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ABSTRACT: In this article, the short chain-branching distribution (SCBD) of some
metallocene-based ethylene–butene copolymers was evaluated by DSC, and some con-
ventional ethylene copolymers were also studied for the purpose of comparison. It is
found that metallocene-based ethylene copolymers have a relative narrower SCBD.
These copolymers were crystallized under different modes, and the crystallinity and
initial modulus of them were examined. The metallocene-based ethylene copolymers
contain less interfacial regions, and the melting temperatures of them decrease more
rapidly with the decrease of density than those of conventional ethylene copolymers.
Moreover, the metallocene-based and conventional ethylene copolymers of similar
density have close initial modulus when they are quenched or annealed at 100°C, but
conventional ethylene copolymers show higher initial modulus when stepwise crystal-
lized from 120°C. These differences in crystallinity and initial modulus were explained
based on their differences in short-chain branching distributions. © 2000 John Wiley &
Sons, Inc. J Appl Polym Sci 77: 1709–1715, 2000
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INTRODUCTION

Short chain-branched ethylene-a-olefin copoly-
mers are among the most widely applied plastics.
By varying the content of comonomer, different
copolymers, from high-density polyethylene
(HDPE) to linear low-density polyethylene (LL-
DPE), even ultralow-density polyethylene (UL-
DPE) can be obtained. The mechanical properties

of ethylene copolymers depend on many factors,
such as molecular structures1–4 (composition,
composition distribution, molecular weight, mo-
lecular weight distribution, etc.) and supermolec-
ular structures5–7 (morphology, crystallinity,
entanglements, etc.). The ethylene copolymers
produce by conventional heterogeneous Ziegler-
Natta catalysts usually show broad composition
and molecular weight distributions due to the
presence of multiple active sites, and the micro-
structure of the obtained polymer chains is un-
controllable. This makes it difficult to determine
the effect of various factors on mechanical prop-
erties of ethylene copolymers.

Copolymerization of ethylene with a-olefins us-
ing Kaminsky-type metallocene catalysts, which
are generally believed to have “single site”, can
yields copolymers with homogeneous composition
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distribution and a narrow molecular weight dis-
tribution around 2.0.8,9 This provides an opportu-
nity to investigate the mechanical properties of
ethylene copolymers with narrow composition
distribution, and also facilitates study of the roles
of short chain branching and short chain-branch-
ing distribution (SCBD) in the mechanical prop-
erties of ethylene copolymers.

Temperature-rising elution fractionation (TREF)
technique is usually applied to obtain the SCBD of
ethylene copolymers, but differential scanning cal-
orimeter (DSC) is also used to evaluate the SCBD of
ethylene copolymers,10 because DSC traces reflect
the lamella crystal thickness distribution, which is
related with SCBD.11 The fractionation by DSC is
based on the same principle of separation as TREF,
though it does not physically separate the frac-
tions.12 However, because some short chain
branches can be incorporated into the crystalline
lattice, especially for melt-quenched PE, the lamella
crystal thickness distribution is different from
SCBD to some extent.13,14 Therefore, to evaluate
the SCBD by DSC, the treatment of samples is very
important. When samples were continuously cooled
from melting state at a very slow rate (1.5°C/h) or
treated with the stepwise crystallization method,
the obtained result was comparable to that of
TREF.15,16

In the present work, the SCBDs of some met-
allocene-based and Ziegler-Natta catalyst-based
ethylene copolymers were evaluated by means of
DSC. And the effect of the SCBDs of ethylene
copolymers on thermal properties, crystallinity,
and initial modulus were investigated under dif-
ferent crystallization conditions.

EXPERIMENTAL

Materials

Three ethylene–butene copolymer samples (MPE1,
MPE2, and MPE3) prepared with metallocene

catalyst were supplied by RIPP, SINOPEC. Two
commercial ethylene–butene copolymer samples,
ZNPE1 and ZNPE2, prepared with a conventional
Ziegler-Natta catalyst, were commercial products
of Qilu Petrochemical Co. in China. Some charac-
teristics of these samples are listed in Table I. The
selected samples have close molecular weight (ex-
cept for MPE3).

