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Abstract

Ethylene-propylene (EP) and ethylene-octene (EO) copolymers polymerized with the aid of
homogeneous vanadium and metallocene catalysts were compared by DSC and time-resolved si-
multaneous SAXS-WAXS-DSC at scanning rates of 10 and 20°C min™ using synchrotron radia-
tion. An EP copolymer with a density of 896 kg m™ (about 89 mol % ethylene) after compression
moulding gave orthorhombic WAXS reflections. The crystallinity as a function of temperature
[w°(T)] calculated from these reflections using the two-phase model was in good agreement with
w*(T) calculated from ¢, measurements using DSC. The ¢, measurements also enabled calcula-
tion of the baseline ¢, and the excess ¢,. The SAXS measurements revealed a strong change in
the long period in cooling and in heating. The SAXS invariant as a function of temperature
showed a maximum in both cooling and heating, which could be explained from the opposing
influences of the crystallinity and the electron density difference between the two phases. Two
EO copolymers with densities of about 871 kg m™ (about 87 mol% ethylene) no longer showed
any clear WAXS reflections, although DSC and SAXS measurements showed that these copoly-
mers did crystallize. The similarity between the results led to the conclusion that the copolymers,
though based on different catalyst systems — vanadium and metallocene — did not have strongly
different sets of propagation probabilities of chain growth during polymerization. On the basis of
a Monte Carlo simulation model of crystallization and morphology, based on detailed knowledge
of the microchain structure, the difference between WAXS on the one hand and DSC and SAXS
on the other could be explained as being due to loosely packed cry-tallized ethylene sequences
in clusters. These do cause the density and the electron density of the cluster to increase (which
is measurable by SAXS) and the enthalpy to decrease (which is measurable by DSC) but the clus-
ters are too small and/or too imperfect to give constructive interference in the case of WAXS. Of
an EP copolymer with an even lower ethylene content (about 69 mol%), the crystallization and
melting processes could still be readily measured by DSC and SAXS, which proves that these
techniques are eminently suitable for investigating the crystallization and melting behaviour of
the copolymers studied.
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1. Introduction

Since the first low-density polyethylene, LDPE, was polymerized via a high-
pressure process more than 50 years ago, a wide variety of polyethylene types
has been developed. See Fig. 1 for an overview [1, 2].

Besides LDPE, which is still the most complex polyethylene in terms of mo-
lecular structure, linear polyethylene (LPE) and - via branching of the main
chain — high density polyethylene (HDPE) have been developed. A recent de-
velopment is ultra-high molecular weight polyethylene, UHMWPE, which has
attracted a great deal of interest as base polymer for superstrong polyethylene
fibres.

At the same time, by combining the simple building blocks ethylene, propyl-
ene, 1-butene and 1-octene a wide variety of copolymers have been developed
over the years, with an equally wide variety of properties and applications. An
important structural parameter in polymers, including ethylene copolymers, is
the molar mass distribution. Not only does it largely determine the processabil-
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Fig. 1 Classification of important polyethylene types according to density at room tempera-
ture, chain structure, DSC-curve shape and parameters influencing the crystallization
and melting behaviour
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ity of a polymer in processes such as extrusion (another important parameter
being long chain branching); it also definitely influences the mechanical prop-
erties, see for example [3]. In ethylene copolymers the microchain structure is
also important [1, 4, 5]. First of all, the type of comonomer is an important
variable [6-10]. Another important parameter when it comes to properties is
the amount of comonomer incorporated into the chain. But the dominant influ-
ence is the specific arrangement of the comonomer groups in the chains
[11-17].

Based on the latter parameter two important classes can be distinguished:
homogeneous and heterogeneous short chain branched polyethylenes [1, 16].
Recently there has been a revival of the interest in homogeneous copolymers be-
cause of catalytic developments in this field. In particular by metallocene
catalysis [18-23] in combination with specific polymerization processes a new
class of homogeneous copolymers are currently being developed with proper-
ties different from those of the existing heterogeneous copolymers.

The degrees of freedom that a producer of ethylene copolymers has, are lim-
ited by the catalyst and the available process, such as a gas phase, solution,
slurry or high-pressure process, and it is still difficult to manufacture ‘tailor-
made’ copolymers. Within a particular process the polymerization conditions
and the catalyst used largely determine the molecular structure of the product.
This means that catalysis forms the key to the development of polymers with
specific properties. In practice it is often attempted to influence the property
profile directly via catalysis. The chance of success of such attempts can be in-
creased by making use of the appropriate expertise.

In this connection it should be noted that it is important not only to deter-
mine the properties but also to unravel the molecular structure of the product
and to study its crystallization behaviour and morphology [6, 24, 25]. In the
case of end products, an additional requirement is that the processing step needs
to be optimized in view of its large influence on the ultimate product properties
via such aspects as specific rheology, crystallization under shear/pressure, ori-
entation, etc.

Given the large number of variables that play a role, it is important that ana-
lytical tools be developed which can help steer the development of new types in
a particular direction. Differential scanning calorimetry is one of the techniques
that has served this purpose for years. The reason is that DSC is a readily man-
ageable technique which in a short time can yield an impression of the
(de)vitrification behaviour and the crystallization and melting behaviour [26].
These processes influence the properties of the product, in particular the me-
chanical properties. They are linked to the molecular structure because the
latter not only determines the processing behaviour but also largely determines
the (de)vitrification behaviour and the crystallization and melting behaviour.
Furthermore, in a DSC experiment a sample can be subjected to any time/tem-
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perature programme desired, which means this technique offers a unique op-
portunity to simulate practical conditions relating to both processing and
properties.

Moreover, if sufficient information is available about the relationships be-
tween the various elements of the knowledge chain: molecular structure < >
(de)vitrification, crystallization and melting during processing < > morphol-
ogy <> properties, the DSC technique can be used as a fingerprinting
technique for translating thermal properties into molecular structure (i.e. the
route backwards along the knowledge chain).

The possibilities for clarifying the morphology element of the knowledge
chain have recently been greatly enhanced by the development of high-intensity
synchrotron radiation. The higher intensity (typlcally 10° times the intensity of
conventional sources) shortens the required measuring time to such an extent
that relatively fast crystallization and melting processes can be monitored. Be-
low, ‘dynamic’ SAXS and WAXS measurements are reported which were taken
during cooling and heating at 10 and 20°C min~, the same rates as used in
DSC. This is a tremendous improvement compared with conventional, ‘static’,
X-ray diffraction, where measuring times of the order of 1 hour are no excep-
tion. Such long measuring times give rise to all kinds of undesirable phe-
nomena, such as annealing, reorganization, recrystallization, etc. The combina-
tion of DSC and SAXS-WAXS is thus a powerful tool for the study of crystal-
lization, melting and morphology.

This article contains a report on research relating to the above-mentioned
knowledge chain for homogeneous ethylene copolymers with propylene and oc-
tene as comonomers [27].

2. Experimental
2.1 Techniques
DSC

The measurements were performed with Perkin-Elmer differential scanning
calorimeters, type DSC-7. The aluminium block surrounding the measuring
unit was thermostatted by means of a metal buffer at —130°C. This thermo-
statting took place by means by a pulsating nitrogen supply from the CCA-7
cooling unit of Perkin Elmer. The cooling block of the thyristors of the DSC-7
was thermostatted at 15 to 20°C by a Lauda RM6 cooler. The measuring block
and the glove box surrounding it were flushed with very dry nitrogen.

The temperature calibrations were made with the aid of the melting tempera-
tures of pure indium, tin and lead at 5 and 20°C min™. The temperature
correction for cooling rates was done by mirroring the corrections obtained in
heating using an extrapolation to zero scanning rate. The temperature of the iso-
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tropic < > anisotropic transition of Azoxy anisole was used to check the cali-
bration for both cooling and heating. The energy calibration was performed
using the melting enthalpy of indium and was checked via ¢, measurements of
sapphire in the range measured. All calibrations were performed automatically
by the software program. The sample masses were determined to the nearest

g.

