE and PEref samples (sections 1um thick), were
placed between two small parts of the coverslips (ca 6 x 8 mm),
which were then glued at the corners with epoxy resin. The
thickness of the sections was adjusted to minimize the number
of spherulite nuclei within the microscope field. Microtoming
was preferred to pressing molten polymer between two cov-
erslips, frequently employed in such measurements, due to
undesirable orientation effects that may result from pressing
the sample. Fixing the sections between glued glasses ensured
the uniform thickness of molten specimens. The hot stage
temperature profile employed consisted of (a) heating the
specimen at a rate of 100 °C/min to 160 °C, (b) maintaining
this temperature for a given melt annealing time (in the range
1-30 min), (c) cooling the specimen at —15 °C/min down to
the chosen isothermal crystallization temperature (in the
range 121-125 °C), and (d) maintaining the crystallization
temperature until complete crystallization of the specimen is
reached. The course of crystallization was recorded, and the

Crystallization of Polyethylene from Melt 919

spherulite dimensions were measured, using an image analysis
system. The growth rates were calculated as the slopes of the
spherulite radius vs crystallization time plots, constructed on
the basis of sequences of micrographs.

Nucleation density was estimated on the basis of observa-
tions in polarizing microscope of 7—10 um thick sections, cut
from bulk PECE and PEref samples, melt annealed at 160 °C
for 2—30 min and crystallized isothermally at 123 °C in the
DSC apparatus. The microtoming introduced some compres-
sion of the specimens, which was reduced by heating the
specimens at 50—55 °C for a short time (in order to straighten
their folded surface) and by means of silicone oil immersion.
The average nucleation density, D, was estimated as a
proportion of the total number of spherulites, Ns, that could
be resolved in PECE or PEref specimens to their relevant total
area.

The calculations were performed on the basis of a large
number of measurements (~50). The values of the area were
corrected for that specimen compression during microtoming
that could not be eliminated. The dimensions of the ready to
microscope observation sections were compared with those of
the trimmed specimen block surface being cut, measured
during microtoming, and the correction was made on this
basis. Average spherulite radii, (R[] were also calculated from
the above data.

Differential Thermal Analysis. The thermal analysis of
the samples was conducted using a TA 2010 DSC apparatus
(TA Instruments, Inc., New Castle, DE), indium calibrated.
Small pieces, of a total mass of 7 mg, were cut from the
compressed rods, placed and pressed slightly into aluminum
pans, to ensure good thermal contact with the DSC cell surface.
The samples of virgin polymer were cut into the shape of a
disk from films prepared by compression molding as described
above. The melting thermograms were recorded at a heating
rate of 10 °C/min, under nitrogen flow. The crystallinity levels
and lamellar thickness, I*, were estimated on the basis of heat
of fusion of the sample AHn recorded during heating the
samples from a temperature of 60 to 170 °C and from the
recorded melting temperature, Trn. For I* the following equa-
tion was used:?1:2?

_ 209Tm0
Ahf(TmO - Tm)

I*

©)

where o, is a lamellar basal surface free energy (for PE 0. =
9 x 1078J/cm3), Ahy is the heat of fusion per unit volume (for
PE Ah¢ = 280 J/cm? (ref 23), Tn? is the extrapolated equilib-
rium melting temperature, determined for the polyethylene
used in this study, employing the Hoffman—Weeks method,
as T? = 145.1 °C.

The isothermal crystallization runs, performed in the DSC
apparatus, consisted of (a) heating the samples at 80 °C/min
up to 160 °C, (b) maintaining the temperature for 2 min, (c)
cooling the samples at —80 °C/min down to the crystallization
temperature T, and (d) keeping the samples at T. until no
trace of crystallization thermal effect could be resolved. For
the Hoffman—Weeks plot construction, the samples were then
immediately heated at 10 °C/min to 160 °C and the melting
endotherms were recorded.

X-ray Scattering. A MBraun (Austria) SWAX camera,
utilizing conventional Kratky collimation system, was em-
ployed in this research. The front of the camera was directly
mounted on the top of the tube shield of a stabilized Philips
PW 1830 X-ray generator. The X-ray tube was operated at a
power of 1.5 kW. Cu Ka radiation was used; monochromati-
zation was performed by a Ni g filter and pulse-height
discrimination. The entrance slit was adjusted to 50 um. The
radiation scattered at small (SAXS) and wide (WAXS) angles
was recorded in acquisition time of 900s by means of a MBraun
linear position-sensitive detector, model PSD 50. The detector
had 1024 channels with a channel-to-channel distance of 52
um. The experimental curves were corrected for sample
absorption and desmeared from collimation distortions by
means of the computer program 3DVIEW supplied by MBraun.
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A part of the WAXS measurements was performed using a
computerized diffractometer constructed in our laboratory on
the basis of a DRON - 2.0 apparatus (USSR), (the Cu Ka line,
generated at 30 kV and 10mA, filtering by a Ni j filter, and a
pulse-height discrimination.).

The values of the long period, L, were evaluated on the basis
of the scattered intensity patterns using the formula:

_ A
L_ZSiI’IQ

max

(4)

where 1 is the X-ray wavelength (Acyke = 0.154 nm) and Omax
is the scattering angle corresponding to the first-order maxi-
mum in the SAXS pattern.

The degrees of crystallinity were assessed on the basis of
the WAXS profiles using a procedure of separation of the
amorphous halo and reflections originating from main crystal-
lographic planes of the lattice, described in detail in ref 24.