Treatment of Samples

Specimens of each polymer were prepared by
compression molding, followed by a predeter-
mined thermal treatment. About 50 g of copoly-
mer was placed on a 20 3 20 cm, 2.0 mm-thick
mold that was positioned between two cooper
plates. Samples were kept at 170°C for 20 min
under the applied pressure of 150 kg/cm2, then
were followed by three different heat treatments:
(1) quickly quenched with ice water; (2) quickly
transferred into an oil bath of 100°C and kept for
20 h under nitrogen gas atmosphere and then
quenched with ice water; and (3) quickly trans-
ferred into an oil bath of 120°C. The temperature
of the oil bath decreases stepwise, and at each
temperature the samples were maintained for
12 h under nitrogen gas atmosphere. The temper-
atures of oil bath were 120, 115, 105, 100, 95, 90,
85, and 80°C, respectively.

Characterization

The molecular weight and molecular weight dis-
tribution of ethylene copolymers were measured
with Waters 150 GPC at 135°C using trichloro-
benzene as the solvent.

The contents of short chain branching were
determined by 13C-NMR spectra at 100.7 MHz
recorded on a Bruker AMX-400 spectrometer at
370 K. The polymer solutions were prepared by
dissolving ca. 50 mg polymer at 130°C in 0.5 mL
C6D4Cl2. One percent hexamethyldisiloxane
(HMDS) was added as the internal standard. The

Table I Characteristics of Samples

Samples Comonomer Content (mol %) Densitya (g/cm3) Mw (31024) Mw/Mn

MPE1 0.38 0.947 11.10 2.28
MPE2 0.87 0.940 15.49 3.80
MPE3 1.16 0.931 8.01 2.72
ZNPE1 0.58 0.949 13.86 6.49
ZNPE2 4.45 0.920 14.12 4.33

a Density of as-received samples.
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pulse angle was 90°, pulse repetition, 10 s, spec-
tral width, 5000 Hz, number of scans, 6000, and
data points, 32 K.

Densities of the ethylene copolymers were de-
termined in a density gradient column, consisting
of a water–isopropyl alcohol mixture, at a con-
stant temperature of 22°C. The volume fraction
crystallinity on a density basis, xv, was calculated
according to following equation:7

xv 5 ~r 2 ra!/~rc 2 ra! (1)

where rc, ra are the density of the crystalline and
amorphous regions with the values of 1.000 and
0.852 g/cm3, respectively, which were given by
Chiang and Flory.18

The weight fraction crystallinity, xd, was cal-
culated by:17

xd 5 rcxv/~rcxv 1 ra~1 2 xv!! (2)

The DSC thermographs were recorded on a
Perkin-Elmer differential scanning calorimeter
(DSC-7), and the melting temperature and en-
thalpy were calibrated by standard substance in-
dium at the same heating rate. The weight of
ethylene copolymers for the DSC analysis was
2.0–3.0 mg. The samples were encapsulated into
an aluminum pan, and were heated from room
temperature to 160°C at a heating rate of 5°C/
min. The weight fraction crystallinity based on
fusion enthalpy, xDH, was calculated by compar-
ison with the fusion enthalpy of a perfect crystal-
line polyethylene, i.e., 289 J/g.19

Tensile Test

The force–elongation curves of the samples were
recorded on an Instron Tensile Test Machine at a
crosshead speed of 100 mm/min. The width and
thickness of center part of the dumb bell-shaped
samples for tensile test were 6.0 and 2.0 mm,
respectively, according to Chinese standard GB/T
1040-92. All samples were tested at an ambient
temperature 22°C. The distance between the
cross heads was 25 mm. These dimensions were
measured to an accuracy of 0.02 mm. The initial
modulus, E, which is the stress divided by the
strain at very low deformation levels, was calcu-
lated from the initial part of the stress–strain
curve using a linear regression method.

RESULT AND DISCUSSION

Short-Chain Branching Distribution

Because the polymer chains contain a different
amount of the comonomer and show the different

crystallization temperatures, they will segregate
when stepwise crystallized, leading to multiple
melting peaks. The lower the comonomer content,
the higher crystallization and melting tempera-
ture. Thus, from the number and intensity of
melting peak and melting temperature range of
stepwise crystallized ethylene copolymers one can
compare the short chain-branching distribution of
ethylene copolymers. Figure 1 shows the DSC
melting traces of various samples after stepwise
crystallization. Only one strong peak is observed
in the melting curve of MPE1, indicating its rel-
atively narrow SCBD. Some weak peaks besides a
major peak also appear in the melting curves of
MPE2 and MPE3. Likely, ZNPE1 also shows mul-
tiple melting peaks. However, the intensity of the
lower peaks (i.e., other than the major peak) is
stronger than that of MPE2 and MPE3, and it
exhibits a wider melting temperature range. This
suggests that ZNPE1 has a broader SCBD than
MPE1, MPE2, and MPE3. ZNPE2 has the highest
number of melting peak and the widest melting
temperature range among these five samples, im-
plying that this sample has the broadest SCBD.
In the TREF curves of these ethylene copolymers,
the number and intensity of peaks and elution
temperature range show a similar variation to
that of melting behavior.20