The DSC-7 was linked on-line to a Hewlett-Packard 486/33M computer by
an RS-232 interface. In-house developed software was used for measurement
and evaluation. The digital temperature and measuring signal were scanned at a
frequency of 4 Hz at maximum. In the dynamic range of +/- 320 mW the sig-
nal could be measured within 1 pW. The noise was approx. +/-1 uW peak to
peak.

SAXS-WAXS-DSC

Time-resolved simultaneous SAXS-WAXS-DSC measurements were per-
formed on beam line 8.2 of the SRS at the SERC Daresbury Laboratory,
Warrington, UK. The pin-hole camera was equipped with a multiwire quadrant
detector (SAXS) located 3.5 metres from the sample position and a curved
knife-edge detector (WAXS) that covered 120° of arc at a radius of 0.2 metre.
The scattering pattern from an oriented specimen of wet collagen (rat-tail) was
used to calibrate the SAXS detector and the reflections of an LLDPE were used
to calibrate the WAXS detector. For a detailed description of the storage ring,
radiation and camera geometry and data collection electronics, see earlier pub-
lications [28, 29]. The frames were taken at intervals of 1 and 2°C for the
scanning rates of 10 and 20°C min™ respectively. The experimental data were
corrected for background scattering, sample transmission and the positional
non-linearity of the detectors.

The DSC cell was a modified Linkam THM microscope hot stage, and was
flushed with nitrogen. To enable the synchrotron beam to pass through the sam-
ple, the aluminium DSC pans were modified by punching holes in both the pan
and the lid. These holes were covered with 0.025 mm thick mica windows
which gave a negligible SAXS pattern and only discrete WAXS reflections
which could be rotated out of the direction plane of the WAXS detector. The sig-
nal to noise ratio of the DSC curves obtained during the synchrotron
experiments was inherently lower in comparison to a stand-alone DSC. Never-
theless, the simultaneous measurement of the DSC signal was very useful
because it gave a good indication of and check on the thermal behaviour (via
comparison with results of stand-alone DSC) of the sample and the temperature
calibration during the experiment.

A measure of the variation of the crystallinity of EP copolymer EJ 207 as a
function of temperature was obtained by determining the integrated intensity of
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the WAXS 110 reflection after subtracting the amorphous contribution. For this
purpose, the WAXS patterns of the EP copolymer EJ 198 were used after ap-
plying the same thermal treatment. In this way, the shift of the amorphous pat-
tern with the temperature could be taken into account. The influence of the
comonomer content is small [30].

The SAXS and WAXS patterns obtained were brought to an absolute scale
via an external calibration at room temperature. For this purpose, the samples
were given the same thermal history as during the synchrotron experiments.
Subsequently, the samples were measured at room temperature on an Anton
Paar Kratky type SAXS camera and a Philips PW 1820 Bragg-Brentano type go-
niometer. The absolute SAXS intensity of the sample was determined using a
Lupolen standard, supplied with the Kratky camera. The absolute WAXS crys-
tallinity was obtained by applying Ruland’s method with a computer program
developed by Vonk [31].

2.2 Samples

Molecular structure data and densities
of the ethylene-propylene and ethylene-1-octene copolymers

Sample code  D®C/ W,orWo! X./ [MZEC/ M1 Myl M/

kg m” % % di g™ kg mol™ kg mol™ kg mol™
EP
EJ 207 896 15.1 89.4 1.97 39 120 220
Vanadium based
EO 872 34.2 88.5 3.04 130 240 380
Vanadium based ’ ’ ’
EO 870 38.7 86.4 d. 42 91 150
Metallocene based ’ : n.a.
EP
EJ 198 n.d. 40 69.2 3.15 105 270 470

Vanadium based

Notes

* The asterisked M values were determined with the aid of SEC in 1,2,4 TCB at 135 or 150°C
using universal calibration.

* Densities determined after compression moulding.

* Wp and W, are the mass percentages of propylene and 1-octene, respectively; Xe is the molar per-
centage ethylene.

* n.d. = not determined

3. Results
3.1 Homogeneity and heterogeneity

Before specifically discussing homogeneous copolymers we should first
place them in a broader context. In Fig. 1 the polyethylenes are characterized
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in terms of chain structure, density and DSC curve shape. In addition, it is in-
dicated which parameters influence the crystallization and melting processes.

Short chain branched (SCB) polyethylenes fall into two categories: homoge-
neous and heterogeneous. SCB may occur in the polyethylene chain due to a
variety of causes, the most obvious one being copolymerization.

We speak of a homogeneous copolymer when the way in which the co-
monomer is added during polymerization can be described by a single set of
chain propagation probabilities of (co)monomer incorporation in the chain (P
set), or alternatively, by the combination of a single set of reactivity ratios (r
set) and a single monomer-comonomer ratio. Statistically there are no differ-
ences within and between molecules.

All other copolymers are heterogeneous copolymers. Two special, and ex-
treme, cases are distinguished, viz. ‘intramolecular heterogeneity’ of co-
monomer incorporation when the heterogeneity is manifested within the
molecules, and ‘intermolecular heterogeneity’ when the heterogeneity is be-
tween molecules [1, 16, 32].

Figure 1 shows that the information about the molecular structure provided
by DSC is unambiguous particularly when the DSC curve is multi-peaked, as
in the case of linear low density polyethylene, LLDPE, and very low density
polyethylene, VLDPE. It will be clear that it takes more than DSC alone to en-
able a distinction to be made between homogeneous ethylene copolymers on the
one hand and heterogeneous polyethylenes such as HDPE and LDPE on the
other if they have the same single-peaked DSC curve [33]. In particular a de-
termination of the comonomer content and DSC measurements on fractions
obtained via a separation according to molar mass are necessary in such cases
[34].

Figure 2 shows DSC curves for a homogeneous and a heterogeneous ethyl-
ene-octene copolymer, referred to as EO and VLDPE, respectively [35].

The EO copolymer meets the definition of homogeneity given above in every
respect, as the copolymer was made via polymerization with a (promoted) cata-
lyst system consisting of an aluminium alkyl combined with a vanadium
component [36-38]. The catalyst system used is known to have one active site.
At a constant ethylene-octene feed during polymerization, this results in a sta-
tistical (not necessarily random) distribution of octene units in the chain. This
leads to the occurrence of sequences of both octene and ethylene units. Since
octenes and octene sequences greatly hinder crystallization — octene being ex-
cluded from the crystal — one may safely assume that upon cooling only the
ethylene sequences can crystallize. According to generally accepted crystal-
lization models, the ethylene sequence length distribution, ESLD, is modulated
to a crystallite dimension distribution via crystallization. Thermodynamics dic-
tate that upon heating in a DSC this results in a melting-point distribution, of
which the DSC curve is a manifestation. The heat flow involved in melting is
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Fig. 2 DSC-2 continuous specific heat capacity curves at 10°C min™ for a homogeneous
EO copolymer and a heterogeneous VLDPE. Cooling curve (downwards), cpec(T),
and subsequent heating curve (upwards), cpue(T), in between —70 and 180°C. Isother-
mal stays of 5 min, sample masses of 9.259 mg (EO) and 10.005 mg (VLDPE)

then related to the number of sequences changing from the crystalline phase to
the melt phase. One can imagine that in this way a single-peaked ESLD can re-
sult in a single-peaked DSC curve via a single-peaked crystallite size distri-

bution.

The same goes for the homogeneous copolymer prepared with the aid of a
metallocene catalyst, see 3.4. So it is definitely not true that the comonomers in
these copolymers are distributed over the chain in strictly regular fashion so
that ethylene sequences of equal length are formed. Like vanadium, the metal-
locene catalyst used in this case, too, is characterized by a statistical distribution
of the comonomers in each chain. Since the reactivity values may differ (but see
the notes in section 3.4!) from those of the vanadium catalyst, the resulting
ESLD may also differ, but will once again be single-peaked, as will the melt-
ing-point distribution measured with the aid of DSC.

