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Abstract

Powder diffraction measurements on five unoriented samples of poly(ethylene-co-hexene) were performed in the temperature range 23—
200 °C using synchrotron X-radiation in combination with an area detector. Melting and recrystallization was found to improve the crystallinity
of the samples, resulting in a denser packing along [010] or b for the most crystalline samples. A high content of cohexene (branching) reduces
both the melting temperature 7;, and the crystallinity. There appears to be a slight increase in T}, with increasing molecular weight M, of the
sample. The coefficient of thermal expansion (CTE) along [100], «,, was found to be always positive, in the range (26—34) x 107> K" up to
melting, with the larger values for the most crystalline samples. The CTE in the chain direction, i.e. . along [001], is negative, ranging from
(—0.6 to —8.0) x 107> K~!. The thermal response in the [010] direction is more complex, in most cases being significantly different in the heat-
ing and cooling sequences. The unit cells expand nearly linearly in the temperature range from RT to about 20 °C below T,,,. Increasing T
towards T, brings about an enhanced asymmetry in the C—C—H valency angles and a small rotation of the polymer chains with a concomitant
expansion of the interchain contacts lying approximately in the bc-plane. Melting and recrystallization induce a shortening of these contacts and

both the atomic and the molecular movements involved in the structural changes are reversed during cooling.

© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Copolymerization of ethylene with an a-olefin monomer
will introduce branches in the highly regular polyethylene
backbone, and thereby influence its basic structure as well as
a range of thermal, mechanical and optical properties. The
macroscopic properties are not easily predictable from a theo-
retical point of view, but based on empirical knowledge the
processing conditions can be tuned to yield a polymer with
specific and desired characteristics. The macroscopic proper-
ties depend mainly on a few factors: in addition to molecular
weight and the crystallization and annealing conditions, also
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on the concentration, regularity and size of the short-chain
branches along the main polymer chain. Weight-average mo-
lecular weights of commercial polyethylenes are typically in
the range from about 2000 to 3000 gmolfl (low M, PE) to
more than 5,000,000 g mol " (ultra high M,, PE), representing
a wide range in overall chain length. Polyethylenes are pre-
pared by different techniques. Low-density polyethylenes
(LDPE) are produced by autoclave or tubular reactor technol-
ogy at high pressure. This gives a polymer with a high content
of long-chain branching, low crystallinity and hence low
density. High-density polyethylenes (HDPE) are polymerized
in a low pressure slurry, in solution or gas-phase reactors. By
the use of various catalysts with distinct properties, comono-
mers like butene, hexene or octene can be incorporated into
the main polymer chain as short branches for the purpose of
controlling the density of the resulting polymer. Linear
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low-density polyethylene (LLDPE) is produced in this manner
by increasing the content of short-chain branches. The M,, and
its distribution (polydispersity) together with the comonomer
size and content of branching will finally affect the optimal
packing of the chains into microcrystallites, the amount of
free chain segments extending out from the microcrystallites,
and the relative amount of non-crystalline and crystalline frac-
tions of the final material. These factors, together with the
thermal and mechanical processing parameters, determine
effectively the polymer properties that are important for the
application of a certain type of polyethylene.

As ameans of gaining information about the microstructural
changes taking place in the crystalline part of a semi-crystalline
material when an external parameter, e.g. temperature, is
changed, one may study the thermally induced changes of
the crystal lattice, including melting and recrystallization.
The Rietveld method [1,2] applied to powder diffractograms
is a very accurate method for determination of lattice constants,
due to the large number of precisely located diffraction peaks
that can be introduced in the whole-pattern fit, thereby contrib-
uting to small standard deviations in the computed lattice
constants. A modern two-dimensional electronic detector in
combination with the high-flux and low-divergent X-rays
from a synchrotron source, provide a very efficient tool for
structural characterization of polycrystalline materials. The
quality of the sample may be the limiting factor for the useful-
ness of this procedure, as samples with low crystallinity will
have inherently broadened diffraction peaks. However, the res-
olution in the diffraction spectrum for any given sample, will
be superior to that obtained with a standard laboratory X-ray
source because of the smaller flux and generally much larger
divergence of that beam. We show in the present paper that
the combination of an image-plate detector and synchrotron
X-rays may give high quality patterns of polyethylenes with
well-resolved diffraction peaks down to d-values of about
1.25 A in less than 1 min, thus enabling a detailed study of
the effect of temperature on these samples. This method also
opens for time-resolved studies of the impact of other external
parameters, such as pressure, tension, radiation or fields.

2. Experimental
2.1. Materials

The ethylene copolymer samples used in this work were
provided by Borealis AS. They were synthesised in a low-
pressure slurry process using isobutane as solvent, and differ-
ent amounts of the comonomer 1-hexene were incorporated
into the chains. The powder samples were taken from the
reactor as untreated granular material.

2.2. X-ray diffraction study

The largest particles were removed using a sieve of mesh
size 60, giving particles of size less than 250 pm. The samples
were filled in 1.5 mm borosilicate capillaries and mounted in
8 mm brass stubs, with inner diameter 1.7 mm. The brass

stub was subsequently inserted into a Huber goniometer
head (1005), which was mounted on the spindle axis of
a MAR345 image-plate system. The distance between the
sample and detector was chosen to be nominally 190 or
250 mm, calibrated to 189.9 mm and 244.7 mm, respectively,
by means of a Si-standard sample (NBS 640b). The Si-stan-
dard was also used to determine the exact centre of the
beam on the image-plate, as well as for correction of the
off-orthogonality of the plate with respect to the beam.

Images were collected on the Swiss-Norwegian Beamlines
(SNBL) at ESRF, with an exposure time of 30 s. The capillary
was rotated 30° during the exposure in order to increase the
number of crystallites contributing to the signal. The large
image-plate mode (345 mm) was employed in combination
with a resolution of 100 um. A focused beam was used for
the measurements, and the size of the beam on the sample
was 0.3 x 0.3 mm, thus covering only the central part of the
1.5 mm diameter capillary. The X-ray study was carried out
in two series of experiments, with wavelengths 0.7519 A and
0.7005 A, respectively, and with sample—detector distances
as given above.