Melting Temperature

The variation of melting temperature of quenched
samples and density of as-received samples with

Figure 1 DSC melting traces of stepwise crystallized
samples.

SCBD ON ETHYLENE-BUTENE COPOLYMERS 1711



comonomer content is illustrated in Figure 2. The
melting temperatures of all samples decrease
with increasing in comonomer content. However,
one can clearly see that metallocene-based sam-
ples (MPE1, MPE2, and MPE3) show lower melt-
ing temperatures than those of the Ziegler-Natta
catalyst-based ones (ZNPE1 and ZNPE2) when
they have a similar comonomer content. For the
ethylene copolymers prepared with conventional
Ziegler-Natta catalysts, the distribution of short
branches among different polymer chains is not
homogeneous.21 The shorter polymer chains usu-
ally contain more comonomer units and show
lower melting temperature, whereas the longer
polymer chains tend to be less branched and ex-
hibit a higher melting temperature,22 while in the
polymers having a narrower SCBD such as met-
allocene-based samples, various polymer chains
have a close comonomer content. Because the
melting temperature of a polymer is mainly de-
termined by its fractions of high melting temper-
ature, at the same comonomer level the polymer
with a broader SCBD always shows a higher
melting temperature than that with a narrower
SCBD due to the presence of less branched frac-
tions, in which the comonomer content is lower
than that of the homogeneously branched poly-
mer.

The short chain-branching distribution also
has efficiency that comonomer units reduce the
density and melting temperatures of polymers. It
is observed from Figure 2 that the density and

melting temperatures of metallocene-based poly-
mers decrease much faster with increasing the
comonomer units than those of conventional eth-
ylene copolymers, indicating that copolymeriza-
tion using a metallocene catalyst decrease the
melting temperature of the polymer more effi-
ciently. It is also found that the density and melt-
ing temperatures of metallocene-based copoly-
mers decrease with increasing in comonomer con-
tent at a close rate, but the melting temperatures
of conventional ethylene copolymers show a
slower decrease rate than density. This is because
less branched fractions always exist in the poly-
mer having a broad SCBD, irrespectively of the
comonomer content. As a result, in the melting
temperatures of metallocene-based polymers de-
crease with density much faster than conven-
tional ethylene copolymers (Fig. 3), as reported by
Kashiwa.23

Crystallinity

The degree of crystallinity is an important ele-
ment of the phase structure. There are several
methods to measure the degree of crystallinity of
polymers. Although different methods of mea-
surement display the same functional behavior, a
detailed comparison shows that there are small
but significant differences between techniques.24

The crystallinity calculated from density are
based on a two-phase model: the amorphous
phase and the crystalline phase. However, evi-

Figure 3 The relationship between melting temper-
ature and density.

Figure 2 The effect of comonomer content on melting
temperature and density.
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dence suggests that a third phase exists, i.e., a
partially ordered interfacial phase, in semicrys-
talline polymers. Mandelkern et al.25 believed
that the difference between the crystallinity ob-
tained from density and fusion enthalpy were pri-
marily due to interfacial contributions. They
found that:

xd . xDH (3)

ac < xDH (4)

ac 1 ai 5 1 2 aa < xd (5)

where ac, aa, and ai are the fractions of chain
units in the perfect crystal, in the amorphous
phase and in the partially ordered interfacial re-
gion, respectively.

The xd, xDH, and estimated content of the in-
terfacial region (ai) are summarized in Table II.
The values xd of are indeed larger than the values
of xDH, and the differences between them de-
crease with increasing in crystallinity (Fig. 4),
indicating that there is less interfacial phase in
polymers of higher crystallinity.26 Comparing the
crystallinity of MPE1 and ZNPE1, it can be seen
that they have close crystallinity from density,
because the densities of them are similar. How-
ever, a small difference is found for the crystal-
linity from fusion enthalpy in treatment models II
and III; thus, ZNPE1 has a little more interfacial
region than MPE1. The formation of the interfa-

cial phase is mainly due to the irregular folding of
the polymer chains, such as nonadjacent reen-
try,27 which is related to the distribution of
comonomer units along the polymer chains.
Therefore, the less content of the interfacial re-
gion implies a more homogeneous intramolecular
composition distribution in metallocene-based
ethylene copolymers.