Atomic Force Microscopy. The morphological features of
PECE and PEref samples were investigated by means of
atomic force microscopes: Nanoscope I11 (Digital Instruments,
Santa Barbara, CA) and the other constructed in the Physics
Department of the University of Lodz, Poland, both using SisN4
tips. The samples were cut from the central parts of com-
pressed rods and extracted from the pressure cell, and their
surfaces were microtomed and etched at room temperature
with potassium permanganate dissolved in a mixture of
sulfuric acid and orthophosphoric acid, following the method
developed by Sheiko et al.?> The scans were performed in air.
The height and deflection mode images were recorded simul-
taneously.

Molten and then isothermally crystallized PECE and PEref
samples for the AFM investigations were prepared in the hot
stage in the form of films crystallized isothermally without
the top coverslip. Small chunks of the material were heated
to 160 °C at 80 °C/min, kept at this temperature for 2 min
(30—60 um thick films were obtained as a result of pressing
of molten specimens at this step), cooled at —65 °C/min to 123
°C, kept at this temperature for 10 min (a time sufficient for
a complete crystallization of the sample), and cooled at —65
°C/min down to the room temperature.

Results and Discussion

Spherulite Growth Rate. As it arises from the
characterization of the high-pressure crystallized samples
used in this research (see Appendix Il), the chains
constituting their crystalline phase are straightened to
a large extent. As the chains within the CE crystals are
disentangled and the share of the amorphous phase in
PECE samples is very small, a conclusion is drawn that
the entanglements in these samples are nearly elimi-
nated and the first step of this research—a bulk solid
largely disentangled polyethylene sample containing a
very small amount of chain folds—is achieved. The
crystal growth rate, reflected by the growth rate of the
spherulites, can be measured directly by means of light
microscopy. The measurements of spherulite dimensions
vs time were conducted for the isothermal crystalliza-
tion from melts of PECE and PEref samples. The
crystallization temperature range applied, 121—125 °C,
covering almost the entire regime Il of crystallization
of polyethylene, was imposed by the nature of the
crystallization of polyethylene and experimental limita-
tions. At lower T, a fine-grained spherulitic structure
is formed due to high nucleation density, and the exact
measurements are not possible. At 125 °C a crossover
from spherulitic to axialitic morphology was observed,
characteristic at temperatures in the region of the
regime Il—regime | transition.?® At even higher tem-
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Figure 2. Spherulite growth rate in isothermal crystallization
from melts of chain-extended (Gpece) and reference (Gpgref)
HDPE Petrothene samples vs crystallization temperature, T,
shown as (a) the average values of Gpece and Gperer VS T and
(b) the proportion of Gpece t0 Gperer VS Te.

peratures, only randomly oriented lamellar crystals
grew, eventually forming a dendritic structure or in
some cases axialites.

The average growth rates, calculated as the slopes of
the spherulite radius vs crystallization time plots, are
shown in Figure 2. The increase in the growth rate from
the PECE melt, Gpecg, over that measured in reference
samples, Gperet, IS 0bserved. The increase is particularly
significant at higher T, reaching 45% at 124 °C. As the
crystallization temperature is lowered, the difference
decreases down to 22% at 122 °C.

The reasoning presented in the Introduction to this
paper implies that the lower the number of entangle-
ments along the chains, the higher growth rate is
possible at high crystallization temperatures. In ac-
cordance with the above rationale, a faster growth rate
is a consequence of chain disentanglement, which ap-
parently is preserved in the melt after melting CE PE
crystals. This conclusion is also supported by the fact
that the effect is smaller at lower T, during fast
crystallization, caused primarily by more numerous
secondary nucleation, shorter fragments of chains are
incorporated in particular lamellar layers and the chain
extraction from the melt is slight (the number of tight
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Figure 3. The average growth rates in crystallization at T,
= 123 °C vs melt-annealing time, tann.

folds in crystals is small). The influence of disentangle-
ment on the growth rate then decreases.

As the spherulite growth is sensitive to the entangle-
ment concentration in the melt, the growth rate mea-
surements may also be applied for tracing the recon-
stitution of the entanglements in molten polymer. The
procedure of such experiments requires an additional
stage to the reported above isothermal crystallization
experiments: keeping the sample in the molten state
for a given time, before crystallization. The average
growth rates measured for crystallization at the T, =
123 °C, after annealing the melts of PECE and PEref
samples at 160 °C, are shown in Figure 3 vs melt
annealing time, tann. A decrease in Gpgce With tan, is
apparent from this plot. After 20 min of melt annealing,
the growth rate in the PECE samples decreases signifi-
cantly, keeping the PECE samples at 160 °C for 30 min
causes a drop in the Gpgce values down to these
measured for PEref. Longer annealing of the melt
resulted in partial thermal degradation of the polymer.
The drop in Gpgce values with melt annealing time
represents the dynamics of renewed interlacing and
entangling of initially disentangled chains, resulting
from thermal diffusion of macromolecules. The time for
a recovery of a saturated entanglements concentration
in molten polyethylene at 160 °C, deduced from the
above measurements, is in agreement with the estimate
made in this work on the basis of the reptation time.
The spherulite growth rate was measured during iso-
thermal crystallization after fast melting of PECE and
PEref specimens and maintaining the specimens at 160
°C for the desired melt annealing time.