Integration of the two-dimensional pattern was made by
means of the FIT2D program [3]. The upper 26-limit was
set to 50.0°, and the 20-scale was split into 5000 bins for
the integration (1 step =0.01° in 26). The resulting intensity
patterns were subsequently transformed into a format suitable
for input to the program system GSAS by Larson and Von
Dreele [4], and a Rietveld refinement was performed on
each complete powder pattern making use of GSAS with a
profile function that includes asymmetry correction [5].

The use of a focused beam is very convenient for rapid data
collection, and thus for enabling temperature scans. However,
due to the inherent divergence of the beam, part of the ob-
served peak width originates from the beam itself. There is
also a capillary size effect which contributes to peak broaden-
ing. The contribution from beam divergence was determined
by using a LaBg standard sample (intrinsic FWHM < 0.01°)
in a narrow (0.3 mm) capillary. The effect of the sample size
was determined by the use of a Si-sample in a 1.5 mm capil-
lary. Before the temperature study, a diffractogram (Fig. 1)
was collected at ambient temperature (RT) on one of the sam-
ples using the high-resolution powder diffractometer of Station
B at SNBL, in order to optimize the starting values for the
subsequent refinement of the image-plate data.

For the temperature study, a newly developed furnace [6],
specially designed to be mounted on the MAR345 system,
was employed. A top view of the central part of the furnace,
as installed on the MAR345, is shown in Fig. 2.

The sample is heated by a set of four resistances in order to
provide an approximately homogeneous temperature in the
central part of the furnace. A set of five melting point stan-
dards were used in the present study to obtain an accurate
calibration in the temperature range of interest. These were
naphthalene (7, =80.1 °C), benzoic acid (T, =122.1°C),
p-anisic acid (T, = 183.2 °C), all melting points with an error
of £0.2 °C. In addition the metals In (purity > 99.996%, T,,, =
156.6 °C) and Sn (purity > 99.8%, T,,, =231.9 °C) were used.
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Fig. 1. High-resolution room temperature diffractogram of one of the ethylene
copolymer samples (A, cf. Table 1). The difference pattern (Diff) between the
observed and calculated data (Rietveld analysis) is shown in the lower part of
the figure. The inset shows in more detail the intermediate region with several
well-resolved peaks. The wavelength was 0.6479 A

Fig. 2. Top view of the He-filled furnace used in the experiments. The sample
is introduced from the right, and the beam enters at the lower side of the
picture, through the MAR345 slit system.

The result of the calibration is shown in Fig. 3. During the
measurements the furnace was filled with He gas providing
a controlled and inert atmosphere.

The temperature cycles were executed between room tem-
perature and a maximum of 200 °C in steps of 10—20 °C,
decreasing to 5 and 2 °C, and finally to 1°C step-sizes in
the regions of most interest. Recrystallization was monitored
during cooling of the melt. For samples A—C two images
were collected for each temperature point with a dwell time
of 150 s in between.

2.3. Differential scanning calorimetry (DSC)

A Perkin—Elmer DSC-7 instrument was used for all the
DSC experiments. The instrument was calibrated with an in-
dium standard to give the onset of melting at 156.6 °C and
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Fig. 3. Calibration curve for the furnace obtained from five different standards
with melting points in the temperature range relevant for this study.

an enthalpy of fusion of 28.45J g~ !. Scans were performed
at a heating rate of 10 Kmin~' in an N, atmosphere to avoid
thermal oxidation. Approximately 5 mg of polymer was intro-
duced into a 30 pl alumina pan with holes, which was sealed
using a pan crimping tool. An empty alumina pan was used as
a reference. The heating curves were corrected to the true
baseline by reference to heating curves obtained with empty
sample pans. Since the melting of the polymer crystals is re-
lated to the heating rate [7,8], a temperature correction func-
tion was determined [9]. For this purpose, eight polyethylene
(PE) samples were chosen with different melting peak temper-
atures. Each sample was subjected to the same thermal history,
crystallized from 200 to 25 °C at a cooling rate of 50 K min ™',
DSC scans were executed at different heating rates; 2, 10, 30,
60 and 100 Kmin ', and the peak melting temperature was
identified. For each heating rate, the DSC was calibrated
with respect to temperature and enthalpy of fusion, using the
indium standard. Extrapolation to zero heating rate will give
the true melting temperature [10—12]. The crystallinity of
the polymer samples was calculated by the total enthalpy
method [13,14] using the enthalpy of fusion function derived
by Mathot [15].

AnoH° (T) =293 — 0.3092 x 1075(414.6 — T)°
x (414.6 —2T) J/g

where the temperature T is in Kelvin.

The DSC was also used to estimate the 1-hexene content of
the polymer samples. The melting point of a polymer crystal-
lite is related to the lamellar thickness through the Gibbs—
Thompson equation [16].

20,
Tu=T, [1 B ZCAH&}

where T is the melting point of an infinite sized crystallite,
o, is the lamellar fold plane interfacial energy, /. is the thick-
ness of the crystallite and AHg1 is the bulk melting enthalpy.
The crystallite thickness is dependent on the amount of
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comonomer incorporated into the polymer backbone [17]. The
samples used in this study were part of a larger group, for
which the 1-hexene content had been measured by the manu-
facturer (infrared spectroscopy) for six of the samples. From
these six samples a linear calibration was made for the 1-hex-
ene content against the peak melting temperature, when sub-
jected to the same thermal history [9]. The 1-hexene content
for the samples used in this study was thus estimated from
this linear calibration.

