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Isothermal crystallization of branched polyethylene was studied by time-dependent small-angle X-ray
scattering experiments and dilatometry. A strict proportionality between scattering intensities and
density changes was found for all times. This result indicates complete absence of crystal thickening and
perfectioning processes. Isotherms directly reflect the increase in specific inner surface resulting from
nucleation and lateral growth of lamellae. The shape of isotherms suggests a time-dependent non-
uniform internal structure of spherulites with a decrease in specific inner surface with increasing distance

from centre.
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INTRODUCTION

It has been noted by several authors! ~3 that low-density
polyethylene shows crystallization isotherms which can-
not be explained on the basis of a simple Avrami
theory* 5. Analysis of data starting from the Avrami
equation gives values for the Avrami coefficient n which
change with time and lie in the range between 1 and 2.5
rather than taking on the integral value n=3 or n=4 as
would be expected for the growth of spherulites after
athermal or thermal nucleation®. Recently we have car-
ried out a combined dilatometric and small-angle X-ray
scattering study on the kinetics which enables some
straightforward conclusions on the source of this ‘anom-
alous’ behaviour. Experiments were performed on a
commercial low-density polyethylene and a fraction with
reduced polydispersity. The results are reported and
discussed.

EXPERIMENTAL

The two polyethylene samples under examination were

I: Lupolen 18008, supplied by BASF AG, Ludwig-

shafen (methyl group concentration
33CH,/1000C)

II: a fraction of sample I with M_ 80000 (the
fractionation procedure which has been applied is
described elsewhere!®; the branch content is very
similar to sample I).

Dilatometric measurements were carried out in a
conventional mercury dilatometer’. It was quickly trans-
ferred from a bath kept at the temperature of the melt
(120°C) to a second bath preset at the crystallization
temperature. Isothermal conditions were reached in less
than 2min. The starting level of the mercury column was
well defined due to the sufficiently long induction period
and could in addition be fixed by linear extrapolation of
the isobar from the melt region. Taking the time of
transfer as zero, the level of the falling mercury column
was registered as a function of time. With the knowledge
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of the diameter of the capillary, which had been de-
termined before by a calibration measurement with pure
mercury, specific volumes could be derived from the
column height.

Small-angle X-ray scattering (SAXS) experiments were
performed with a Kratky camera and Cu Ka radiation. A
proportional counter with pulse-height discrimination
was used as detector. Absolute intensities were obtained
after having determined the primary beam intensity by a
calibrated standard sample supplied by Kratky. Details
which include also the procedure employed for the slit-
height correction are described elsewhere®:?, Analysis was
based on the electron-density correlation functions which
were calculated by a Fourier transformation of the
desmeared Lorentz factor corrected curves'®. Samples
were platelike with a thickness of 3mm which cor-
responds to the optimum value!!. This thickness is not
only preferable in view of achieving maximal intensities
but, more important, absolutely necessary for kinetic
experiments in order to reduce intensity changes follow-
ing from a possible slight change in the sample thickness
to practically negligible values. Samples were melted at
120°C using a heating device within the camera, which
then was quickly cooled with a stream of nitrogen to the
crystallization temperature. Temperature equilibrium
was established within 2 min just as for the dilatometer, so
that the thermal histories were largely identical for the
two experiments. In conformity with the dilatometer
experiment, the start of cooling was chosen as time zero.
Great care was taken to perform the dilatometric and the
SAXS experiments at identical temperatures. For this
purpose the platinum resistance thermoelement em-
ployed in the heating device was calibrated in the bath
used for the dilatometry.

RESULTS

Crystallization kinetics
During isothermal crystallization at T, the SAXS curve
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develops continuously. We studied the kinetics by a
simple measurement of the intensity scattered in a fixed
direction,

§=2sin6/A=2.7x10"2nm™?!

(6=Bragg angle, 1=X-ray wavelength) as a function of
time. This dependence was compared to the dilatometric
isotherm

Ap(t)=p(t)—p,

(p. denotes the amorphous density at T,). Figures la and
2a show the results of three measurements, sample I at
100°C, sample II at 100°C and 102°C. The full curves
represent the time-dependent densities, the additional
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Figure 1 |sothermal crystallization of Lupolen 1800 S at 100°C.
(a) Comparison of density increase Ap(t)=p(t) — p, (full curve)
with SAXS intensity /() (open circles). (b) Avrami plot of
isotherm
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points give the measured scattering intensities, choosing a
scale on the vertical axis to enable direct comparison. The
result of the comparison is clear: there is always perfect
coincidence between the two curves. Obviously Ap(t) and
I(t) are proportional to each other over the whole time
range of observations. This range includes not only the
curved part of the isotherm, i.e. primary crystallization,
but also the beginning of secondary crystallization, which
as usual follows the law*:

dp/d(lg t)=constant

In order to check if the isotherms can be described by
the Avrami equation

Ap(t)~1—exp(—kt")

plots of Ig [ —In (1 — Ap/Ap(tg)] versus Igt were set up (tg
denotes the time at the end of primary crystallization
indicated in the figures). They are shown in Figures 1b and
2b. The derivatives give Avrami coefficients in the range
n=1to 1.5.

