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ABSTRACT: Phase segregation behavior in PEs/DOP blends, interactions between PEs
and DOP, and glass-relaxation transitions of PEs were investigated. FTIR, DSC, and
TGA data demonstrated that molecular interactions were present between PEs and
DOP. DMA data demonstrated that pure PEs each (except HDPE) exhibited two loss
maxima at about —20 and —120°C but the PEs/DOP blends (including the HDPE/DOP
blend) yielded one new loss maximum at about —60°C. The glass-relaxation transitions
corresponding to the three loss maxima on the DMA curves were designated a (—20°C),
B (=60°C), and y (—120°C) transitions and were attributed to the relaxation of the
amorphous phases in the interlamellar, interfibrillar, and interspherulitic regions,
respectively, based on DMA, WAXD, SAXS, and POM measurements. The controversial
T, values of PEs and their origin were thus clarified in this study. © 2001 John Wiley &
Sons, Inc. J Appl Polym Sci 82: 3591-3601, 2001
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INTRODUCTION

Dioctyl phthalate (DOP) is usually used as a plas-
ticizer in poly(vinyl chloride) (PVC) processing.!
DOP may migrate to the surface of the finished
PVC products at elevated temperatures and lead
to deterioration in mechanical properties because
DOP is a low molecular weight compound. To
prevent the migration, a high molecular weight
plasticizer is sometimes used to substitute com-
pletely or partially for the low molecular weight
one. Chlorinated polyethylene (CPE) has been re-
ported for this purpose and for improving impact
properties of PVC.2”7 The compatibility between
CPE and PVC is dependent on the extent of chlo-
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rination of polyethylene and determines the effi-
cacy of plasticization of CPE in PVC. Without
chlorination, polyethylene (PE) is believed to be
in low compatibility with PVC, because of signif-
icant differences in polarity and morphology, and
leads to phase separation and thus low plastici-
zation effect of PE on PVC. Paraffin wax, a low
molecular weight polyethylene, is often used as a
lubricant in PVC processing.®®. Thus, it is impor-
tant to know the interaction between polyethyl-
ene and DOP when these two compounds are used
together during PVC processing. There have been
no such reports on compatibility or phase segre-
gation behavior in PE/DOP. In this study we set
out to investigate the interaction and phase seg-
regation behavior in PE/DOP blends without the
presence of PVC.

In molecular composition, PE is a hydrocarbon
compound that is considered to have no polarity.
DOP has two polar ester linkages that are be-
lieved to be not compatible with nonpolar PE.
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DOP, on the other hand, has two hydrocarbon
tails that are considered compatible with PE due
to similar polarity. Each hydrocarbon tail of DOP
has a length of 8 carbons and possibly leads to a
melt-miscible PE/DOP blend. However, PE is a
crystallizable polymer and may involve phase
segregation of the amorphous DOP diluent during
cooling of the PE/DOP blends. Depending on the
distance of segregation, various types of morphol-
ogy may be created. These segregation types in-
clude (1) interlamellar segregation, where segre-
gation of the diluent occurs at the lamellar level,
so that the diluent is located in the interlamellar
regions; (2) interfibrillar segregation, where the
diluent is segregated by a larger distance to the
regions between the lamellar bundles in spheru-
lites; and (3) interspherulitic segregation, where
the diluent is segregated by the largest distance
to the regions between spherulites.'®!! A blend
system does not necessarily exhibit only one type
of morphology. Different types of morphology may
coexist, thus leading to multiple locations for the
amorphous diluent.'?16

Segregation of the amorphous DOP diluent in
PE is natural, given that the driving force of crys-
tallization of PE tends to separate the diluent.
However, how far the diluent is segregated is not
well understood. In thermodynamic essence, two
entropic forces are developed during the melt-
blending of PE/DOP and subsequent cooling of
the binary blend. These forces include the follow-
ing dynamics: (1) during the melt-blending of the
binary blend, two constituents tend to incorporate
into each other, to reach the highest obtainable
entropy; and (2) during cooling of the binary blend
from the melt, PE crystallizes and tends to ex-
clude the DOP diluent out of the interlamellar
regions.'” On the other hand, two enthalpic forces
are developed in the PE/DOP blend, including (1)
the favorable interaction between the hydrocar-
bon tails of the DOP diluent and the hydrocarbon
chains of PE, and (2) the unfavorable interaction
between the polar ester linkages of DOP and the
nonpolar hydrocarbon PE. The enthalpic force
from the favorable interaction and the entropic
force, which favors holding the diluent in the in-
terlamellar regions, are against the unfavorable
interaction and the entropic force, which favors
excluding the diluent out of the interlamellar re-
gions. The distance of segregation of the diluent is
consequently dependent on the respective magni-
tude of the above two enthalpic forces , two en-
tropic forces, the space of the interlamellar re-

gions, and the cooling rate. All of these depend on
composition, temperature, and molecular weight.