2.4. Size exclusion chromatography (SEC)

The molecular weight (M,,) and polydispersity (M,,/M,) of
the samples were determined by means of a high temperature
size exclusion chromatograph (PL-GPC210, Polymer Labora-
tories, UK). The setup consisted of a differential refractive
index detector (Model 210RI, Viscotek, USA), a four-capillary
bridge viscometer (Model 210R, Viscotek, USA), and a light
scattering detector (Model PD2040, Precision Detectors,
USA). The viscometer was connected in parallel with the dif-
ferential refractive index detector with a flow ratio of 55:45.
The light scattering detector was connected serially in front
of the other two detectors. Separations were made using three
PLgel 10 um MIXED-B 300 x 7.5-mm columns, guarded by
a precolumn. 1,2,4-Trichlorobenzene (TCB) was used as
eluent at a flow rate of 1 mlmin~'. The TCB was stabilized
with the antioxidant BHT at a concentration of 0.0125 wt%.
The temperature used throughout the chromatography work
was 160 °C. The SEC system was calibrated using polystyrene
standards (Polymer Laboratories), in a narrow range of My,/M,
with M, ranging from 580 g mol ! to 4,000,000 g mol .

2.5. Individual sample characteristics

Five samples of different molecular weight, polydispersity
and contents of 1-hexene, here labelled A, B, C, D and E,
were used in these studies (Table 1).
3. Results and discussion

We observe that the samples A, D and E are very similar

both in polydispersity and in cohexene content but differ in
M,,. This subgroup therefore offers information on the effects

Table 1
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of varying molecular weight. Samples A and B are similar
except for the polydispersity, and samples C and D compare
closely with respect to molecular weight and polydispersity,
but C has a much higher content of cohexene. It is clear that
the analyses of the data and the conclusions must be viewed
in light of the limited number of samples.

3.1. Mass crystallinity and melting point

The crystallinity in the group of samples A, D and E having
a nearly constant cohexene content decreases with increasing
molecular weight. This is the expected result. It is known
that the crystallinity for linear PE [18,19] as well as other ho-
mopolymers obtained from the melt [20,21] decreases with in-
creasing molecular weight up to values of about 10°. Except
for a general reduction in crystallinity relative to the parent ho-
mopolymer [22] ethylene copolymers with a fixed comonomer
content show a similar decrease in crystallinity with increasing
molecular weight [23]. In agreement with the general obser-
vation of Alamo and Mandelkern [22] we also observe that
sample C with the highest branching content has a lower
crystallinity than sample D.

The melting temperatures were determined by two different
methods, and the values obtained for a given sample in Table 1
may differ somewhat. Nevertheless, the averaged values for
the samples A, D and E indicate a slight increase in Ty, with
increasing molecular weight. This is in agreement with the
predictions for long-chain molecules [24,25]. In contrast, a
decrease in melting temperature with increasing molecular
weight has been reported for various ethylene/1-alkene copol-
ymers [17,23]. This apparently anomalous behaviour was
attributed to decreasing crystallite thickness in the chain direc-
tion with molecular weight. The reduced melting temperature
of sample C is in agreement with many previous observations
on the effect of an increasing content of branch points [23,26].

3.2. Unit cell parameters

3.2.1. Background

Following the early work by Miiller on normal paraffins
[27] several studies have been made of the variation of the
unit cell parameters of PE with temperature, ¢f. Swan [28]
and references therein. The work by Swan has been succeeded

Characteristics of the five different ethylene/1-hexene copolymer samples used in this study

Sample Catalyst Reactor T [°C] M, [gmol '] M, IM*? 1-Hexene Mass cryst.” [%] Melting T [°C]
content” [mol%] T, de
A Metallocene 97.5 16,500 2.2 0.14 74.1 136 137
B Chromium 96 21,300 11.3 0.07 70.4 135 132
C Metallocene 85 59,800 1.8 2.26 50.8 119 120
D Metallocene 85 60,100 2.0 0.24 62.5 136 140
E Metallocene 38 1,31,500 2.1 0.11 52.3 141 143

? Determined by SEC.
® Determined by DSC.
¢ Determined by DSC with an error +0.2 °C.
4 Determined visually.
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by a number of other studies of both oriented and unoriented
PE [29—39]. In most of these studies, however, only a small
number of reflections was used, often only 2—6. In one case
[37] 45—50 reflections were used but for a sample of uniax-
ially oriented PE. With one or two exceptions, radiation
from a conventional X-ray source was employed, in some
cases monochromatized, yielding the K,; emission line from
the target material, in other cases only filtered, providing the
K,1/K,, doublet which will contribute to a diffraction-line
broadening increasing with 26.

The effects of branch type and content on the unit cell pa-
rameters of ethylene copolymers have been studied by several
authors. A representative summary of work up to 1989 on eth-
ylene copolymers with different a-olefins has been presented
by Howard and Crist [40]. More recent studies addressing
also the impact of branch distribution have been published
by Baker and Windle [26,41] and Rabiej [42].

3.2.2. Qualitative observations

Fig. 4 shows a typical image-plate pattern for one of the sam-
ples (A) collected at RT (23 °C) with 30 s exposure time. About
17 powder rings can be identified, of which the majority consists
of several partially overlapping maxima. The dominating fea-
ture close to the centre of the image are the strong (110) and
(200) reflections from the orthorhombic structure (Pnam).
The outer edge of the pattern corresponds to a 26-value of
35°, or a d-value of 1.25 A. Although not easily recognizable
in this picture, the integrated intensity still shows peaks close
to the edge of the detector. For the best crystalline samples a total
of 27 reflections were available for Rietveld refinement.

Heating the sample will increase the atomic displace-
ment parameters, i.e. an increase of B; in the expression
exp(—ZBjsz), where s = sin 6/, which causes a general reduc-
tion of the intensity maxima. This process starts immediately

Fig. 4. 2-D pattern of one of the samples (A) at RT. The wavelength was
0.7519 A, and the sample to detector distance was 189.9 mm.
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Fig. 5. 3-D pattern showing the evolution of the diffraction pattern upon heat-
ing up to 150 °C and subsequent cooling down towards RT of sample A. The
leftmost group of peaks represents the heating sequence and the rightmost
group represents the cooling sequence.

upon heating, and since the effect is exponential in s* a reduc-
tion in peak height will be seen most clearly for reflections at
large 26. The melting that starts later, will first break down the
long-range order, thus the increase in line-width should be
seen first for the high angle reflections. This is also what we
observed with our samples, where the typical peak width
(FWHM) of 0.3° (20) increased by about 20% for the peaks
at highest angles prior to melting, but remained nearly con-
stant at low angles.

