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Abstract : cis-Polybutadiene(cis-PBD) and the three polyethylenes(PE’s) having different branch con-
tent were mixed to investigate miscibility and properties on ethyl branch concentration. The thyee blends
were immiscible at room temperature, and showed the simple additivity effect in density behavior. The
melting point depression with blend composition increased in order of cis-PBD/PE(9) >cis-PBD/PE(6) >
cis-PBIYPE (2). In the tensile test, cis-PBD/PE (9) showed the rapid enhancement of breaking strengh
with increasing PE (9) content due to strain hardening effect. From the result, we could expect cis-PBD/

PE (9) to be used commercially.

Introduction

Blends of a crystalline polymer with a rubbery
polymer may enhance the physical properties
of each component. An interesting example has
been reported by Bautik and coworkers!” They
discovered that by blending certain rubbers of
ethylene-propylene-diene (EPDM) with polyethyl-
ene they obtained commercially interesting poly-
blends with a tensile strength that is surprisingly
greater than that of either of the components.
Another example in this category is a new type of
polybutadiene, UBEPOL-VCR, which has been
commercialized recently It is essencially a poly-
blend of cis-polybutadiene and a crystalline syn-
diotactic-1,2-polybutadiene. The products show
excellent properties, such as high modulus, dimen-
sional stability, and excellent processability. There
are close relationships between morphology, crys-
tal structure and physical properties. The mor-
phology, crystal structure and physical properties
for crystalline-amorphous polymer blends may be
controlled by both the thermodynamic segment
interaction and also the chain stiffness between
two polymers. As a result, blend morphology and
physical properties are governed by chain rigid-
ity, " exothermic heats of mixing,” and crystalli-
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zation. >

It is believed that specific molecular interacticns,
such as ion-dipole, acid-base, charge transfer and
hydrogen bonding often contribute strongly toward
enhancing miscibility in many polymer blends.
However, the influence of weaker molecular inter-
actions such as random dipole-dipole and/or
dipole-dipole effects on polymer miscibility is less
clear.” Several efforts'™” have been made in
recent years to elucidate the effect of these weak
molecular forces on polymer miscibility using
blends of cis-polybutadiene/trans-polybutadiene,
and cis-polyisoprene/trans-polyisoprene. General
conclusions from the above studies indicate that
these paired blend systems are probably miscible
and thus suggest that weak interactions may, to a
limited extent, promote miscibility. Chain stiffness™
and crystallizability of the components” have an
effect on the miscibility. The differences of chain
stiffness and crystallinity basically come from
chemical structure differences. Therefore, the
chemical structure influences the miscibility of
a polymer blend, leading to the final phase mor-
phology and physical properties.

A systematic and detailed study was therefore
conducted in the present work to evaluate blend
miscibitity, phase separation and crystallization.
The model systems for this study are three binary
blend mixtures of cis-polybutadiene {cis-PBD) with
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Scheme 1. Hydrogenation of polybutadiene.

PE (2) cis-PRD/PE (2)
cis-PBD +PE (6} w——— cis-PBD/PE {6)
PE (9) cis-PBD/PE (9)

Scheme IL. Blending system of ¢is-PBD/PE’s.

three different polyethylenes (PE’s) that differ in
ethy! branch content. As published previously by
U.R. Cho,” three kinds of PE’s used for this re-
search were obtained by hydrogenation of three
polybutadienes which have vinyl unit of 2, 6, and
9%, respectively. According to the differences of
the ethyl branch concentration by hydrogenation
of vinyl unit, they were identified as PE (2), PE
(6), and PE (9) as shown in Scheme [, II.

Experimental

Materials. cis-PBD{Gooedyear, Budene 1208)
was used as given. PE(2), PE(6), and PE(9) were
obtained from hydrogenation of cis-PBD{Good-
year, Budene 1208), trans-PBD(Phillips, Trans-4),
cis, trans-PBD{Scientific Polymer Products), re-
spectively.”

Blending. cis-PBD was blended with various
PE’s, e.g., PE(2), PE(6), PE(9) to investigate their
mutual compatability. Samples of various compo-
sitions were prepated by solution blending in a
mutual solvent (p-xylene) followed by solvent eva-
poration. The evaporation of solvent from the
blend solution was carried out at 90°C, at 10
inHg in a vacuum drying oven to prevent poly-
ethylene from precipitating due to crystallization,

