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ABSTRACT: The cocrystallization and phase segregation phenomena reported in the preceding paper of
this issue have been reconfirmed by measuring the temperature dependence of the wide-angle (WAXS) and
small-angle X-ray scatterings (SAXS) using synchrotron radiation for the blend systems of deuterated high-
density polyethylene with hydrogenous polyethylene species having various branching contents. On the basis
of the WAXS, SAXS, and small-angle light scattering data in addition to the Fourier transform infrared
spectral data reported previously, a difference in the crystal structure, lamellar structure, and spherulite
structure has been compared between the blend samples with various degrees of branching.

Introduction

Blends of high-density and (linear) low-density poly-
ethylene (PE) samples have attracted much attention
because of their practical usages and basic scientific
interests.!"12 It may be very important to clarify roles of
each component involved in the crystallization behavior
of the blends. Unfortunately, however, high-density PE
(HDPE) and linear low-density PE (LLDPE) or low-
density PE (LDPE) have the same chemical species of C
and H, and so it is quite difficult to distinguish their
behaviors separately by using the conventional physico-
chemical methods. In the preceding paper,'® we utilized
a fully deuterated high-density PE (DHDPE) sample as
one component and investigated the crystallization be-
haviors of PE blends between DHDPE and the hydrog-
enous samples with various branching contents. In that
study,!® FTIR spectral measurements were found to be
quite useful to clarify the behaviors of the D and H
componentsin the blends separately at the molecular level.
Among the various types of PE blends with DHDPE, the
blend of a linear low-density (LLDPE) sample having a
relatively low branching content was found to exhibit an
almost perfect cocrystallization phenomenon of the CHs
and CD, species within the same crystallite. The degree
of such a cocrystallization depends on the branching
content of the hydrogenous sample. For example,in Figure
1is reproduced the correlation of the coefficient k. of the
CH; and CD; species in the DHDPE blends with HDPE,
LLDPE(2), and LLDPE(3); the characterization results
of these samples are listed in Table .13 The k. in Figure
1 is defined as a coefficient with which the infrared
spectrum B of the blend is approximately expressed as a
simple summation of the spectra of crystalline (C) and
amorphous (A) phases: B = k.C + (1 - k;)A. The k. can
be used as a measure of the crystalline content. In the
case of LLDPE(2) a good correlation is observed between
H and D species; the crystallization bands of the H and
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Figure 1. Correlation of the crystalline coefficient k. between
the CH; and CD; crystalline bands for a series of the DHDPE
blend samples with (a) HDPE, (b) LLDPE(2), and (¢) LLDPE-
3.

Table I
Characterization of PE Samples
M, M, My/M, branching®
DHDPE 80K 14K 5.7 2-3
LLDPE(2) 75K 37K 2.0 17
LLDPE(8) 61K 20K 3.1 41

a No. of short chains/1000 carbons.

D species begin to appear simultaneously at the same tem-
perature and increase their intensity with cooling tem-
perature. For the blend with HDPE the CH; species
crystallize at first and then the other species CD; begin
to crystallize in the lower temperature region, indicating
a phase segregation. For the blend with LLDPE(3), the
situation is the same as the case with HDPE but the order
of CDsand CH;should be exchanged. Generally speaking,
however, the FTIR spectra in the so-called fingerprint
regionreflect a localized structural feature of the crystalline
(and amorphous) phase. The X-ray diffraction method
is useful to investigate the averaged behavior of the whole
crystallites; in particular, a combination of wide-angle
(WAXS) and small-angle X-ray scatterings (SAXS) may
be very powerful for establishing the cocrystallization and

© 1992 American Chemical Society
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Figure 2. Illustration of the simultaneous measuring system of
WAXS and SAXS using the synchrotron X-ray source. IC: ion
chamber. PD: photodiode.

phase separation phenomena of the PE blends revealed
by the infrared and DSC measurements. Furthermore,
by combining the small-angle light scattering data with
the data obtained by the above-mentioned various meth-
ods, we will be able to have a broader view of the structure
of the blend system from the molecular level to the unit
cell level, the lamellar level, and the spherulite level.

In the first half of this paper we will describe the
experimental results on the temperature dependence of
the WAXS and SAXS data for the two kinds of PE blends
reported in the preceding paper,13i.e.,, DHDPE + LLDPE-
(2) and DHDPE + LLDPE(3), and will confirm the
phenomena of cocrystallization and phase segregation
reported in that paper through the infrared spectral
measurements. In the second half of this paper we will
investigate the structure of these two blend systems at
room temperature and discuss the crystallization mech-
anism based on the different levels of dimension from
angstrom to micrometer.