Fig. 5 shows the evolution of the diffraction pattern for one
of the samples (A) as the temperature is raised from RT to
150 °C and then cooled back to RT. The sample recrystallizes
at a temperature which was found to be approximately 5 °C
below the temperature where melting starts. The peak intensi-
ties are seen to be lower in the cooling regime than in the heat-
ing regime. This is due to the compaction and redistribution of
the sample in the capillary upon melting, resulting in a smaller
amount of sample being hit by the 0.3 x 0.3 mm beam.

Fig. 6a shows how the dominating (110) and (200) peaks
develop during recrystallization for one of the polymer sam-
ples (C) during cooling from above its T,,,. In addition to the
dramatic changes in peak height and shape, one also notices
the displacements of the peak centres with decreasing temper-
ature. Shifts towards higher 26-angles are clearly seen for the
(200) maximum, reflecting the almost linear contraction of the
a-axis with decreasing temperature in most of the T range be-
low melting, cf. Fig. 7. Reflection (110) has contributions from
both a*=1/a and b* =1/b, mostly from the latter since
b* > a*. As will be shown in more detail later, a* increases
and b* decreases during the first stage of cooling. For sample
C the reduction in b* is nonlinear and particularly strong in the
temperature range 112—95 °C. One would then expect that
the position of the (110) peak approaches lower 20-values as
T is decreased in this T-range, and subsequently increases
slightly in 26 at lower T, when the contribution from the
increasing a* starts to dominate.
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Fig. 6. (a) Evolution with temperature of the two strongest low-angle peaks
of sample C as it is cooled from melting temperature to 35 °C. (b) Shifts in
position with temperature of the (110), (200), and (020) peaks of sample C
as it is cooled from melting temperature to 35 °C. The 26-values for the
peak positions have been normalized to the values at the lowest temperature.

This behaviour is exactly what we observe, as demonstrated
in Fig. 6b. This figure also shows the thermal shifts of the
(020) peak, which is only influenced by changes in b*: a non-
linear decrease in 26 from melting down to about 90 °C, and
from there on a nearly constant magnitude of 26 (and b*). A
more quantitative discussion of the thermal influence on the
unit cell parameters based on Rietveld refinements will be
given in Section 3.2.3.

The fully melted sample contains a very broad peak (amor-
phous contribution) centred at a d-value ~4.7 A (20 ~ 9.2°),
which can probably be ascribed to interchain correlation [43].
There is also a smaller peak present, corresponding to a d-
value of 2.19 A, which may be the signature of an intrachain
correlation.

3.2.3. Results and quantitative analyses
In the present work we have used monochromatized syn-
chrotron radiation. In order to obtain precise values for the

lattice parameters a Rietveld refinement was carried out at
each temperature step for each of the samples in Table 1.
Data out to 260 =33° comprising up to 27 reflections (hkl),
some of them partly overlapping, were employed in the
refinements.

Fig. 7a shows the result of Rietveld refinements at each
temperature on the sample with the lowest molecular weight
(A). The lattice parameters a, b, and ¢ are shown at all temper-
atures, both for the heating and cooling processes. Upon heat-
ing from room temperature, there is a significant, almost linear
increase in a, about 3% in the temperature range from 40 to
130 °C. After having reached the fully melted state, the sam-
ple was cooled slowly (in about 1.5 h) from 145 °C through
the recrystallization stage down to 45 °C. Characteristic struc-
tures in the pattern, sufficient for applying Rietveld analysis,
appear around 130 °C, but the standard deviations are rela-
tively large in this range. The lattice constants are in general
slightly smaller for a given T during cooling as compared to
the heating sequence. The reduction is largest for the b- and
c-axes. After recrystallization b becomes almost independent
of T in the range 40 to ~ 100 °C. The decrease in unit cell vol-
ume is nearly linear with T during cooling. Sample A had
a melting point of ~ 137 °C as determined visually, which is
close to the value obtained from DSC measurements.

Fig. 7b—e shows the temperature effect on the lattice pa-
rameters for the other four samples, B—E, in this study.
They range from intermediate to high in molecular weight,
and have varying degrees of polydispersity and branching.

The sample with lowest molecular weight (A) was also the
one with the highest crystallinity, a fact that is reflected in the
smaller standard deviations of its lattice parameters compared
to the other samples.

Interestingly, sample E showed clear signs of a cocrystal-
lized monoclinic phase. All the other samples were purely or-
thorhombic (Pnam). The unit cell of the monoclinic phase
according to Seto et al. [44] has a=38.09 /ok, b=1253 A,
c=479 A, 8=107.9°, i.e. b is the unique axis. The (001)
peak of the monoclinic phase can be seen to the left of the
main peak in Fig. 8, at a 260-value of 8.85° (d=4.54 10\).
The content of the monoclinic (C2/m) phase of this sample
was estimated to 7% at room temperature. It disappeared grad-
ually with increasing temperature, and was no longer present
at T=120°C. After annealing there were no traces of this
phase. Sample E was prepared at a low reactor temperature
(see Table 1), and it is possible that a partial transformation
to the monoclinic phase was induced by shear—stress deforma-
tion during the preparation [45].

The values for the lattice parameters at T = 55 °C, as
extracted by Rietveld refinements, are shown in Table 2 for
all samples. Values are given both before melting and
after recrystallization.

