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Abstract

We investigated the temperature dependence of the crystalline morphology in linear low density polyethylene by light scattering, small-
angle X-ray scattering (SAXS) and oscillating-DSC. Optical anisotropy in the spherulite, defined by model calculation of the Vv scattering
pattern, and the order parameter of crystal orientation within spherulite, estimated by sharpness of the Hv scattering profile, increased in the
cooling process while they decreased in the heating process. That is, the morphology is thermally reversible. The morphological change with
time after the temperature drop or jump was found to be very fast in several seconds. Oscillating-DSC and SAXS results suggest that the
disordering in the heating process is caused by melting of thermally unstable thin lamellae existing between the thick lamellae, which are
already developed at high crystallization temperature. Thus, the thermal reversibility is ascribed to the thermally unstable thin lamellae;
i.e. the thin lamellae are developed fast at wide temperature range in the cooling process and they melt fast in the heating process at the
temperature close to the temperature they are developed. Owing to the fast development of the thin lamellae, the crystalline morphology

obtained at high temperature cannot be frozen by quenching. © 2002 Published by Elsevier Science Ltd.
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1. Introduction

When polymers are crystallized, molecular chains are
packed regularly to form crystalline lamellae and the crys-
talline lamellae grow up radially to form spherulite [1-3].
To discuss the crystalline morphology within the spherulite,
transmission electron microscopy (TEM) is usually used as
a powerful tool [1-13]. TEM provides the morphology on
different levels of the structural hierarchy, i.e. from the
lamellar level to the spherulitic architecture. However, for
the TEM observation, one has to cool the specimen to room
temperature after crystallization at high crystallization
temperature (7.) to carry out the pretreatment, such as
permanganic etching or RuO, staining. If some morpho-
logical change takes place after the temperature drop from
T, to room temperature, the TEM information is not for the
morphology developed at T, but for that at room tempera-
ture.

Through our kinetic studies by light scattering on linear
low density polyethylene (LLDPE) we observe that the
crystalline morphology developed at high crystallization
temperature could not be frozen by quenching to room
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temperature. This may be ascribed to the temperature
dependence of the crystalline morphology demonstrated
by small angle X-ray scattering (SAXS), i.e. thin lamellae
are developed in the amorphous region between preexisting
thick lamellae in the cooling process and the crystalline
morphology is thermally reversible [14—20]. However, the
thermal reversibility has not been discussed by taking into
account the kinetics of the morphological change.

In this paper, the change of the crystalline morphology
with temperature and the thermal reversibility in LLDPE is
investigated by Hv and Vv light scatterings using CCD
camera system in which the time resolved measurement is
possible in millisecond order. The results are discussed by
combining the SAXS and oscillating-DSC results to under-
stand the thermal reversibility.

2. Experimental

LLDPE synthesized by methallocene catalysis was kindly
supplied by Mitsubishi Chemical Co. Ltd.

A thin-layer specimen (~15 pm thick) for light scattering
measurement was prepared by pressing the pellet between
two cover glasses at 200 °C for 1 min. A thick specimen for
SAXS was prepared by compression-molding between two
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metal plates at 200 °C for 1 min. The molded specimen was
then cut into thin stripes (16 X 6 X 1 mmS).

After the thin specimen was held at 200 °C for 3 min, it
was rapidly transferred into a light scattering hot stage, set at
desired crystallization temperature 7. A polarized He—Ne
gas laser of 632.8 nm wavelength was applied vertically to
the film specimen. The scattered light was passed through an
analyzer. We employed two optical geometries; one was the
Hv geometry in which the optical axis of the analyzer was
set perpendicularly to that of the polarizer, and the other
was the Vv geometry with a parallel set of two axes [21].
The angular distribution of light scattering intensity
was detected by a highly sensitive CCD camera with
576 X 382 pixels (Princeton Instruments Inc.) [22-24].
The subsequent measurement was carried out at fixed
temperature. Then, another run was carried out at lower
temperature. In this way, the isothermal runs were repeated
at appropriate temperature interval during cooling and
heating processes.