In all cases of both types of samples examined, the
spherulite growth was found to be linear with crystal-
lization time, which was usually below 1 min. However,
in a couple of specimens, where longer crystallization
could be recorded at 126 °C, the growth is no more linear
(see parts a and b of Figure 4) A decrease of the growth
rate can be detected as early as 20 min after the start
of crystallization. The growth slows down from that
moment and finally, approximately after 45 min, as-
sumes a rate comparable to that in PEref samples. The
growth does not slow below Gpgres for longer crystal-
lization time, up to 70 min. In contrast to PECE
samples, the growth rate measured from the longest
crystallization runs that could be recorded in PEref
specimens (only up to 33 min, due to higher nucleation
density) proved to be constant within the whole crystal-
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Figure 4. Spherulite growth rate in isothermal crystallization
from melts of chain-extended (a and b) and reference (c) HDPE
Petrothene samples vs crystallization time, tcs.. The crystal-
lization time is measured from the start of isothermal crystal-
lization, the measurements in plots a and b are performed in
consecutive time intervals on four spherulites growing near
each other. The plot in part b shows data from part a, rescaled
to compare with the plot in part c.

lization time (see Figure 4c). It should be noted that the
constant value of Gpgrer, as well as no traces of change
in color of any specimen after crystallization at 126 °C,
testifies that no thermal degradation or oxidation af-
fected the samples during quite a long exposure to the
crystallization temperature (a nitrogen flow over the
specimens was always applied in these runs).
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Figure 5. Polarized LM micrographs recorded for sections cut from PECE (a—c) and PEref (d—f) samples crystallized at 123 °C.
The samples were melt annealed prior to crystallization at 160 °C for 2 min (a and b) and for 30 min (c). The sample border and
thin transcrystalline layers resulting from surface nucleation of aluminum DSC pan are visible in parts b and d.

It is known from early works of Bassett,2” Wunderlich,
and others?® that chain-extended crystallization is ac-
companied by molecular fractionation, i.e., chain-
extended crystals, if crystallized for long time, are built
from molecules of similar length. However, the crystals
in PECE samples used in this study are not of uniform
thickness, as it is seen in their AFM images (see Figure
17ain Appendix Il). The crystal thickness varies within

the same crystal, which means that each crystal is built
from molecules of various lengths and the chain ends
are not forming completely flat crystal surfaces. For
comparison in Figure 17b the AFM images of chain-
extended 88 500 fraction are presented. It is seen that
here the surfaces of lamellae are flat and crystals are
built of chains of equal molecular weight. It follows then
that the localized fractionation in samples crystallized
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Table 1. Average Nucleation Densities, D, and Average
Spherulite Radii [ROof PECE and PEref Polyethylene
Samples As Determined from Light Microscopy
Examination

PECE PEref

tann, Dpece, (Reecel) Dperef, (Rpererl)
min 1074 ,Ltm_z um 104 ‘Mm_z um Dperef/Dpece
2 2.39 36 4.43 27 1.85
20 3.26 31 411 28 1.26
30 3.18 32 2.99 33 0.94

under pressure for only 1 h is rather limited. The effect
of localized fractionation on melt crystallization of PECE
samples should not then be very significant. It could
result in accelerating of the spherulite growth rate only
if PE fractions from 8000 to 17000 are forming a
continuous phase while the rest of the molten material
is dispersed in the 8K—17K melt. The last suggestion
follows from the fact that only 8K—17K PE fractions
crystallize faster than the other fractions within the
range of 120—128 °C (see ref 29 for extensive data on
crystallization of PE narrow fractions). However, in such
a case the difference in growth rates between hypotheti-
cal fractionated melt will be even enlarged at the lower
limit of the temperature range (120—121 °C). This effect
is just opposite to that observed for melt-crystallized
PECE samples. Therefore, the faster crystal growth rate
in melt-crystallized PECE samples over PEref samples
is not caused by localized fractionation and should be
attributed to disentanglement.

The decrease in Gpece With time is then the result of
thermal reptative chain entangling in melt. Since the
self-diffusion coefficient decreases with decreasing melt
temperature—thermal diffusion is slower in melt at
crystallization temperatures of 126 °C than in the melt
at 160 °C. The estimations of times required for a
complete entanglement reconstruction—25 min at 160
°C and 45 min at 126 °C—are the basis for evaluation
of the activation energy for reptation. It yields a value
of 25 kJ/mol. This value, although quite rough, is in a
fair agreement with the literature data, obtained from
the long-chain molecule diffusion through bulk polyeth-
ylene experiments, at a level of 29.3 kJ/mol.30

Spherulite Nucleation Density. Observations of
molten PECE and PEref specimens during melt anneal-
ing did not reveal any traces of birefringence, which
indicates that no remnants of crystal aggregates remain
after melting. Growing spherulites appeared almost
simultaneously within the microscope field, both in
PECE and PEref samples; however, a significantly
smaller number of them were usually observed in PECE
samples. The primary nucleation in polyethylene is very
intense, and a large number of small spherulites are a
common morphological feature for this polymer (the
average spherulite radius in a bulk Petrothene poly-
ethylene sample crystallized at 124 °C is on the order
of 10 um?3!). The geometry of crystallization in 1 um
thick film is essentially two-dimensional and the num-
ber of spherulites seen in microscope field should be
small. However, a slight increase in specimen thickness
and—consequently—in the observed polymer local vol-
ume, results in a significant increase in the number of
spherulites seen, overlapping each other.

The concentration of nuclei observed in most speci-
mens was increased even more by the surfaces of glass
slips’ nucleation activity, which is remarkable in the
case of polyethylene.32 The growth centers location was
usually reproducible in repeated melting—crystallization
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Figure 6. SALS patterns recorded for (a) PECE and (b) PEref
samples.

runs performed on the same specimen. The brand of
glass slips used for the research was chosen so as to
minimize the surface nucleation effect.

The average spherulite dimensions and nucleation
density in samples crystallized isothermally from en-
tangled and disentangled melts were analyzed by means
of light microscopy.

