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ABSTRACT: The article discusses the influence of the oligomeric resin, hydrogenated
oligo(cyclopentadiene) (HOCP), on the morphology and properties of its blends with
isotactic poly(1-butene) (PB-1). PB-1 and HOCP are found to be partially miscible in
the melt state. Solidified PB-1/HOCP blends contain three phases: (1) a crystalline
phase formed by PB-1 crystals; (2) an amorphous PB-1-rich phase; and (3) an amor-
phous HOCP-rich phase. The optical micrographs of the solidified blends show a mor-
phology constituted by microspherulites and domains of the HOCP-rich phase homoge-
neously distributed in the intraspherulitic region. DSC and DMTA results show two
glass transition temperatures (T} ), different from the T, values of the plain components.
The lower T, is attributed to the PB-1-rich phase, and the higher T,, to the HOCP-
rich phase. The tensile properties were investigated at 25 and 80°C. At 25°C, the PB-
1-rich phase is rubbery and the HOCP-rich phase is glassy, so the addition of HOCP
to PB-1 arouses a noteworthy hardening of the samples and this brings an increase of
the Young’s modulus, E’ (although the blend crystallinity lessens), and decreases of
stresses at yielding point (o,) and at rupture (o,). The 90/10 and 80/20 blends show
high values of elongation at rupture (¢,). At 80°C, the blends show decreases of E’ and
o, values with the HOCP content. These decreases are attributed to the rubbery state
of the phases and reduction of the blend’s crystallinity. At 80°C, all the blends show a
high value of ¢,. This phenomenon is attributed to the fine-size domain dispersion of
the phases and to sufficient densities of tie molecules and entanglements. Finally, the
partial miscibility behavior proposed in this article is compared with the miscibility
hypothesis reported elsewhere. © 1998 John Wiley & Sons, Inc. J Appl Polym Sci 67: 1369—
1381, 1998
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INTRODUCTION

Isotactic poly(1-butene) (PB-1) is a semicrystal-
line polyolefin with some interesting properties.
Properly molded and processed articles made
from poly(1-butene) show excellent resistance to
creep and environmental stress cracking.! Ex-
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truded PB-1 is, in fact, used mainly in the manu-
facture of pipes and tubes for its impact and corro-
sion resistance. But other products, such as heavy-
duty bags, pressure-sensitive tapes, agricultural
films, gaskets, and diaphragms can also be ob-
tained. In certain cases, such as applications at
low temperature where high impact resistance is
needed, the PB-1 is preferred to iPP and P4AMP1
for the production of house furnishings, electrical
apparatus, automotive parts, and other articles.?
PB-1 may crystallize in at least three distinct
crystalline modifications. From the melt, PB-1
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crystallizes in the tetragonal crystal modification
(form II) and then it transforms into the stable
hexagonal crystal modification (form I). Form I
generally melts at about 130-138°C, whereas
form II melts at lower temperatures, at about
110-115°C. The phase-transformation process
from form II into form I starts soon after the crys-
tallization of form IT and generally is completed in
1 week at room temperature. The third polymorph
(form III) has an orthorhombic unit cell and can
be obtained by precipitating the polymer from
various solvents.

The hydrogenated oligo(cyclopentadiene)
(HOCP) is a commercial amorphous resin, with
T, at about 85°C. It is a mixture of the cis and
trans isomers that after oligomerization have
been hydrogenated.

This work is part of a major research concerning
the study of the influence of HOCP on the miscibil-
ity and properties of semicrystalline polyolefins
(— CH,—CHR—), with different side groups R.
In previous works, we studied the influence of the
resin HOCP on the morphology and thermal and
mechanical properties of its blends with isotactic
polypropylene®* (iPP) (side group R—CH,),
with high-density polyethylene (HDPE)"® (side
group R—H), and with poly(4-methylpentene-1)
(P4MP1)? [side group R=—CH,CH(CHj),].

iPP/HOCP?-¢ is a complex polymer system. A
phase diagram with both the lower and upper
cloud point curves was obtained; depending on
temperature, blend composition, and cooling rate
from the melt, the system can present one or two
amorphous phases in the melt and in the glassy
state. iPP can assume the smectic form or can
crystallize in the monoclinic form. The thermal,
dynamic-mechanical, and tensile properties be-
haviors were found to depend strongly on the com-
position and thermal history of the samples ac-
cording to the phase diagram.