The temperature dependence of the SAXS was carried out
using synchrotron radiation; beam line 3C-2 at Accelerator
Laboratory, Pohang University of Science and Technology,
Korea. The storage ring was operated at an energy level of
2.0 GeV. The SAXS employs a point focusing optics with a
Si(111) double crystal monochromator, followed by a bent
cylindrical mirror. The incident beam intensity of 0.154 nm
wavelength A was monitored by using ionization chamber
for the correction of minor decrease of the primary beam
intensity during the measurement. The scattered intensity
was detected with a one-dimensional position sensitive
proportion counter with 2048 channels (EG and G
1412XR w/OMA), and the distance between the sample and
the detector was about 110 cm. The geometry was checked
by a chicken tendon collagen, which gave a set of sharp
diffraction corresponding to a Bragg spacing of 65.3 nm.

The scattering intensity, I,(¢q), was corrected for back-
ground scattering after a binomial smoothing procedure.
Then the scattering intensity by thermal fluctuations was
subtracted from the SAXS profile /,(¢) by evaluating the
slope of I(q)g* versus ¢* plots at wide scattering vectors
q, where g is (4m/A)sin 0, A and 6 being the wavelength and
scattering angle, respectively [25]. In order to obtain
the correlation function, the value of the intercept of an
I(q)q" versus ¢” plot K was used to extrapolate the intensity
(= Kq74) to ¢ = oo, whereas In(I,(¢) — I,) versus g* was
used to extrapolate the intensity at a small g region to
q =0 [26].

Oscillating-DSC thermogram was measured by using
Seiko Instruments Exster 6200 calibrated with standard
Indium. The data were stored in Hewlett Packard 712/100
Work Station. Sinusoidal temperature rise was imposed
over the conventional linear temperature rise [27-30].

T =T, + Bt — Ay sin(wt) 1

where T, is the starting temperature of the scanning
experiment, B is the linear heating rate, ¢ is the time, Ar is

the amplitude of the temperature oscillation, and w is the
oscillating frequency given by 2m/p, p being the oscillating
period. The T, was 20 °C, the B was 2 °C/min, the At was
0.5 °C, and the p was 25 s throughout this study. The total
heat flow curve, which is indistinguishable for the conven-
tional DSC, was evaluated by taking sliding averages over
full cycles of oscillation for the oscillated heat flow. The
reversing part of the heat flow was calculated by the Fourier-
transform treatment of the oscillated heat flow. The non-
reversing part of the heat flow was obtained as the difference
between the total heat flow and the reversing part [27-30].

3. Results and discussion

Fig. 1 shows light scattering patterns of LLDPE under Hv
and Vv modes. Four-leaf-clover type pattern was observed
under Hv mode and a vertical dumbbell pattern in the Vv
mode at the crystallization temperature T, of 110 °C after
crystallization at the 7, for 1 h. The results suggest that
spherulites are formed and crystallites are regularly
arranged along the radial direction within the spherulite
[31]. When the specimen was quenched into water after
crystallization at the T, the dumbbell type Vv pattern was
split into meridional lobes and the equatorial outer lobes
became stronger (Fig. 1b).

The Vv scattering pattern is theoretically described by
Samuels, Yoon and Stein, Meeten and Stein et al. [32—35]

Iy, = AV? cos® p, 31U {(a, — a)(Si U — sin U)
+ (o — a,)2sin U — Ucos U — Si U)
+ (o, — a)[cos*(6/2)/cos Blcos® u(4 sin U

—UcosU —3SiU))? (2)

cos’ p1 = cos ¢9/(cos2 6 + sin” 6 cos’ ,u)”2 3)

where A is a proportionality factor, V is the volume of
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Fig. 1. Light scattering patterns of LLDPE observed at 110 °C and room
temperature after full crystallization at 110 °C: (a) experimental Hv pattern,
(b) experimental Vv pattern, (c) calculated Vv pattern.
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spherulites, R is the radius of the spherulite, u is the
azimuthal angle, «, and «, are the radial and tangential
polarizabilities of the spherulite, respectively, and «; is
the polarizability of the surroundings. Si U is the sine
integral defined as

U
SiU= J (sin x/x)dx “4)
0

where U is given by
U = 4w(R/\)sin(6/2) 5)

Since the R is fixed for the crystallized specimen (see Fig. 3),
the Vv pattern can be calculated by setting values of (o, —
o) and « by Egs. (2)-(5).

