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Abstract

The melting and crystallization behaviour of metallocene-catalysed commercial poly(etepletene) was investigated by conven-

tional and temperature-modulated differential scanning calorimetry (d.s.c. and TMd.s.c.) and by temperature-resolved wide angle X-ray
scattering. The thermal behaviour of the copolymer is characterized by a very broad melting and crystallization range. Both the melting and
the crystallization are complex transitions of at least two processes with different kinetics. On decreasing the temperature, crystallization
starts with the formation of a separate crystalline phase and continues gradually with development of an amorphous—crystalline mesophase
until the glass transition is reached. In TMd.s.c., the formation of the crystalline phase is seen as an irreversible, non-reversing process,
whereas the glass transition gives a reversing heat flow signal. Similarly, on heating, the melting process is initiated after traversing the glass
transition as a largely reversing process, followed by melting of the crystalline phase with non-reversing character in a narrower temperature
range.© 1999 Elsevier Science Ltd. All rights reserved.
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1. Introduction and the macroscopic properties. The chain configuration is
directly correlated to the density, which can be used to

In 1993 the DOW Chemical Company commercialized a classify the copolymers: a density higher than 0.93 gtm
new class of linear low density polyethylene (PE) under the (0 mol% comonomer content) is correlated to PE with a
trade name Engage. This copolymer of ethylene and octenetypically lamellar and spherulitic superstructure. Samples
is synthesized using new, homogeneous, single-sitewith a density between 0.93 and 0.91 g ¢im(approxi-
catalysts resulting in a uniform length of the branches, a mately up to 3 mol% comonomer) show a finer lamellar
very random distribution of the comonomer along the back- and spherulitic morphology. In the density range between
bone, a unique distribution of the comonomer in different 0.91 and 0.89 g ci? (approximately up to 8 mol% como-
chains and a very narrow molecular weight distribution. The nomer) the material contains a mixture of lamellar and bun-
distribution of the comonomer along the backbone, the dle-like crystals. Finally, a density lower than 0.89 g¢m
length of the branches and the comonomer concentrationis related exclusively to fringed-micellar structures [4].
are important parameters of the chain configuration and Taking into account the density 0.852 g chof completely
are determining the crystallization behaviour, including amorphous PE, the crystallinity can reach values of
the ultimate crystallinity of the polymer and, therefore, the nearly zero, resulting in extraordinary macroscopic proper-
macroscopic properties [1-3]. ties [1-6].

Due to the availability of PE copolymers with this well- The thermal behaviour of such copolymers, which is the
defined chain architecture, investigations were performed tofocus of this work, is, thus, strongly influenced by the
correlate the chain configuration (characteristics of branch- comonomer content. In the investigation of Bensason et al.
ing) with the supermolecular structure (type, amount and [4] the melting temperature decreases systematically with
quality of the crystalline as well as amorphous phases) increasing octene content from 411 K in the homopolymer