Experimental Section

Samples. The PE samples are those just used in the DSC
and FTIR measurements; DHDPE, LLDPE(2), and LLDPE(3).
Their characterization was already listed in Table 1.1* The
samples for the WAXS and SAXS experiments were prepared
by inserting them into a round hole of the metal holder shown
in Figure 2 and cooling from the melt to room temperature. The
diameter of the samples is ca. 7 mm, and the thickness is ca. 1
mm.

Measurements. WAXS and SAXS patterns were measured
at the National Synchrotron Light Source, Brookhaven National
Laboratory, Long Island, NY. A thermocouple was in contact
with the steel sample holder which was placed in the temperature-
controlled chamber of the modified Kratky SAXS diffractome-
ter. A rough illustration of the SAXS instrumentation is shown
in Figure 2, where a Braun position-sensitive proportional counter
was used as the detector for WAXS and a photodiode array
detector was used for SAXS. The sample was melted and cooled
to room temperature at about 1 °C/min, during which time both
WAXS and SAXS data were collected simultaneously over every
2-min time period between 150 and 50 °C. The scattering profiles
were corrected for detector nonuniformity, sample absorption,
background, and incident X-ray intensity fluctuations.!l12 In
order to estimate the crystallite size and unit cell parameters at
room temperature more exactly, WAXS patterns were also
collected using a conventional X-ray diffractometer.

The small-angle light scattering patterns of the blends were
taken by using either a film or an optical multichannel detector
with a laser light source of 632.8-nm wavelength under the
polarization condition of Hy at room temperature.

Results and Discussion

Temperature Dependence of WAXS and SAXS.
(A) Blend System of DHDPE + LLDPE(2). As an
example, Figure 3 shows the temperature dependence of
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Figure 3. Temperature dependence of the WAXS pattern
measured for (upper) the DHDPE + LLDPE(2) blend and (lower)
the DHDPE pure sample in the cooling process from the melt.
Temperatures are as follows. Upper: (1) 130, (2) 120, (3) 110,
(4) 109, (5) 107, (6) 102, (7) 96, (8) 88, (9) 78, (10) 58 °C. Lower:
(1) 130, (2) 120, (3) 114, (4) 110, (5) 100, (6) 88, (7) 78, (8) 60 °C.
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Figure 4. Temperature dependence of the degree of crystallinity
gstimated for the DHDPE + LLDPE(2) system using WAXS
ata.

the WAXS pattern measured for the blend of DHDPE
with LLDPE(2) in comparison with that of DHDPE pure
polymer during the cooling process from the melt. In the
case of the blend, the reflection peaks of 110 and 200,
intrinsic of the blend, can be observed to grow in parallel
with a decrease in the amorphous halo peak intensity. An
appearance of the reflections intrinsic of the blend
indicates definitely the formation of a unique crystalline
phase where the DHDPE and LLDPE(2) chains coexist.
In Figure 4 are shown the temperature dependences of
the degree of crystallinity (x) estimated from the integrated
intensity of the X-ray scatterings shown in Figure 3;

2= [ eald?dal §

2
crystal Iq dq
where ] is an intensity and ¢ is a scattering vector. The
degree of crystallinity begins to increase at a temperature
quite different from those of the original pure samples, in
good agreement with the temperature measured by DSC
and FTIR.13 The degree of crystallinity of the blend is

between those of the original values.

In Figures 5 and 6 are shown the SAXS pattern changes
measured for DHDPE, LLDPE(2), and their blend sample

hole region
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Figure 5. Temperature dependence of the SAXS pattern
measured for the pure DHDPE sample (cooling process from the
melt). Temperatures are as follows: (1) 124, (2) 119, (3) 117, (4)
114, (5) 112, (6) 110, (7) 104, (8) 100, (9) 96, (10) 92, (11) 87, (12)
79, (13) 72, (14) 61 °C.