The calculated Vv scattering patterns for various values
of (o, — o) and « are shown in Fig. 1c. A vertical dumb-
bell pattern with weak equatorial outer lobes at the 7, of
110 °C in Fig. 1b is explained by setting (o, — o) = 2.74 X
107% cm?® and a, = 7.34 X 10726 cm®. On the other hand,
four lobes pattern consisting of large meridional lobes and
small equatorial ones for the quenched specimen in Fig. 1b
is explained by setting (o, — o) = 3.0 X 107* ¢cm® and
as = 7.34x 10" % cm>. This indicates that the (a, — )
at the room temperature is larger than that at the 7,. Since
the (o, — o) is ascribed to the intrinsic anisotropy of the
crystalline region and the orientation function for the optic
axis of the crystalline region, the large anisotropy is caused
by high orientation of the optical axis in the spherulite. This
suggests that the ordering in the spherulite at the room
temperature is larger than that at the 7.. That is, the
morphology in the spherulite formed at the T is not frozen
but is changed by quenching in spite of the full crystalliza-
tion at the 7,. To understand such a morphological change,
the temperature dependence of the light scattering pattern
will be discussed.

calculated Vv

Hv Vv

fo-or) =2.74 % 107
-26

Lo%c 0,=734%10
% b lo-0, = 2.84 %107

100°C s o,=7.34%x10"
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-26
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Fig. 2. Light scattering pattern of LLDPE observed in cooling process:
(a) experimental Hv pattern, (b) experimental Vv pattern, (c) calculated
Vv pattern.
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Fig. 3. Change in the Hv light scattering profiles at azimuthal angle of 45°
for LLDPE crystallized at 110 °C in cooling and heating processes.

Fig. 2 shows the Hv and Vv scattering patterns for
LLDPE in the cooling process after crystallization at
T, = 110 °C. A vertical dumbbell pattern was observed at
the T, of 110 °C. As the temperature decreased from 110 °C,
the center of the dumbbell became narrower and the inten-
sity of the equatorial lobes became stronger. The dumbbell
pattern was split into two meridional lobes at around 90 °C,
and then the slight change of the intensity was observed at
the lower temperature.

The calculated Vv scattering patterns obtained by setting
the values of (o, — ;) and «; are shown in Fig. 2c. The
calculated parameter (a, — ;) increases in the cooling
process, suggesting that the ordering in the spherulite
increases in the cooling process. The Vv scattering pattern
of the quenched specimen shown in Fig. 1b is same to that
observed below 90 °C. This may imply that the morpho-
logical change with temperature is so fast that the morphol-
ogy is changed during the quenching and the morphology at
the T, cannot be frozen.

As shown in Fig. 2a, the intensity of the Hv scattering
pattern increased in the cooling process. The one-dimen-
sional Hv scattering profiles at an azimuthal angle of 45°
in the scattering patterns of Fig. 2a is shown at various
temperatures in Fig. 3. The profile has a maximum at scat-
tering angle 6. The 6, is related to the average radius of
the spherulite R, [31]:

4.09 = 4m(R/A\)sin(6,,/2) (6)

Hence, the 6, is expected to become smaller when the R
becomes larger. However, the 6, was not changed with
temperature, suggesting that the size of the spherulite is
not changed with temperature.

