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Introduction

Several experimental results published in
recent years prove that the amorphous
phase of solidified polymers cannot be
considered as a direct continuation of the
liquid phase existing above the melting
temperature. During crystallisation, the
structure of the amorphous regions trans-
forms considerably. The measurements of
the specific volume of amorphous poly-
ethylene [1] have shown that the latter is
already less than the extrapolated liquid
specific volume at any given temperature
below melting point. This indicates that
during solidification the average density
of amorphous regions becomes higher
than that of liquid polymer. Later, results
from solid-state C,; NMR [2-6], Raman
spectroscopy [7-11], electron microscopy,
[12], differential scanning calorimetry
(DSC) [13], small-angle (SAXS) and
wide-angle (WAXS) X-ray diffraction
studies [ 14-18], have provided subsequent
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WAXS Investigations of the Amorphous
Phase Structure in Linear Polyethylene
and Ethylene-1-Octene Homogeneous
Copolymers
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Analysis of the position and shape of the amorphous halo in WAXS patterns of linear
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phous phase contains regions of macromolecule packing which are enhanced and denser
than in the remaining volumes. The disappearance of such partially ovdered regions dur-
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This fact is clearly reflected in the position of the amorphous halo maximum, which indi-
cates that the average intermolecular distance increases with the increase in concentra-
tion of I-octene.
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evidence for the creation of semi-ordered,
intermediate regions, localised inside the
amorphous phase. In this paper, some
additional data supporting this hypothesis
is presented. It comes from the analysis
of the shape and position of the amor-
phous halo in WAXS patterns of linear
polyethylene (LPE) and ethylene-1-octe-
ne (EO) homogeneous copolymers with
the co-monomer concentration ranging
from 0.8 to 9.15 mol%. The results ob-
tained show that during heating, and par-
ticularly during melting, clear changes
in the structure of the amorphous phase
of these polymers take place.

Experimental

Homogeneous copolymers of ethylene
and 1-octene investigated in this work
were synthesised at DSM Research (the
Netherlands). The samples are listed in
Table 1. The sample code for EO copoly-
mers indicates the rounded mole % of 1-

Table 1. Investigated samples.

octene in a sample. The linear poly-
ethylene (LPE) and EOS5 samples were
synthesised using a vanadium-based cata-
lyst, and the remaining samples were ob-
tained using a metalocene catalyst system.

The X-ray diffraction patterns of the
samples were registered during heating at
the rate of 10°C/min, from 20°C up to
complete melting. Before the measure-
ments, all the samples were melted at
180°C (or at 160°C in the case of EO7
and EO9 samples) to erase their thermal
history and cooled at the same rate of
10°C/min to 20°C. The melting tempera-
tures were established from previous DSC
measurements. Time-resolved WAXS in-
vestigations were performed using the
X33 camera of the EMBL (HASYLAB),
on the DORIS storage ring of the Deut-
sches Elektronen Synchrotron (DESY).
The wavelength of X-rays was 1.5 A. The
samples with a thickness of 1mm were
sealed between thin aluminium foils. The
temperature of the samples was controlled

Sample LPE | EO1 | EO2 | EO4 | EO5 | EO6 | EO7 | EO9
Mol% of

N octene 0 | 0.8 | 1.77 | 434 | 5.2 | 5.5 | 6.64 | 9.15
Equation 1.
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Figure 1. WAXS pattern of EO4 sample resolved into crystalline
peaks (110) and (200) and amorphous halo (A).

by a Mettler FP-82HT hot stage. During
heating, diffraction patterns were regis-
tered every 6s, giving a resolution of 1°C
for each pattern. Data processing was pre-
ceded by normalisation to the intensity of
primary beam and correction for the de-
tector response. Three strong and sharp
reflections, 010, 110 and 100 of the -
form of tripalmitin [19], were used for
calibration of the 20 axis. The registra-
tion range was 8.35°< 26 < 38°.

Data elaboration

After normalisation and Lorentz correc-
tion, the WAXS curves were resolved
into crystalline peaks and an amorphous
halo (Figure 1.) using a new version of
the OptiFit computer program [20,22],
prepared for the elaboration of real-time
experimental data from the synchrotron.
In this program, the experimental curve
1,(x) is approximated by a theoretical
curve I (x), which is a sum of functions
describing the crystalline peaks 110 and
200, the amorphous halo and the back-
ground. Both the crystalline peaks and
the amorphous halo are represented by
functions F'(x), which are linear combi-
nations of Gauss and Lorentz functions:
(Equation 1), where x is the scattering
angle 20, H, w,and x  are the peak height,
the width at half height, and the peak
position respectively. The shape coeffi-
cient f;is equal to 1 for the Gauss profile
and O for the Lorentz one. The back-
ground is described by a third-order
polynomial. Fitting the theoretical curve
1 (x) to the experimental one /,(x) is per-
formed by using a multi-criterial opti-
misation procedure (the simultaneous
minimisation of the sum of squared de-
viations between the experimental and
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Figure 2. Amorphous halo position in the WAXS patterns of samples
investigated as a function of temperature. The plots are shifted

theoretical curves and the minimisation
of the sum of squared deviations between
the experimental curve and the compo-
nent function representing the amor-
phous halo) and a hybrid algorithm.
which combines the genetic algorithm
with a classical optimisation method.