with a density of 0.955 g cA? to 331 K in the copolymer
“TCurrent address: Department of Chemistry, The University of Tennes- With a density of 0.8724 g cm (12.3 mol% octene). Addi-
see, Knoxville, TN 37996-1600, USA. tionally, the melting range was broadened towards lower
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temperatures allowing recrystallization/aging at ambient The peak at 200(26) points to a denser structure than the
temperature. For samples with a lower comonomer content,isotropic liquid-like phase (and thus a more ordered phase).
the heat of crystallization showed an increase with decreas-Mathot et al. [18] also measured the X-ray diagrams of a
ing cooling rate, although the heat of fusion was not affected homogeneous ethylene—octene copolymer with 13.6 mol%
systematically, probably caused by recrystallization/aging octene content. Probably, due to the slightly lower octene
at ambient temperature. In copolymers with a higher octene amount the 110 and 200 peaks could be detected very weak
content (= 8.2 mol%) no effect of the cooling rate on the as well as a strikingly sharp halo. Regardless the very weak
thermal behaviour was measured. The recrystallization of X-ray scattering by the crystalline phase, a crystallinity of
ethylene—octene copolymers was investigated in more 24 and 12% at 233 and 298 K, respectively, was calculated
detail by Minick et al. [7]. Samples were annealed for 1 h based on d.s.c. data. If the comonomer content is decreased
at various temperatures within the melting range, quenchedto 9.8 mol% the 110 and 200 reflections were observed, as
to 223 K and characterized via the subsequent differential in standard PE [14].
scanning calorimetry (d.s.c.) heating scan. The occurrence In this paper heat capacity measurements and tem-
of a broad endotherm below the annealing temperature wasperature-resolved wide angle X-ray measurements on poly
assigned to the melting of crystals containing shorter (ethyleneeo-octene) with an octene content of 7.3 mol%
ethylene sequences whereas the relatively sharp as well aare described. The experiments focused on the determina-
a third broad endotherm above the annealing temperaturetion of the temperature range of the melting and the crystal-
were explained by the incorporation of longer ethylene lization and its kinetics, and the correlation of macroscopic
sequences in crystallites which are present at the annealingd.s.c. with structural X-ray data. The heat capacities were
temperature. The heat of melting does not vary with the measured by conventional d.s.c. and temperature-modulated
annealing temperature. Earlier d.s.c. studies of the (appar-d.s.c. (TMd.s.c). The TMd.s.c. was primarily used to sup-
ent) heat capacity on different ethylene—octene copolymersport the results gathered by d.s.c., but was also applied to get
(approximately 8 mol% octene) by Mathot et al. [8] have more information about the kinetics of the phase transitions.
shown that at the glass transition the melting process beginsThe temperature-modulation, described by the parameters
and the crystallization process ends. The appearance ofperiod, amplitude and underlying heating rate, allows a
several peaks in the d.s.c. scans in the investigated verymore accurate determination of the heat capacity and the
low density PE (0.888 g ci) was interpreted by the exis-  separation of processes with different kinetics [19—21]. The
tence of varying amounts of the comonomer in different modulated raw heat-flow data are deconvoluted by Fourier
chains (intermolecular heterogeneity), in contrast to homo- transformation [22] into the total heat flow (caused by the
geneous copolymers where no multiple peaks were underlying heating rate; the average, corresponding to con-
observed. In general, it is assumed that in those copolymersventional DSC data) and the reversing heat flow (caused by
the short chain branches are not incorporated in the crystal-the modulation; the cyclic component). The difference is the
line phase, and the two-phase model is widely acceptednon-reversing heat flow, indicating the contribution of all
[4,8]. However, full exclusion of side chains from the kinetics events which can not follow the modulation.
(folded chain) crystal is not generally agreed upon [9,10]. Empirically it was found that: (1) the glass transition
Occasionally, d.s.c. traces on PE show a discontinuousappears in the total and reversing component of the heat
crystallization, i.e. a discrete peak and a more or less smoothflow; (2) the crystallization process appears in the total
post-crystallization [8,11,12]. The discontinuous character and non-reversing component, but not in the reversing com-
of the anisothermal process could be explained by second-ponent of the heat flow; and (3) the melting process may be
ary crystallization and crystal perfection [13], but less effort visible in all three components of the resolved raw data [23].
has been made to discuss a possible improvement of theWhereas the glass transition was investigated quite inten-
order within the remaining amorphous phase or even a crys-sely by TMd.s.c. [21,24-26], this method was applied less
tallization in a separate crystalline phase. These different often to the melting and crystallization processes. Recently,
processes cannot safely be separated due to the phasejuasi-isothermal experiments on poly(ethylene terephtha-
integrating character of the d.s.c. method. However, in late) [27] and poly(oxyethylene) [28] were published to
accordance with the two-step crystallization process discuss the melting process by comparing apparent rever-
observed by d.s.c., additional phases have been found insing heat capacity data with the expected, theoretical heat
PE by X-ray scattering [14,15] or Raman spectroscopy capacities. In this work an attempt is made to use TMd.s.c.
[16], and for other polymers, using d.s.c., by the shift of to elucidate the complicated crystallization and melting
the glass transition temperature due to a changed amounbehaviour of poly(ethylenee-octene). It is attempted to
of the so-called rigid—amorphous phase [17]. McFaddin overcome the main drawback of the d.s.c. method with
et al. [14] investigated homogeneous ethylene-1-octenetemperature-resolved WAXS, which is the integrating
copolymers containing 15 mol% 1-octene by wide angle character of the heat flow signal over the whole sample.
X-ray scattering (WAXS), and could not find any scattering In this way, it will be possible to permit the assignment of
caused by an orthorhombic crystalline phase, but two temperature-induced structural changes in the different
amorphous bands at 19.7 and®°2@6, CuK, radiation). phases.
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2. Experimental cooling rate in temperature-dependent experiments was
2Kmin™t. All measurements were performed under
2.1. Material vacuum. The sample position in heating and cooling experi-