Fig. 4 shows the temperature dependence of the Hv
scattering intensity at 0, obtained from Fig. 3. The intensity
increased steeply in the cooling process above 90 °C and
then increased gradually below 90 °C. On the other hand,
the intensity decreased gradually in the heating process
below 90 °C and then decreased steeply above 90 °C. The
Hv scattering intensity Iy, at azimuthal angle of 45° is
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Fig. 4. Temperature dependence of Hv scattering intensity at 6,,: @, in
cooling process; O, in heating process.

theoretically described by Stein and Rhodes [31]
Iy = AV? cos” piBIU™) (@ — @)
X [cos2(0/2)/cos f]sin w cos u

X (@4sinU — Ucos U —3SiU))> (7

Since R; is constant, the change in the Hv intensity is mainly
ascribed to that in the (a, — ). Thus the results in Fig. 4
suggest that the (o, — «) increases steeply with decreasing
temperature above 90 °C and then increases gradually below
90 °C. This may support the increase of the (¢, — ) in the
cooling process demonstrated by Vv light scattering in
Fig. 2. The intensity in the cooling process is almost same
to that in the heating process, suggesting that the morphol-
ogy is thermally reversible.

As shown in Fig. 3, the Hv scattering profile at high
temperature was broad. The profile became sharper with
decreasing temperature. According to the model calculation
of the scattering profiles by Yoon and Stein [33,34], the
broadening of the scattering profiles is ascribed to the orien-
tation-angle fluctuation of the optic axis within spherulite.
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Fig. 5. Temperature dependence of the order parameter Pr: @, in cooling
process; O, in heating process.
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Fig. 6. Hysterisis of the order parameter Pr in cooling and heating
processes.

To discuss the ordering in spherulite, we employ a ratio Pr
of the intensity I at § = 5° to that at # = 10° because R; is
constant with temperature.

Pr=1(0 = 5°)/I(6 = 10°) ®)

Temperature dependence of the order parameter Pr in the
cooling and heating processes is shown in Fig. 5. The order-
ing increases steeply with decreasing temperature above
90 °C and then increases gradually below 90 °C. The Pr in
the cooling process is almost same to that in the heating
process. The results support the change of the ordering
with temperature and the thermal reversibility demonstrated
before.

Fig. 6 shows the change of the Pr during the cooling and
heating cycles. The Pr in the cooling process is almost same
to that in the heating process at all cycles, suggesting that
the morphology is thermally reversible at any heating and
cooling cycles.

Fig. 7 shows the temperature dependence of the Pr in the
heating process for the quenched specimen and the
gradually cooled one. The temperature dependence of

Pr (arbitrary)

| | 1 1

50 60 70 8 90 100 110 120

1

Temperature (°C)

Fig. 7. Temperature dependence of the Pr in heating process: @, quenched
LLDPE; O, gradually cooled LLDPE.
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Fig. 8. Time variation of the order parameter Pr after quenching and sub-
sequent temperature jump.

the Pr for the quenched specimen is almost same to that for
the gradually cooled specimen. This suggests that the
morphology of the quenched specimen is developed by
the same mechanism to that of the gradually cooled speci-
men due to fast morphological change with temperature.
Thus, the morphology changes continuously with tempera-
ture at wide temperature range during the quenching as in
the case of gradual cooling.

As shown in Fig. 8, the Pr increased steeply with time
after quenching from 110 to 60 °C and then leveled off
at ca. 8s. On the other hand, the Pr decreased steeply
with time after the temperature jump from 60 to 110 °C
and then leveled off at ca. 8 s. These results suggest that
the morphological change with temperature is quite fast.
This may yield the morphological change during quenching,
so that the morphology obtained at the 7, cannot be frozen
by quenching.

Fig. 9 shows the SAXS profiles at various temperatures in
the heating process. The scattering profile shows a peak at
around 0.3 nm ™" The peak appears due to regular arrange-
ment of crystalline lamellae. The peak position gradually
shifts to smaller scattering vector with increasing tempera-
ture. The change is accompanied with an increase of the

Intensity (arbitrary)
T

q (nm)

Fig. 9. SAXS profiles for various temperatures in heating process.

peak intensity. The details of morphological change will
be discussed by analyzing the SAXS profiles.

Several variables characterizing the lamellar morphology
can be estimated from the correlation function y,(r), which
is given by the Fourier transform of the scattering intensity
I(q). The normalized one-dimensional correlation function
is given by Strobl and Schneider [14]

L ¢’ 1(q)cos(gr)dg 9)

N = Osaxs

Osaxs = JO ¢’1(q)dq (10)

where r is the coordinate along which the electron density
distribution is measured.