SAXS

s LLDPE() |

4 6
q /10728

Figure 6. Temperature dependence of the SAXS pattern
measured for the LLDPE(2) (upper) and DHDPE + LLDPE(2)
(lower) systems (cooling process from the melt). Temperatures
are as follows. Upper: (1) 119, (2) 112, (3) 106, (4) 102, (5) 100,
(6) 98, (7) 96, (8) 94, (9) 88, (10) 75, (11) 65, (12) 60 °C. Lower:
(1) 115, (2) 112, (3) 110, (4) 108, (5) 108, (6) 100, (7) 94, (8) 80,
(9) 70, (10) 67, (11) 61 °C.

during slow cooling from the melts, where the background
scattering is eliminated using the data of the melt state
and the vertical axis is replotted using /q? instead of the
observed intensity I. In the case of the pure DHDPE
sample, the SAXS pattern begins to increase in intensity
at first and then decreases gradually. The second-order
reflections can also be observed. InFigure 7 is plotted the
integrated intensity or invariance € against temperature;
Q = 4x[Iq2dq. Q begins to increase rapidly at the initial
stage of crystallization and then decreases gradually
because the degree of crystallinity exceeds the value 50%.
[According to the simple two-phase model of crystalline
and amorphous regions, @ is proportional to x(1 - x).}1
As shown in Figure 6, the blend sample shows the SAXS
pattern characteristic of itself and is different from the
pattern expected for the simple overlap between the
original two polymers. This indicates that the blend of
DHDPE + LLDPE(2) can form an intrinsic aggregation
structure of lamellae, different from those of the original
ones. The rising-up temperature of the curve @ vs tem-
perature is quite consistent with the WAXS data and
locates between those of the pure polymers. The SAXS
profile is sharp compared with that of the LLDPE(2) and
shows even the second-order reflection just as likely as in
the DHDPE case, suggesting a more regular repeating of
lamellae over a longer range. Figure 8 shows the inter-
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Figure 7. Temperature dependence of the invariance @ esti-
mated from the SAXS data for the DHDPE + LLDPE(2) system.
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Figure8. Temperature dependence of the long spacing estimated
from the SAXS data for the DHDPE + LLDPE(2) system.

lamellar spacing evaluated from the peak position of the
SAXS pattern for these samples. At the initial stage of
crystallization the lamellar long spacing is very large
because only a few lamellar nuclei are generated. As the
crystallization proceeds the averaged lamellar distance
decreases steeply and is stabilized gradually as the sample
is cooled down to room temperature.!® The long spacing
of the blend system is shorter than that of the DHDPE
but longer than that of the LLDPE(2).

In this way the WAXS and SAXS data allow us to
establish the cocrystallization phenomenon in this blend
system. The data also indicate that an aggregation
structure of lamellae in the blend system is different from
those of the pure components.

(B) Blend System of DHDPE + LLDPE(3). In
Figure 9 are plotted the temperature dependences of the
degree of crystallinity evaluated by WAXS for the DH-
DPE + LLDPE(3) system. Quite consistently with the
DSC and FTIR data,!? the blend sample shows the two-
stage variation in the WAXS pattern or the degree of
crystallinity; at first the crystalline reflections begin to
appear around 115 °C, which is close to the crystallization
temperature of the DHDPE component, and then change
their behavior around 90 °C or the crystallization tem-
perature of the LLDPE(3) sample. A small dip around 90
°C observed for the blend system is meaningful and comes

‘from the change in the crystallization behavior between

the DHDPE and LLDPE(3) components mentioned above.

The temperature changes in the SAXS pattern of the
blend and of the pure LLDPE(3) sample were also
measured. The blend sample exhibits rather sharp
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Figure9. Temperature dependence of the degree of crystallinity
estimated for the DHDPE + LLDPE(3) system using the WAXS
data. In the curve of the blend, the filled circle is the observed
data point and the crossed circle is the point calculated using the
observed values of the pure DHDPE and LLDPE(3) samples.
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Figure 10. Temperature dependence of the invariance Q
estimated using the SAXS data for the DHDPE + LLDPE(3)
system.

scattering patterns when compared with those of the LL-
DPE(3) sample; the patterns of the blend can be assumed
to consist mainly of the intense DHDPE scattering pattern
with a small contribution of a weak and broad scattering
from the LLDPE(3) component. The invariance @ is
plotted against temperature in Figure 10, which is con-
sistent with the WAXS data of Figure 9: the @ of the
blend can be assumed as an overlap between those of the
pure polymer of DHDPE and of LLDPE(3). InFigure 11
are plotted the interlamellar spacings against tempera-
ture for the three kinds of samples. It should be noted
here that the long spacing is different from the simple
average between that of the original DHDPE and of the
LLDPE(3) polymer. The longer spacing exhibited by the
blend indicates some coordinated spatial arrangement of
DHDPE and LLDPE(3) lamellae which are separated from
one another by a large amount of the amorphous phase
including many branchings. The details will be discussed
below.