Given the statistical character of comonomer addition, it is dangerous to
simply assume that in a homogeneous copolymer there is no difference between
the chains in terms of number and distribution of the comonomer units. De-
pending on the amount of incorporated comonomer and the chain length, there
may be differences. In the case of short chains and/or small quantities of incor-
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porated comonomer differences due to (statistical) fluctuations are to be ex-
pected. In the case of the copolymers discussed here, however, the amounts of
comonomer incorporated are so large that, statistically speaking, the chains will
not differ much in terms of ESLD. This means that, as far as the role of indi-
vidual chains is concerned, the only influence left is that of chain length on
crystallization.

For LPE, HDPE, LDPE and copolymers with relatively low comonomer
contents, chain length is an important parameter whose influence on crystal-
lization is often greatly underestimated [5, 34, 39—46]. In the case of the
copolymers to be reported on here, little is known about this influence. The in-
fluence of chain length is likely to be small when the ethylene sequences are
very short, given the fact that heavily copolymerized chains in EPDM rubbers
with the lowest densities, see Fig. 1, crystallize closest to the glass transition re-
gion. As a result, during crystallization from the melt the mobility of the chains
and chain segments is progressively reduced. In such cases it is no longer very
important whether the ethylene sequences are present in long or in short chains.
Of course, this does not mean that chain length cannot have an influence under
special conditions, such as crystallization in solution, in tension, under pres-
sure, etc.

The VLDPE is an intermolecularly heterogeneous copolymer [35], for it has
been found that the copolymer with 8.5 mol% octene in Fig. 2 can be separated
into molecules with greatly varying comonomer contents. A crystallization-dis-
solution fractionation yielded fractions with widely different octene contents.
More than half of the material (66% by mass; copolymer molecules which at
room temperature are still in solution) has a very high — and still average — co-
monomer content (12.3 mol%) and can no doubt be split up further. The large
variation in comonomer contents also explains the broad crystallization and
melting range of about 200°C. VLDPEs illustrate the causal relationship be-
tween molecular structure, crystallization/melting and morphology very well,
as their morphology, too, very clearly reflects their blend character [47-49].
For the sample in question, the chains with a high degree of comonomer incor-
poration form a continuous phase in which compact semi-crystalline domains
(CSDs) can be distinguished which are composed of lamellae which vary
greatly in length and thickness and consist of molecules with a lower degree of
comonomer incorporation. The longest and thickest lamellae connect the CSDs
and make it a co-continuous phase.

An obvious assumption in the case of VLDPE, and likewise in the case of
LLDPE, is that the catalyst has two or more active sites which produce different
types of chain (different in terms of comonomer incorporation). Given the mul-
tiple-peaked DSC curve, there must be a multiple-peaked crystallite distri-
bution, which is caused by a multiple-peaked ESLD. In addition, other effects
such as co-crystallization and recrystallization play a role, but this is also true
for the homogeneous copolymer.
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3.2 Homogeneous copolymers

In this section and the following homogeneous ethylene-propylene and eth-
ylene-octene copolymers are discussed. The comonomers, propylene and
octene, hinder crystallization in different ways and in this sense are opposites.

It is known that upon rapid crystallization of an ethylene-propylene copoly-
mer, an isolated propylene unit in the polymer chain — a propylene which is
flanked on both sides by many ethylene units — may be included to a certain ex-
tent as a defect in the ethylene crystal lattice at interstitional positions [50-55],
although this is unfavourable from a thermodynamic point of view. If several
propylene units lie in sequence, the chance of their being included in the ethyl-
ene crystal lattice as a defect is negligible. Isolated octenes, on the other hand,
are not included in the crystal lattice as defects, or are included only to a very
limited extent in the form of substitution defects [S1-59]; octene sequences can-
not be incorporated into the lattice. This means that in the case of
ethylene-propylene copolymers the relationship between e.g. crystallization/
melting temperature and comonomer content will not be the same as in the case
of ethylene-octene copolymers [5, 7}].

In this connection it should be noted that when the comonomer content be-
comes very high the concepts of ‘crystal lattice’ and ‘crystallites’ need to be
modified, see below.

The following sections contain the results of DSC and time-resolved simul-
taneous SAXS-WAXS-DSC experiments on a number of copolymers using syn-
chrotron radiation. The aim is to illustrate to what extent these techniques can
deepen our insight into the relationship between chain structure, crystallization
and morphology rather than to give detailed relations for series of homogeneous
copolymers. Besides, such series are rare, and this is in fact one of the reasons
why opinions still differ about seemingly simple matters such as the relation-
ships between comonomer content and crystallization/melting temperature,
crystallinity etc.

The discussion below is divided into sections corresponding to density
ranges. This is significant, since WAXS measurements on ethylene copolymers
with different types of comonomers show that samples with densities above,
say, 870 kg m™ still have crystal reflections that can be measured reasonably
well, while below this somewhat arbitrary density isotropic samples cooled
from the melt at a rate of, say, 10°C min™" no longer have such reflections.
However, under special crystallization conditions, for example in tension or un-
der pressure [60], things may be quite different.

In applying density as a distinguishing criterion one should be aware that in
the case of copolymers the octene comonomer reduces the density more
strongly than propylene. As can be seen in the table listing the sample data, the
EP copolymer and the two EQ copolymers all have about the same ethylene
content, but the EO copolymers have substantially lower densities than the EP
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copolymer. Besides in homogeneous copolymers the density is reduced much
more effectively at the same ethylene content than in heterogeneous copoly-
mers, see Fig. 2.

3.3 Hom0§eneous copolymers with densities of between about 870 and
900 kg m™

In the density range above 870 kg m™ the possibilities offered by the above-
mentioned techniques will be illustrated with reference to EJ 207, an
ethylene-propylene copolymer containing 89.4 mol% ethylene and having a
density after compression moulding of 896 kg m™.

EJ 207 is a homogeneous copolymer made via polymerization with a (pro-
moted) catalyst system consisting of an aluminum alkyl combined with a vana-
dium component [36-38]. It has been proved possible to determine the chain
structure of these copolymers with the aid of a specially developed polymeriza-
tion model [61-63] based on the results of *C-NMR measurements [37, 64—
66]. This determination was complicated by the fact that the propylene is
incorporated into the chains in two different ways, viz. ‘normally’ and ’invert-
edly’, which meant that a terpolymer model had to be used. The resultant first-
order Markovian terpolymer model has recently been applied to vanadium
based ethylene-octene copolymers as well [67], see the next section for such an
EO copolymer. For the above-mentioned EP copolymers, the set of reactivity
values for ethylene and the two types of propylene could be determined
[61, 68], enabling the chain microstructures to be simulated in detail.

An example of such a simulation is given in Fig. 3a, showing a Monte Carlo
simulation of part of a chain of EJ 207. The chain growth follows from the gen-
eration of random numbers between 0 and 1 and comparison of these with the
P (propagation probability) values concerned. These probabilities Pj relate to
the addition of a j unit to a chain ending in an i unit, where both i and j may be
ethylene, normal propylene or inverted propylene. In Fig. 3a a ‘copolymer’
representation is given in which no distinction is made between the two types of
propylene. Because of the small number of units the statistics are not correct.
Figure 3b shows the analytically calculated sequence length distributions for
ethylene and propylene.

Figure 3a nevertheless gives a good impression of the distribution of propyl-
enes and propylene sequences over a chain segment. It is not hard to imagine
that these will hinder the crystallization of ethylene sequences in the chain seg-
ment.

Figure 4 shows the result of ¢, measurements at 10°C min™. The figure in-
cludes the reference ¢, curve for the purely amorphous phase, c,(7), and the
reference curve for the purely crystalline phase, cp(7). For the latter the refer-
ence values as obtained for LPE were taken [69].