Depending on the type of segregations,
whether interlamellar, interfibrillar, or inter-
spherulitic segregations, the amorphous diluent
in each region may exhibit a corresponding glass-
relaxation transition. If this is the case, one may
clarify the controversial glass-transition temper-
atures (T,’s) of PE or interpret the origin of these
T.’s in a different way. There has been consider-
able argument as to the position of the relaxation
transitions of PE.11826 The most commonly be-
lieved three transitions reported for PE include
those termed «, B, and 7y relaxation transi-
tions.'®2! The a-transition occurs just below the
melting point and is related to the onset of molec-
ular motion in the crystalline phase. The B-tran-
sition occurs at —30 to —20°C and is believed to be
associated with the onset of motion at branch
points. The peak is absent in completely un-
branched PE.'®21:25 The wy-transition occurs at
about —125 to —120°C for both linear and
branched PE and is believed to be associated with
segmental motion of as few as three or four meth-
ylene groups in the carbon—carbon backbone in
the amorphous phase, and is considered the pri-
mary glass transition of PE. 181921

In the present report, we set out to investigate
the phase segregation behavior in PE/DOP blends
and interpret glass-transition temperatures of PE
in terms of the distance of segregation of DOP by
PE. Influences of molecular weights of LDPE on
the phase segregation behavior in LDPE/DOP
blends and on the glass-transition temperatures
of LDPE were also evaluated. Dynamic mechani-
cal analyzer (DMA), differential scanning calo-
rimetry (DSC), small-angle X-ray scattering
(SAXS), wide-angle X-ray diffraction (WAXD),
thermogravimetric analyzer (TGA), and Fourier
transform infrared (FTIR) were used for this
study.

EXPERIMENTAL

Materials and Sample Preparation

All materials were used as received. Polyethyl-
enes used for this study included a high-density
polyethylene (HDPE), a linear low-density poly-
ethylene (LLDPE), and three low-density polyeth-
ylenes (LDPEs) of differing molecular weights,
including LDPE1, LDPE2, and LDPES3. The mo-
lecular weights of LDPEs were in the order of
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LDPE1 > LDPE2 > LDPE3. HDPE was received
from USI Far East Corp. (product number LH606;
melt index 1.0 g/10 min; density 0.961 g/cm?;
Taipei, Taiwan). LLDPE was received from
ExxonMobil Chemical Company (product number
LL3201; 3.5 mol % of 1-hexene comonomer in the
copolymer; melt index 0.8 g/10 min; density of
0.925 g/cm?®; Houston, TX). LDPE1 was received
from Asia Polymer Corp. (product number H0100;
melt index 0.5 g/10 min; density 0.922 g/cm?; Tai-
pei, Taiwan). LDPE2 was received from Borealis
Corp. (product number LE4074; melt index 2.8
/10 min; density 0.917 g/cm?®; Portugal). LDPE3
was received from Asia Polymer Corp. (product
number 7100; melt index 7.3 g/10 min; density
0.917 g/em?®). Melt indices were determined ac-
cording to the ASTM D1238 at 190°C and 2.16 kg
of loading for all polyethylenes. DOP was sup-
plied by Union Petrochemical Corp. (Taipei, Tai-
wan). The PE/DOP blends were prepared by mix-
ing PE powder with various amounts of DOP fol-
lowed by extruding twice in a single-screw
extruder (diameter 30 mm; L/D 19; compression
ratio 3.5) at 160°C in the feeding zone, 160°C in
the compression zone, and 170°C in the metering
zone. After extrusions the pelletized sample was
compression-molded by a hot press at 150°C for
30 s to make film specimens for instrument mea-
surements.

DMA Measurements

Dynamic mechanical analyzer (DMA 2980; TA
Instruments, New Castle, DE) was used to ana-
lyze storage moduli, loss moduli, and tan & of
PE/DOP specimens in dimensions of 25 X 6
X 0.33 mm (length X width X thickness). DMA
was measured in the tensile mode at a constant
frequency of 50 Hz and a heating rate of 3°C/min
from —150°C to 100°C.