ments was checked using a calibration standard. For data
A commercial ethylene—octene copolymer (ENGA®E  collection and data reduction the software package APX 63
8200) from the DOW Chemical Company was used. The (FPM) was used [31].
as-received granules were processed af@30 films of
0.5 mm thickness. The material was synthesized by the
INSITE™ technology and is characterized by the following 3. Results and discussion
parameters (Table 1) [1]:
Fig. 1 shows the heat capacity of amorphous and crystal-
2.2. Instrumentation and experimental details line polyethylene in dependence on temperature as docu-
mented in the ATHAS data bank [32] and values of
Conventional d.s.c. and TMd.s.c. were performed on a poly(ethyleneeo-octene) measured by conventional d.s.c.
Mettler Toledo DSC 820. The sample mass was #0 during heating and cooling. The measured data represent
0.5mg in all experiments. The sample was purged with apparent heat capacities due to possible contributions to
dry nitrogen at a flow rate of 80 ml mitt (recommended the heat flow from enthalpy changes by melting or crystal-
by Mettler Toledo). For cooling, the liquid nitrogen acces- lization [33]. The measurements were performed in a tem-
sory of the device was used. Additionally, the furnace was perature range between 173 and 393 K to get data also at
purged with dry air at a flow rate of 200 ml mih Heat temperatures where definitely no latent heat changes occur.
capacities by conventional d.s.c. were determined using The experimental values below the glass transition (237 K)
blind curve subtraction and sapphire calibration. The heat- [34] and in the melt agree well with the data of the ATHAS
ing rate was 10 K min'. TMd.s.c. experiments were per- data bank. Between the glass transition and a temperature
formed with a sinusoidal oscillation of the furnace where the material is melted, the apparent heat capacity is
temperature with different modulation parameters as dis- different from the ATHAS values, indicating possible phase
cussed in the text. Preferred parameters are a period ofchanges. During heating, the melting process seems to start
1.8 min and an amplitude of 1 K. In anisothermal tempera- at 240 K, i.e. immediately above the glass transition, and is
ture-modulated experiments an underlying heating rate of finished at 355K (end of melting). The temperature-
1 K min~* was added. Sapphire was used for the heat-flow dependence of the enthalpy-based crystallinity [18,35] was
calibration at least once before or after each run. In general,calculated for the second heating scan as shown in Fig. 1.
all experiments were performed several times (dependingThe crystallinity is 24% at 240 K and decreases con-
on the type of experiment). Furthermore, the Mettler Toledo tinuously to a value of 14% at 298 K and finally reaches
TA 8000 software, with the options (1) heat capacity by zero at 355K (Fig. 2). The crystallization process during
sapphire and (2) alternating d.s.c., was applied for datacooling (Fig. 1) begins at 323 K (onset) and covers the

reduction [30]. temperature range down to the glass transition. The crystal-
Wide angle X-ray data (WAXS) were recorded by an lization seems to consist of at least two different processes,
URD 63 diffractometer (FPM) using Ni-filtered CyKadia- indicated by the sharp peak at 318 K (maximum) and a more

tion. The measurements were performed in the reflection
mode. The diffractometer was equipped with a temperature

chamber (Paar KG) and a position-sensitive detector (PSD) 100 + ATHAS crystaline_experimenal
(Stoe, FPM). The temperature of the sample holder in the s ATHAS amahous e