The ¢pa(7) values were obtained by extrapolation to the lowest temperatures
of LPE melt data and paraffin data by means of Eq. (10) in [70]. At tempera-
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Fig. 4 DSC-7 continuous specific heat capacity curves, cx(T), at 10°C min~' for EJ 207 ob-
tained in cooling (downwards) and subsequent heating (upwards) in between ~70 and
120°C; the reference curves, cpa(T) and cpo(7T) and the baseline curves, cp(T) (— - -).
Isothermal stays of 5 min, sample mass of 13.547 mg

tures above 17°C the curve thus obtained coincides with that for LPE [69]. The
choice of a ¢pa(7) deviating from that of LPE was made because the copolymers
discussed here have a rather sharp glass transition (between about ~60 and
-40°C, in accordance with [71]). By contrast, LPE exhibits a gradual change in
cpa(T) between —153 and 17°C, which may be interpreted as a continuous glass
transition extending over a very wide temperature range. In this connection it is
important to note that all our measurements on homogeneous and heterogene-
ous ethylene-propylene, ethylene-butene and ethylene-octene copolymers show
full agreement between the c,(7) used here and an experimental c,a(7), the lat-
ter being the part of a measured c,(7) curve above T onser and above Tiy ena. This
was true regardless of the comonomer content.

Figure 5 shows the enthalpy curves calculated via integration of the c¢,(7)
measurements. The figure includes the reference enthalpy curves for the two ex-
treme states, viz. the curves for purely amorphous LPE, #,(7), and purely crys-
talline LPE, A.(T). The cooling curve and the heating curve form a closed cycle.

Assuming the two-phase model to be valid for this copolymer, we may as-
sume additivity of the enthalpy contributions for the two phases — amorphous
and crystalline [72]

D) = w'(T) h(T) + WN(T) ha(T) oy

where
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wi(D) + WD) = 1 )

With the aid of these two expressions we can define the enthalpy-based mass
fraction crystallinity [72, 73], w°(7), below T, the equilibrium crystal-melt
transition temperature:

WA(I) = [h(D) - (D) [ha(D) - ho(T)] 3)

Figure 9 shows the crystallinity curves calculated with the aid of (3) for cooling
and heating based on the enthalpy curves in Fig. 5.

9800

1EJ 207

800 _|EP copolymer

0 s S S U S B R A H R I
-80 -60 -40 -20 0 20 40 60 80 100 120
temperature (°C)

Fig. 5 Specific enthalpy cooling curve, subsequent heating curve and reference curves for
EJ 207, based on the specific heat capacity curves shown in Fig. 4

Using the link between heat capacity and enthalpy we can define two impor-
tant heat capacity functions [24, 72, 74, 75], viz. the baseline heat capacity and
the excess heat capacity. Differentiation of #(7) in (1) with respect to tempera-
ture

co(T) = (dh/dT), 4
yields
(1) = WAT) Gpe(T) + he(T) AW (D/AT + WHT) (D) + h(T) AW (D/AT
()

= WD) oD + [1 =wA(D] coo(D) = [AalT) = ho(D] dW(D/AT  (6)
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The w(T) terms are regarded as belonging to the ‘baseline’ heat capacity and the
dw(T)/dT terms as belonging to the ’excess’ heat capacity:

con(T) = Wi(T) coe(T) + [1 ~W(D]cpu(T) Q)
Cpe(T) = = [A(T) — ho(T)] AW (T)/AT ®)

and
(1) = (D) + cpe(T) 9

The baseline heat capacity reflects the contributions of the temperature-depen-
dent ¢pa and ¢y to the experimental ¢,(7) via the crystallinity. In Fig. 4 the base-
line heat capacities are shown for EI 207 for cooling and for subsequent
heating.

The excess heat capacity reflects contributions such as (re)crystallization,
annealing and melting ~ processes by which the crystallinity is changed — to the
experimental heat capacity. As has been stated in [72], the excess function is es-
sential for the translation of a change in thermal properties of a material into a
change in material structure or morphology, and the determination of cp.(7) is
a real challenge.

The first part of the right-hand member of (8), the enthalpy reference differ-
ential function A.(7) — h(T) = AR(T) [69, 72], is known for many polymers,
see for example the ATHAS databank [76, 77]. The second part, the change in
crystallinity with temperature dw®(7)/d7, can be numerically calculated from
w*(T), which function is given by (3).

The approach described here represents a clear and simple method for deter-
mining the baseline, provided that the two-phase model applies, of course. The
intersection of a calculated baseline with a measured curve, see Fig. 4, may be
said to mark the temperature:

- below which the crystallinity becomes constant so that the heat capacity
virtually equals the baseline heat capacity: ¢,(7) = cpp(7);

—and above which the crystallinity changes because excess phenomena play
a role, which means there is a baseline heat capacity as well as an excess heat
capacity: ¢p(T) =.cp(T) + cpe(T).

Clearly, the baseline is not a line one can simply draw by looking at the
measured curve. Nor should this line be confused with the line which is ob-
tained by extrapolating the part of the measured curve in the melt; in the case
of the heating curve this is the part above the melting end temperature and in
the case of the cooling curve it is the part above the onset of crystallization. As
described earlier [72, 75] this line can be used to calculate the value of the nu-
merator in (3). From this and AA(7), the denominator in (3), the crystallinity
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curve can be calculated. Since it is not strictly necessary to carry out a heat ca-
pacity measurement in order to be able to extrapolate from the melt, this is also
a practical method for quantitatively calculating the crystallinity curve from or-
dinary (but quantitative, due to correction for the empty-pan signal) DSC
curves. It is even possible to calculate the excess ¢,(7) in this way without hav-
ing to carry out a real heat capacity measurement [72, 75].

A method which is often used in practice involves drawing a straight line be-
tween two points (before and after the peak) of a measured curve and calculat-
ing a heat of crystallization or melting from the peak area between the curve
measured and the line drawn. Obviously, this yields no more than a crude esti-
mate, and it is not clear to what temperature the value found should be assigned.
Moreover, the value found is operator-dependent. In short, this procedure does
not result in a quantitative determination of the heat of crystallization, the heat
of melting or the crystallinity as a function of temperature.

Incidentally, the approach presented here is not limited to the two-phase
model but can be extended to a three-phase model [72, 78], for example if an
interphase of rigid amorphous material [79-93] is present.

In the way described above the excess curves for EJ 207 as presented in
Fig. 6 were calculated. As was already clear from Fig. 4, there is an excess heat
capacity above approx. —20°C, which means that the sample is crystallizing and
melting above this temperature.

The baseline and excess heat capacity curves and the crystallinity curves are
highly sensitive to measuring errors on the one hand and the choice of reference
curves on the other. Any inaccuracy in the DSC curve measured, for example
an inaccuracy resulting from drift of the DSC, will immediately be reflected in,
for example,

— the resulting curves no longer being ‘closed’ in the ¢,, A, w° and excess ¢,
plots, or

— the melt parts of the ¢, no longer being symmetrical with respect to the
temperature axis (reflexible in this axis), or

—the melt parts of the ¢, curves not being consistent with the reference curve

for cpa(7).

Clearly, it is very important to have good heat capacity and enthalpy refer-
ence curves. Therefore, the information available [76] should not only be con-
tinuously expanded but should also actually be used. To this end, producers of
DSC equipment should incorporate this information into their software. In
Fig. 4 the choice of ¢ (7) for the copolymers discussed here was already briefly
explained. This choice is not to be regarded as definitive, since for this type of
copolymer a closer study of the location and width of the glass transition in de-
pendence on the type, amount and distribution of comonomer is necessary.

Excess heat capacity curves as given in Fig. 6 serve as a starting point for
the interpretation of DSC measurements in relation to the results of morphologi-
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Fig. 6 Specific excess-heat capacity curves for EJ 207 for cooling and subsequent heating at
10°C min™

cal studies and, more specifically, as a starting point for the explanation of the
crystallization and melting temperature distribution from the crystallite size dis-
tribution. Unfortunately, such measurements have very seldom been carried out
until now, and have rarely been used [4, 72, 75].