DSC Measurements

Crystallizations of the blend samples were per-
formed by DSC (DSC 2010; TA Instruments) at a
cooling rate of 20°C/min after the samples were
heated to 150°C. For thermal fractionation, the
samples were heated on the DSC at 10°C/min
under nitrogen from 30 to 140°C holding for 10
min, followed by cooling at a rate of 20°C/min to
110°C holding for 30 min, and then the samples
were successively cooled by 5°C at 20°C/min. The
specimens were maintained at each temperature
for 30 min. Thus, the specimens were kept at each

of the following temperatures: 110, 105, 100, 95,
90, 85, and 80°C for 30 min and then cooled to
30°C at 20°C/min. The samples were then heated
again to 140°C at 10°C/min to obtain the second
endotherms, during which several peaks were ob-
tained for each sample.

FTIR Measurements

A Fourier transform infrared spectrometer (FTS
155 FTIR; Bio-Rad, Hercules, CA) with a resolu-
tion of 2 cm ™! was used to analyze the methylene
rocking mode (p CH,) in crystalline polyethylene
at 730 and 720 cm !, arising from a splitting of a
single band. The splitting is associated with the
crystalline regions of polyethylene and arises
from interactions between adjacent molecules in
the crystalline phase, which results in both an
in-phase and an out-of-phase rocking mode.2"3°

TGA Measurements

A thermogravimetric analyzer (TGA 2050; TA In-
struments) was used to analyze the degradation
behavior of specimens under nitrogen at a heat-
ing rate of 20°C/min from 30 to 900°C.

WAXD Measurements

Samples for WAXD measurements were prepared
by heating the film specimens to 150°C holding
for 3 min, followed by cooling at 20°C/min to room
temperature. The WAXD measurements were
performed at room temperature on a Siemens
D5000 X-ray diffractometer (Siemens Medical
Systems, South Iselin, NJ) operating at 40 kV and
35 mA using molybdenum radiation with a wave
length of 0.7093 A as an X-ray source. Samples were
mounted on a goniometer scanning at 1.2°/min.

SAXS Measurements

Samples for SAXS measurements were prepared
by heating the film specimens to 150°C holding
for 3 min, followed by cooling to room tempera-
ture at 20°C/min. All SAXS measurements were
performed at room temperature. The X-ray source
was operated at 200 mA and 40 kV and was
generated by an 18-kW rotating anode X-ray gen-
erator (Rigaku, Japan) with a rotating anode Cu
target. The incident X-ray beam was monochro-
mated by a pyrolytic graphite and a set of three
pinhole inherent collimators were used so that
the smearing effects inherent in slit-collimated
small-angle X-ray cameras would be avoided. The
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Figure 1 Loss modulus curves of DMA as a function
of temperature for various polyethylenes.

sizes of the first and second pinhole were 1.5 and
1.0 mm, respectively, and the size of the guard
pinhole before the sample was 2.0 mm. The scat-
tered intensity was detected by a two-dimen-
sional position-sensitive detector (Ordela Model
2201X; Oak Ridge Detector Laboratory) with 256
X 256 channels (active area 20 X 20 cm? with
~ 1-mm resolution). The sample-to-detector dis-
tance was 4000 mm long. The beam stop was
around an 18-mm-diameter lead disk. All data
were corrected by the background (dark current
and empty beam scattering) and the sensitivity of
each pixel of the area detector. The area scatter-
ing pattern was radially averaged to increase the
efficiency of data collection compared with that of
a one-dimensional linear detector. Data were ac-
quired and processed on an IBM-compatible per-
sonal computer.

Polarized Optical Microscopy

Film samples were prepared by compression in a
hot press at 150°C. The films were then heated in
a hot stage (FP900; Mettler) under nitrogen to
180°C holding for 5 min and were then cooled at a
rate of 10°C/min to 100°C, holding for 24 h for
complete crystallizations. The treated samples
were then cooled at 10°C/min to 30°C and trans-
ferred to a polarized optical microscope (POM,;
D-07740; Zeiss, Thornwood, NY) to observe their
crystal morphologies.