Exemplary micrographs of 7—10 um thick sections of
melt crystallized at 123 °C PECE and PEref samples,
taken on a polarizing microscope, are shown in Figure
5. The spherulitic structure in these samples is discern-
ible, although a remarkable difference between the
PECE and PEref samples is apparent (see Morphology
of Melt-Crystallized Samples section). Spherulite bor-
ders in PECE samples could often be distinguished only
by means of rotating the polarizer and observing the
changes in morphological features appearance.
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Figure 7. DSC thermograms of PECE and PEref polyethyl-
enes recorded during isothermal crystallization at 123 °C after
different melt annealing times: 2, 4, and 30 min at 160 °C.
Solid lines are for PECE samples; dashed lines are for PEref
samples.

The values of average nucleation densities, D, and
average spherulite radii R[] calculated for samples
crystallized from PECE and PEref melts, as well as
proportions between primary nucleation density in both
kinds of samples, are shown in Table 1. The specimen
compression was considered in the calculations as
described in the Experimental Section.

The nucleation densities in films obtained by fast
crystallization from PECE and PEref material were also
determined. The films were prepared by compression
molding between chromium-plated brass 0.5 mm thick
plates after a short exposition to 160 °C (0.5 min) in
the press and then cooled in iced water. On the basis of
the SALS experiments (see Figure 6), a proportion
between primary nucleation densities in PECE and
PEref films was calculated: (Dpgref/Dpece)saLs ~ 1.76.

This value corresponds approximately to (Dpgres/
Dpece)im ~ 1.85 obtained from light microscopy mea-
surements (see Table 1). Primary nucleation in the
crystallization of polyethylene from chain-disentangled
melt is therefore much less intense than in the case of
a normally entangled melt. A similar finding has been
previously reported for a different grade of HD-PE
(Lupolen 6011L, BASF).32 Light microscope measure-
ments also show that melt annealing of PECE samples
before crystallization leads to a gradual increase in
Dpece, and eventually, after tann =~ 30 min, Dpgce
becomes comparable to Dpgret.

A smaller number of nuclei in PECE with respect to
PEref samples can be interpreted in terms of the
heterogeneous character of the nucleation process.
Nuclei are formed by proper alignment and orientation
of large fragments of macromolecules adsorbed on the
heterogeneities’ surfaces. During high-pressure crystal-
lization of polyethylene, chain desorption from some
heterogeneities may occur — due to increased chain
mobility in the condis phase—inactivating a part of
heterogeneous nuclei. As a result, primary nucleation
density during crystallization from melt of such a
material is reduced. A prolonged maintaining of PECE
sample in the molten state leads to renewed adsorption
of polyethylene macromolecules on inactivated in the
condis phase heterogeneities and the nucleation density
during subsequent crystallization increases.

Macromolecules, Vol. 33, No. 3, 2000

Macroscopic Crystallization Kinetics. Isothermal
crystallization from melts of PECE and PEref samples
at T, = 123 °C was investigated by means of differential
scanning calorimetry. Similar to the case of growth rate
measurements, the melt was kept at 160 °C for various
time intervals before crystallization in order to study
the influence of melt annealing on crystallization Kinet-
ics. The exotherms recorded during crystallization runs
after different melt annealing times, tann, are shown in
Figure 7.

As can be seen from this figure, crystallization in bulk
samples is much longer than in thin films used for the
LM observations—the overall crystallization time in
DSC runs is up to 30 min, while it is on the order of
several minutes in hot stage crystallization. The differ-
ence is due to the strong nucleation activity of glass
slips, which increases drastically the number of spheru-
lites growing in thin films and thus shortens the overall
crystallization time.

The surface nucleation, however, does also affect
crystallization in bulk samples. The apparent change
in the slope of the left wing of the thermograms,
particularly significant in the case of PEref samples, can
be attributed to nucleation caused by the surfaces of the
aluminum DSC pans (see the Experimental Section)—
in addition to nucleation in the bulk polymer. As it
arises from the experimental observations and theoreti-
cal analysis,3*3> the shape of the initial part of the
conversion rate curve is influenced by the relation
between the intensities of the surface and bulk nucle-
ations.

The differences between crystallization of PECE and
PEref samples are considerable. For ts,, up to 20 min,
the heat flow recorded during crystallization of PECE
samples—corresponding to the conversion rate—is al-
ways higher than in PEref samples. The total crystal-
lization time, on the other hand, is shorter in PECE
samples—crystallization from disentangled melts is
apparently faster. However, as tann is increased, a
change in the shape of PECE thermograms occurs and
crystallization of PECE samples is progressively re-
tarded. After melt annealing has taken place for tynn =
30 min, a unification of the crystallization Kkinetics of
both kinds of samples is apparent. Thus, analogous to
growth rate measurements, the macroscopic crystal-
lization kinetics investigation also reveals a distinct
difference between crystallization from entangled and
disentangled melt, diminishing with the time of disen-
tangled melt annealing—the disentangled chains re-
entangle.

Also the bulk nucleation density characteristic for the
brand of PE used is restored in PECE samples after 30
min of melt annealing at 160 °C.

It is concluded that these results agree well with the
data obtained from independent measurement of the
growth rate vs time of melt annealing, for which the
time of re-entangling was determined at a level of 25
min. Also the time for restoring the nucleation density
in PECE samples to the level exhibited by PEref
samples, determined as 25 min, fits the melt-annealing
time required for the unification of the crystallization
of PECE and PEref samples.