Figure 7 shows the WAXS curves measured in the SAXS-WAXS-DSC set-up
at the synchrotron facilities in Daresbury, UK. The curves were taken during
cooling at a rate of 10°C min™. They show the formation of 110 and 200 reflec-
tions corresponding to the orthorhombic crystal structure of polyethylene below
80°C. It can be clearly seen that there is a continuous increase in intensity when
going towards the lowest measuring temperature of <70°C. There are no indica-
tions of the presence of a triclinic or monoclinic phase.

On the basis of the simultaneously obtained SAXS curves, the so-called scat-
tering invariant as a function of temperature was determined, see Fig. 8. This
scattering invariant is given by integration in q of the absolute scattering inten-
sity, I(q, T):

oD = |1 (g, DPdg (10)
0
where
q = 47nsin®/A (11)
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In the case of cooling a strong increase in the invariant is observed. Given
the temperature at which this takes place, cf. the DSC cooling curve in Fig. 4
and the WAXS cooling curve in Fig. 7, it is clear that this increase is due to nu-
cleation and crystallization. Compared with the DSC results, the increase in
Q(T) starts at somewhat lower temperatures. The heating curve (which is not
shown here, but see for example the cooling and heating curves in Fig. 15) is
also readily measurable, with clear hysteresis between crystallization and melt-
ing. For a two-phase system the invariant is described by

QM) = V(D) [1 =V(D] [d(T) - du(DI’ (12)

where the constant C depends on the equipment used and represents the conver-
sion factor from electron density (¢ mol cm™) to mass density (g cm™). The
(volume) crystallinity v(T) rgpresents the fraction of crystalline phase with
mass density d.(7); 1 — v(T) represents the fraction of amorphous phase with
mass density du(7).

It is important that in the calculation of the invariant according to (12) the
temperature dependency of the mass densities and of the crystallinity is taken
into account. Figure 8 includes, besides the experimental values of O(7) ac-
cording to (10), calculated values according to (12). In the calculations the tem-

110

intensity (a.u.)

.

diffraction angle 2@ (degrees)

Fig. 7 WAXS curves for EJ 207, after 1 min waiting time at about 90°C, during cooling to
about —70°C at 10°C min™
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Fig. 8 SAXS measured and calculated mvanant curves for EJ 207 during cooling from about

90 to about ~70°C at 10°C min™, see text for explanation of variable and constant
density curves

perature-dependent values of the volume crystallinity were determined from the
temperature-dependent mass crystallinities on the basis of the WAXS curves,
see 2.1.

The invariant values labelled ‘constant density’ were subsequently calculated
using constant values of d, and d., viz. d(Tr) = 855 kg m™ (the value for amor-
phous LPE at room temperature) and d.(7x) = 1000 kg m™ (the value for crys-
talline LPE at room temperature). In Fig. 8 it can be seen that between 0 and
80°C the calculated values are still more or less in agreement with the measured
values. As the temperature becomes lower, however, the calculated and meas-
ured values diverge more and more. Moreover, the calculated curve does not
have the maximum characteristic of the copolymers under review. Inciden-
tally, this maximum has nothing to do with the maximum given by the term
V(D [1 -v(D] at v'(T) = 0.5 [94]. After all, the crystallinities of the copoly—
mers discussed here are all below 0.4. For thlS reason [and generally if vi(T)
<0.5] the increase in v°(T) with decreasing temperature results in an increase
in Q(T) with decreasing temperature and cannot cause the maximum all by it-
self.

For the calculation labelled ‘variable density’ the same temperature-depen-
dent values of the volume crystallinity were used. In this case, however, the
temperature dependence of the densities was also taken into account, based on
measurements by Swan and Wilski [95, 96]. The difference in density decreases
with decreasing temperature. Since this density difference appears in the invari-
ant formula as a square, any change in it has a significant influence. It is clear
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that this trivial extension results in a curve which above 20°C is in excellent
agreement with the measured curve. Moreover, this time the curve has a maxi-
mum. This maximum is the result of an increase in the product of v°(T) and
[1 =v°(T)] and a decrease in [d(T) - di(D)* with decreasing temperature. How-
ever, although the correction has led to an improved curve, the experimental
values obtained between —70 and +20°C are still not described correctly. This
contrasts with LLDPE, where the same approach did result in a correct descrip-
tion.

What could be the reason for this? In the first place, one might question the
use of volume crystallinity values obtained by WAXS for calculating the invari-
ant. Even in a perfect two-phase system, two different techniques need not yield
the same crystallinities (and SAXS and WAXS are of course different in this re-
spect!). In particular the size of the phase regions may play a role. This is
clearly illustrated, see the following sections, by the fact that at high co-
monomer contents no WAXS reflections can be distinguished any more, while
SAXS and DSC can still measure two separate states without any problem. For
the sample discussed here, however, WAXS and DSC are still in good agree-
ment, see Fig. 9, and particularly the temperature dependence is correct.

Apart from the fact that the phase domains are limited in size, as mentioned
above, we may assume that the phases are not perfect. Not only will ‘isolated’
propylene units be included in the crystals as interstitional defects; as the crys-
tallites become smaller (both in the direction of the ethylene sequences and
perpendicular to this direction) the influence of the crystal surface, in particular
the stress exerted on the crystallite core by the chains, will increase substan-
tially.

Due to all these causes the density of the crystalline phase is likely to be
lower than that of a purely crystalline LPE [Ref. [6] and references cited
therein]. Lowering the density of the crystalline phase, and hence lowering the
density difference in the formula for the invariant (12), results in a decrease in
the calculated invariant values in the direction of the experimental values. Con-
versely, if ‘good’ crystallinity values were available, one could in principle
calculate the density of the crystalline phase by fitting the measured values with
(12). However, there are not enough morphology data available at present to en-
able such calculations to be made.

In Fig. 9 the (mass) crystallinity values as obtained with the aid of DSC and
WAXS are compared. The WAXS crystallinity was determined as described in
2.1.

For this copolymer the crystallinities determined by DSC and by WAXS are
in good agreement with one another, albeit that the WAXS cooling curve lies at
slightly lower temperatures than that for DSC. In the case of both WAXS and
DSC, the assumptions made with respect to the reference curves for the amor-
phous copolymer are uncertain factors. This means that it is well possible that
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Fig. 9 Enthalpy-based mass crystallinity curves based on DSC en mass crystallinity curves
from WAXS for cooling and subsequent heating at 10°C min™ for EJ 207

instead of agreement with regard to the crystallinity a discrepancy is found. In
other words, for this copolymer we could have used the temperature-dependent
(volume) crystallinity based on DSC in calculating the invariant according to
(12) without this giving essentially different results. It is striking that the WAXS
crystallinity seems to increase even below —20°C, while according to DSC the
sample starts to vitrify in that region. This is why the calculation of the DSC
crystallinity was carried out up to and from the intersection of the baseline ¢,
and the measured ¢,. At -20°C we find for the DSC crystallinity about 32%
The mass crystalllmty at room temperature calculated from d = 896 kg m™
32%, which is slightly higher than the DSC value at room temperature. The dnf—
ference in cooling rate (10°C min™ vs. cooling rate during compression mould-
ing) is unlikely to be of influence here [2].

From the SAXS intensity curve for EJ 207 the long period can be calculated,
for there is a clear maximum in I(g, 7). Within the two-phase system such an av-
erage periodic fluctuation of electron densities is interpreted in terms of an av-
erage distance between crystallites. Since transmission electron microscopy,
after staining of the amorphous phase, reveals lamellae (not shown here) it is
possible that at the highest temperature the average distance between the lamel-
lae is responsible for the periodic fluctuation in electron densities.

As long as the TEM results and the SAXS results have not been compared in
detail, we shall refrain from calculating an ‘apparent amorphous dimension’,
L., and an ‘apparent crystalline dimension’, L., from the long period, L, ac-
cording to the ‘direct analysis’:
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Lo=(1-¥L (13)
Lo=vL (14)

This is not because the two-phase model does not apply but because the direct
method is based on a lamellar stack model, which does not apply in the case of
the copolymers discussed here. In order to extract more information from the
SAXS measurements, we need to determine the shape factor, P(q), and the
structure factor, S(q), which together make up the scattering intensity /(q,T) ac-
cording to

I(g,7) = P(q,1)S(q,T) (15)

In particular the determination of the shape factor for the lamellae and the
other crystallites is a problem, because the morphology is not known in detail.