RESULTS AND DISCUSSION

Figure 1 shows loss modulus curves of DMA for
various polyethylenes. As can be seen in Figure 1

for pure HDPE, two loss maxima are found at
about 70 and —110°C. For LLDPE, three loss
maxima are found at about 55, —20, and —115°C.
For LDPEs, two loss maxima are found at about
—15 and —120°C. Apparently, HDPE and LLDPE
exhibit a crystalline relaxation transition at
about 70 and 55°C, respectively, but all three
LDPEs studied do not show any loss maximum at
nearby temperatures. This crystalline relaxation
is termed o -transition in this study and is attrib-
uted to high melting temperature (i.e., high de-
gree of crystallinity, or high density) for HDPE
and LLDPE. According to DSC thermograms (not
shown in this study) of heating scans at 20°C/min
for these polyethylenes, an endotherm for each
polymer with a peak temperature is found at 141,
127, and 110°C for HDPE, LLDPE, and LDPEs,
respectively. It is thus reasonable that HDPE,
having a higher melting temperature, gives a
more intense loss maximum than that of LLDPE,
which has a lower melting temperature, as shown
in Figure 1. The loss maximum at about —20°C is
termed a-transition in this study and is present
for LLDPE and LDPEs but not for HDPE. The
present a-transition was previously reported to be
associated with the branching of the polyethylene
backbone.'®! The finding from Figure 1 is con-
sistent with that in the literature, given that
HDPE has a negligible branching, whereas LL-
DPE and LDPEs exhibit various degrees of
branching. The corresponding temperature of the
present a-transition to three LDPEs is seen to
increase with increasing molecular weight of the
polymer. The loss maximum at about —110 to
—120°C is termed +y-transition in this study and is
present for all polyethylenes studied, among
which HDPE exhibits the sharpest loss maximum
peak at the highest temperature. All three LDPEs
exhibit relatively broad loss maxima peaks at rel-
atively low temperatures compared with those of
HDPE and LLDPE. Similar to the a-transitions
for three LDPEs, temperatures of the y-transi-
tions also increase with increasing molecular
weights of the polymers.

Figure 2 shows loss modulus curves of DMA for
polyethylenes containing 20 phr of DOP. As can
be seen in Figure 2, the o -transition remains to
be seen for the HDPE/DOP (100/20) blend,
whereas the «.-transition becomes negligible for
the LLDPE/DOP (100/20) blend. Apparently,
DOP is incorporated into LLDPE and interferes
with crystallization of LLDPE, resulting in a de-
crease in the crystalline relaxation transition.
The a-transition at about —20°C remains absent
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Figure 2 Loss modulus curves of DMA as a function

of temperature for various polyethylenes containing 20
phr DOP.

for the HDPE/DOP (100/20) blend. This transition
is almost missing for the LLDPE/DOP (100/20)
blend and is much decreased in intensity for the
LDPEs/DOP (100/20) blends, compared with that
of pure polyethylenes. Thus, the a-transition is
not simply attributed to the relaxation of the
branching as reported in the literature.'®!° If the
present a-transition is purely associated with the
branching of polyethylenes, the a-transition of
the LLDPE/DOP (100/20) blend should remain to
be clearly seen because the branching remains
present for LLDPE after addition of DOP. The
disappearance of the a-transition of LLDPE upon
addition of DOP thus suggests that the interac-
tion between LLDPE and DOP and phase segre-
gation behavior in the LLDPE/DOP blend may
affect the a-transition in its intensity and/or its
temperature.

The vy-transition at about —110 to —120°C is
found for all polyethylenes containing 20 phr
DOP. The present 7y-transitions are broader in
their loss maxima and shift to lower tempera-
tures for all five blends (Fig. 2) than those for pure
polyethylenes (Fig. 1). If the y-transition temper-
ature is considered the primary glass-transition
temperature (i.e., T,), the decreases in T,’s of
polyethylenes by the addition of DOP suggest
that the plasticization of polyethylenes can be
achieved by the addition of DOP. Although the
reported origin for this y-transition, which is as-
sociated with segmental motion of as few as three
or four methylene groups in the carbon—carbon
backbone in the amorphous phase of polyethyl-
enes,'®1921 is not in conflict with the finding in
this study, the interaction between DOP and poly-

ethylenes and the phase segregation of DOP into
various amorphous regions of polyethylenes ap-
parently affect the y-transition in its intensity
and/or its temperature.