The unit cell parameters of ethylene copolymers depend, as
for the parent homopolymers, on the crystallization and an-
nealing conditions due to the impact of these factors on the
thickness of the crystalline lamellae. A roughly reciprocal re-
lationship between the base area ab, and the average lamellar
thickness has been reported [40,46—48]. The influence of
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Fig. 7. (a)—(e) Evolution with temperature of lattice parameters and unit cell volume of samples A—E (Table 1) based on Rietveld refinement at each temperature.
As a guide to the eye, a line has been drawn through the points for the lattice constants corresponding to the cooling regime. For sample D only the heating
sequence is shown, since the data for the cooling sequence was found to be corrupted.

concentration, size and regularity of the side-chain branches is
also well documented, c¢f. Howard and Crist [40], Baker and
Windle [26] and references therein. For unoriented ethylene
copolymers it is generally found that the a- and b-axes, normal
to the chain direction, are longer than in the parent homopol-
ymers. Methyl, and to a lesser extent ethyl branches, induce
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Fig. 8. Low-angle part of the diffraction pattern for sample E, showing one
peak corresponding to the monoclinic phase (T =40 °C).

expansion primarily of a but also b, proportional to the branch
content up to a certain level, after which these parameters re-
main constant. For longer branches like propyl and butyl, there
appears to be no further expansion, independent of branch
content [40]. This result, which is challenged [26], has been
interpreted to indicate that the shortest branches, in particular
methyl, are incorporated in the crystalline lamellae, but with
increasing content further accommodation in the crystalline
environment becomes progressively rare. The longer branches
appear to be excluded from the lamellae, thereby inducing
strain and a concomitant reduction of lamellar thickness. It
is reasonable to assume, however, that there is no distinct limit
in branch size leading to a uniform exclusion of the branching
unit. In fact, 13C NMR measurements have indicated that
n-butyl, n-hexyl up to n-decyl branches can be incorporated
in the crystal by fractions of about 6% [49]. In summary, the
average volume of a copolymer unit cell can increase as a
result of two different deformation mechanisms: a progressive
inclusion of short side-chain branches in the crystalline lamel-
lae, and a reduction of crystal thickness caused by exclusion of
longer side chains which will induce surface stress on the
lamellae [42].

The 1-hexene comonomer will generate a polymer with
n-butyl branches presumably to a large extent being excluded
from the crystalline lamellac. The a-axis is the one most



K.D. Knudsen et al. | Polymer 48 (2007) 3148—3161 3157

Table 2

Lattice parameters a, b, and ¢ calculated at T = 55 °C for the five samples studied

Sample a (A) before/after b (A) before/after c (A) before/after

A 7.4888 (7)/7.4821 (7) 4.9659 (5)/4.9494 (5) 2.5546 (2)/2.5498 (1)
B 7.4953 (16)/7.5016 (29) 4.9657 (12)/4.9548 (21) 2.5534 (4)/2.5531 (8)
C 7.5328 (22)/7.5329 (37) 4.9658 (16)/4.9655 (26) 2.5528 (7)/2.5512 (10)
D 7.4830 (17) 4.9638 (12) 2.5497 (4)

E 7.4881 (82)/7.4820 (9) 4.9637 (60)/4.9628 (7) 2.5498 (19)/2.5554 (2)

The two values (before/after) listed for each lattice parameter refer to the values before melting and after recrystallization, respectively. For sample D only the
values before melting can be given. The time spent for passing through annealing (defined here as the time between Treeryst +5 °C and Tireeryse —10 °C) was

approximately 35 min.

strongly influenced by different sample characteristics, cf.
Table 1. Samples A, D and E which are very similar both
with respect to cohexene content and polydispersity, but are
different in molecular weight and crystallinity, have very sim-
ilar lengths of the a-axis up to melting. Annealing brings about
a small shortening of a which becomes identical for samples
A and E (sample D has been excluded from this comparison
due to impaired diffraction data from the cooling sequence).
Sample B has a slightly longer a than samples A, D and E,
and it increases significantly after annealing. This sample
has the largest polydispersity which is the main difference
from sample A. The influence of a larger content of n-butyl
branches is clearly seen for sample C which has the largest
a, and this parameter remains unchanged after annealing.

We have calculated the coefficient of thermal expansion
(CTE) in the three axial directions for the five samples and
have used the development during cooling from recrystalliza-
tion to 45 °C (55 °C for sample B) along a, and in the T-range
T, — 30—45 °C along b and c. For sample D values from the
heating sequence were used for this calculation. The results
are shown in Table 3.

There is a nearly linear decrease in a with temperature after
annealing, the parent a, are in the range (26—34) x 10> K™,
with the larger values for the most crystalline samples. All
samples except C show a slightly nonlinear increase in the ex-
pansion of a as T approaches T\, the behaviour during cooling
is more linear, see Fig. 7. Below this premelting range in 7, the
effect of temperature on a seems to be reversible; there is prac-
tically no difference between the heating and cooling se-
quences. Values for «, obtained for various unoriented and
oriented samples of PE and HDPE reported up to 1999 have
been compiled by Tashiro et al. [37]. Most of the authors

Table 3

Linear expansion coefficients (x 1072 K™Y with esd’s for samples A—E
Sample ax 103K ™! apx 107K ax 107K
A 32+1 1+1 —2.0+£0.2

B 32+1 241 —0.6+0.2

C 26+ 1 —2+1 —-1.9+04

D 34+1 241 ~1.94+03

E 2941 1+1 —8.0£0.1

Values have been calculated for the cooling sequence, i.e. after recrystalliza-
tion, in the temperature range from recrystallization to 45 °C along a, and
from Ty, — 30 °C to 45 °C along b and c. Values from the heating sequence
were used for sample D.

referred there have not given data above room temperature.
Swan [28] reported an «, of 22 x 1075 K ! at 303 K, increas-
ing to 57.8 x 10K~ at 411 K, close to melting, for an
unoriented HDPE.

The length of the c-axis, along the C—C zig-zag chain, be-
fore melting is closely similar for samples A—C, c is slightly
shorter for samples D and E. After annealing there are small
but significant changes in opposite directions in this parameter
for samples A and E, a contraction in the former and an ex-
pansion in the latter. The overall effect is an apparent small
increase in ¢ with molecular weight. A small negative
dependence on ¢ with ethyl branch content has been reported
previously [40]. A similar trend with butyl branching cannot
be ascertained from the present study. The averaged c-value
before melting equals 2.5521 A, and is unchanged
(2.5524 A) after recrystallization.