Fig. 10 shows typical examples of the estimated 7y (r).
The long period L, which means the most probable next-
neighbor distance of the lamellae, can be determined from
the position of the first maximum in the 7y,(r). Another
important parameter is the average thickness of crystalline
lamellae d.. The value of d. can be obtained from the base-
line of the first minimum in the y,(r). Then, the thickness of
the amorphous phase d, is obtained by d, = L — d..

The long period L, the lamellar thickness d., and the
thickness of the amorphous region d, in the heating process
are shown as a function of temperature in Fig. 11. The
thickness of the amorphous region d, and that of the lamel-
lae d. increase gradually with increasing temperature below
90 °C and then increase steeply above 90 °C. The increase of
the d, could be ascribed to the melting of the lamellae. The
increase of the d. with temperature may be ascribed to the
increase of the fraction of the thick lamellae due to
the melting of the thin lamellae obtained at low temperature,
as demonstrated in Refs. [15-20]. In other words, thin
lamellae having various thicknesses are melted continu-
ously with increasing temperature while thick lamellae
obtained at the 7. is retained. This may imply that thin
lamellae formed in the cooling process are melted continu-
ously with increasing temperature. Thus, the increase of the
ordering in the spherulite in the cooling process revealed by

1.2
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0.8 :
0.6
0.4
> 0.2
0

-0.2

_04 \‘( | | |
o dcs 10 15 20 25 30
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Fig. 10. One-dimensional correlation function vy,(r) for various tempera-
tures in heating process.
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Fig. 11. Temperature dependence of long period L, thickness of crystalline
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the light scattering is ascribed to the development of the thin
lamellae while the decrease of the ordering in the heating
process is to the melting of the thin lamellae at the tempera-
ture close to the temperature they are developed.

Fig. 12a shows the oscillated-DSC curves of LLDPE
quenched after the crystallization at 110 °C. The oscil-
lated-DSC curves of poly(ethylene naphthalate) (PEN)
quenched after the crystallization at 200 °C are also shown

&
S
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Heat flow

-100 |~

-150
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-200
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-200
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Fig. 12. Oscillating-DSC curves; (a) LLDPE, (b) PEN: (—) total heat flow,

(- - -) reversing part, (---) non-reversing part.

in Fig. 12b for comparison. The endothermic peak seen in
the total heat flow is characteristic to the melting of crystal-
lites. The peak in the total heat flow is broad for LLDPE
while it is sharp for PEN. Such broad endothermic peak of
LLDPE is also observed in the conventional DSC thermo-
grams. The total heat flow can be separated into reversing
and non-reversing parts [36—41]. The reversing peak is
broad and large while the non-reversing peak is small and
sharp in LLDPE. Hence, the broad peak in the total heat
flow of LLDPE is mainly contributed by broad and large
reversing peak. On the other hand, the reversing peak is
small while the non-reversing peak is large and narrow in
PEN. Recent oscillated-DSC studies suggest that the peak in
the reversing part is ascribed to the melting of the thermally
unstable poor crystallites while that in the non-reversing part
to the melting of the thermally stable good crystallites
[39—41]. Thus, the results suggest that large fraction of ther-
mally unstable poor lamellae exists in LLDPE and they melt
continuously at wide temperature range in the heating process,
while large fraction of thermally stable good lamellae exists in
PEN and they melt at narrow temperature range. This may
support the melting of thin lamellae of LLDPE at wide
temperature range in the heating process demonstrated
by SAXS. The wide temperature range of the melting
may be ascribed to broad distribution of the thickness
of thermally unstable poor crystallites.

4. Conclusion

We found that the crystalline morphology of LLDPE

28 nm
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Fig. 13. Schematic drawing for the morphology change with temperature.
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developed at high temperature cannot be frozen by quench-
ing. This may be ascribed to the fast development of
thermally unstable thin lamellae at wide temperature
range during the quenching as in the case of gradual cooling.
The thin lamellae are thermally reversible and they melt fast
during the heating at narrow temperature range in which
they are developed, as depicted in Fig. 13.
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