New loss maxima at about —60°C are found for
all polyethylenes upon addition of 20 phr DOP.
These new loss maxima are termed B-transitions
because their temperatures are between those of
a- and y-transitions in this study. This new loss
maximum for each blend suggests a newly cre-
ated amorphous region in the corresponding poly-
mer, apparently attributable to the phase segre-
gation of DOP in the polymer. Initially, we sus-
pected this new loss maximum of being attributed
to the melting of DOP at nearby temperatures.
DSC thermograms (not shown in this study) of
heating scans at 20°C/min for polyethylenes/DOP
blends, however, do not exhibit any endotherm at
nearby temperatures. On the other hand, if the
origin of the new loss maximum is really attrib-
uted to the melting of DOP at nearby tempera-
tures, the loss maximum peaks of the +y-transi-
tions at about —110 to —120°C should become
sharper and shift to higher temperatures for the
polyethylenes/DOP blends (Fig. 2) than those for
pure polyethylenes (Fig. 1). The y-transitions,
however, are broader in their corresponding loss
maxima and shift to lower temperatures for all
five polyethylenes containing 20 phr DOP than
those for pure polyethylenes. Therefore, the loss
maxima at about —60°C should be newly created
after addition of DOP into polyethylenes.

Figure 3 shows loss modulus curves of DMA for
LDPE2 containing various amounts of DOP. As
can be seen in Figure 3 for pure LDPE2, two loss
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Figure 3 Loss modulus curves of DMA as a function
of temperature for LDPE2 containing various amounts
of DOP.
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Figure 4 DSC thermograms of cooling scans for
LDPE2 containing various amounts of DOP.

maxima corresponding to a- and y-transitions are
present at about —15 and —122°C, respectively.
Upon addition of 10 phr DOP, the LDPE2/DOP
blend gives a new loss maximum at about —50°C,
corresponding to B-transition and two other loss
maxima corresponding to a- and +y-transitions
shift from about —15 and —122°C for pure LDPE2
to about —24 and —125°C for the blend, respec-
tively. By increasing addition of DOP, tempera-
tures of three loss maxima for the LDPE2/DOP
blends are all found to decrease. This suggests
that the loss maximum assigned to the B-transi-
tion is indeed not attributed to the melting of
DOP, the plasticization of LDPE2 is achieved by
an addition of DOP, and the plasticization may
occur in three amorphous domains. Furthermore,
with increasing DOP content, the loss maximum
of the B-transition increases in intensity, whereas
the loss maxima of both «a- and y-transitions de-
crease, an indication that the plasticization effect
is more significant in an amorphous domain cor-
responding to the B-transition than that in do-
mains corresponding to a- and +y-transitions.
According to DMA data shown in Figures 1-3
and interpretation and discussion on these data
presented above, it is not unreasonable to assign
the a-, 8-, and y-transitions to three correspond-
ing amorphous regions. Locations of these amor-
phous regions and origins of formations of these
amorphous regions, however, are not evident at
this stage. Based on the description earlier, inter-
actions between polyethylenes and DOP should
be present in the binary blends. These interac-
tions may affect crystallization of polyethylenes
in the blends upon cooling from the melt-blend-
ing. The crystallization of polyethylenes can lead

to phase segregation of the amorphous DOP di-
luent in the blends, resulting in different amor-
phous locations in the blends, depending on the
distance of the phase segregation. In the follow-
ing, evidence of the interaction and its effect on
crystallization of polyethylenes in the blends are
demonstrated, followed by investigations of for-
mation and location of the amorphous region in
the blends.

The effect of DOP content on the crystallization
of LDPE2 is demonstrated by the DSC thermo-
grams of cooling scans, as shown in Figure 4. As
can be seen in Figure 4, the crystallization tem-
perature of LDPE2 decreases from 92 to 88°C
with increasing DOP content from 0 to 40 phr. As
compared with LDPE2, DOP is a low molecular
weight molecule and acts as a diluent in the
LDPE2/DOP blend. Thus, DOP should help im-
prove the crystallization of LDPE2 if interaction
between DOP and LDPE2 is not present. From
Figure 4, however, DOP retards the crystalliza-
tion of LDPE2, suggesting that some sort of in-
teraction is present between DOP and LDPE2.
This interaction may involve van der Waals at-
traction between the hydrocarbon tails of DOP
and the hydrocarbon backbone of LDPE2. FTIR
spectra, as shown in Figure 5, also provide evi-
dence of a similar effect of the interaction on
crystallization of LDPE2. According to the litera-
ture,? 3% the two bands at 730 and 720 cm !,
assigned to the methylene rocking mode (p CH,)
in crystalline polyethylene, originate from a split-
ting of a single band. The splitting is associated
with the crystalline regions of polyethylene and
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Figure 5 FTIR spectra in the range of 680—-760 cm !
for LDPE2 containing various amounts of DOP.
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Figure 6 Weight loss curves of TGA as a function of

temperature for DOP and the LDPE2/DOP blends con-

taining various amounts of DOP.

arises from interactions between adjacent mole-
cules in the crystalline phase, which results in
both an in-phase and an out-of-phase rocking
mode.