A common feature for all samples is a negative linear ex-
pansion along c, . is in the range —0.6 to —2.0 x 107> K™'
for samples A—D, and somewhat more negative for sample
E, —8.0 x 10> K~'. A small contraction along the PE chain
axis with increasing T was first reported by Kobayashi and
Keller [29] and has been confirmed in many studies since
then. According to Chen et al. [50] the negative expansion
along the polymer chain is a general feature for most if not
all polymers, with «. in the range —1 to —5x 10> K",
The theory of chain contraction with increasing temperature
in polymer crystals has been developed by several workers,
providing good agreement between calculations and experi-
ment [50,51]. Transverse torsional and bending modes of
vibration in the C—C—C sequence of the polymer chain are
excited at temperatures 100—300 K, c¢f. Vettegren et al. [52]
and references therein. With increasing amplitudes of vibra-
tion the projection of the molecular skeleton onto the molecu-
lar axis will become progressively shorter resulting in
a longitudinal contraction.

At T = 55 °C, before melting, b is identical for all five
samples, the average value is 4.9650 A. No effect from an in-
creased content of cohexene is apparent. After annealing there
is a distinct contraction in b for the most crystalline samples A
and B, indicating a denser packing in this direction. A similar
contraction does not apply to the least crystalline samples C
and E.

The thermal response of the b-axis is remarkable. In the
lower range of T both during heating and cooling, b remains
constant, o, =0 within 2¢ from RT to about T,, — 40 °C.
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Above the latter temperature and up to melting oy, becomes
increasingly negative. This nonlinear change in b, which is
particularly prominent during heating, is contrary to the
observations of Hsie and Hu [53] and Tashiro et al. [37]. How-
ever, these studies were made on ultra-high molecular weight
fibres and uniaxially oriented HDPE (stretching of a melt-
quenched sample), respectively, and are not directly compara-
ble to our results. Swan [28] on the other hand, in his study of
a linear unoriented HDPE observed a relatively constant
b above room temperature, and then, with increasing T,
a change to contraction, with o, =—-7.2 X 109K at
411 K. A very similar thermal behaviour of b close to melting
was reported by Pereira et al. [36], in this case the sample was
a hot-drawn HDPE. The observation was not further discussed
by the authors.

Since all samples in the present study, to less extent sample A,
exhibit a pronounced nonlinear contraction of b prior to melting,
we believe that this is a real effect related to changes in the
structure taking place above a certain threshold temperature.

3.3. Structure parameters

3.3.1. Structure refinements

In order to study the structural response to changes in T we
have carried out least-squares refinements for all samples at
RT, at 15—20 °C below T, during heating, and T at the end
of the cooling sequence. For sample C we have followed the
evolution of structure in more detail by refinements at several
temperatures both during heating up to 7= 115 °C and after
recrystallization and cooling from 7 = 111 °C down to
T=35°C.

Even for the best crystalline polymer samples the diffrac-
tion data is of modest quality, and is further reduced, also in
quantity, by decreasing crystallinity and increasing tempera-
ture. A major purpose of the refinements was to obtain param-
eters describing the packing and the rotational orientation of
the chains. In the course of this work we obtained as well ev-
idence for a pronounced asymmetry in the C—C—H angles
which is also important for the interchain contact distances.

Characteristic structure parameters of the aliphatic hydro-
carbon chain itself are well established from several X-ray dif-
fraction studies of single crystals of n-alkanes and various
lipid components such as long-chain fatty acids and alcohols,
glycerides, etc. Therefore, to minimize the impact of differ-
ences in quality and quantity between the various data sets
on the results it was decided to impose two constraints on
the refinements: bond lengths of C—C=1.52 A and C—
H=1.00A. A C—C bond length of 1.52 Aisa typical value
obtained from RT refinements of n-hydrocarbon chains, see
e.g. the diffraction studies of two forms of stearic acid
[54,55]. This mean value contains a slight apparent shortening
(which implies also a slight enlargement of the C—C—C an-
gle) due to relatively large thermal oscillatory vibrations of
the chain at RT, and as well to the effect of bonding density
not being taken properly into account by the usual spherical
model for the C atom. The C—H bonding distance of 1.00 A
reflects a well documented apparent shortening by about

0.10—0.12 A in standard X-ray diffraction studies. The short-
ening is caused by the pronounced asphericity of the electron
density distribution about the nucleus of the bonded H atom.
After completion of each refinement, the C—H bonding dis-
tances were expanded to 1.10 /OX, which is a mean value cor-
rected for thermal effects obtained for C(sp3)—H bonds from
precise neutron diffraction studies [56—58]. This value was
used for the calculation of contact distances and angles.

3.3.2. Results

A perspective view of the orthorhombic structure of PE
illustrating the stacking of adjacent polymer chains is shown
in Fig. 9. The structure is completely defined by the unit cell
parameters and the positional and displacement parameters
for one C and two H atoms.

There are three types of interchain H---H contacts: H1---H2
(type I) approximately along a + 0.6b, H2---H2 (type II) ap-
proximately along (b +£c¢), and H1---H1 (type III) in which
each HI1 forms identical contacts to four H1 in two adjacent
chains translated %2(a = b). Of these only type I is a short
H---H contact. The interchain contacts are directly related to
two structural features: an asymmetry in the C—C—H valency
angles and the setting angle ¢, defined as the angle between
the C—C zig-zag chain running through the origin and the
bc-planel. The contact distances, the C—C—H angles, and
the setting angles have been calculated from the refined coor-
dinates for all five samples at various temperatures. We found
that the type III contact distances are remarkably constant, be-
ing in the range 2.92—2.97 A for all the samples of this study,
including four additional samples that were not subjected to
thermal cycling. This range also holds at elevated tempera-
tures. Therefore, we have included in the present survey
only the calculated type I and type II contacts. For clarity
only the two types of contact are marked in Fig. 9.

The results for all the samples are given in Table 4.

We have followed the development of these parameters in
more detail for one of the samples (C) both during heating
and cooling. The results are shown in Table 5.