Figure 10 shows the temperature dependence of the long period for cooling
as well as heating. The relationship found is similar to that found in the case of
a two-phase morphology of lamellar stacks [94]. This is probably due mainly to
the comparable development of the ‘apparent amorphous dimension’ which
dominates the long period.
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Fig. 10 The long period L as a function of temperature in cooling and subsequent heating at
10°C min™ for EJ 207

3.4 Homogeneous copolymers with a density of about 870 kg m=

As noted in 3.2, octene reduces the density more effectively than propylene,
see table with sample data. This is due not so much to a difference in the statis-
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tics of comonomer incorporation but rather to the fact that it is virtually impos-
sible for octene to be included in the crystal lattice, whereas propylene can
readily be included. This means that in the case of ethylene-octene copolymers
the ESLD has a much more dominant influence on crystallization because the
hindering effect of octenes is much stronger.

Ethylene copolymers having a density after compression moulding of
roughly 870 kg m™ no longer show clear WAXS reflections, not even when
cooled to —70°C, that is, not if they have been crystallized from an isotropic
melt at atmospheric pressure. Figure 11 shows the WAXS curve at room tem-
perature of the metallocene-based EO copolymer (86.4 mol% ethylene). The
maximum is remarkably sharp. McFaddin et al. [30] reported a similar curve
shape for an EO copolymer with 15 mol% octene. In Fig. 11, the 110 and 200
reflections are only vaguely distinguishable. This suggests a very low crystal-
linity, which however is not consistent with reality.

EO copolymer
Metallocene based

intensity (a.u.)

2-theta (degrees)

Fig. 11 WAXS curve for an EO copolymer after cooling from 150°C to room temperature
at 20°C min™

Figure 12 convincingly shows this with reference to DSC curves for two eth-
ylene-octene copolymers. For both copolymers, nucleation/crystallization in
cooling starts at about 50°C and ends just above —50°C, where vitrification
takes place. During heating from the glassy state, the copolymers are melting
continuously up to about 90°C, where both melting ranges end. In the case of
crystallization, the curves differ in the temperature range between about 10 and
50°C; the metallocene copolymer crystallizes first. This may be attributable to
a difference in nucleation. Despite these differences, the area under the curves
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Fig. 12 DSC-7 continuous specific heat capacity curves, cx(T), at 20°C min™ for two ethyl-
ene-octene copolymers produced with different catalyst systems. Cooling curves
(downwards) and subsequent heating curves (upwards) in between =70 and 150°C ;

the reference curves, cp(T) and cpe(T) and the baseline curves, cpu(T) (— - -). Iso-
thermal stays of 5 min, sample masses of 10.646 mg (metallocene) and 9.892 mg
(vanadium)

is almost the same. Below 10°C the curves coincide. The differences with re-
gard to crystallization are not reproduced during the melting process upon heat-
ing. Apparently, they are eliminated by reorganization and annealing. This is
thus all the more reason to attribute the differences to nucleation rather than to
differences in molecular structure.

The EO copolymers were copolymerized with the aid of homogeneous cata-
lyst systems which were essentially different: one was a metallocene catalyst
and the other a vanadium-based catalyst, the same system as mentioned above
for the EP copolymer. It is remarkable that the DSC curves are not essentially
different. The comonomer contents are different (11.5 and 13.6%). Crystal-
lization and melting are mainly determined by differences in ESLD, especially
in the case of octene copolymers, assuming that for these copolymers the influ-
ence of molar mass is already limited. In the case of these two copolymers there
are apparently no essential differences in terms of ESLD, which means that the
P sets will not differ much. The fact that the ESLDs are similar at the given —
different — comonomer contents is an interesting observation, which might be
elaborated on by determining the sets of chain propagation probabilities (P sets)
for both systems. However, this would require copolymers with far higher co-
monomer contents to ensure that many methylene sequences are present which
are short enough to be measured by "C-NMR.
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From the ¢p(7) curves the crystallinity curves are calculated with the aid of
(3) as described above and indicated in Fig. 13. These curves, too, show hardly
any difference, which confirms that the areas under the DSC curves are in
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Fig. 13 Enthalpy-based mass crystalllmty curves based on DSC for cooling and subsequent
heating at 20°C min™ for two EO copolymers, produced by different catalyst systems
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Fig. 14 Specific excess ~heat capacity curves for cooling and subsequent heating at
20°C min~ for two EO copolymers produced with the aid of different catalyst sys-

tems

J. Thermal Anal., 46, 1996



706 MATHOT et al.: DYNAMIC DSC, SAXS AND WAXS

agreement. As in Fig. 9, the data are plotted in such a way that apparently
‘negative’ and apparently ‘positive’ crystallinities in the melt can be shown, be-
cause this gives us an impression of the accuracy of the ¢,(7) measurements.
After all, if c,(7) deviates in any way from cpa(7) in the melt, this deviation will
be reproduced in magnified form in the w*(7) plot. As can be seen, the quality
of the measurements is quite satisfactory. The maximum crystallinity at the low-
est temperature is about 24%, which in absolute terms is about 8% lower than
the DSC crystallinity for the EP copolymer EJ 207, see Fig. 9. Once again, the
mass crystallinities, 14% and 12%, calculated from the densities of the copoly-
mers, 872 and 870 kg m™, respectively, are in good agreement with the DSC
crystallinities at room temperature.

The excess functions in Fig. 14 indicate exactly when changes in ¢p(7) oc-
cur due to crystallization and melting: the moment such a process results in a
change in crystallinity and hence in a value for dw’(7)/dT, a Cp excess(T) Will Oc-
cur according to (8). Like the crystallinity, the excess function, too, is highly
sensitive to inaccuracies in the measurement.

Figure 15 shows the invariant values as a function of temperature in cooling
and heating. Like the DSC curves, these curves also show that the EO copoly-
mers crystallize and melt, and that they do so in virtually the same manner. This
proves that the SAXS invariant is highly sensitive to changes in the number of
scattering crystallized ethylene units during cooling and heating. In absolute
terms the value of the invariant is roughly halved compared with the value in the
case of the EP copolymer EJ 207. The curve shape is once again characteristic,
see the discussion relating to (12).
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Fig. 15 SAXS invariant curves for cooling and subsequent heating at 20°C min™ in between
approx. —70°C and approx. 150°C for two EO copolymers, produced with the aid of
different catalyst systems
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3.5 Homogeneous copolymers having densities of between 855 and
approx. 870 kg m™

The higher their comonomer content, the lower the temperatures at which
the copolymers crystallize and melt. For another series of homogeneous EP co-
polymers — which were produced using the same catalyst under slightly differ-
ent polymerization conditions — at a propylene content of about 40 mol%, the
point was reached where further addition of propylene would leave nothing but
a glass transition [1]; alternatively, one might say that if there were any ethylene
sequences left which might crystallize, this would be prevented by vitrification.
In the case of this type of copolymer there is really no point in discussions about
the smallest crystallizable ethylene sequence. In the first place, experimental
verification would be impossible in case vitrification interferes with crystal-
lization as just outlined; in the second place, experimental verification strongly
depends on the sensitivity of the apparatus used and on whether one is capable
of separating the baseline ¢, from the excess c,.

EJ 198 is an example of an EP copolymer having a density of between 855
and 870 kg m™. Its ethylene content is 69.2 mol%. Figure 16a shows a simula-
tion of the chain microstructure using the Monte Carlo procedure as discussed
in section 3.3. Figure 16b shows the analytically calculated sequence length
distributions for ethylene and propylene. Figure 16a gives a good impression of
the degree to which the propylenes will interfere with the crystallization of the
ethylene sequences in the chain segment. This interference will be rather strong
because, in contrast with the EP copolymer EJ 207, see Fig. 3, there are also
propylene sequences present.