Morphology of Melt-Crystallized Samples. To
investigate the influence of entanglements of PE chains
on the ability to form the crystalline phase, the weight
degrees of crystallinity of samples crystallized isother-
mally at 123 °C from PECE and PEref melts were
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Figure 8. Spherulitic structure in PEref (a) and PECE (b) samples crystallized isothermally at 123 °C as revealed by the AFM
observation. Left-hand side pictures are height images; right-hand side pictures are lateral force images.
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Figure 9. DSC melting endotherms of PECE and PEref
samples crystallized isothermally at 123 °C.

calculated on the basis of the DSC isothermal crystal-
lization and melting thermograms. The crystallinities
achieved after short (1.5 min) melt annealing are
slightly greater in PECE samples: X/PECE = 68.7 wt

%/69.4 wt % and X;PEref = 66.4 wt %/66.4 wt %, as
determined from the thermograms of crystallization/
melting directly from crystallization temperature, re-
spectively. Melt annealing of PECE samples before
crystallization results in a gradual decrease of this
difference and for the annealing time of 30 min X.PECE
= 65.3 wt % and X,PEref = 66.0 wt %.

The supermolecular structure of melt-crystallized
PECE and PEref samples was investigated by means
of light microscopy and atomic force microscopy. The LM
observations of sections taken from bulk samples, (see
the Spherulite Nucleation Density section) reveal sig-
nificant morphological difference between both kinds of
samples (see Figure 5). The spherulitic-banded structure
is readily discernible in PEref samples. The band period
is about 14 um and is independent of the time of melt
annealing at 160 °C prior to crystallization. In PECE
samples, spherulites are less evident, and their borders
are not well visible. Spherulite banding cannot be
detected. With increasing melt-annealing time, the
spherulitic structure becomes better resolved and traces
of banding of long spacing can be distinguished.

The AFM images of the surfaces of melt-crystallized
PECE and PEref samples also exhibit a well-developed
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Figure 10. SAXS patterns recorded for PE samples isother-
mally crystallized at 123 °C from PECE (—) and PEref (- - -)
melts, after 1.5 min of melt annealing at 160 °C.

spherulitic structure in PEref samples (Figure 8).
However, due to intense surface nucleation of glass slips
on which the specimens were prepared, the spherulites
are much smaller than these in bulk samples crystal-
lized at the same temperature—the radii are on the
order of 5 um. Similar to the LM observations, spheru-
lites in PECE samples appear much less perfect. The
spherulite centers are visible, but the radial arrange-
ment and the borders are not well discernible in all
directions with respect to the centers.

The average thicknesses of the lamellae in isother-
mally melt crystallized at 123 °C PECE and PEref
samples, after 1.5—2 min of melt annealing at 160 °C,
were compared on the basis of the DSC, SAXS, and AFM
measurements.

The DSC heating at 10 °C/min runs were performed
on isothermally crystallized samples (see the Macro-
scopic Crystallization Kinetics section), directly from the
crystallization temperature. The endotherms recorded
do not exhibit any significant differences in the shape
and positions of the melting peaks of both kinds of
samples (Figure 9). This indicates that the distribution
of the lamellae thicknesses and their average values are

[nm] [nm]
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=

1
985 [nm]

Macromolecules, Vol. 33, No. 3, 2000

similar in PECE and PEref melt-crystallized samples.
The average lamellar thickness, estimated on the basis
of the melting peak position, using expression 3, is 31.5
nm for PECE samples and 34.8 nm for PEref samples.

The SAXS patterns recorded for the PECE and PEref
melt-crystallized samples are shown in Figure 10. The
positions of the first-order maxima are similar, and the
values of the long period, obtained from the analysis of
the profiles, are 34.3 nm for both PECE and PEref
samples. This result also shows that lamellae of similar
thicknesses form in crystallization from melts of PECE
and PEref samples.

The crystal sizes in melt-crystallized PECE and PEref
samples were investigated directly by means of atomic
force microscopy. Typical features of the lamellar mor-
phology were revealed, and contrary to the spherulitic
structure observations described above, no remarkable
differences at this level showed up (see Figure 8). The
methods of measurement were chosen so as to eliminate
the tip shape convolution with the surface features on
the nanometer length scale. Regions of specimens where
flat-on lamellae formed terrace structures were picked
(see Figure 11) and the height differences between the
horizontal faces of the lamellae, corresponding to the
lamellar thickness, were measured from the cross
sections (see Figure 12a). If the distance between
consecutive “steps” formed by lamellae is large enough,
such measurements are much more reliable than infor-
mation based on the profiles of the edge-on lamellae,
often employed. The lamellar thickness was also esti-
mated from the height histograms constructed for such
terrace structures (Figure 12b). The histograms, rep-
resenting the share of all points of a given height in the
total area chosen, can be regarded as the averaged
measurements on the cross sections along all directions
in the specimen plane. The distance between the
neighboring peaks corresponds to the average thickness
of the platelets. The values of the lamellar thickness
obtained for both above methods are consistent and
equal 20 nm for PECE and PEref melt-crystallized
samples.

Therefore, the thickness of the lamellae is the same
in samples crystallized from melt with lowered entangle-
ment concentration and from normally entangled melt.

[nm] [rimn]
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Figure 11. Lamellar structure in PEref (a) and PECE (b) samples crystallized isothermally at 123 °C as revealed by AFM

observation.
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Figure 13. DSC thermograms of polyethylene PECE and
PEref samples cooled from 160 °C with a rate of —20 °C/min.

A conclusion that can be drawn from these results,
obtained by three independent techniques, is that the
extent of entanglement in crystallizing melt is irrelevant
to the thickness of the polymer crystals that are formed,
although it influences the growth rate and the degree
of crystallinity. It is then shown that the thickness of
polymer crystals is not controlled by such kinetic factors
as entanglements.

Nonisothermal Crystallization. For isothermal
crystallization at 123 °C (regime 11 of crystrallization)
PECE samples crystallize faster than PEref samples
due to faster spherulite growth rate but in spite of the
lower concentration of primary nuclei.