Instruments and Sample Preparation. The
melting points of polymer blends were measured
by differencial scanning calorimeter (DSC, Dupont
9900 thermal analyzer} with disc memory. DSC
analyses were for each polymer sample by plac-
ing approximately 10 mg of sample into an alumi-
num sample pan. The dynamic mechanical ther-
mal analysis (DMTA) spectra were obtained on a
Polymer Laboratories, Mark 1. Sample specimen
having dimensions of 0.5 mmx5 mmx2 cm were
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prepared by compression molder. The specimens
were mounted using a single cantilever clamping
frame and a drive shaft clamp. Wide angle X-ray
scattering (WAXS} technique was used to mea-
sure the interplanar crystal spacing by a Rigaku X-
ray generator CN40112KI with a stable high volt-
age and low current power supply (40kV, 20
ma). The sample films were made by placing the
sample between two pieces of Mylar and com-
pressing the sample with 20 tons pressure at
135°C. A JEOL instrument, JEM 120U transmis-
sion electron microscope (TEM) was used to
investigate the texture of polymer blends. The
blend solution of 0.05% in p-xylene was used to
obtain very thin film of 300 A thickness on the
200 mesh grid. Staining of film was achieved by
using osmium tetroxide {OsQ,) during a day. The
density behavior of polymer blends was exam-
ined by using a density gradient column filled
with water-isopropanol. The density values were
obtained from an average of the readings on at
least three specimens. The tensile properties were
measured using an Instron tensile tester Model
1130. Samples were stamped into a dumbell
shape using a micro-die which has a guage width
of 3.054 mm.

Results and Discussion

Melting Point. The exirapolated onset tem-
perature is chosen as the melting point for the
crystalline polymer in this work. Although a simi-
lar melting behavior is observed for three blend
systems, the increase of the branch content in the
PE also increases the melting point depression. As
observed in all samples, the melting point trend
exhibits a monotonic decrease with increasing
volumn fraction of elastomer. The depressions in
the melting point over the entire composition
range for the cis-PBD/PE systems were 2.8°C for
cis-PBD/PE(2), 3.6°C for cis-PBD/PE(B), and
5.4°C for cis-PBD/PE(9). Figure 1 shows the dif-
ferences of melting point depression with the
branch concentration of PE. The presence of a
diluent contributes to a depression of the melting
point of crystalline polymer. At equilibrium, the
chemical potentials between the amorphous and
crystalline polymer segments must be equal.
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Figure 1. Phase diagram for different cis-PBD/PE

blends.
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Addition of a diluent causes an increase in the
entropy of the non-crystalline region, thus lower-
ing the chemical potential of the amorphous seg-
ments. The differences of the melting point
depression as a function of the branch content in
PE may be explained by the changes of entropy,
S, in the blend systems. PE(9) has the largest
amorphous portion of the three PE’s used in
these studies to make the blend system flexible.
So, cis-PBD/PE(9) experiences the highest entro-
pic change of the three systems upon the addition
of rubbery material. Even though an equal por-
tion of rubbery material is added to the three
PE’s, cis-PBD/PE(9) has a higher ratio of amor-
phous to crystalline content compared to other
two blend systems. This increases the diluent
effect of the blend compared to two other blend
systems. As a result, the melting point depression
increases going from cis-PBD/PE(Z), cis-PBDY
PE(6), and cis-PBD/PE(9) just as the decreasing
order of crystallinity.

Glass Transition Temperature. Although the
measurement of the glass transition temperature
has no thermodynamics basis for the determina-
tion of polymer blend miscibility, this technigque is
a widely accepted method of investigating the
compatibility . For this study, a dynamic mechani-
cal thermal analyzer was used to identify transi-
tion peaks of cis-PBD and PE’s. The resulting dy-
namic mechanical spectra at a low frequency of
1 Hz for a 50/50 wt% mixture of cis-PBD with
PE'’s of different branch content are shown in Fig-
ure 3, 4, and 5. The storage modulus (E') and loss
modulus (E") were measured as a function of
temperature. The semi-logarlithmic plots clearly
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Figure 3. DMTA spectra showing the various relaxations

of cis-PBD/PE(2) (50/50).
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Figure 4. DMTA spectra showing the various relaxations
of cis-PBD/PE(6) (50/50).
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Figure 5. DMTA spectra showing the various relaxations
of cis-PBD/PE(9) (50/50).

show the three transition points for PE as well as a
resolved T, for the cis-PBD component. The log
E' values for the ¥ - and a-transitions of pure PE
are located roughly at -100 and 65°C, respec-
tively. The log E' for the S-transition of PE is clear
only in the PE(9) homopolymer which possesses
more branch units as shown in Figure 2. The 3 -
transition appears around -40°C. Unfortunately,
this J-transition is hard to detect in the spectrum
of blends containing PE(9) because this peak is
too low in intensity and is overlapped by neigh-
boring strong peaks. The log E" for cis-PBD is at
-75°C. In addition, the peak around 0°C is attrib-
uted to a melting transition of cis-PBD. Over the
composition range studied, 20-80% cis-PBD, the
relaxation behavior for the individual component
was found to be independent of both blend com-
position and type of blend. For a miscible pair,
when compatibility is observed, a remarkable shift
of glass transition occurs or a single new T,
appears between those for the original pair. Meas-

urement of the cis-PBD glass transition tempera-
ture, however, shows that T, remains constant
with blend composition. These binary blends
would be considered immiscible.