With increasing crystallization, intensities of
the two bands at 730 and 720 cm ™! increase at the
expense of the broad diffuse characteristic ex-
tending from 680 to about 760 cm ™ 1.2 As can be
seen in Figure 5, with increasing DOP content,
bands at about 742 and 705 cm ™! are found to
increase in their intensities, compared to that of
bands at 730 and 720 cm !, an indication that the
crystallization of LDPE2 decreases with increas-
ing DOP content. More interaction evidence can
be obtained from TGA data, as shown in Figure 6.
Without any interaction present between LDPE2
and DOP, the weight loss curve for the LDPE2/
DOP blends should involve a two-step weight loss,
including the first step that occurs at a lower
temperature for the weight loss of DOP and the
second step at a higher temperature for that of
LDPE2. However, Figure 6 shows a dispropor-
tional weight loss to the DOP content in the
LDPE2/DOP blends in the heating range from
about 200 to about 450°C.

LDPEs are heterogeneous in molecular struc-
ture and give multiple melting endotherms after
having been thermally fractionated.?*~3* Thermal
fractionation was performed on the LDPE2/DOP
blends to investigate the effect of the interaction
on the crystallization of LDPEZ2 in the presence of
DOP. Figure 7 shows DSC thermograms of heat-
ing scans for the LDPE2/DOP blends after ther-
mal fractionation on DSC. As can be seen in Fig-
ure 7, multiple endothermic peaks are found for

pure LDPE2 and LDPE2/DOP blends. These mul-
tiple endothermic peaks correspond to different
sizes or perfection of crystals ascribed to struc-
tural heterogeneity of LDPE2. The overlapping
two peaks for pure LDPE2 with peak tempera-
tures at about 105 and 110°C correspond to the
melting of crystals formed from the most struc-
turally regular segments of the LDPE2 molecules.
By addition of DOP, the peak at 110°C decreases
in intensity with increasing DOP content and
completely disappears as the DOP content in-
creases up to 40 phr. This suggests that the crys-
tallization from the most structurally regular seg-
ments of the LDPE2 molecules is interrupted by
DOP and that DOP is capable of entering into the
LDPE crystals.

To investigate whether the incorporated DOP
affects the lattice constants (a, b, and ¢) of LDPE2
crystals, wide-angle X-ray diffraction measure-
ments were performed for the LDPE2/DOP
blends, as shown in Figure 8. Because the unit
cell of polyethylene is believed to be orthorhom-
bic,?® the diffraction angles (26) at around 9.6,
10.7, 16.2, and 18.0° correspond to the set of
planes of (110), (200), (120), and (011), respec-
tively. As can be seen in Figure 8, the diffraction
patterns of the blends do not significantly change
with the DOP content. By applying the Bragg
equation and considering the perpendicular dis-
tance between adjacent planes, with indices hkl
(dy = (W%a® + kb2 + [%c®)~V?], lattice con-
stants of the orthorhombic unit cell can be calcu-
lated. From these lattice constants, the densities
of samples can be determined by considering that
there are four CH,, groups per unit cell.®® Table I
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+ LDPE2/DOP 100/20
© LDPE2/DOP 100/30
m LDPE2/DOP 100/40

40 60 80 100 120 140
Temperature (°C)
Figure 7 DSC thermograms of heating scans for the
LDPE2/DOP blends after thermal fractionation on
DSC.
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Figure 8 Wide-angle X-ray diffraction patterns for
(A) LDPE2/DOP (100/0), (B) LDPE2/DOP (100/10), (C)
LDPE2/DOP (100/20), (D) LDPE2/DOP (100/30), and
(E) LDPE2/DOP (100/40) blends. The number at the
top of a peak denotes the spacing distance of a set of
diffraction planes.

lists lattice constants of the orthorhombic unit
cell and the calculated densities of the unit cell of
samples. As can be seen in Table I, with an ex-
ception for the LDPE2/DOP (100/40) blend, the
lattice constants of LDPE2 crystals in the blends
roughly increase with increasing DOP content, an
indication that DOP is capable of entering into

o HDPE/DOP 100/0

°° ° * LLDPE/DOP 100/0
o LDPE1/DOP 100/

o +  LDPE2/DOP 100/0

¢ LDPES/DOP 100/0

qu, a.u.