Table II Crystallinity and Some Related Data for Different Samples

Sample Crystallization Procedure Density (g/cm3) Tm
a (°C) xd (%) xDH (%) ai (%) E (MPa)

I 0.946 133.3 67 58 9 934
MPE1 II 0.956 133.4 73 64 9 1161

III 0.963 135.0 78 68 10 1220
I 0.940 129.2 63 55 8 755

MPE2 II 0.947 130.5 68 59 9 840
III 0.952 131.7 71 60 11 852

I 0.936 124.4 61 44 17 539
MPE3 II 0.943 125.6 65 52 13 740

III 0.947 128.6 68 56 12 884
I 0.948 128.1 69 58 11 970

ZNPE1 II 0.957 129.0 74 59 15 1161
III 0.964 131.2 78 65 13 1462

I 0.920 121.4 50 30 20 224
ZNPE2 II 0.924 122.0 52 30 22 283

III 0.926 127.5 54 31 23 329

a Melting temperature of the strongest peak in treatment mode III at a heating rate of 10°C/min.

Figure 4 The differences between crystallinity from
density and from fusion enthalpy.
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Initial Modulus

The data of the initial modulus for all samples are
also given in Table II. Figure 5 is the plot of the
initial modulus against the volume fraction crys-
tallinity from the density. All data can approxi-
mately be fitted by a single curve, which shows
that modulus increases rapidly with crystallinity
in the low crystallinity region but slowly in the
high crystallinity region.

However, a subtle difference among these sam-
ples is also appreciable. The modulus of MPE1
and MPE2 is nearly keep constant from treat-
ment models II to III despite the increase in crys-
tallinity, while the modulus of other samples in-
creases continuously. This difference should not
be attributed to experimental error, because it
occurs in two polymer having the narrowest
SCBD simultaneously. This probably results from
the difference in SCBD. To further verify this
idea, we can examine the initial modulus of MPE1
and ZNPE1, which has similar density at any
treatment mode. It is observed that they have
close initial modulus under both treatment proce-
dures I and II. Sehanobish et al.28 also found that
composition distribution has little effect on mod-
ulus of the ethylene copolymers. However, in
treatment model III, these two samples show a
distinct difference in initial modulus, and ZNPE1
has a larger modulus than MPE1 when crystal-
lized stepwise. These phenomena suggest that
SCBD has some effect on the initial modulus of
ethylene copolymers, but this effect is only ob-
servable under some special conditions.

This influence of SCBD on the initial modulus
may take effect through its effect on the morphol-
ogy of the polymer. Mandelkern et al.29 found that

spherulites were observed in quenched ethylene
homopolymers or annealed at lower temperature,
while only rod-like crystals appeared when PE
was annealed at a higher temperature. A prelim-
inary study of polarized light microscopy (PLM)
in our work also showed that spherulites, which
were the basic morphology of all samples treated
in the I and II modes, were not observed in the
stepwise crystallized samples.

The semicrystalline polymer can be viewed as a
composite composed of amorphous matrix and
crystals as rigid fibers (filler). This system was
treated as randomly oriented piles that individu-
ally are unidirectional short-fiber composites, and
the modulus of the semicrystalline composite
with the b-axis of the crystal oriented in the ten-
sile direction was obtained as follows:30,31

E 5
Ea@Ec 1 j~aEc 1 ~1 2 a!Ea!#

aEc 1 ~1 2 a!Ea 1 jEa
(6)

In eq. (6), a is the volume fraction crystallinity
and j is the crystal aspect ratio-dependent param-
eter, and is equal to 2(L/D), i.e., two times the
ratio of the length or width of the lamellar fiber
and lamellar thickness. For spherulite crystals,
the values of j are identical for all samples, irre-
spectively of their size, and the initial modulus is
a simple function of crystallinity. When the crys-
tals exist in the other form instead of spherulites,
the values of j differ in shape, and the initial
modulus also varies with j. In treatment mode
III, SCBD may influence the j value of rod-like
crystals, leading to the different change trends of
the initial modulus.
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