H ly(ethylene-co-octene).cooling
chamber was programmed by a controller. The heating and ~ 8o} B otione-co-actane) reating

S

Table 1 E
Characteristics of poly(ethylerms-octene) ENGAGE" 8200 5_" 60 -
Comonomer content (wt%) 24 %
Comonomer content (mol%) 7.3 % 40 -
Density (g cn®) 0.87 o
Melt flow index (190C, 2.16 kp) (dg min™) 5 E 20 L
Melt flow ratio (10.0 kp/2.16 kp) (-) 7.1
Dow rheology indeX (-) 0.5 o
Molecular weight (g mot?) 78420 0t
Polydispersity (—) 2.3% L L L ! L |
Hexyl branches/1000 C (backbone) (=) 36.6 0 100 200 300 400 500
C (backbone)/hexyl branch (-) 27.3 Temperature (K)
ZSensitive to long chain branches [29]. Fig. 1. Heat capacity of poly(ethylerm-octene) in dependence on
Own data.

temperature.
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Table 2
0.30 |- Change of the overall heat of fusiasl;) and of the maximum temperature
of the annealing peaki() in dependence on the storage tin)eat ambient
0.25 - temperature
t (min AHs (% Ta(K
020 L (min) i (%) 2 (K)
= 0 0 -
% 015 - 5 0.4 304.7
g 15 0.7 305.3
© 010 60 13 306.8
960 1.7 3125
0.05
0.00 L equation:
! L L L L 365 365
240 270 300 330 360 ; 0
Temperature (K) Cp(T)dT - Cp(T)dT
Fig. 2. Temperature dependence of the enthalpy-based crystallinity of AH;(t) = 205 20 *100%

poly(ethyleneeo-octene) during heating.

smoothly running process afterwards. Very weak crystal-
lization peaks can be found at temperatures of about 285

365

J co(T)dT
205

and 290 K which are not reproducible in temperature and In this equation i(T) is the temperature-dependent heat

heat of crystallization.

capacity of the sample which was stored a time t and
0

Fig. 3 summarizes the influence of thermal history on the Cp(T) is the temperature-dependent heat capacity of the
melting behaviour of the copolymer. The sample was stored Non-stored sample. The changes with storage time give
for different times at ambient temperature, resulting in a e to the assumption that structural rearrangements are
systematically changed structural state before the subsePossible at room temperature. Obviously, the material is
guent heating scan which starts below the glass transition.not in equilibrium. One cannot distinguish with certainty
Those heating scans show a decrease in the endotherm Aetween recrystallization and annealing [13] or a mixture
approximately 300 K, immediately followed by an increase of both, but the data in Table 2 suggest that during storing at
that develops into a typical annealing peak. With storage @mbient temperature the crystallinity increases by crystal
time the overall heat of fusion and the temperatures of the Perfection, i.e. annealing of already existing crystallites.
annealing peak are shifted to higher values, as shown inIn the case of a recrystallization, the areas of the ‘exother-

Table 2.
The percentage increase of the overall heat fudidnfor
a particular storage timewas calculated by the following

storage time (min)

960
60
15
5

0

Heat capacity

200 240 280 320 360

Temperature (K)

Fig. 3. Standard d.s.c. heating scans of poly(ethyamectene) after stor-
ing for different times at ambient temperature.