0.0 0.2 0.4 0.6 08 1.0 1.2

Figure 9 Profiles of Lorentz-corrected intensity (Ig?)
as a function of ¢ for various polyethylenes after cooling
treatments at 20°C/min from the melt, where [ is the
scattering intensity and q = 47/A sin(6/2) (6 = scatter-
ing angle).

the location between LDPE2 molecules. The de-
creasing density of the LDPE2 crystals in the
blends with increasing DOP content up to 30 phr
also demonstrates that DOP is indeed capable of
entering into LDPE2 crystals.

To investigate the distance of the DOP phase
segregation by polyethylene crystals, small-angle
X-ray scattering measurements were performed
for various polyethylenes and their blends with
20 phr DOP. Figures 9 and 10 show the profiles of
Lorentz-corrected intensity (Ig%)3”>® as a function
of ¢ for various polyethylenes and their blends
containing 20 phr DOP, respectively, where I is
the scattering intensity and q¢ = 4a/\ sin(6/2) (6
= scattering angle). These samples were pre-
pared by cooling at a rate of 20°C/min from the
melt to room temperature at which the small-

Table I Lattice Constants of the Orthorhombic Unit Cell and Calculated
Densities of the Unit Cell of LDPE2 Crystals in LDPE2/DOP Blends

Lattice Constants (A)

Calculated
Samples a b c Density (g/cm?®)
Literature data® 7.4 4.93 2.54 1.004
LDPE2/DOP (100/0) 7.692 5.059 2.543 0.940
LDPE2/DOP (100/10) 7.694 5.086 2.538 0.937
LDPE2/DOP (100/20) 7.740 5.104 2.560 0.920
LDPE2/DOP (100/30) 7.710 5.118 2.552 0.924
LDPE2/DOP (100/40) 7.592 5.011 2.535 0.965

2 Kakudo, M.; Ullman, R. J Polym Sci 1960, 45, 91.
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angle X-ray scattering measurements were taken.
As can be seen in Figure 9, the q,,., (i.e., the ¢
value at the maximum Lorentz-corrected inten-
sity) is in the order of HDPE < LLDPE < LDPE1
= LDPE2 < LDPES. Given that the long period L
is equal to 27/q,, .+, the long periods of these sam-
ples can thus be calculated as listed in Table II.
The long period is in the order of HDPE > LLDPE
> LDPE1 = LDPE2 > LDPE3. Apparently,
HDPE exhibits the greatest crystal thickness, fol-
lowed by LLDPE and by LDPE1 and LDPE2 and
by LDPE3. LDPE1 and LDPE2 give greater crys-
tal thickness than that of LDPES3 because of the
molecular weight effect on crystallization, with
the higher molecular weight for LDPE1 and
LDPE2 leading to the greater crystal thickness
than that of LDPES3. As can be seen in Figure 10
and Table II, the ¢,,.. and the calculated long
period for the PEs/DOP (100/20) blends are in an
order similar to that for PEs. The long periods of
HDPE and LLDPE blends exhibit no change,
whereas those of LDPEs blends increase upon
addition of 20 phr DOP. The increase in the long
period is the greatest for the LDPES3 blend, fol-
lowed by LDPE2 and LDPE1 blends. These in-
creases in the long periods for LDPEs blends sug-
gest that the thicknesses of crystalline lamellae
and/or amorphous layer increase. In other words,
DOP is able to enter the interlamellar region of
LDPEs and leads to an increase in thickness of
crystalline lamellae and/or the amorphous layer
in the polymers. Thus, Figure 10 indicates that
the distance of segregation of the DOP diluent in
LDPEs involves the interlamellar segregation.

°  HDPE/DOP 100/20
o o = LLDPE/DOP 100/20
o ° o LDPE1/DOP 100/20
4 LDPE2/DOP 100/20
° ¢ LDPE3/DOP 100/20

2
Iq’, a.u.
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“oate,
S
.
7%,

=, o,
., _.“.:Ee 00...

