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ABSTRACT: The setting angle and the unit cell parameters are investigated for a series of polyethylene
samples of crystallinities with compositions between 23% and 75%. Significant variations of the setting
angle are observed as a function of crystallinity, melting temperature, and unit cell volume. It is suggested
that the setting angle is influenced by defects of the crystal such as folds and incorporated side chains.
This conclusion is in agreement with the findings of other authors who studied PE samples of high

crystallinities above 67%.

1. Introduction

A large number of studies have been published on the
setting angle o of orthorhombic polyethylene (PE) (o is
here defined as the angle between the polymer zigzag
chain and the b axis of the unit cell). Single crystals of
PE and highly crystalline PE were investigated (above
67% of crystallinity) either by theoretical methods or
by electron, X-ray, or neutron diffraction.

As a result, a large variation of the setting angles was
obtained. Therefore, some authors performed systematic
studies depending on physical properties. In 1968 Bank
et al. predicted a variation of the setting angle with the
unit cell volume.® However, the verification of his
findings was impossible at that time, as studies at very
low crystallinities were impossible due to low data
quality.! Later on, Kawaguchi performed measurements
on different PE and paraffin samples and found a
variation of the setting angle vs the folding of the
molecular chains, imperfections of the crystal lattice,
cell dimensions and size of the crystallites.2 Phillips
reported in 1985 that even though systematic studies
on the influence of sample properties and thermal
history on the unit cell dimensions of PE have been
widely studied, an equivalent systematic study is miss-
ing in the case of the setting angle.® Therefore, he
measured the variation of a with the crystallization
temperature of pressure-crystallized samples.

According to an analysis of the X-ray powder data
published until 1989,* only in one study the quality of
the data had been good enough to obtain the setting
angle with a sufficient accuracy, according to these
authors (£2°). To our knowledge no X-ray powder
diffraction data for PE have been published ever since.
An X-ray fiber study® and a theoretical work® have been
published since then. However, the setting angle re-
mains still a matter of discussion.

We wanted to extend the studied range of crystallini-
ties below the former limit of 67% in order to verify the
theoretical prediction described above.! Furthermore,
the value of the setting angle is important for under-
standing polyethylene crystallization* and dynamics.”
Therefore, we performed a high resolution X-ray powder
diffraction study on a set of six nonoriented PE samples
of widely differing crystallinity.
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In the following, we present our results comparing
them to former data and we discuss the dependence of
the setting angle on different properties of the sample.

2. Experimental Section

2.1. Experimental Setup. The experiment was performed
on the high-pressure endstation of the beamline 1D09 at the
European Synchrotron Radiation Facility (ESRF). The X-rays
from an undulator-source were focused vertically with a Pt-
coated Si mirror and horizontally with an asymmetrically cut
bend Si(111) Laue monochromator® to a beam size of 30 x 30
um?. Diffraction images were collected at a wavelength of 4.6
x 1072 nm. Image plates (size A3) were used as detectors. They
were scanned using a Molecular Dynamics STORM image
plate reader with 100 um pixel size. The detector-to-sample
distance was 450 mm, leading to a resolution in 26 of about
0.04°. Both parameters, wavelength and detector-to-sample-
distance, were calibrated using a silicon powder pattern. The
zero point of the 260 axis was given by a Gaussian fit of the
spot of the attenuated primary beam measured in parallel to
each exposure.

2.2. Data Treatment. Spatial distortion, polarisation and
detector tilt corrections were performed using the program
fit2d.® One-dimensional diffraction patterns were obtained by
integrating the two-dimensional images with the same pro-
gram.

To resolve the structural parameters of the powder X-ray
data, least-squares refinement according to Rietveld is carried
out using the program GSAS:° The carbon positions are
refined in the presence of the hydrogen atoms. The distance
C—H was fixed to 0.095 nm and the angle H—C—H to 106.1°,
as the quality of these X-ray data does not allow the refinement
of the hydrogen positions. To fix as few parameters as possible,
the C—C bond distances and angles are variable. This allows
checking the resulting structural parameters for consistency
(see also description of the refinement procedure in refs 4 and
5). The isotropic temperature factors were fixed to the values
given by Busing.® Other free parameters were the orthorhom-
bic lattice parameters, the non-hydrogen atomic positions, the
background coefficients (Chebyschev polynomial), and the scale
factor as well as the profile coefficients (multiterm Simpson’s
rule integration of the pseudo Voigt!®!). GSAS minimizes the
M function,® and the goodness of the fit is described by 2.
We get values between 2> = 3 and 9.