mic’ and endothermic peak should be equal as well as the
overall heat of fusion, which are obviously not. Due to
the annealing process before the subsequent heating scan
the material is already in a state of higher crystallinity,
otherwise the overall heat of fusion would not be larger.
The annealing peak occurs at a lower temperature than the
main melting at 355 K, probably due to the smaller size of
the additional crystallites. An explanation for the down-
wards shift of the heat flow on heating could be an missing
melting endotherm, caused by the changed crystal morphol-
ogy during annealing. The annealed crystals melt at a higher
temperature, as indicated by the additional endotherm at
slightly higher temperature (annealing peak). The shift of
the annealing peak towards a higher temperature with a
longer annealing time also points to crystal perfection and
crystal growth rather than the formation of new crystals
[36]. The crystals that melt at higher temperatures after
longer annealing times are larger and/or more ordered
than those formed after shorter annealing times. A simple
crystallization into new crystallites of uniform size and
order would result in melting at a constant temperature.
The importance of kinetic factors in the crystallization
process is substantiated by a distinct dependence of the X-
ray crystallinity (at room temperature) on the cooling rate,
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Intensity

-1 K/min
-2 K/min
-5 K/min
-10 K/min
-20 K/min

10
Scattering angle 26 (deg)

Fig. 4. Wide angle X-ray diagrams of poly(ethyleog-octene) after cool-
ing at the indicated rates.

as is illustrated in Fig. 4. The X-ray diagrams in Fig. 4 were
taken immediately after controlled cooling of the samples
with the indicated cooling rates. The marked peak, which
can be assigned to the (110) lattice plane of the orthorhom-
bic unit cell, decreases in its intensity with increasing cool-
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Fig. 6. Modulated heat flow and reversing heat capacity of poly(ethylene-

ing rate and disappears almost completely at a cooling ratec®0ctene) as a function of modulation period.

of 20 K min~%. The result demonstrates the strong influence
of the crystal perfection on the kinetics of the crystalliza-

in contrast, almost independent on cooling rates, particu-

tion. The d.s.c. scans in dependence on the cooling rate arelarly if one considers the main crystallization peak seen in

Heat flow (W g”)

per(60 s)amp(0.1 K)
per(60 s)amp(0.5 K)

", per(60 s)amp(1 K)

0.5

Reversing heat capacity (J K' mol”)

500 1000

Time (s)

1500 2000

Fig. 5. Modulated heat flow and reversing heat capacity of poly(ethylene-
co-octene) as a function of modulation amplitude.

Fig. 1. One must conclude that most of the changes in the X-
ray diagram are thus improvements in the crystal structure,
rather than a major increase in crystallinity, which would
have also been seen by d.s.c.

Figs. 5 and 6 show results of quasi-isothermal TMd.s.c. at
373 K, to identify optimal modulation conditions, i.e. modu-
lation period and amplitude. The choice of correct modu-
lation parameters is a prerequisite to assure steady state,
even during the slow structural changes. The tests indicate
that with increasing temperature amplitude the noise in the
reversing heat capacity is reduced (Fig. 5), and that with an
increased period steady state is reached earlier (Fig. 6).
Based on these experiments a temperature amplitude of
1K and a period of 108 s were selected, considering also,
that in cooling experiments the rates must be realized down
to 173 K. Steady state must also be reached sufficiently fast
to separate the different time-dependent processes.

In Fig. 7 plots are shown of the reversing heat capacity
measured by TMd.s.c. (thick lines) and standard d.s.c. (thin
lines, see also Fig. 1). Heating is indicated by the dashed
lines and cooling is represented by solid lines. The total heat
capacity from the modulated d.s.c. experiment was not used
due to uncertainties in the baseline correction; however, the
standard d.s.c. experiment corresponds to the total heat
capacity in the modulated scan. It is evident from this plot
that during cooling several crystallization processes occur.
The discrete peak at the beginning of the crystallization only
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100 - 50 |
total cp.cooling

- - - -total cp.heating i
80 reversing cp.cooling g

¢g = = =-reversing cp.heating T 40
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g 2 | % 20 [ quasi-isothermal.cooling
5] [ quasi-isothermal.heating
5 anisothermal.cooling
ok e 10 anisothermal.heating
1 1 | 1 | 1 1 1 1 1 1
200 250 300 350 400 150 200 250 300 350 400
Temperature (K) Temperature (K)
Fig. 7. Heat capacity of poly(ethyler@-octene), measured by TMd.s.c.  Fig. 8. Reversing heat capacity of poly(ethylez@ectene) measured by
(reversing heat capacity) and standard d.s.c. (total heat capacity). standard and quasi-isothermal TMd.s.c.

