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hermoplastic elastomers have become substitutes for natural

and synthetic rubbers in many applications because they can
be easily compounded by traditional thermoplastic processing
methods. Conventional thermoplastic elastomers include styrenic
block copolymers,"* polyurethanes,>*  thermoplastic elastomer
blends,” and polyolefin elastomers and plastomers.® The Dow
Chemical Company recently introduced a novel class of olefin
block copolymers (OBC) made from ethylene and a higher at-olefin
using chain shuttling technology.” "> Polymer chains in OBCs
comprise two or more different blocks, with different comonomer
content, connected in a linear manner. The hard block is a random
ethylene copolymer segment containing very low Q--olefin como-
nomer content and thus has a relatively high density and a high
melting temperature. The soft block is also a random ethylene
copolymer segment, containing much higher comonomer content,
and thus has a lower density and limited crystallinity. The formation
of linearly segmented OBC chains in one reactor is achieved by
employing two catalysts with different comonomer selectivity and
one chain shuttling agent that can transfer the growing chains
between two catalysts reversibly. So, an increase in chain shuttling
agent content leads to more frequent transfers of growing chains
during polymerization, resulting in shorter and more blocks and
thus directly affecting the block architecture in OBCs.

The effects of block architecture on the structure, morphol-
ogy, and mechanical properties of styrenics, polyurethanes, and
other segmental block copolymer systems have been documen-
ted in the literature. These effects include soft block 1ength,16_20
hard block length,m*24 content of each block,* " and the
length and number of blocks.***’ In our previous work,*® we
investigated the differences in structural changes and mechanical
properties between OBC and ORC (olefin random copolymer).
We demonstrated that better connectivity and effective network
structure in ORC resulted in a higher degree of orientation. In
this work, we compared a previously studied OBC with one more
OBC that was synthesized with a higher chain shuttling agent
content. The two OBCs have similar molecular weight and the
same volume fraction and comonomer content of each block, but
different block architecture. In-situ synchrotron wide-angle X-ray
diffraction (WAXD) and small-angle X-ray scattering (SAXS)
combined with tensile testing apparatus were used to simulta-
neously study the structural change, orientation development,
and mechanical properties of the two OBCs during uniaxial and
step-cyclic deformation at different temperatures. Finally, a
structure model is proposed to explain the relationship between
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the mechanical properties and block architecture resulting from
the different content of the chain shuttling agent used during
polymerization.

The two chosen OBCs, OBC-LS (also reported in our
previous study®) and OBC-HS, were ethylene—octene block
copolymers provided by The Dow Chemical Company. The
sample information is shown in Table 1. Molecular weight was
measured by high-temperature gel permeation chromatography
in 1,2,4-trichlorobenzene using polystyrene standards and was
converted to polyethylene equivalents. The overall and hard
block octene contents were determined by '>C NMR, while the
soft block octene content was determined by '"H NMR on
material extracted from pellet samples dissolved in n-hexane.'?
The block density was estimated according to the octene content.
Melting temperature was measured by DSC using a 10 °C/min
heating rate, and crystallinity was obtained by comparison to the
theoretical heat of fusion of 100% crystalline polyethylene (292
J/g). Both OBCs had nearly the same content of soft block (ca.
80 wt %) with a density of 0.857 g/cm?, and the remaining 20 wt %
hard block had a density of 0.932 g/cm®. The overall density
and weight averaged molecular weight of these two OBCs were
very similar to each other. However, OBC-LS was produced with
0.4 chain shuttling agent per 1000 ethylene units, while OBC-HS
was produced with 1.3 chain shuttling agent per 1000 ethylene
units. Only the hard block in the OBCs could crystallize at room
temperature, while the soft block could not.

Engineering stress—strain curves of both OBC-HS and OBC-
LS under uniaxial deformation at room temperature, 60 °C, and
90 °C are shown in Figure 1. Stress—strain curves at room
temperature exhibit similar features. The Young’s moduli for the
two OBCs are about the same, ~9 MPa, which is consistent with
the value reported from typical ethylene random copolymers
having similar overall density.’" At the late stage of the deforma-
tion (e.g, strain >11), strain hardening becomes apparent.
Deformation at high temperatures leads to distinct differences
between two OBCs. For example, at 60 °C, the fracture strain of
OBC-LS reduces significantly, while that of OBC-HS remains
relatively high. Another difference is the stress buildup at the
early stage, which is faster in OBC-HS than in OBC-LS. The
overall trend of the stress—strain curve at 60 °C is quite different
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Table 1. Sample Information of OBCs

overall density  overall octene  soft block octene in soft block octene in hard block CSA/[C2] M,, M,/ T X.
(g/cm®) (mol %) (wt %)  soft (mol %)  density  hard (mol %) density % 1000 (kg/mol) M, (°C)  (wt%)
OBC-LS 0.875 12.1 79 16.7 0.857 0.4 0.932 0.4 124 3.08 120 19
OBC-HS 0.878 11.9 78 16.6 0.857 0.4 0.932 1.3 118 223 116 21
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Figure 1. Engineering stress—strain curves of OBC-HS and OBC-LS at room temperature, 60 °C, and 90 °C with selected 2D WAXD and SAXS patterns.

than that at room temperature. At 60 °C, after passing the yield
point, the stress reaches a plateau value in both samples and
begins to decrease with strain (strain softening) until the sample
breaks. This is completely opposite to the strain hardening
behavior at room temperature. When OBCs are deformed at
an even higher temperature, ie., 90 °C, a similar trend can be
observed.