By using the program, all the parameters
of the component functions were deter-
mined, including the position, width and
shape factor of the amorphous halo.

Results and discussion

In Figure 2, the position of the amorphous
halo versus temperature for all the
samples investigated is shown. It is im-
portant to note that above the melting tem-
perature of a given copolymer the plots
are nearly linear, and the slope of all lines
is very close to one another. Below melt-
ing temperatures, one observes a clear
deflection from linearity. It should be
added that all these plots are shifted ver-
tically versus one another for better
visualisation.

In reality, the differences in the intercepts
of these lines are very small - the differ-
ence between the smallest and the high-
est is not greater than a quarter of a de-
gree. Taking this into account, and con-
sidering the possible experimental, cali-
brational errors as well as the errors in
the resolution procedure, we can assume
that for LPE and all copolymers in a lig-
uid state, the dependence of the amor-
phous halo position on the temperature
can be approximated by a single line. To
establish this dependence more precisely,
one of the copolymers (EO5) was inves-
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vertically for better visualisation. To reduce the noise, the presented
values are averaged over 3 neighbouring data points.

tigated over a broader temperature range,
from 100-200°C. The result is shown in
Figure 3.

Using the least squares method, the straight
line best fitted to the data from Figure 3
was found, and all curves from the previ-
ous figure were shifted to this line. The
result obtained is shown in Figure 4.

As the amorphous halo is related to the
intermolecular interferences [18,23,24],
its position must be dependent on the de-
gree of packing of molecules in the amor-
phous phase. According to Alexander
[25], the dependence of the amorphous
halo position on the most frequently oc-
curring intermolecular distance can be
approximated by the following equation:

A

r ~1.22
¢ 2sinf, &)

This is a reciprocal dependence, typical
of all diffraction phenomena: the smaller
the angle, the higher the intermolecular
distance, and as a consequence the smaller
the density.

So, as results from the plots in Figure 4,
the density of amorphous phase decreases
during heating (which could be expected),
but we can also see that during melting,
the type of this dependency clearly chan-
ges. It should be emphasised that the tem-
perature at which a given plot becomes
linear agrees exactly with the temperature
at which the crystallinity of the sample
drops to zero.

It can be shown that when the samples

are in a liquid state, a precise relation be-
tween their density and the amorphous

31



halo’s position can be established. To find
this relation, we define a parameter which
can be called a packing factor:

17 2sin 0, )
LS

P is simply a reciprocal of the third power
of distance r, which is found directly from
Bragg’s law by using the position of the
amorphous halo 28,. Of course, r is pro-
portional to the distance r, given by the
equation (2): ¥ =0.82 - r,

The packing factor can be calculated for
the investigated samples at all tempera-
tures, based on the amorphous halo posi-
tions from the linear part of the plots. To
calculate the density at a given tempera-
ture, we can use the experimental rela-
tion determined by Swan for liquid lin-
ear polyethylene [1]:
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where t is the temperature in degrees cen-
tigrade.

As mentioned above, this equation has
been established for linear polyethylene,
However taking into account that for all
liquid samples (including copolymers) the
dependence of the amorphous halo posi-
tion on the temperature can be approxi-
mated by a single line, we may assume
that the same is valid for their densities,
and that equation (4) can also be a good
approximation for all of them.

The plot of the packing factor, calculated
from eq. (3) versus density, and calculated
from eq. (4) is shown in Figure 5. As one

can see, they are quite well correlated lin-
early with one another. The correlation

20.04
19.54

19.04

20, deg

18.54

18.04

T T T T
80 100 120 140 160

coefficient is very high: R = 0.997. The
best fitted line is given by the following
equation:

P=0.018-d —0.0046 (6)
If the structure of the amorphous phase
in a solid and liquid state were the same,
this equation would also be valid below
melting temperature. With the aim of
checking this, all the data from the previ-
ous figure (Figure 4) was recalculated,
using equations (3) and (6). The values
obtained are presented in Figure 6. The
plots show the densities of the amorphous
phase versus temperature. Solid lines rep-
resent densities of liquid and crystalline
LPE according to the formulas given by
Swan [1].