2.3. Samples. Six different PE samples were studied. Their
properties are given in Table 1.

Samples PE1 and PE2 have already been studied by small-
angle X-ray scattering under pressure and are described in
more detail in ref 13. PE2 is a PE-sample from BASF (Lupolen
1811M) and was heat-treated and calibrated for use as
standard in small-angle scattering.'* More details on PE3 can
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Table 1. Properties of the PE Samples?

sample PE 1 PE 2
classification LPE LDPE
Tm (K) 404.7 381.7
M., (g/mol) 52 720 75 090
Mw/Mp 3.87 5.37
CHs/1000 C 0 22.97
1-octene (mol %) 0 0

Xve 0.72 0.40

o (kg/m3) 958.1 923.4

PE 3 PE 4 PES PE 6
VLDPE LPE hEOc hEOc
398.6 407.1 392.9 377.2
95 000 50 000 51 000 37 000
4.3 2.8 2.2 2.0

0 0 0 0

5.9 0 2.1 5.2
0.23 0.75 0.61 0.34
904 12 12 12

aTm is the melting temperature given as the maximum of the endothermic peak, My, the weight-averaged molecular weight, M, the
number-averaged molecular weight, x,. the crystalline volume fraction calculated from the enthalpy measured by differential scanning
calorimetry (DSC), and p the mass density of the bulk sample. The classification has been performed according to ref 18: high-density PE
(HPDE), low-density PE (LDPE), very low-density PE (VLDPE), linear PE (LPE), homogeneous ethylene-1-octene copolymer (hEQOc).

Table 2. Structural Properties of Orthorhombic PE from the Refinement of the Powder X-ray Diffraction Data?

sample PE 1 PE 2

a (nm) 0.741(5) 0.749(3)
b (nm) 0.494(6) 0.497(4)
¢ (nm) 0.255(0) 0.255(0)
o (deg) 54.4 58.1
bond distance (nm) 0.1553 0.1542
bond angle (deg) 110.5 111.7

oc (kg/m3) 996(3) 982(8)

PE 3 PE 4 PES5 PE 6
0.751(0) 0.742(3) 0.744(6) 0.748(3)
0.498(8) 0.494(4) 0.495(5) 0.498(3)
0.255(2) 0.254(5) 0.254(7) 0.255(1)
60.1 478 53.8 58.1
0.1544 0.1497 0.1483 0.1529
111.6 116.4 118.4 1133
981(1) 997(7) 991(6) 981(7)

a8 The bond distance corresponds to the C—C distance, the bond angle to the C—C—C angle. p is the density of the crystalline phase as

calculated from the structural results.
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Figure 1. X-ray powder diffraction patterns of the six PE
samples. The numbers correspond to the crystallinity.
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be found in ref 15 and on PE4 to PE6 in ref 16 (PE4 is
equivalent to JW1114, PE5 to JW1116, and PE6 to JW1120).
Furthermore, PE4/JW1114 is described in ref 17.

3. Results

The X-ray powder-diffraction patterns of all samples
are shown in Figure 1. The results of the refinement
are given in Table 2.

The standard deviation of the setting angle is on the
order of 0.02° for all samples. This value is derived from
the standard deviation of the lattice parameters a and
b directly given by the refinement program GSAS and
checked by means of the standard deviations of the
observed bond distances and angles of the carbon atoms.

The variations in C—C bond distance and C—C—C
bond angle are not significant but are completely due
to the errors in the resulting atomic positions. The
errors in the lattice parameters are quite small (see
Table 2).