SAXS analysis of lamellar structure

As shown by previous investigations'? on sample I, the
crystalline—-amorphous superstructure is built up of isot-
ropically oriented stacks of crystalline lamellae. Impor-
tant parameters of the structure are the crystallite thick-
ness d_, the specific internal surface O, (crystalline amor-
phous interface area per unit volume), the volume crystal-
linity w,=d.0,/2, the long spacing L and the electron
density difference #,—1,. They can be all derived from the
electron-density correlation function. Figure 3 shows in a
schematic drawing the relevant properties of this function.
A detailed explanation has been given elsewhere!®. Note
that the baseline coordinate A can be directly compared
to the density increase measured in the dilatometer:

— A=wi(n.—n.)*=(p —p.)*(F mole electron/g)? ()

Equation (1) provides a check for the consistency of the
dilatometric and the SAXS measurement. Figure 3 and
equation (1) refer to a sample which is homogeneously
filled with lamellar stacks, as should be the case at the end
of primary crystallization. We only remark here that
equation (1) becomes invalid and some of the properties
indicated in Figure 3 become modified for heterogeneous
systems!©,

SAXS curves have been measured for samples I and I1
after 8 h of isothermal crystallization at 100°C. Figures 4
and 5 show the desmeared and Lorentz factor corrected
scattering curves 4mjs® in absolute units and derived
correlation functions. The correlation functions yield the
following structure parameters:

sample I:
d,=6.0nm
0,=46x10"'nm™?
w.=0.14

L=38.0nm
#e—1,=9.0 x 10~ 2 mole electron/cm?®

sample II:
d.=5.7nm
0,=70x10"'nm™!
w,=0.20
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L=30nm
. — .= 8.4 x 10~ 2 mole electron/cm?

The lamellar thickness d_ and the electron density differ-
ences n,—#, of the two samples agree within the error
limits of the measurement. Equation (1) turns out to be
valid for both samples. The values obtained are

sample I:
A=0.15 x 10~ 3(mole electron/cm?)?

p(t =480 min) — p, = 0.021 g/cm>
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Figure 2 1sothermal crystallization of a fraction of branched
polyethylene at 100° and 102°C. (a) Comparison of density
increase p(t) =p(t) — p, (full curve) with SAXS intensity /(t)
(open circles). (b) Avrami plots of isotherms
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Figure 3 General shape and properties of the electron-density
correlation function K(z)
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Figure 4 SAXS analysis of lamellar structure of Lupolen 1800 S
after isothermal crystallization at 100°C. (a) Desmeared SAXS
curve. (b) Derived electron-density correlation function

sample I1:
A=0.30 x 10~ 3(mole electron/cm?3)?

p(t =480 min)—p,=0.031 g/cm?

A check shows consistency within the error limits. From
this we can be sure that the samples had a homogeneous
structure at the time of the measurement. Further confor-
mation of the homogeneity followed from a separate
investigation in a polarizing microscope: samples crystal-
lized at 100°C using a hot stage became completely filled
with spherulites!3,

DISCUSSION

Our measurements confirm the peculiarity in the crystalli-

zation kinetics of low-density polyethylene reported by
the other authors.
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Figure 5 SAXS analysis of lamellar structure of a fraction of
branched polyethylene after isothermal crystallization at 100°C.
(a) Desmeared SAXS curve. (b) Derived electron-density
correlation function

For an analysis of data, it is helpful to separate the
density change Ap=(p—p,)(t) into several contributing
factors. First it is

(P _pa)(t)= ¢s(p _pa)s (2)

with ¢,=yolume fraction occupied by spherulites and
(p — p.),=density increase within spherulites.
Furthermore we have

o
(p_pa.)|=w::(pc'_pa)=7, c(pc_pa) (3)

with w! =crystallinity within spherulites and O;=specific
internal surface within spherulites.

Starting from these relations we inquire about the
possible sources of the strong deviations from the Avrami
theory.