(C) Structure of Blends. (i) DHDPE + LLDPE(2).
As discussed in sections A and B, the blend of DHDPE
with LLDPE(2) shows the cocrystallization phenomenon
within the same lamella. It can be confirmed further by
comparing the WAXS pattern before and after blending
as shown in Figure 12. The position of the 110 reflection
of the blend is close to that of LLDPE(2), but the 200
reflection is located at the 20 position a little different

Macromolecules, Vol. 25, No. 6, 1992

SAXS DHDPE +LLDPE(3)
500 T T T T T T

450
400
350 I
300

Long Spacing/A

250 7

200 [

585 50 70 80 90 100 110 120
Temperature/°C

Figure 11. Temperature dependence of the long spacing
estimated using the SAXS data for the DHDPE + LLDPE(3)
system.
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Figure 12. Comparison in the WAXS data measured at room
temperature for the DHDPE + LLDPE(2) system.
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Table 11
Structural Data of PE Blends (Room Temperature)
(WAXS) (WAXS)
crystal crystallite (SAXS)e (SALS)
cell, A size,

long spherulite
a b [110] [200] spacing, A radius, um

DHDPE 742 493 272 216 231 5.3
LLDPE(2) 748 496 184 134 158 9.3
blend 7.46 496 225 176 187 8.6
LLDPE@) 7.63 5.03 117 100 195 2.4
blend 7.45° 4.960 218® 190 271 8.7

s At 60 °C. b Apparent [due to the overlapping of peaks of DH-
DPE and LLDPE(3)].

from those of the original ones. Table II lists the unit cell
parameters a and b at room temperature: the cell
parameters are closer to but a little smaller than those of
LLDPE(2) because of the effect of coexisting DHDPE
species. The effect of cocrystallization appears alsoin the
crystallite size estimated from the half-width of the WAXS
reflection and in the long spacing calculated from the
SAXS pattern. It should be noted here that the peak
positions of the first- and second-order scatterings of the
SAXS pattern are also different between the three samples
as shown in Figure 13. In Figure 14 the SALS pattern
(Hy) is compared before and after blending of the DH-
DPE + LLDPE(2) system. Figure 15shows thescattering
profile measured along the 45° line of Figure 14 using an
optical multichannel detector system. The estimated
radius of the spherulite is between those of the original
pure samples as listed in Table II.

By taking into account all these data of WAXS, SAXS,
and SALS, the following structural view may be given for
the DHDPE + LLDPE(2) blend system. The CD; and
CH: stems are included in the same lamella and form the
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Figure 13. Comparison in the SAXS pattern measured at 60 °C
for the DHDPE + LLDPE(2) system.
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Figure 14. Small-angle light scattering patterns (Hy) measured
at room temperature for the DHDPE blend systems with LLDPE-
(2) and LLDPE(3) before and after blending.
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Figure 15. Comparison in the SALS pattern (Hy) measured at
room temperature for the DHDPE + LLDPE(2) system.

cocrystals. The coexistence of the D and H speciesinduces
a change in the unit cell size, the crystallite size, and the
interlamellar spacing (Table II). Furthermore, the spher-
ulite radius is also modified by the cocrystallization effect.
The coexistence of the D and H species is also related with
the smaller Davydov splitting of the infrared crystalline
bands'® as seen in Figure 16. The relative position of the
D and H stems in the crystallites should be clarified by
calculating the distribution function which will be derived
on the basis of the wide-angle and small-angle neutron
scattering measurements, for example.

(ii) DHDPE + LLDPE(3). Theblend of DHDPE and
LLDPE(3) polymers shows some extent of a phase
segregation between the two components. The WAXS
patterns of the three samples measured at room temper-
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Figure 16. Comparison in the infrared spectral pattern at room
temperature measured for the DHDPE + LLDPE(2) system: (a)
pure LLDPE(2) or DHDPE; (b) the blend.
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Figure 17. Comparison in the WAXS data measured at room
temperature for the DHDPE + LLDPE(3) system.
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Figure 18. Comparison in the infrared spectral pattern at room
temperature measured for the DHDPE + LLDPE(3) system: (a)
pure LLDPE(3) or DHDPE; (b) the blend.