4. Discussion

The values obtained for the setting angles a are
widely spread (see Table 2). As can be seen by compar-
ing Tables 1 and 2, a varies with the melting temper-
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Figure 2. Setting angle vs melting temperature: this work,°
full circles; experimental data,®42°~2% diamonds; theoretical
data,?* full triangle. Dorset* has calculated the standard
deviation for the data of Phillips.®> The value and standard
deviation of a calculated theoretically are obtained by averag-
ing the data reported;®25-28 the averaged value of the theoreti-
cal melting temperature and its standard deviation are taken
from ref 29.

ature and the volume of the orthorhombic unit cell as
well as the crystallinity.

4.1. Melting Temperature. As can be seen in Figure
2, the setting angle decreases with increasing melting
temperature Tn. T, is directly related to the thickness
of the crystalline lamella I.. There are different models
describing this relation3® and one is an expression of
the form: Tm(ld) = Tme[l — 20/(AHmlepc)] given in
Thomson’s work,3! where T, is the melting tempera-
ture for I;— o, o the interfacial energy, and AHy, the
enthalpy of fusion. Thus, the thicker the lamella, the
higher the melting temperature. Consequently, the
setting angle becomes smaller by increasing the thick-
ness l.. This is in agreement with former results.?
Furthermore, the thermal history of the sample (crys-
tallization temperature/pressure and annealing tem-
perature/pressure), the comonomer content and the total
degree of branching influence the thickness of the
crystalline lamella.?® High crystallization/annealing
temperatures and high crystallization/annealing pres-
sures lead to thicker lamellae. However, the largest
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Figure 3. Setting angle vs cross-sectional area a*b: this
work,3 full circles; experimental data,'~520-23.33-37 diamonds;
theoretical value,®25-28 full triangle; predicted slope of a?, full
line; fit through all data, dashed line. The predicted slope
refers to fully crystalline PE. The standard deviation of the
experimental data is displayed whenever given by the authors.
The value and standard deviation of oo and a*b of the
theoretical data point result from averaging the data reported
by the different authors. The standard deviation of 0.21 nm
of the theoretical a*b is so large that it cannot be shown in
the graph.

attainable thickness is size-limited by the comonomer
content and total degree of branching.

However, the lamellar thickness influences not only
the setting angle but also the folding, which has been
shown on a single crystal and a paraffin sample both
having the same lamellar thickness but a different
setting angle.?

Thus, the setting angle depends on the thermal
history as well as on the molecular chain properties.

4.2. Unit Cell Volume. The lattice parameter ¢ does
not change with respect to the molecular chain proper-
ties because it is constrained by the chemical bonds of
the molecular chains. Because of the same reason both
the linear thermal expansion and compressibility of the
¢ axis are negligible in comparison to those of a and b.
Thus, any variation in unit cell volume is equivalent to
a variation in the cross-sectional area a*b.

In Figure 3, the setting angle is shown as a function
of a*b and compared to former results.

As can be seen, the theoretical setting angle matches
quite well with the experimental data. However, the
theoretical values of the cross-sectional area are quite
spread (between 0.346 and 0.413 nm?2). The experimen-
tal setting angles increase by increasing the section.
Bank et al. stated in 1968 that the setting angle should
increase at a rate of 660°/nm?, basing on the results of
their lattice frequency studies in combination with
calculations® (see full line in Figure 3). The slope of a
linear regression through all data points in Figure 3 is
1052°/nm2. This is a higher slope than predicted by
Bank.

The unit cell dimensions a and b are known to be
dependent on branching.383° The larger the branching
content the larger the unit cell dimension, owing to
incorporation of the branches into the unit cell.138

This is confirmed by Figure 4, where the unit cell
volume is displayed vs the total branching content of
all data found in the literature together with the results
of this work. As can be seen, the volume is an increasing
function of the total branching content.*°

Other factors could in principle cause the variation
of the unit cell dimensions: the way of growing the PE
crystal (melt-crystallized, solution grown, or pressure
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Figure 4. Unit cell volume vs total branching content
expressed as amount of side chains per 1000 carbon atoms:
this work (PE1, PE2 and PE4), full circles; experimental
data,1~3:3536:3841 diamonds; averaged theoretical value,?”% full
triangle; fit through data of ref 39, line.

melt-crystallized), quenching and annealing cycles, the
kind of solvent, etc.33842

It was found, however, that the type of solvent has
no influence.*2 No quenching effect could be found
either,38 and the variation due to pressure in pressure
melt-crystallized samples is negligible.® The influence
of the method of growing the crystal remains below
1%.4?