3.3.3. The impact of temperature, melting and
recrystallization on the structure

Before discussing the results we note that the calculated
H---H contact distances for sample D at 45 °C after cooling
are less reliable due to impaired data. The cocrystallized
monoclinic phase in sample E (cf. Fig. 8) prohibits a meaning-
ful refinement of these contacts at low T below melting, and
the calculated values have been omitted from Table 4. A con-
spicuous structural feature, common to all samples, is a strong
asymmetry in the C—C—H valency angles, the average values
for C—C—HI1 and C—C—H2 (in both cases excluding sample
E) are 115.4° (114.6—116.1°) and 97.8° (95.4—99.6°), respec-
tively, with ranges in parentheses. This asymmetry is a unique
feature, apparently a means to accommodate inherent strain in

! Two different definitions of the setting angle can be found in the literature.
We follow the original definition by Bunn [59], cf. also [60].
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Fig. 9. Perspective view of the orthorhombic chain packing of PE. The inter-
chain H---H contacts I and II are shown as dotted lines. Hydrogen atom H1
and H2 are labelled 1 and 2, respectively.

the polymer structure. The lateral packing of the hydrocarbon
chains in PE can be described by an orthorhombic subcell of
type O L [61] which is a very common type of packing adop-
ted by many long-chain compounds. A low-temperature X-ray
diffraction study of the structure of 1,2-sn-dipalmitoylglycerol
which has two chains in the orthorhombic O L packing gave
no indication of an angular asymmetry. The refinement which
included the H atoms yielded 96 C—C—H angles associated
with the 12C atoms of the central part of the chains in the
range 106—112°, with a mean value of 109.0° [62].

Table 4

H---H contact distances of types I and II, C—C—H valency angles and setting
angles ¢ calculated at RT, at 15—20 °C below T, during heating, and T at the
end of the cooling sequence for samples A—E

A B C D E
I(A) 227 232 2.33 223 —

2.26 2.38 2.25 225 2.35

234 2.40 2.30 2.42 233
I (A) 2.82 273 2.75 2.87 -

3.06 2.80 2.99 3.13 3.05

2.71 2.70 2.81 2.63 2.77
C—C—H1 () 1150 114.6 116.0 116.1 —

119.4 118.2 118.4 119.0 115.7

116.1 116.9 116.7 114.0 116.4
C—C—H2 () 968 99.6 99.2 954 —

90.6 96.6 91.6 88.2 89.2

100.0 100.1 975 102.5 98.2
Q) 484 (2)  474() 481 (1) 493 (1) 484 (2)

516 (2) 5052 504(3) 535(3) 544 (3)

480 (1) 502(5) 4842 4772 4952
T (°C) RT RT RT RT RT

120 120 105 121 121

40 57 35 45 45

The esd’s are in the ranges 0.01—0.03 A for the contacts, 0.3—0.9° for the
C—C—H angles and 0.1—0.5° for the setting angles. For each parameter the
temperatures of the measurements yielding the values in the three lines is
given at the bottom of the table.

Heating sequence prior to melting: significant changes in
structure occur with increasing 7. The asymmetry in the C—
C—H angles becomes larger, at 15—20 °C below T}, the aver-
age values for C—C—HI1 and C—C—H2 are 118.1° and 91.2°,
respectively, the most noteworthy change being an average de-
crease of about 6.5° in the C—C—H?2 angles. The H2 atoms are
involved in both contacts I and II. Secondly, there is a general
increase in the setting angles, the average change from RT to
15—20 °C below Ty, is about +3.8°. An increasing setting an-
gle implies a clockwise rotation of the chains running through
the corners of the cell, and a corresponding anticlockwise ro-
tation of the central chain. The consequences of these changes
are relatively minor for the type I contacts, both positive and
negative shifts occur. The type II contacts expand significantly
with increasing T, at 15—20 °C below T, the average length-
ening is 0.2 A. The data for sample C (Table 5) show that the
largest changes take place from RT up to about 85 °C and
further indicate that close to melting both the type II contacts
and ¢ begin to decrease, i.e. a reversal of the previous
development.

Cooling sequence following melting and recrystallization:
there are only small shifts in the type I contacts at the end
of the cooling sequence for the five samples (Table 4); the re-
sults indicate a general increase relative to the values at RT be-
fore heating. The distances after recrystallization and cooling
are in the range 2.30—2.40 A. The type II contacts are short-
ened compared to their values 15—20 °C below T,,,. Data for
sample C suggest that this contraction is caused by the melting
and recrystallization process, and that the distances do not
change much during the subsequent cooling. Excluding the
less reliable value for sample D, the final type II contacts
are in the range 2.70—2.80 A, with the shorter ones for the
most crystalline samples. The asymmetry in the C—C—H
angles decreases in a manner parallel to the development of
the type II contacts. The average values at the lowest T after
the cooling sequence are 116.0° (C—C—H1) and 99.7° (C—
C—H2). For the most crystalline samples A, B and D, the final
average C—C—H2 angle is 100.9°. The setting angles decrease
with decreasing 7, the average change relative to the values at
15—20 °C below T, is —3.3°.

An increase of the setting angle ¢ with T has been observed
by others. Iohara et al. [63] reported changes with T in the x
and y coordinates of the C atom implying a small rotation of
the chain planes towards the ac-plane, i.e. an increase of ¢
with increasing T (note alternative definition of setting angle
in [63]). Tashiro et al. [37] have confirmed this observation
from more accurate data, and reported a nearly constant ¢ of
HDPE below 283 K, from there on increasing with increasing
T. They also observed that the setting angle of HDPE is larger
than that of an ultra-drawn PE sample in the whole tempera-
ture region 173—363 K. However, these authors did not
observe that the chain rotation is reversible.