ature are compared in Figure 17. The X-ray reflections
of the pure LLDPE(3) sample are broad and very weak
when compared with those of DHDPE. The 110reflection
of the blend is asymmetric and can be assumed as an
overlap between the intense DHDPE pattern and the weak
and broad LLDPE(3) pattern, although the exact cell
parameters in the blend are difficult to estimate. The
infrared spectral data, however, indicate a more compli-
cated situation than that speculated from the WAXS data.
As seen in Figure 18, the CH; and CD; infrared bands
show a different splitting width from those of the original
pure components even though the phase separation occurs
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Figure 19. Comparison in the SAXS pattern measured at 60 °C
for the DHDPE + LLDPE(3) system.
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Figure 20. Comparison in the SALS pattern (Hy) measured at

room temperature for the DHDPE + LLDPE(3) system.

to some extent. That is to say, the CH; and CD; chains
are considered to interact to some extent by intrusion
through the neighboring lamellae of the other species. Such
an idea is consistent with the change in the SAXS pattern
before and after blending. As seen in Figure 19, the peak
position and pattern of the SAXS are very different in the
blend than those of the pure components. The interlamel-
lar spacing is longer than those of DHDPE and LLDPE-
(3) samples prepared under almost the same conditions.
In Figure 14 the SALS pattern of the blend is found quite
different from that of the pure LLDPE(3) sample. Figure
20 clarifies this situation more clearly: the spherulite
radius is increased by a factor of about 4 when compared
with the original one (Table II). Therefore, the D and H
lamellae are considered to be mixed together in the same
spherulite and affected by each other through some side-
by-side interactions. Such a situation can be detected
also for the other blend systems utilized in the preceding
paper:3 DHDPE + HDPE, DHDPE + LLDPE(1), and
DHDPE + LDPE, where the characterization of HDPE,
LLDPE(1), and LDPE isreferred toin the preceding paper.
From these data we may say that the sample which shows
the smaller spherulite size before blending can get the
larger spherulite radius after blending (see the case of
LLDPE(3)).

In Figure 21 are illustrated some possibilities of the
aggregation structure of the D and H species in the blend
sample. In these figures the white and black blocks
indicate the lamellae of the H and D species, respectively.
Model A where the H and D lamellae are stacked together
in the same spherulite, is considered to be the case of
DHDPE + LLDPE(3) blend system discussed above. The
DHDPE + LLDPE(2) system is considered to fit the model
D where the H and D species coexist in the same lamella
as indicated by a checkered pattern of white and black

Macromolecules, Vol. 25, No. 6, 1992
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Figure 21. Aggregation models of the CH,/CD; lamellae within
the spherulites (refered toin the text). Inthese models the white
and black blocks represent the H and D lamellae, respectively.
The checkered pattern in model D illustrates a cocrystallized
state of the H and D stems in the lamella.

blocks. Model B shows a coexistence of the axially-arrayed
lamellar series consisting of only one species in the same
spherulite. Model Cisa coexistence of two types of spher-
ulites in the sample, each of which consists of H or D
species. The experimental data mentioned above cannot
support the models B and C. We may conclude that the
molecular chains in the present blend system may be
aggregated in a form of structure located somewhere
between models A and I): the DHDPE + LLDPE(2) is
the closest to model D and the DHDPE + LLDPE(3)
system has a structure closer to that of model A. The
DHDPE + HDPE system may also have a similar structure
tomodel A. Models A and D can be assumed to locate on
a single line of structure and the transformation between
models A and D is considered to be continuous, i.e., the
degree of invasion of the CH; chain segments into the CD;
lamellae (or vice versa) may continuously change between
models A and D, depending on the degree of branching of
the CHj, species.

Concluding Remarks

Inthis paper the cocrystallization and phase segregation
phenomena of the PE blend system consisting of D and
H species have been confirmed by means of WAXS, SAXS,
and SALS. The structure of the blend viewed from the
characteristic length of dimension ranging from angstrom
to micrometer has been discussed, and plausible models
have been proposed. In addition to the WAXS, SAXS,
and SALS data, the neutron scattering data, including
both the small-angle and wide-angle scatterings, will help
us to clarify the detailed spatial arrangements of the CD,
and CH; chains in the lamellae and in the spherulites.

We may now have a question why such structures of a
blend system as proposed above (Figure 21) should be
obtained through the crystallization phenomenon during
cooling from the melt. Aninvestigation of the aggregation
state of the D and H species in the melt may give us some
indication for such a question.!”2 Quantitative discussion
ontheinteraction parameters between the D and H species
may also give us useful information.?? An investigation
of nucleation and growth behaviors of crystalline lamellae
during the crystallization process will be also required.
All these problems are now being challenged.
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