d-Spacings. The effect of branch concentra-
tion and blend composition on both the crystalli-
zation behavior and the crystal structure in the cis-
PBIY/PE blends was investigated by WAXS. The
numerical data are listed in Table 1. If these two
materials were compatible and co-crystallization
prevailed, expansion of the PE unit cell would be
expected by adding the cis-PBD. The results show
that the d-spacing is dependent on the type of the
blend but is independent of the blend composi-
tion. The greatest increases in the d-spacing as a
function of branch concentration are found for
the {200) and {100} planes to be in the order
PE(9)>PE(6)>PE(2). That is, the higher the
branch content, the larger the d-spacing. Com-
paring the (020) and (200} planes, it is found that
the introduction of ethyl branches only expands
the a-axis of the crystal and leaves the b-axis
unchanged. In other words, ethyl branches are
aligned in the a-direction only and therefore
extend the a-axis. Conclusively, a cis-PBD is
excluded from crystalline PE in the blend. The lat-
tice spacings depend on just the intrinsic chemical
structure of PE. This result is considered that is
hard for cis-PBD having the double bond in the
main backbone to form the folding chain for crys-
tallization.

Phase Studies of Blends by TEM., Figure 6
shows the pictures of the phase morphology of
cis-PBD/PE(20/80). The black spots indicate the
stained cis-PBD portions. Regardless of the type
of blend, the cis-PBD phase always formed both
irregulary shaped and also roughly spherical par-
ticles that contained some internal structure.

Table 1. d-Spacings of (020) (200) and (110) Planes for Different Blends

d-Spacings (&)

Composition

cis-PBD/PE(Z) cis-PBD/PE{6) ¢is-PBD/PE(9)
(110} (200) (020 (110} (200) {020) (110) (200) (G20)
20/80 4.151 3.767 2.494 4.236 3.818 — 4.270 3.877 —
40/60 4184 3.759 2492 4.196 3.827 2.489 4.281 3.839 2.508
50/50 4.142 3.754 2.506 4.187 3.773 2.496 4.291 3.850 2.497
60/40 4.146 3.751 2.501 4171 3.769 2.486 4.274 3.858 2499
80/20 4139 3.730 2483 4210 3.818 2518 4254 3.824 2.495
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cis-PBD/PE(2)(20/80)

PBD/PE (20/80}.

Many of these large spherical particles are greater
than 2 um in diameter. This result suggests that
this system has phase-separated morphologies at
room temperature. This behavior is in accord with
the two T,'s found in the DMTA measurements.
Density Behavior. The density of a polymer
blend can be strongly affected if there is a strong
interaction between the two polymers in the
blends. The compatible polymer blends may dis-
play density changes due to better chain packing
from the increased molecular interaction. Gener-
ally speaking, a strong intermolecular interaction
is considered to be an interaction in which a given
chain segment more strongly bonds to the sur-
rounding segments of a different chemical type
than to similar individual chain segments. Densi-
ties (p) measured for incompatible blends have
been reported to agree with values calculated
from the simple additivity relation™® given by
Equation (1). Where w,, ws»and g, p»are the weight

]/p{, = W|/p1 + Wz/pz (1)

and the density of two pure polymers, respec-
tively. Figure 7 shows the linear variation in den-
sity with weight percent PE for the three blends
examined in this study, This additivity means that
there are no a net atiractive interactions between
the cis-PBD and PE segments,

Stress-Strain Measurements. The cis-PBDY

200

cis-PBD/PE(6)(20/80)

cis-PBD/PE(9)(20/80)

Figure 6. Transmission electron microgragh showing contrast between PE(light} and cis-PBD(dark) phases for cis-
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Figure 7. Blend densities as a function of composition
for blends of cis-PBD and PE’s at 25°C: {0} cis-PBDY/
PE(2): (@) cis-PBD/PE(6): { &) cis-PBD/PE(9).