Nonisothermal crystallization proved to occur within
a similar temperature range for disentangled and
entangled melts on cooling at —20 °C/min. (Figure 13).
Also the maxima of the crystallization curves, corre-
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Figure 14. True differential thermograms of polyethylene
PECE and PEref samples cooled from 160 °C with a rate of
—70 °C/min. Exo is for PECE while the endo direction is for
crystallization of PEref samples.
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Figure 15. DSC thermograms recorded during isothermal
crystallization of HDPE Petrothene at 123 °C, illustrating the
influence of high-pressure crystallization conditions (pressure,
temperature, and time) on thermal degradation of the polymer,
exhibiting lowered crystallization ability. The curves cor-
respond to the following pressure cell conditions: (—) 235 °C,
630 MPa, 1 h; (- - -) 257 °C, 630 MPa, 4 h; (--+) 257 °C, 0 MPa,
4 h.

sponding to the highest conversion rate, are located at
nearly the same temperatures for that cooling rate.
PEref samples show similar crystallinity as PECE
samples, as it is determined from heat of fusion (68.4%
for PEref and 68.9% for PECE samples). With that
cooling rate most of the crystallization takes place in
the upper part of regime 111, where the macromolecules
are only slightly pulled from the melt by crystallization
forces and the spherulite growth rate in PECE samples
is only slightly increased due to disentanglement.

With higher concentration of primary nuclei the PEref
samples crystallize with a rate similar to the rate for
PECE samples.

Nonisothermal crystallization with a faster cooling
rate of —70 °C/min starts earlier and is completed faster
in PEref samples than in PECE samples (see Figure 14
where the true differencial thermogram is depicted).
Most of the crystallization is finished before massive
homogeneous nucleation onset at a temperature of 86—
88 °C.36:37 |n spite of different temperature ranges of
crystallization, the crystallinity degrees are very similar
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Figure 16. GPC traces recorded for HDPE Petrothene after

high-pressure crystallization: (—) 235 °C, 630 MPa, 1 h (PECE
sample); (- - -) 235 °C, 250 MPa, 1 h (PEref sample).

for both types of samples (heat of fusion for both samples
at the level of 204 J/g and the peak melting temperature
of 132.9 °C).

Conclusions

The possibility of obtaining a linear polyethylene melt
in which the macromolecular chains are disentangled
is shown on the basis of the reptation theory and is
verified experimentally. The chains in polyethylene
before melting are disentangled owing to chain exten-
sion, occurring in pseudohexagonal condis mesophase
during previous high-pressure crystallization of the
samples. Large chain-extended crystals contain no
entanglements, and the degree of crystallinity of such
material is very high (about 93 wt %). Because the CE
crystal basal surfaces contain very few chain folds, it is
suggested that on melting the chains are subject to the
entropy driven coiling only, which does not increase
markedly the number of tight entanglements.

The optimal conditions of the high-pressure crystal-
lization are determined, taking into account the maxi-
mal resulting chain extension and the minimal degra-
dation that may affect the samples.

The crystal growth rate in regime Il melt crystalliza-
tion is shown—on the basis of the crystallization theory
including reptation—to be sensitive to the extent of melt
entanglement. The growth rate measured during iso-
thermal crystallization from melts of chain-extended
samples proved to be significantly higher than in the
case of reference entangled samples.

The time for a complete re-entangling of the melt is
evaluated as 20—30 min, on the basis of spherulite
growth rate dependence on the time of previously
disentangled melt annealing at 160 °C. Restoring of the
spherulite growth rate to its normal level in chain-
disentangled samples requires approximately 45 min at
126 °C. It follows that renewing of chain entanglement
at 126 °C occurs over a longer time than at 160 °C in
the melt-annealing experiment. The activation energy
for reptation, determined from these data, is roughly
25 kJ/mol.

Preparation of disentangled samples—via high-pres-
sure crystallization—is supposed to inactivate a large
part of the heterogeneous nuclei: a decrease in primary
nucleation density in crystallization from the disen-
tangled melt with respect to normally entangled samples
is observed. Melt annealing of chain-disentangled
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samples led to reestablishment of the number of pri-
mary nuclei to the level characteristic for reference
entangled polyethylene. At 160 °C the nuclei concentra-
tion recovers after 25—30 min of melt annealing. The
possible reason for lower concentration of nuclei in
chain-disentangled polyethylene is the high mobility of
macromolecules in the condis phase under high pres-
sure. Since primary nuclei in polyethylene active above
90 °C have heterogeneous character, then due to in-
creased chain mobility macromolecules desorb from
impurities and most of the heterogeneous nuclei lose
their activity. Melt annealing at atmospheric pressure
renews the adsorption of macromolecules on impurities,
and the nuclei concentration is restored to its regular
level. The 25—30 min required for nuclei recovery at 160
°C is the time necessary for significant displacement of
macromolecules in the melt by thermal reptation (tube
renewal).

The differences between overall isothermal crystal-
lization of PECE and PEref samples are considerable
at moderate undercooling. In spite of significantly lower
number of primary nuclei, the samples with disen-
tangled chains crystallize faster than the reference
chain-entangled samples. The difference results from
faster crystal growth rate in chain-disentangled poly-
ethylene.

At larger undercooling, in nonisothermal crystalliza-
tion with the cooling rate from —20 to —70 °C/min, the
differences between chain-disentangled and chain-
entangled polyethylene samples are low. It results from
the following facts:

(i) The vast portion of crystallization occurs in regime
Il of crystallization in which the chain fragments
moved by crystallization forces are shorter than the
chain fragments between the entanglement knots.

(i) The differences in heterogeneous nucleation be-
come less evident at a faster cooling rate.