Different annealing and crystallization temperatures
can cause variations of the unit cell volume of up to 1%:
42 the crystals have a larger unit cell volume when the
crystallization temperature is lower; the cell volume
increases as annealing temperatures increase to about
330 K. Above this value the cell volume decreases. These
temperature effects are, however, smaller than the
possible effects due to side branches which can amount
to about 6% (see Figure 4).

Considering the relationship between o and a*b
shown in Figure 3, it can be argued that the setting
angle increases as the degree of branching content
increases, as the crystallization temperature decreases
and the annealing temperature rises up to 330 K.
Furthermore, it diminishes by increasing the annealing
temperature above 330 K.

4.3. Crystallinity. The crystallinity expressed as the
crystalline volume fraction x,. is another important
property characterizing PE samples. x,. can be calcu-
lated from either the melting enthalpy*® or the mass
density.** Furthermore, it can be estimated from wide-
and small-angle scattering.1645

In Figure 5, all literature data found for the setting
angle as a function of the crystalline volume fraction
are plotted along with our results. Here, the volume
fractions are calculated either from mass density or from
the melting enthalpy. It is evident that the setting angle
decreases as X, increases. At 100% crystallinity, a value
of 45.2° is obtained by a linear regression through all
data. It is interesting to notice that a setting angle of
45° was found for CgesH190, an even-chain orthorhombic
paraffin with a lamellar thickness comparable to those
of PE.2

The crystallinity depends on chain properties (e.g.,
side chains'®2?) as well as on the thermal history of the
sample.l”

In Figure 6, the crystalline volume fraction X is
plotted vs the CH3; branching content. x,. decreases as
the branching content increases due to the difficulties
of incorporating the side chains into the crystal. Thus,
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Figure 5. Setting angle vs crystallinity: this work,'° full
circles; experimental data,4520-233646 diamonds; averaged
theoretical value,?>2%28 full triangle; fit through all data, line.
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Figure 6. Crystalline volume fraction data vs CH3 branching
content (inset: crystalline volume fraction data vs 1-octene-
branching content): this work, full circles; ref 29, empty
diamonds; ref 36, full diamonds; ref 41, triangles; ref 45,
crosses; ref 47, circles; ref 48, stars.

the setting angle is a decreasing function of the side-
branching content, as already stated in the last section.

The differences between the data on CHj3 branching
content of the various authors in Figure 6 could be
explained in terms of thermal history, of chain proper-
ties other than branching (e.g., molecular weight), of
systematic differences in the estimation of crystallinity,
and in terms of additional side branches of other types
which incorporate to a different extent into the crystal.

The influence of the thermal history on the crystal-
linity of PE has been widely studied. Roughly speaking,
the crystallinity increases as the crystallization pressure
and temperature as well as the annealing temperature
increase.*® Cooling rates and time spent at fixed tem-
perature play an important role.

From the systematic study of Kortleve,* it can be
estimated that cooling rate and CHs-side-branching
content influence the crystallinity of PE samples to
roughly the same extent.

Phillips studied the change in setting angle as a
function of the crystallization pressure.® He stated a
decrease in a by increasing crystallization pressure.
This is in agreement with our results as the crystallinity
increases with increasing pressure.

5. Summary

To summarize, relationships between o and different
macroscopic properties such as crystallinity and melting
temperature as well as microscopic properties such as
unit cell volume and chain branching could be stated.
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They are discussed within the known relationships
between macroscopic and microscopic properties as well
as the thermal history of the sample. It is known that
the setting angle is not a constant (e.g. refs 1 and 2).
However, this was not yet studied on a large variety of
different samples. In particular, the region of low
crystallinity has not been explored so far, and for the
first time, values below 67% down to even 23% are
reported.
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