A constant radial growth rate of the spherulites leads to
an Avrami expression for ¢,:

¢,=1—exp(—kt")

with n=3 or 4 for athermal or thermal primary nuc-
leation, respectively. Segregation processes may cause a
retardation of growth rates due to the accumulation of
non-crystallizable sequences or low molecular weight
chains in front of the growing spherulites. This effect has
been observed and disucssed for random copolymers of
ethylene and vinyl acetate by Nachtrab and Zachmann'#,
However, it seems unlikely to us that it can account for a
change of n from 3 to 1-2, since low values are observed
from the earliest stage of crystallization. Our belief is
supported by the similarity in crystallization behaviours
between the fraction and the polydisperse sample. The
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two samples certainly differ in the amount of chain
segregation during crystallization'®, but there is no effect
visible in the isotherms.

Hence, the factor ¢,(t) most probably cannot account
for the observations. We have to conclude that (p — p,), is
not a constant, but depends on the position within the
spherulite and on time.

Principally the variation can be due to 0%, d_ or (p.— p,),
that means due to lateral growth of lamellae, crystal
thickening or perfectioning of crystals. It is possible to
discriminate between these three factors. The key is
provided by the comparative p(t)/I(t) measurements.

The SAXS intensity can be generally written as®:

ist~ 6,2 01~ PG @

2 sin’nd,s
T (nds)

being the structure factor of lamella and G the interference
function.

The time-dependent intensity measurements were per-
formed at low s-values, where F2 can be approximated by

with

F?=g?

We have furthermore (n,—n,)~(p.—p,). The slit-
smearing effect can be accounted for by replacing G(s) by
a ‘smeared’ interference function G(s). We thus arrive at
the following simple expression for the measured intensity
I

I~ (0, ~p) a2 ©

A comparison of equation (5) with equations (2) and (3)
shows the same linear dependence of p —p, and I on the
specific internal surface O, =¢,0 but different functional
dependence on (p, — p,) and d,,, namely linear compared to
quadratic ones. Considering these relations, the results
given in Figure 6 provide a clear answer: (p,—p,) and d,
are constant during crystallization, the kinetics rely
exclusively on the nucleation and growth of lamellae, i.c.
on Oy(t). Only under these conditions can a proportio-
nality I~ (p — p,), as has been observed, arise. The shape
of the isotherm therefore reflects the time dependence
O,(t).

The experimental result n=1-2 indicates that the inter-
nal specific surface O; is not a constant within the spheru-
lites. It must depend on the distance from the centre
and the time, Oj(rf). This is in fact not surprising at all.
Banks?® pointed out that for dendritic growth there is a
decrease in the density of branches with increasing
distance from the centre. The reason for this behaviour is
easily seen. There are two independent processes: the rate
of lateral growth of existing lamellae and the rate of
branching of the lamellae or nucleation of new lamellae.
The second process is necessary for spherulites to end up
with a homogeneous microstructure. The density within a
growing spherulite will depend on the ratio of the two
rates: the density is uniform only if the branching rate is
sufficiently high and will drop with increasing distance
from the centre if the branching rate is too low. In the
extreme case of absence of any branching and one-
dimensional growth of ribbon-like lamella, one has:

Oi~1/r? (6)
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The density distribution (6) leads to an Avrami coefficient
n=1, characteristic for the linear growth of the few
existing lamellae.

Hence, the observed shape of the isotherms can be
considered as indicative of a comparatively slow branch-
ing rate. The structural reason for this is open to
speculation.

It came as a surprise to us that the proportionality
I(t)~ (p —p,)(t) is not only valid for the primary crystalli-
zation but extends into the long-time regime with
dp/d(In t)= constant. This observation shows that neither
crystal perfectioning processes (increase of p.) nor a
crystal thickness growth (increase of d.), both being
mechanisms repeatedly discussed in the literature (ref. 6,
ch. 6.1.6), contribute to secondary crystallization in low-
density polyethylene. Qur results suggest a very slow
further lateral extension of lamellae.

The two parameters d. and (p.—p,) which remain
constant throughout the crystallization have been de-
termined by the SAXS analysis. With the knowledge of
these values:

d.=(58+0.2)nm
p.—p.=(0.152+0.008) g/cm?

it is possible to derive from a dilatometric isotherm Ap(t)
the time-dependent crystallinity and internal specific
volume:

Wc(t)=AP(t)/(Pc-Pn)

_ 20p(1)
OS(t) —~(pc _pa)dc

We consider the constancy of d. as being due to the
branches, which hinder longitudinal chain diffusion th-
rough the crystals and therefore suppress crystal thickness
growth. In this important respect, linear and branched

polyethylene differ from each other. In our understanding
it is exactly this difference in chain mobility which leads to
the different crystallization behaviour, as reflected in the
broadness of the crystallization ranges. In the model
recently suggested!?, partial crystallization has been
associated with variations in the branch concentration of
different amorphous layers. Such variations can only
occur if the transport of branches through the crystallites
is blocked. The observed constancy of d_. during isother-
mal crystallization indicates that this is in fact the case.
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