The morphology of samples crystallized from the
chain-disentangled melt is significantly different than
those crystallized from the chain-entangled melt. Non-
banded structures are seen in PECE samples while well-
developed banded spherulites are characteristic for
samples with saturated entanglement density. At the
higher resolution obtained by AFM, it is seen that the
internal structure of PECE spherulites is coarser and
spherulite centers are visible, but radial arrangement
is less than perfect and the interspherulitic borders are
not well discernible in all directions with respect to the
spherulite centers.

Long periods determined for both types of samples
are equal: approximately 34 nm independently of the
method of determination, SAXS or AFM. The crystal
size determined from AFM is also consistent with these
data if the crystallinity degree is taken into account. It
seems then that the thicknesses of lamellae as formed
during crystallization are not controlled by such kinetic
factors as entanglements.
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Appendix I. Experimental Precautions

Two important side effects were considered when
measuring spherulite growth rate.

1. Regions of negative pressure in the melt have been
previously observed during crystallization of thin polypro-
pylene and polyethylene films, placed between two
microscope glasses.3! Negative hydrostatic pressure,
caused by melt deficiency in regions closed by impinged
growing spherulites, leads to local growth rate lower-
ing.38 The possibility of negative-pressure-induced growth
rate lowering was taken into account, and the measure-
ments were limited to the specimen regions of evidently
unrestricted melt inflow, i.e., a single spherulite or a

group of spherulites with no pockets of melt surrouded
by growing spherulites.

2. The crystallization process can be also affected if
crystallizing melt is subjected to shear.3® There are two
possible sources of shear in the measurements’ condi-
tions. If the region of melt deficiency is located near the
specimen border, an influx is likely to occur, causing a
local melt flow and shear. A fast temperature change
may also cause significant shear in polyethylene melt
in contact with microscope glass—because of a difference
in thermal expansion coefficients of the two. The rate
at which the specimens were cooled to the crystallization
temperature (—15 °C/min) was therefore a compromise
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Figure 18. Exemplary lamellar thickness measurement for the high-pressure crystallized HDPE Petrothene sample, performed

on the basis of the height line profile.
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Figure 19. DSC endotherms recorded during heating the
polyethylene samples at 10 °C/min: (1) virgin HDPE Petroth-
ene, (2) PEref HDPE Petrothene, (3) PECE HDPE Petrothene,
(4) PECE obtained from the 38 400 HDPE fraction, and (5)
PECE obtained from the 88 500 HDPE fraction.

between the desired reduction of time needed to reach
the T, after melt annealing (2.6 min in the case of
cooling from Tann = 160 °C to T, = 121 °C, at a rate of
—15 °C/min) and the necessity of eliminating the effect
of shear in cooled melt.

Because of the above effects, specimens suitable for
accurate growth rate measurements were carefully
chosen and a suitable number of measurements were
performed, so as to ensure the satisfactory statistics of
the results.

3. A prolonged exposure of polymer to high temper-
ature may cause various degradation reactions like
depolymerization, cross-linking, or thermal oxidation,
leading to polymer molecular weight modification or
microgel formation. In the case of polyethylene, the
molecular weight lowering caused by depolymerization
becomes significant at temperatures above 290 °C,
which exceeds the temperature range applied in this
study. The thermal oxidation on the other hand, al-
though it takes place at much lower temperatures
(heating polyethylene at 190 °C for 2 h causes signifi-
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Figure 20. SAXS profiles recorded for PECE from Petrothene
(—) and PECE from the 88 500 fraction (- - -).

Table 2. Values of Number and Weight Molecular Weight
Averages, M, and M,,, Respectively, and Polydispersity
Indexes, As Determined from GPC Analysis of HDPE
Petrothene Samples, Virgin, PECE, and PEref

sample Mp x 1073 My x 1073 Mw/Mpn
virgin polymer 11.7 55.5 4.77
PECE 13.2 58.1 4.40
PEref 12.2 56.4 4.64

cant molecular weight modifications), is stopped by
antioxidants present in the commercial grade polyeth-
ylene used in this research. The oxidation tests, con-
ducted according to the European Norm EN 728, showed
that this polymer is thermally stable in an oxygen
atmosphere at 190 °C for about 10 min. During high-
pressure crystallization, very tight sealing of the cell
eliminates the access of the oxygen to the sample. It is
thus expected that the antioxidants present in the
sample efficiently stop the oxidation caused by slight
amounts of oxygen remaining in the sample after
compression. The oxidation tests conducted after crys-
tallization at the conditions given above (235 °C, 630
MPa, 1 h) show that a substantial amount of antioxi-
dants still exist in a sample. This implies that thermal
oxidation did not occur during high-pressure crystal-
lization. A higher crystallization temperature or longer
crystallization time result in a loss of thermal oxidation
resistance, which indicates that some degradation might
have happened in these cases. The extent of degradation
was also monitored by means of isothermal crystalliza-
tion runs performed in the DSC apparatus. The crystal-
lization ability of a sample, reflected by the magnitude
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Table 3. Values of the Lamellar Thickness, I*, Estimated
on the Basis of the DSC Melting Peak Position, T,
Compared to the Relevant Fully Extended Chain
Lengths, Imax®

Tmoy me I*, Imax, va
sample Muw °C °C nm ntm wt%

PE-HD Petrothene
virgin polymer 55000 145.1 131.8 20 100 615
PEref 55000 145.1 135.1 30 100 725
PECE 55000 145.1 1435 170 100 92.3

PE-HD Fractions
38400 144.3 143.0 210 320 90.0
88500 1453 1449 670 740 91.0

aThe values of the equilibrium melting temperature are
estimated from the Hoffman—Weeks plot for the HDPE Petrothene
and interpolated from the data by Hoffman et al.,** of T for
fractions, assuming Tm%(») = 146.0 °C. The degree crystallinity,
X, is evaluated on the basis of the DSC thermograms.