The sample has no WAXS reflections whatsoever above —70°C according to
the synchrotron experiments. However, like the EO copolymers in the previous
section, this sample too is definitely capable of crystallizing and melting.

Figure 17 shows this in cooling and heating, respectively. Crystallization
now starts just above 0°C and continues until the onset of vitrification, just be-
low =50°C. In heating, the melting process starts immediately above the glass
transition and ends at about 20°C. In the melt a slight deviation is observable
compared with c¢,a(7), which is probably due to a slight inaccuracy in the meas-
urement. Nevertheless, both crystallization and melting are readily measurable.

In this case, too, the crystallization and melting processes can readily be fol-
lowed with the aid of SAXS, see the invariant curves as a function of tempera-
ture in Fig. 18. There is even a (weak) maximum in the SAXS I(g,T) curves
(not shown here). There is excellent agreement between SAXS and DSC as re-
gards the onset of crystallization and the end of melting.

4. Discussion

Quantitative heat capacity measurements on ethylene copolymers with the
aid of DSC reveal crystallization, vitrification and melting processes across the
entire density range, see Fig. 1 [1, 2, 72]. The heat capacity measurements on
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Fig. 16 a) Simulation of a chain segment of the EP copolymer EJ 198. The segment is con-

structed by linking the lines as in text reading; b) The mass fractions of ethylene in
cthylene sequences of length s, ws.c, and the mass fractions of propylene in propyl-

ene sequences of length s, wg;p
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tained in cooling (downwards) and subsequent heating (upwards) in between ~80 and
120°C; the reference curves, cpa(T) and cpc(T) and the baseline curves, cp(T) (- —-).
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Fig. 18 SAXS invariant curves for cooling and subsequent heating at 20°C min™ in between

approx. —70°C and approx. 50°C for EJ 198

the copolymers were used to calculate the enthalpy values, which, together with
the enthalpy reference values for purely amorphous and purely crystalline LPE
[69, 76] made it possible to calculate the crystallinity values. In addition, the
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baseline and excess heat capacities were determined [72, 75]. The excess values
are crucial if the heat capacity measurements are to be used as input into a crys-
tallization model. In this report the simple two-phase model is used for
evaluating the DSC results. After a discussion of morphological aspects we
shall come back to this model and to the crystallinity concept.

The contribution of time-resolved SAXS-WAXS measurements has proved to
be very valuable: due to the high radiation intensity, it was possible for the first
time to obtain morphological information about nucleation, crystallization and
melting of crystallizable ethylene copolymers of high comonomer content under
practical conditions, including conditions often used in DSC measurements.

WAXS measurements reveal that in the case of the samples with the lowest
densities no crystalline reflections are observable. This is no doubt due to the
limited crystallite dimensions — the lower limit for WAXS is about 50 A - in
combination with the imperfection of the crystal lattice. The demarcation line
above which orthorhombic reflections are measurable by WAXS and below
which this is impossible under normal measuring conditions lies at a density of
roughly 870 kg m™. The WAXS curves of the ethylene-octene copolymers un-
der review here, with densities of around 870 kg m™, do seem to contain more
information though [30], see the specific shape of the curve in Fig. 11.

For all the samples discussed here, a maximum is observable in the SAXS
intensity curve (this maximum is weak in the case of the sample with the lowest
density). Apparently there are fluctuations in electron density, whose distance
distribution is such that they give rise to a correlation maximum. Given this
fact, plus the fact that for copolymers with densities of more than about
870 kg m~ WAXS reflections are possible, we may assume that in those copoly-
mers reasonably perfect crystallites are present. TEM micrographs of the EP
copolymer EJ 207 and the two EO copolymers, show that lamellae are indeed
present, see also Hwang [23], but that these have not been organized into
stacks. This is in contrast with the polyethylenes with much higher densities
which were recently studied by [94, 97] with the aid of synchrotron radiation.
So in the case of EJ 207 and definitely in the case of copolymers with lower
densities, one should not calculate L. and L, from L via the crystallinity using a
‘direct analysis’ of the SAXS intensity curves. In order to be able to calculate
‘apparent amorphous dimensions’ and ‘apparent crystalline dimensions’ one
should first determine the morphology with the aid of TEM, which enables the
scattering intensity to be modelled.

Interesting topics in this connection are the dynamics of reorganization proc-
esses such as sliding diffusion [98, 99] upon lamellar thickening of LPE and
HDPE and the question whether (and to what degree) thickening occurs in these
ethylene polymers under practical measuring conditions, such as during a syn-
chrotron SAXS-WAXS measurement or during a DSC measurement (Fig. 9.3 in
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[72]) at scanning rates in the order of 0.2-40°C min™". In the case of the co-
polymers discussed here, sliding diffusion will not occur at these scanning
rates, or will occur to only a very low degree, because comonomers such as
propylene are likely to considerably hinder the diffusion of ethylene sequences
through a crystallite, and comonomers like octene are likely to make such dif-
fusion impossible.

We were initially surprised to find that the invariant values calculated from
the SAXS curves were sensitive to crystallization and melting over the entire
density range of the copolymers, that is, even below 870 kg m™. Plots of these in-
variant values as a function of temperature all have a maximum. This is not caused
by the maximum at v*(7) = 0.5 for the crystallinity term, V(T)[1 — v(T)], in
the invariant within the two-phase model [94], since Vv’(T) remains below 0.4
for all the samples discussed here. The shape of the invariant curve can be ex-
plained within the two-phase model with the aid of temperature-dependent
crystallinity values and temperature-dependent density reference values. The
maximum is the resultant of opposite contributions to the invariant from the
crystallinity term and the density term, see the discussion at (12). However, a
quantitative description can be given only if for the crystalline phase a density
is taken which is lower than that of purely crystalline LPE.

What could be the reason for this? To answer this question, we shall first dis-
cuss the general train of events expected to take place during crystallization of
copolymers which contain a considerable quantity of comonomer, as reported
on here. In the case of such copolymers, upon nucleation and further growth of
crystallites comparable ethylene sequences will try to find one another (Flory’s
equilibrium and exclusion model [11-13]). In principle, the same is true if the
comonomer can be included to a certain degree as a defect, as in the case of
propylene. However, the ‘matching’ of comparable ethylene sequences will be
only partially successful [4] on account of the statistical linking in the chain of
sequences of unequal length due to the polymerization kinetics. At any tempera-
ture, the longest ethylene sequences available will preferentially nucleate or
grow at a crystal face. As a result, up to a certain distance from such a fixation
point the mobility of adjacent chain segments will be reduced. The fact that
these adjacent sequences are to some extent fixed means that their crystal-
lization possibilities are limited. In particular when a chain is fixed in several
places, its possibilities for additional crystallization as a function of time or, as
in this case, upon a decrease in temperature, are limited. Moreover, the chance
of success of a certain ‘matching’ of comparable ethylene sequences also de-
pends on the mobility as such of the chain and its segments, which in its turn is
determined by the absolute temperature on the one hand and the distance be-
tween the actual temperature and the glass transition temperature on the other.
This very general outline explains why, on the one hand, there is a crystal-
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lization range in which, in accordance with the ethylene sequence length distri-
bution, the ethylene sequences successively crystallize, the longest ones first
and the shortest ones last (the order being reversed in the case of melting) with-
out a perfect matching of sequence lengths being achieved. Due to the hindering
influences sketched above, not all sequences will take part in the crystallization
process, as a result of which the crystallinity will be lower than calculated ac-
cording to Flory’s equilibrium model. Furthermore, the crystallite dimensions
in lateral direction (roughly perpendicular to the sequence direction) will be
limited.