) . . ~ the instrumental and structural steady state is not reached
appears in the total heat capacity and not in the reversingjmmediately. The bar covers 20 cycles, which corresponds
heat capacity, i.e. this process is non-reversible and con-iq 36 min (20 cyclesx 108 s period). After this time the
tinues to approximately 255 K (the end of the process can- heat capacity change is negligible, but not yet constant. In
not unamblguous_ly be deflned)._Howeve_r, at approximately e cooling run at 313 K, the change wa<% after 80

328 K the reversing heat capacity also increases, probably,qgitional cycles. The heat capacity decreases with time at
as a result of a second exothermic process which continuess5ch temperature, both in the heating and cooling experi-

over a wide temperature range. This i.s in contrast to the ments, except at 333 K in the cooling run (last bar) where
more frequently measured non-reversing character of theihere is an increase of the reversing heat capacity, probably
crystallization, especially if the process occurs in a narrow ingicating continual crystallization. The downwards shift of
temperature range. However, if the process continues over &ne heat capacity must be explained by structural changes
wider temperature range even a non-reversing process couldince the changes due to instrument effects are zero after

contribute to the first harmonic of the Fourier transforma- only few cycles when measurements are made at tempera-
tion. A periodic heat flow during each cooling cycle would  {;res outside the transition. In the experiments in the
cause additional crystallization by the underlying heating melting/crystallization range the partially reversible charac-

rate. As will be shown below by quasi-isothermal experi- ey of the crystallization and melting process can be verified.
ments, this contribution can be neglected at temperaturesa non-reversible process as considered in the discussion of

below 300 K. The heating scan supports the assumption ofihe reversing heat capacity during cooling in Fig. 7 can now

a continuous melting above the glass transition and appears,e neglected by avoiding a periodic heat flow due to the
mainly in the reversing component of the heat flow. Larger

deviations between the underlying and reversing heat
capacity can be seen in the end of the melting process as a
separate shoulder. It is straightforward to assume that this
melting (with a different kinetics than the continuous melt-
ing at lower temperatures) is correlated to the crystallization
characterized by a corresponding kinetics, i.e. the first crys-
tallization peak.

In Fig. 8 a comparison is given of quasi-isothermally
measured data with standard TMd.s.c. data. In the heating
experiment each point was collected using the following
temperature program: heating to 393 K, holding 5 min,
cooling to 173 K, heating to the final modulation tempera-
ture. This temperature program equalizes the thermal
history of the sample to make the measurements com- ! ' ' ' ' '
parable. Correspondingly, in the cooling experiment the 10 19 20 % 30 %
sample was molten before each experiment. In the plot Scattering angle 26 (deg)

not only a simple point is drawn, rather the change in Fig. 9. wide angle X-ray diagrams of poly(ethyleoeoctene) and low-
reversing heat capacity with time. This is necessary since density PE.

low density polyethylene
poly(ethylene-co-octene)

Intensity
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underlying heating rate. The percentage to the total change
in heat capacity is somewhat larger than in the experiments cooling (110)
of Okazaki et al. on PET [27], indicating perhaps a poorer -2 Kimin
degree of crystallization.