At 60 °C, selected SAXS and WAXD patterns of OBC-LS at
strain 0 and 4, and of OBC-LS at strain 4 and 12, are shown in
Figure 1. It is seen that the initial SAXS and WAXD patterns are
isotropic, confirming that melt-pressed OBCs have random
crystal structure before deformation. Because of the small
fracture strain at 60 °C, the polymer chains in OBC-LS can only
reach a low degree of crystal orientation before fracture. This is
seen in the WAXD pattern of OBC-LS at strain of 4, where the
orthorhombic (110) and (200) peaks exhibit very broad spreads,
and the corresponding SAXS pattern is elliptical rather than
showing a distinct oriented feature. The (010) peak from the
monoclinic phase, located between the (110) peak and the
amorphous peak, cannot be observed before fracture. In contrast,
the WAXD pattern of OBC-HS at a strain of 4 shows the
formation of the monoclinic crystal and narrower spreads of
(110) and (200) peaks, suggesting a higher crystal orientation
and the behavior of strain-induced crystallization. As strain
increases to about 12 before fracture, an intense pointlike
diffraction pattern, resulting from highly orientated monoclinic
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Figure 2. Development of orientation factors of (A) amorphous and
(B) orthorhombic crystal phases in OBCs during uniaxial deformation.
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crystals, is seen on the equator; meanwhile, the corresponding
SAXS pattern shows an equatorial streak as well as meridional
two-bar scattering peaks.

Hermans’ orientation factors (f) for both amorphous and
orthorhombic crystal phases were calculated using the method
described earlier.*® The calculated results are shown in Figure 2A,
B as a function of strain. The initial f values are slightly negative
rather than zero as isotropic samples should be. This is because
the equations given for f are for I(¢) typically measured by a
diffractometer. With a flat plate detector being used here, the

Figure 3. Schematic diagram of the lamellar structure in OBC-LS (left)
and OBC-HS (right) before (top) and after (bottom) uniaxial deforma-
tion. The entangled amorphous phase is largely neglected except for
some tie molecules.

azimuthal angle ¢ is not that between the plane normal and the
stretch direction. Instead, a factor of cos@ is required for the
modification, where 0 is the angle that the poles are inclined
toward the X-ray source. Since we focused more on comparing
the degree of orientation between the two OBCs rather than
obtaining the absolute values, the relatively minor correction of
cost) was neglected. At room temperature, the orientation factors
of both amorphous phases are found to increase to about 0.25
before fracture, which are much lower than that of the crystal
phases. It is interesting to note that both orientation factors of
crystal and amorphous phases in OBC-HS and OBC-LS are quite
close to each other throughout the deformation process at room
temperature, although OBC-HS exhibits a slightly higher value.
However, the difference between the orientation factors of the
two samples becomes quite significant at 60 °C.

Experimental observations here can be explained from block
architecture, resulting from different amounts of chain shuttling
agents used during polymerization. Because OBC-LS has longer
but fewer hard blocks than OBC-HS, chains in OBC-LS can only
be involved in fewer folded-chain lamellar crystals, as illustrated
in Figure 3. Consequently, the number of tie chain segments
between crystals in OBC-HS is more than OBC-LS. It is known
that besides tie chains, chain entanglement can also play a role in
affecting tensile properties.*> However, the entanglement density
in both OBCs should be similar because the comonomer
content, overall molecular weight, and volume fraction of each
block are about the same."> Thus, at room temperature, chain
disentanglement is difficult as the mobility of amorphous chains
is very limited where both tie chains and entanglement points can
carry the stress. At high temperatures, the mobility of amorphous
chains is greatly enhanced, which would allow the disentangle-
ment process to occur more readily during deformation. This is
consistent with the strain-softening behavior observed at high
strains. In this case, the role of tie chains becomes dominant.
OBC-LS possesses fewer tie chain segments, forming a less
effective network structure, and the sample breaks easily at a
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Figure 4. Engineering stress—strain curves and selected 2D SAXS and WAXD patterns of OBC-HS during a step-cyclic test at room temperature.
Patterns A, B, C, and D were collected at the stretched states with stains of 1, 2, 3, and 4, while patterns a, b, ¢, and d were collected after being relaxed to

zero stress from A, B, C, and D, respectively.
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much lower strain at high temperatures. In fact, OBC-HS is more
similar to ORC, while OBC-LS is more similar to a polymer
blend. Our previous explanation in terms of connectivity and
network efficiency also holds up here, since ORC can be viewed
as a limited case of the olefin block copolymer having many short
soft and hard blocks in one chain.

Step-cyclic tests of OBCs were carried out at room tempera-
ture to evaluate the recoverability, and the results are illustrated
in Figure 4. From the mechanical behavior, we can conclude that
the residual strain of OBC-LS is smaller than that of OBC-HS.
This indicates that OBC-LS has better mechanical recoverability
than OBC-HS. The 2D SAXS and WAXD patterns also reveal
the structural changes upon relaxation. As can be seen when
OBC-HS relaxes from 400% strain, the changes between patterns
D and d include (1) the relaxation in the degree of orientation
and (2) the disappearance of the monoclinic (010) peak. From
the point of crystal structure, OBC-HS has a slightly higher
crystal fraction and its crystals are more easily stretched and
deformed than OBC-LS, thus preventing recovery to the original
length upon relaxation. The orientation factors of both amor-
phous and crystal phases at the stretched state are comparable
between the two OBCs. However, when samples are relaxed to
zero stress, the difference seems to become larger, especially in
the crystal orientation. It is clear that the recovery is a function of
the crystalline phase orientation because the higher crystal
orientation indicates a better alignment of crystals and also more
fragmentation of lamellar crystals. These results again support
the proposed molecular mechanism that explains why OBC-LS
has a better mechanical recoverability.
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