Table 4. Crystallographic Data Obtained from
Deconvolution Analysis of WAXS Patterns for PE-HD
Petrothene Samples

peak peak
crystallographic position width, crystallinity,
sample plane 20,deg deg %
virgin polymer (110) 21.6 0.13
(200) 24.1 0.18 74
(010) 19.4 0.11
(110) 21.6 0.09
(200) 24.1 0.11 86
(010)2 19.3 0.07
PECE 88 500 (110) 21.6 0.07
(200) 24.2 0.10 87
(010) 19.4 0.07

a Triclinic form.

of the exothermal effect recorded during crystallization,
proved to decrease with increasing severity of the
previous thermal treatment (Figure 15).

The set of high-pressure crystallization parameters
chosen for the preparation of samples used in further
study ensured the minimum extent of degradation that
might have affected the CE material.

The GPC measurements were performed using a
Waters 150-C apparatus equipped with a differential
refractometric detector and Waters HMW-7 and HMW-
6E columns at 142 °C. Samples were dissolved in 1,2,4-
trichlorobenzene at 142 °C for 25 h. The analysis,
performed on PECE and PEref samples—see Figure 16
and Table 2—confirmed that high-pressure conditions
chosen in this work do not cause any significant changes
in the molecular weight distribution (within experimen-
tal error). The slight increase in M, is attributable to
filtration of microgels during the GPC experiments.

Appendix 11, Characterization of PECE and
PEref Samples

The morphological features of high-pressure crystal-
lized material, as revealed by atomic force microscopy
(see Figure 17), are characteristic of CE polyethylene
crystals, investigated earlier in detail by Bassett and
co-workers?” and—more recently—by Wunderlich and co-
workers.28 Randomly oriented stacks of thick lamellae
and a lack of any radial (spherulitic) arrangement of
crystals are typical for these samples. The average
lamellar thickness, I*, estimated on the basis of the
topographical line profiles (Figure 18), is on the order
of 380 nm for the Petrothene PECE samples.

Crystallization of Polyethylene from Melt 931
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Figure 21. WAXS profiles and separated peaks: (a) virgin
HDPE Petrothene film; (b) PECE obtained from HDPE Pe-
trothene crystallized at 235 °C, 630 MPa; (c) PECE obtained
from the HDPE 88 500 fraction crystallized at 237 °C, 630
MPa. Key: (—) experimental profile; (-++) calculated profile and
resolved peaks. Peaks correspond to the orthorhombic and
triclinic phases of PE. The crystallographic planes are indexed
in parentheses; the amorphous halo of each sample is labeled
with 6.

The average lamellar thicknesses of the PECE and
PEref samples were also determined, in a more com-
prehensive way, by means of the DSC melting records.
In Figure 19, a set of endotherms recorded for various
types of samples is shown. The values of I*, calculated
on the basis of eq 3, are presented in Table 3. The crystal
thicknesses are compared to the relevant fully extended
chain lengths for polyethylene of M,, = 55 000, which
was used in this work.

The remarkable increase in the melting temperature
at atmospheric pressure of the pseudohexagonal phase
grown crystals is due to their high thickness—the
depression of T, resulting from their nonequilibrium
size, is much lower than in the case of polyethylene
crystallized under normal conditions. The comparison
of the lamellar thicknesses with pertinent chain lengths
indicates that a major part of high-pressure formed
crystals contains completely or largely extended mac-
romolecular chains. Also their degrees of crystallinity,
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shown in Table 3, are very high (over 92 wt %).

The additional characterization of the PECE and
PEref samples involved basic SAXS and WAXS struc-
tural analysis and a density-based crystallinity level
determination.

No maxima can be resolved in the SAXS diffracto-
grams recorded for the PECE samples (see Figure 20).
As the lamellar morphology of the samples was dem-
onstrated by the AFM images, it is reasonable to
consider that the long period that could be detected by
the SAXS measurements exceeds the experimental
setup resolution (80 nm).

The WAXS profiles recorded were subject to a proce-
dure of separation of the amorphous halo and reflections
originating from main crystallographic planes of the
lattice. The deconvolution program, described in detail
in refs 24 and 40, allows one to calculate—within a
predetermined range—the positions of the reflections,
their widths and heights, and, consequently, the degree
of sample crystallinity. The experimental profiles and
separated peaks are shown in Figure 21. The profiles
are typical for a polyethylene orthorhombic unit cell.
The positions and half-widths of three resolvable reflec-
tions, corresponding to the diffraction on the (110) and
(200) planes of the orthorhombic system and the (010)
plane of the triclinic system are listed in Table 4. Also,
the degrees of crystallinity of the samples, calculated
as the ratio of the sum of integrated intensities of the
reflections coming from the crystalline phase to the total
scattered intensity (corrected for absorption, polariza-
tion, and background) are shown in this table. The
crystalline reflections of the high-pressure crystallized
samples are much narrower than those of virgin poly-
mer and only slightly overlap. Thus, the perfection of
crystals in PECE samples is much higher than in
regular polyethylene; the same also holds for the degree
of crystallinity.

The degrees of crystallinity of the PECE and PEref
samples, calculated on the basis of the density measure-
ments (assuming the densities of the crystalline phase,
pe = 1.0020 g/cm?3, and of the amorphous phase, pa =
0.8531 g/cm? (ref 41), evidenced that the PECE samples
are highly crystalline: X/PECE = 93.0 wt % and XPEref
= 75.6 wt %, respectively.
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