Using these plots, the densities of amor-
phous phase at room temperature were
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Figure 3. Position of the amorphous halo of the liquid EO5 sample

as a function of temperature.
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Figure 4. Amorphous halo position as a function of temperature. The

plots from Figure 4 are shified to the straight line determined in Figure 3.
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Figure 5. Packing factor of a liquid copolymer sample plotted ver-
sus its density as determined from Swan's equation.
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Figure 6. Density of the amorphous phase of investigated samples
as determined from the amorphous halo position (Figure 4) using

equations (3) and (6). Solid lines represent the density of crystal-
line and liquid PE calculated from equations given by Swan [1].
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found and compared with the densities of
copolymers at this temperature as given
by the producer. The results are given in
Table 2.

We can see that obtained values are gre-
ater or only slightly smaller than the total
densities of copolymers. They can there-
fore not be the real densities of the amor-
phous phase. This means that during so-
lidification, some changes in the structure
of the amorphous phase take place, and
the relation between amorphous halo po-
sition and density which was established
for a liquid state is not valid for a solid
state. Most probably, in this case, the po-
sition of amorphous halo is not represen-
tative of the whole amorphous phase. The
deflection of the plots towards higher an-
gles clearly shows that some denser re-
gions must be present inside the amor-
phous phase of a solid polymer, and that
the total amorphous scattering is com-
posed of two parts. One part is related to
a liquid-like amorphous phase, and the
other to regions of higher molecular or-
der and density. A composed structure of
the amorphous scattering is fully con-
firmed by the plots shown in Figures 7
and 8. The plots illustrate the changes in
the half-height width and shape factor of
the amorphous halo during heating. The
dotted lines indicate temperatures at
which the crystallinity of the samples de-
creases to zero. We can clearly see that
the widths abruptly decrease in the vicin-
ity of the melting temperature of a given
sample. Similarly, abrupt, step-like
changes occur in the case of the shape
factor. Most probably, such changes are
caused by the disappearance of the par-

w, deg

Table 2. A comparison of the real densities of copolymers given by the producer with the
densities of amorphous phase found from Figure 6.

Sample EO1 | EO2 EO4 | EO6 | EO7 | EO9
Copolymer density 0.948 0.929 0.908 0.900 0.899 0.880
[g/cm?]
Calculated amorphous
phase density 0.935 0.918 0.919 0.913 0.906 0.905

lg/cm?]

tially ordered regions in the amorphous
phase which cease to exist when the melt-
ing temperature is approached. Surpris-
ingly, in spite of its composed structure,
no traces of asymmetry can be seen in the
shape of the amorphous halo, which can
be fitted very well by symmetric functions
both below and above the melting tem-
perature of a given sample. Typical plots
for one of the samples are shown in Fig-
ure 9.

Conclusions

The results obtained evidently prove that
below melting temperature, the amor-
phous phase of the samples investigated
is not homogeneous. The abruptly de-
creasing thickness of the amorphous halo
and the sudden changes in its shape dur-
ing melting, as well as the decreasing
position of its maximum, suggest that the
amorphous phase contains two contribu-
tions. The first of them is related to lig-
uid-like regions. The degree of packing
of macromolecules in these regions is the
same as in a molten sample. The second
contribution is related to the better or-
dered and denser regions which disappear
during melting. In the temperature range
at which the samples are completely mol-
ten, the dependency of the amorphous
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halo’s position on the temperature can be
described by a linear function, the same
for all the samples investigated, The tem-
peratures at which the plots become lin-
ear during heating are equal to those
at which the crystallinity of the samples
drops to zero. This fact indicates the close
connections between the partially ordered
regions in the amorphous phase and the
crystallites. Those regions are most prob-
ably located in the transition layers be-
tween the crystallites and the amorphous
phase. The density of those partially or-
dered regions decreases with the increase
in 1-octene content. Such a conclusion
results from Figure 4. and from the recip-
rocal relationship between the amorphous
halo position and the average distance
between macromolecules in the amor-
phous phase. We can see that the deflec-
tion of plots towards higher angles in-
creases with the decrease in 1-octene con-
centration and reaches the highest value
for pure LPE. The destructive influence
of 1-octene co-monomers on the density
of partially ordered regions in the amor-
phous phase is quite obvious: the co-
monomers introduced into the structure
of the polyethylene macromolecule form
short side branches, which disrupt the
regularity of the main chain and make
closer packing of the chains impossible.
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Figure 7. Width at half height of amorphous halo as a function of
temperature during heating. The plots for LPE, EO2 and EO7 are

shifted vertically for better visualisation.
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Figure 8. Shape factor f of amorphous halo as a function of tem-
perature during heating. The plots for LPE, EO2 and EO7 are

shifted vertically direction for better visualisation.
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Figure 9. WAXS patterns for EO2 copolymer at 40°C and 140°C.

The results presented show that analysis
of the shape and angular position of the
amorphous halo in WAXS patterns of
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