Fig. 9 shows a qualitative comparison of wide angle X-
ray scans of poly(ethylenes-octene) to that of conven-
tional, heterogeneous low density PE with a density of ,
0.92 g cmi>. The peak maximum positions of the 110 and = 293K
200 interferences of the orthorhombic unit cell in the case of
the low density PE are detected at Zlahd 23.7 (26).
These are typical values for low density PE since the unit ! L ' '
cell is somewhat enlarged due to incorporated and surface
branches [37]. The peaks would appear at 21266 24.05
(20) in the case of an undistorted unit cell with the cell
parametersa = 7.400 A b = 4930Aandc = 2534 A
[38]. In poly(ethyleneco-octene) the peaks seem to be
shifted to even lower angles, which points to an increased
effect of the side-chains on the (orthorhombic) crystalline
phase. The amorphous halo is also different from that of low
density PE in its shape and position. It can clearly be seen
that the amorphous halo of poly(ethylece-octene) has a
sharper or superimposed, additional peak, or a second halo.
Assuming the two-phase model of crystalline and amor-
phous phases would allow to represent the amorphous
phase by a single halo in the WAXS diagram. However, 10 15 20 25 30 35
several investigations have shown that a strict two-phase
model does not mirror the real structure within a semi-crys-
talline polymer and that different mesophases, including the Fig- 10. Wide angle X-ray diagrams of poly(ethylecoctene) in depen-
rigid amorphous phase [39] and the disordered pseudo-hex-dence on temperature during cooling and heating.
agonal phase [40] with a lateral long range order, can exist.

Also, it was found that the position of the amorphous halo at 110 and 200 interferences appear. At slightly lower tem-
ambient temperature, usually set to £42&) [41], is higher peratures, the shape of the amorphous halo changes abruptly
than the linearly extrapolated value from measurements inand gets superimposed by the additional peak (see the
the molten state. In the case of low density PE, the crystal- arrows in Fig. 10). Cooling the sample below ambient tem-
lization-induced changes of the structure of the amorphousperature results in an increase of the integral intensities of
phase can be verified: the position of the amorphous halothe 110 and 200 interferences as well as of the peak due to
was determined by profile fitting to be at 19(26); in the the amorphous—crystalline interphase. The increase of the
case of poly(ethylenee-octene) the profile fitting proce- intensities of the 110 and 200 interferences caused by the
dure was not performed to avoid over-interpretation of the crystalline phase as well as the strong decrease of the half-
data and additional sources of errors due to the increasedwidth of the amorphous halo is evident also in other poly-
number of fitting parameters, as well as missing starting ethylenes, and is not necessarily a typical characteristic of
values for the nonlinear fitting procedure. On basis of the the copolymer [12]. However, an explicit maximum, as
presented X-ray data, final conclusions about the nature andmeasured in the case of poly(ethylecmoctene), was not
cause of the amorphous halo or peak, respectively, cannotobserved as clearly in the case of conventional PE. It is
be drawn. WAXS experiments on oriented samples are in likely that the occurrence of this maximum is an effect of
progress and give further information [42]. the exceptionally low X-ray crystallinity.

Temperature-resolved WAXS experiments (Fig. 10) sup-  The intensities of all peaks increase during cooling. This
port the existence of an amorphous—crystalline interphase,is not caused by further crystallization (in the sense of the
indicated by the additional peak or halo, respectively. In the transition: amorphous to crystalline phase), rather by an
heating and cooling experiment, the sample temperatureimprovement of the internal order. This is unambiguously
was changed continuously with a rate of 2 K mini.e. proved by the heating experiment, which is characterized by
each scan covers 4 K. The thick lines are the diagrams ata continuous decrease of the intensity of the peaks, i.e. the
371, 293 and 246 K in the cooling experiment and 205, 293 state of order in the crystalline phase as well as in the meso-
and 371 K in the heating experiment. The first diagram in phase is in equilibrium with temperature. This process is
the cooling experiment at 371 K shows only an amorphous similar to the effects observed by d.s.c. where the (quasi-
halo. The material is in the molten state. At about 321 K the isothermal reversing) heat capacity is higher than the

Intensity

heating
+2 K/min

Intensity

Scattering angle 26 (deg)
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