I ]

PE blends were studied under tensile deformation
by using an Instron tester with a cross-head speed
of 10 cm/min. Figure 8 shows the stress-strain
curves for the three pure polyethylene homopoly-
mers, published in our previous reports® At this
experiment, the yield strengh increases with the
crystallinity of the PE. On the other hand, the
breaking strengh increases in the order PE{6)>
PE(2)>PE(9). PE(2) and PE(6) are somewhat
brittle because of their high crystallinity, but PE{9)
is rather ductile due to low crystallinity. As a
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Figure 8. The stress-strain curves for the three polyethyl-
ene samples of differing short chain branching.

result, there is strain-hardening with increasing
strain. Eventually, PE(9) has a higher breaking
strengh than both PE(2) and PE(6). Phenomeno-
logically, PE(9) has fewer taut chains and break
down at the vield point. The remaining loose
chains in PE(9) after the vield point orient along
the force direction with increasing strain. When
the whole specimen is necked, strain hardening
occurs and the stress rises until frachire eventually
intervenes. Thus, in compating PE(2) with PE(6),
PE(6) has both a lower yield strengh and also a
lower breaking strength than PE(Z). In PE{6} at
similar strain values does not have the strain-
hardening effect observed in PE(9). The result
suggests that the PE obtained from the hydro-
genation of PBD may have a critical region
between PE(6} and PE(9) that shows a sudden
strain hardening effect .

Figure 9 represents stress-strain curve of cis-
PBD at the same experimental conditions. The
curve appears to be identical behaviors to that of

012
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i 004 0,
—g
Toeeg
0.02 0 g
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Figure 9. The stress-strain curve of cis-PBD.
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a typical gum rubber. The maximum stress at
around 1.2 in strain probably comes from the dis-
entanglement of chains. After that, the stress
keeps decreasing as there is gradual separation of
entangled chains. The stress in the cis-PBD is very
much lower than that of crystalline PE. The strain
value at break(e =12) is significantly larger than
that of the semicrystalline PE(e =4--5).

Figure 10 shows the breaking strengths of the
three cis-PBD/PE blend systems measured under
the same experimental condition. In the cis-PBD/
PE(2) and cis-PBD/PE(6) blends, the breaking
strength increases with the fraction of PE accord-
ing to a simple positive or negative additivity rela-
tion. However, in case of cis-PBD/PE(9) of the
below 0.5 PE fraction, the breaking strengh is
lower than that of cis-PBI/PE(6) blend. But for
PE fraction of 0.6 or higher, the breaking strength
of cis-PBD/PE(9) blend begins to rapidly increase
and finally become higher than that of cis-PBDY/
PE(2) blends at a weight fraction of 0.8. Like the
pure PE(9), the blends of cis-PBD/PE(9} display
higher breaking strength due to strain hardening.
Figure 10 shows the changes of the yield and the
breaking strength for cis-PBD/PE(9) blends as a
function of blend composition. Both vield and
breaking strength increase with increasing PE(9)
component. By comparing yield strength with break-
ing strengh, it is seen that the yield strength is
slightly higher than breaking strength in the range
from zero to 0.5 of cis-PBD/PE composition ratio.
Above 0.5, however, the breaking strength be-
comes higher than the vield strength. Below 0.5

21.0
Strain Rate:6.67min”

180 Tempereture;23°C
g
= 180 o cls—PBDb/ PE(2)
= 4 cig=PBD/PE(B}
B 120 o cis~PBD/PE(9)
£
@ 9.0
o
=
¥ 60
o
o 30

0.0 ¥ ¥ t t

0.0 0.2 04 06 0.8 1.0

- PE wt.fraction
Figure 10. Comparison of the breaking strength in

three cis-PBD/PE blend systems as a function of wt. frac-
tion of PE.
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Figure 11. Changes of the vield and the breaking
strengths for cis-PBD/PE(9) blends as a function of wi.
fraction of PE.

PE wt. fraction the blends show the gum like
stress-strain behavior of Figure 9 in which the
yield strength is higher than the breaking siress,
However, the blends containing a plastic portion
higher than 0.5 of PE wt. fraction show a stress-
strain curve for semicrystalline PE and the break-
ing stress is higher than the yield strengh. This
result probably signifies that there is a transition
from the gum rubber deformation type to the
plastic deformation with blend composition .

Conclusions

In this present work the melting point depres-
sion of polyethylene increases with the increase of
branch concentration in PE. The measured dimen-
sions of the unit cell of a semicrystalline polyethyl-
ene are not affecied by the introduction of an
amorphous component for three cis-PBD/PE
blend systemns. According to the measurement of
T, by DMTA and the phase observation by TEM,
these blend systems were determined to be immis-
cible on a molecular scale at room temprature
regardless of blend composition. The three blends
show a linear relationship between the density
behavior and with the change of blend ratio. This
trend means that these blends have very weak or
no interactions befween the two component chain
segments. From the measurement of stress-strain
behavior for these blends, the breaking strength of
cis-PBD/PE(2) and c¢is-PBD/PE(6) blends show
simple additivity effects, but cis-PBD /PE(9)
blends yield a rapid increase of the breaking
strength, when using a polyethylene fraction of
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more than 0.5 because of the strain hardening
effect. Especially, this remarkable result due to the
strain hardening effect in the cis-PBD/PE(9)
expects to be very useful for development of com-
mercial products.
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