.
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o
o B26a3smnangugsnonatesels®
OC0000060000000600 006 00D 0"

. : . v : .

0.0 0.2 04 0.6 038 1.0 1.2
-

g,nm

Figure 10 Profiles of Lorentz-corrected intensity
(Ig®) as a function of ¢ for various polyethylene blends
containing 20 phr DOP after cooling treatments at
20°C/min from the melt, where I is the scattering in-
tensity and ¢ = 47/\ sin(6/2) (6 = scattering angle).

Table II Long Periods of Various
Polyethylenes and Their Blends with 20 phr
DOP

Long Long
Period Period
Samples (A) Samples (A)

HDPE 282.5
LLDPE 209.4
LDPE1 130.5
LDPE2 130.4
LDPE3 115.5

HDPE/DOP (100/20) 282.5
LLDPE/DOP (100/20) 209.4
LDPE1/DOP (100/20) 133.1
LDPE2/DOP (100/20) 133.7
LDPE3/DOP (100/20) 119.9

Figure 11 shows polarized optical micrographs
(POM) for pure LLDPE and the LLDPE/DOP
(100/20) blend. Crystal formations can be seen
from Figure 11 for both samples. For pure LL-
DPE, there are many spherulites with a variety of
sizes impinging on each other. As can be seen in
Figure 11 (micrograph B) for the LLDPE/DOP
blend, the spherulites are much decreased in size
or are in a much less perfect state, or are even not
in the form of spherulites (or perhaps lamellar
bundles) dispersing in the amorphous phase. In
other words, in addition to the already present
interspherulitic segregation, the interfibrillar seg-
regation can be seen in Figure 11 (micrograph B).

Based on wide-angle diffraction, small-angle
scattering, and polarized optical microscopy anal-
yses, the interfibrillar segregation is evident after
addition of DOP. The newly created loss maxima
at about —60°C, as shown in Figures 2 and 3 for
various polyethylenes after additions of DOP, can
thus evidently be assigned to relaxations of the
amorphous phase in the interfibrillar regions. It
is not unreasonable to assign the loss maxima at
about —20 and about —120°C to relaxations of the
amorphous phases in interlamellar and inter-
spherulitic regions, respectively, because the
amorphous phase in the interlamellar region can
have more steric restriction than that in the in-
terspherulitic region. The controversial 7, values
and their origin are thus clarified for polyethyl-
enes. T, values of polyethylenes from this study
should involve those temperatures at about —20°C,
—60°C, and —122°C, corresponding to amorphous
components in the interlamellar, interfibrillar, and
interspherulitic regions, respectively.

CONCLUSIONS

Phase segregation behavior in various polyethyl-
enes/DOP blends and interaction between poly-



3600 SHIEH AND LIU

20um

Figure 11 Polarized optical micrographs for (A) pure LLDPE and (B) LLDPE/DOP

(100/20) blend.

ethylenes and DOP, and glass-relaxation transi-
tions of polyethylenes were investigated. FTIR,
DSC, and TGA data demonstrated that molecular
interaction was present between polyethylenes
and DOP. The present interaction was developed
by the van der Waals attraction between two hy-
drocarbon tails of DOP and the hydrocarbon back-
bone of polyethylene molecules and was against
exclusion of the DOP diluent out of polyethylene
crystals during cooling crystallization from the
melt-blending. The distance of segregation of the
DOP diluent was governed by the interplay of the
enthalpic driving force (i.e., the interaction) and
the entropic driving force (i.e., the crystalliza-
tion). During cooling of the blends from the melt
at a rate of 20°C/min, DOP could be segregated
into three regions including interlamellar, inter-
fibrillar, and interspherulitic regions based on
WAXD, SAXS, and POM data. From DMA data,
pure LDPE exhibited two glass-relaxation transi-
tions at about —20 and —122°C but yielded one
new glass-relaxation transition at about —60°C
after the addition of DOP. These three glass-re-
laxation transitions, designated a (—20°C), B
(=60°C), and vy (—122°C) transitions, were as-
signed to the amorphous component in interla-
mellar, interfibrillar, and interspherulitic re-
gions, respectively, based on DMA, WAXD, SAXS,
and POM analyses. The controversial T, values of
polyethylenes and their origin were thus clarified
and interpreted in a different way in this study.
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