The asymmetry in the C—C—H angles, and its development
during heating and the subsequent cooling sequence is consis-
tent for the five samples. However, the angles deviate substan-
tially from the normal range of values and correspond to an
increased energy. The use of constraints for the bond lengths
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Table 5

H---H contact distances of types I and II, C—C—H valency angles and setting angles ¢ calculated for sample C at various temperatures both during heating and
cooling

Heating T (°C) RT 55 75 85 95 105 115
1(A) 2.33 2.28 2.26 2.25 2.25 2.25 223
I (A) 2.75 2.86 2.92 2.95 2.95 2.99 2.93
C—C—H1 (®) 116.0 117.3 117.9 118.2 118.5 118.4 118.7
C—C—H2 (°) 99.2 96.0 94.2 93.1 92.6 91.6 92.8
¢ () 48.1 48.8 49.6 50.0 50.1 50.4 49.6
Cooling T (°C) 111 105 95 85 75 55 35
I(A) 2.33 2.34 2.33 2.32 2.32 2.32 2.30
11 (A) 2.82 2.84 2.85 2.85 2.84 2.82 2.81
C—C—H1 (®) 117.2 117.6 117.5 117.4 117.2 116.8 116.7
C—C—H2 () 96.2 95.8 95.6 95.8 96.2 97.1 97.5
¢ () 49.0 50.0 50.0 49.9 49.6 49.1 484

The esd’s are in the ranges 0.01—0.05 A for the contacts, 0.4—0.7° for the C—C—H angles and 0.2—0.4° for the setting angles.

in the refinements could possibly affect the magnitude of the
calculated angle values. In order to check this possibility we
have carried out unconstrained refinements of one of the sam-
ples (C) at different temperatures. The C—C—H angles were
very little altered, the largest shift being 2 esd. Even if there is
still some doubt about the magnitudes of these angles and of
the changes in them, we believe that the observed effect is real.

3.3.4. A model for enhancing crystalline order

A common behaviour of all the samples is an increase of
the type II contacts by ~0.2 Aon heating from RT up to about
15—20 °C below T,,,, and a concomitant increase of the C—C—
H angular asymmetry by ~ 10° and of the setting angle ¢ by
~+3.8°. Melting and recrystallization apparently bring about
a shortening of these contacts, and they do not change much in
length during the subsequent cooling. Both the angular asym-
metry and the rotation of the chain planes are reversed with
decreasing T and the absolute changes are of about the same
magnitude as those taking place during heating. The con-
tracted C—C—H2 angles become slightly larger, i.e. attain
more normal values than before the heating sequence.

The type II H---H contacts are diagonal in the bc plane. We
have found that the b-axis remains constant both during heat-
ing and cooling in the range from RT to about T, — 40 °C.
Above this temperature and up to Ty, there is a nonlinear
and increasing contraction of b, which is particularly promi-
nent during heating. The c-axis shows a small linear contrac-
tion with increasing 7. Thus the observed changes in the
interchain type II contact distances cannot be explained by
the thermal behaviour of the b- and c-axes. Instead, they
must be attributed to atomic and molecular movements which
occur in a T dependent reversible manner.

Polyethylene and other polymers form superstructures
when grown from the melt, most common among which are
spherulites, spherical symmetrical aggregates with length
scale 0.5—200 pm, arising mainly as a result of the radial
growth of individual chain-folded lamellae from common
branch points [64—66]. The generally accepted picture of
a spherulite is a body consisting of diverging and twisting
stacks of lamellae with amorphous interlayers, the layer planes
being parallel to the speherulite radius, which also coincides

with the direction of the b-axis [67]. Melting and recrystalliza-
tion is a cleansing process creating an increased order of the
material, i.e. in the crystallinity. It is tempting to speculate
that the thermally induced ‘breathing’ motion of the polymer,
which involves atomic displacements as well as rotation of the
chain planes leading in turn to a lengthening of the interchain
distance in the bc plane, is a prerequisite for an enhancement
of crystalline order, mainly in the b direction, in a process
which for our samples involves exclusion of butyl branches
from the lamellae and presumably also a deport of amorphous
material radially outwards in the spherulites. The shortening of
the type II contacts and the reversal of angular asymmetry and
chain rotation which follows immediately upon melting and
recrystallization seems to support such a mechanism, and the
detailed sequence of events suggests that this process starts
prior to melting.

4. Conclusions

The use of a highly intense and well-collimated X-ray beam
from a third-generation synchrotron source, combined with an
area detector with online readout capabilities, allows high
quality powder patterns of polyethylene to be obtained with
exposure times of less than 1 min.

We have characterized five polyethylene samples of differ-
ent molecular weight, polydispersity and contents of 1-hexene
using a focused, monochromatic, synchrotron beam together
with an area detector to record the powder diffraction pattern.
A total of more than 60 measurements were carried out in the
temperature range 23—200 °C, and a full Rietveld refinement
was made on each data set in the temperature range accessible
for this kind of analysis. The exposure time per image was
typically only 30 s.

The linear coefficients of thermal expansion (CTE) for the
orthorhombic lattice parameters were found to be dependent
on molecular weight, crystallinity and cohexene content.
The CTE was found to be always positive along the a-axis
with the larger values for the most crystalline samples, and
slightly negative along c. These results are in agreement
with many previous studies of polymer chains. The thermal
response along b is more complex, in most cases differing
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significantly in the heating and cooling sequences. The parent
CTE, oy, was found to be zero within 2¢ for all samples in the
temperature range from RT to about 7, — 40 °C when it
becomes increasingly negative until melting takes place. The
unit cells expand nearly linearly in the temperature range
from RT to about 20 °C below T,,.

A common development in all the samples is an expansion
by ~0.2 A of the interchain H---H contacts in the bc-plane on
heating from RT up to about 15—20 °C below T,,. This expan-
sion can be related to an increase of the C—C—H angular
asymmetry by ~ 10° and of the setting angle ¢ by ~+3.8°.
Melting and recrystallization bring about a shortening of these
contacts, and they do not change much in length during the
subsequent cooling. Both the angular asymmetry and the rota-
tion of the chain planes are reversed with decreasing T and are
of about the same magnitude as the increase during heating.

The detailed sequence of thermally induced structural
changes suggests that increase of crystalline order takes place
predominantly in the b direction, in a process which may in-
volve amorphous material to be expelled radially outwards
in the spherulites, and for our samples a rejection of butyl
branches from the lamellae.
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