So although it is thermodynamically favourable for sequences of comparable
length to crystallize into a crystallite in accordance with the Flory model, due
to kinetic causes — fixation of chain segments during cooling at 10 and
20°C min™ (the rates applied here) together with the lower mobility of the
chains due to the low crystallization temperature — ethylene sequences of un-
equal length will be trapped in the same crystallite according to the Kilian
model. Given the critical dimensions required for thermodynamic reasons,
however, longer ethylene sequences will still on average crystallize sooner than
shorter ones. A comparable situation occurs in PVC, where syndiotactic se-
quences of unequal length form crystallites — probably of the fringed micelle
type — with an orthorhombic unit cell [100, 101], the difference being that the
lateral dimensions are not limited. This difference is caused by the fact that in
the case of PVC the densities of the amorphous and crystalline phases are prac-
tically the same, so a crowding problem does not occur.

In the case of densities of about 870 kg m™ and lower, WAXS no longer re-
veals any reflections. This means that the ‘crystallites’, which can no longer be
made visible with the aid of WAXS but which are responsible for the SAXS in-
variant (which is caused by fluctuations in electron density) cannot really be of
any substantial size, nor can they be perfect, as discussed above. This immedi-
ately raises the question of what these ‘crystallites’ actually are. We may assume
that, as their comonomer content increases, copolymers go through various
stages. First, copolymers in which ethylene sequences crystallize via folding,
resulting in a lamellar morphology [24, 102-106]; next, copolymers in which
ethylene sequences crystallize via bundling, resulting in a morphology resem-
bling fringed micelles [Ref. [24] and references therein]; and then copolymers
in which ethylene sequences crystallize in clusters [107]. Ultimately, copoly-
mers will crystallize at the glass transition with minimum conformational
changes, as described by the cold crystallization model [108]. However, in the
case of the ethylene copolymers discussed here, cold crystallization does not
OCCUT.

A recent computer simulation via the Monte Carlo method, see Refs
[1, 107], illustrates how copolymers with high comonomer contents might crys-
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tallize. The simulation, involving fractal-like crystal growth in a 3D morphol-
ogy, shows clustering of ethylene sequences, with no crystallites to speak of, at
any rate no crystallites of appreciable size and degree of perfection. In fact, we
should simply speak of crystallized ethylene sequences which have been organ-
ized into clusters. The imperfection is also illustrated by the fact that
crystallized ethylene units will on average have about three crystallized ethylene
neighbour units (in a direction perpendicular to the chain), instead of four as in
the case of a perfect orthorhombic crystal lattice. This is also in line with the
assumption made earlier that in order to explain the SAXS invariant curve a
lower density should be taken for the clusters than for purely (orthorhombic)
crystalline LPE. In this sense, one might even speculatively regard clusters as
semi-crystalline regions with a relatively high density (but not as high as that of
crystalline LPE) and a high (but not 100%) crystallinity. In SAXS experiments
these clusters are visible as regions because their electron density is signifi-
cantly higher than that of their surroundings. A lower density than that of LPE
would of course also help to prevent a crowding problem (congestion of chains
in the transitional layer from a fringed micelle or cluster to the amorphous
phase), just as a limited lateral dimension does [109, 110].

Such a morphology also means that a measurement of crystallinity based on
enthalpy (DSC) should give lower results than measurements based on the num-
ber of crystallized units [107]. Unfortunately, verification of the latter has so far
proved to be impossible for the copolymers under review. WAXS is useless in
this respect because WAXS, too, is sensitive to the degree of perfection of the
crystalline areas — only those crystallized ethylene sequences which give con-
structive interference contribute to the reflections — so the total number of crys-
tallized units cannot be determined. Moreover, given the agreement in Fig. 9
between WAXS and DSC crystallinities, there is no reason for such an interpre-
tation. For a thorough evaluation, however, data on a series of copolymers are
needed.

We shall now come back to the use of the two-phase model and the calcula-
tion of the crystallinity. From the measured results it is clear that there are crys-
tallized ethylenes on the one hand and non-crystallized ethylenes and
propylenes on the other, so two different states can be d:stinguished.

Are there any phase regions? SAXS clearly records electron-density fluctua-
tions, even in the copolymer with the lowest crystallinity. So even in this sample
there are distinct ‘regions’, however small. It is in these regions that the crys-
tallized ethylene sequences must be present. The regions are probably not only
small and imperfect but also lack a clear boundary (see also 3D impression in
Fig. 4 in [107]. For these reasons, we used the term ‘clusters’.

The copolymers reported here show that there are a lot of questions with re-
gard to homogeneous copolymers which remain unanswered and that further re-
search is necessary. Such research would first of all require the availability of a
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series of well-defined copolymers which vary in comonomer type and content.
The chain microstructure of such polymers would then need to be determined,
and this is possible only if the polymerization process yields structures which
can be fully defined in advance or if these structures can be measured. In the
latter case, copolymers w1th very short ethylene sequences would be required,
because, unfortunately, ' C-NMR can only measure the methylene sequences 1
through 5, all longer sequences being pooled. For the EP copolymers discussed
here such an analysis of the chain microstructure has been carried out success-
fully [1, 61], enabling further research on ethylene copolymers in which pro-
pylene is the comonomer. Recently the same analysis has been carried out for
vanadium-based EO copolymers, including the EO copolymer shown here [67].

As the many questions concerning the crystallization and melting behaviour
and the morphology of homogeneous copolymers in relation to the molecular
structure of these copolymers are beginning to be answered, we may hope to be
able one day to answer similar questions about heterogeneous copolymers. Het-
erogeneous copolymers have a far more complex molecular structure
[1, 8, 9, 32, 111}]; LLDPE and VLDPE, for example, are blends
[1, 9, 32, 47, 111-113] of molecules which differ greatly in comonomer con-
tent, even at the same chain length. VLDPE molecules show exceptional
behaviour: they crystallize and melt across a temperature range of about 200°C
above the glass transition [1, 35, 72]. Therefore, in VLDPE we expect to find
all types of crystallites: lamellae with folded ethylene sequences, fringed
micelles with bundled ethylene sequences and clusters with loosely packed eth-
ylene sequences.

6. Conclusions

Quantitative DSC measurements were performed between <70 and 180°C to
determine the heat capacity, enthalpy, crystallinity, base-line ¢, and excess ¢, of
homogeneous ethylene-propylene and ethylene-octene copolymers with molar
percentages of ethylene between about 70 and 90 at densities between roughly
855 and 900 kg m™.

Using time-resolved simultaneous SAXS-WAXS-DSC measurements it ap-
peared to be poss1ble to record the morphology at the same cooling and heatmg
rates as used in stand-alone DSC measurements, viz. 10 and 20°C min™

Crystalline WAXS reflections were found only in the case of copolymers
whose density exceeded, say, 870 kg m™ (i.e. at the lowest comonomer con-
tents).

In cases where crystallinity values could be calculated on the basis of den-
sity, WAXS and DSC, these were in agreement.

The SAXS measurements show a long period for all copolymers, which
means that in each sample there are electron fluctuations giving rise to a corre-
lation maximum.
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The SAXS invariant values as a function of temperature appear to be sensi-
tive to crystallization and melting for all copolymers, the onset of crystallization
and the end of melting being in agreement with the DSC results.

The SAXS invariant values show a maximum as a function of temperature,
which can be explained from the opposite influences of the crystallinity on the
one hand and the difference in electron density between the two phases on the
other. It has been found that in order to be able to describe the invariant curves
in quantitative terms one must assume the density of the crystalline phase to be
lower than that of purely (orthorhombic) crystalline linear polyethylene.

The results suggest that in the copolymers with the highest comonomer con-
tents clusters of loosely packed crystallized ethylene sequences are formed upon
cooling. In these clusters the enthalpy is reduced (formation of crystallinity as
detected by DSC); the electron density and the density are increased (but not to
the point where they equal those of purely crystalline LPE; the increase in elec-
tron density gives rise to SAXS invariant values); and the absence of crystalline
WAXS reflections is explained as being due to the clusters being too small
and/or imperfect to give constructive interference.

Though based on totally different homogeneous catalyst systems (vanadium
and metallocene based), the ethylene copolymers are similar in terms of crys-
tallization and melting behaviour. This suggests that they do not differ much in
ethylene and octene sequence length distribution, and the same must be true for
the chain propagation probabilities of ethylene and octene addition during po-
lymerization.
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