HDPE/HOCP blends”® were found, at all tem-
peratures investigated, to separate in the melt in
two phases: the HDPE-rich phase and the HOCP-
rich phase. At the crystallization temperatures,
the HDPE crystallizes from both phases; the ther-
mal, dynamic-mechanical, and tensile properties
behaviors were accounted for according to the par-
tial miscibility found for this system.

P4MP1 and HOCP® were found not miscible
in the melt state. The optical micrographs of the
solidified blends showed a morphology constituted
by P4MP1 microspherulites and small HOCP
domains homogeneously distributed in the in-
trasperulitic region. DSC and DMTA results
showed that the blends present two glass transi-

tion temperatures (T, ) equal to the T,s of the pure
components.

The present article reports the results of an
investigation concerning the influence of HOCP
on the miscibility, dynamic-mechanical proper-
ties, and the tensile stress—strain behavior of its
blends with PB-1, a polyolefin with side-chain
group R=CH,CH;. The PB-1/HOCP system has
been already studied by Canetti et al.'® and Bon-
fatti et al.'* In particular, Canetti et al.'’ studied
the influence of HOCP resin on the kinetics of
crystal transformation of PB-1 from form II to
form I in isothermally crystallized blends. They
found that the kinetics of transformation from
form II to I decreased with the presence of HOCP
in the blends. This result was accounted for by
assuming that the HOCP and PB-1 components
are miscible in the melt and that the presence of
HOCP in the melt reduces the molecular mobility
of PB-1 molecules. The influence of HOCP on the
crystallization and thermal behavior of thin films
of PB-1/HOCP blends was studied.'* The blends
showed a single T,, depending on composition,
and the addition of HOCP effected the decrease
of the overall crystallization rate, the spherulite
growth rate, and the equilibrium melting temper-
ature. These results were accounted for by assum-
ing that the two components were miscible in the
amorphous state and the miscibility was due to
specific interactions between the two components.

The primary objectives of this article are to in-
vestigate the miscibility and other properties of
the PB-1/HOCP blends by the combination of op-
tical microscopy, differential scanning calorime-
try, and dynamic-mechanical, thermal, and the
stress—strain tensile analyses. Our interest de-
rives from the consideration that we have already
found that HOCP is partially miscible with iPP
and HDPE and not miscible with PAMP1 at all
compositions investigated. The size of the side-
chain group —R of PB-1 is larger than those of
iPP and HDPE and smaller than that of PAMP1.
A large difference of the volume units of the com-
ponents corresponds to conspicuous differences in
the free volume and the thermal expansion coeffi-
cient. As shown by McMaster, '* small differences
of the thermal expansion coefficient lead to com-
plete immiscibility. Moreover, we also consider
that there is no possibility of any specific interac-
tions between the repeat units of each component,
as is supposed in ref. 11. Therefore, either partial
miscibility or complete immiscibility would be ex-
pected for the PB-1/HOCP blends studied in this
article.



EXPERIMENTAL

Materials

Isotactic poly(1-butene) (PB-1) was produced by
Scientific Polymer Products Inc.: M,, = 1.85 X 10°
(g mol '), density 0.915 (g cm?), melt index 20,
T, = —24 * 3°C (measured by DSC), and T,
= 125°C (form I) (measured by DSC). Hydroge-
nated mixtures of isomers of oligo(cyclopenta-
diene) (HOCP), Escorez 5120, was produced by
Esso Chemical Co. It has an M,, = 630, T, = 85
+ 3°C (measured by DSC), and density = 1.07.

Blend Preparation

The PB-1 and HOCP components were mixed in
a Brabender-like apparatus (Rheocord EC of
HAAKE Inc.) at 160°C and 32 rpm for 10 min.
PB-1/HOCP blends with weight ratios (w/w) of
100/0, 90/10, 80/20, 60/40, and 40/60 were pre-
pared. DSC measurements were performed using
these samples.

Preparation of Compression-Molded Sheets

The blends were compression-molded in a heated
press at 160°C for 5 min without any applied pres-
sure, to allow complete melting. After this period,
a pressure of 100 bar was applied for 5 min, then
the platens were quenched with water and the
pressure was released. Samples cut from the rect-
angular sheets (1 X 60 X 120 mm) were used for
the optical microscopy, DMTA, and tensile experi-
ments.

Optical Microscopy

The morphology of the blends was studied by us-
ing a Zeiss Axioscop polarizing optical micro-
scope, fitted with a Linkam TH600 hot stage.
Thin films were obtained by squeezing a thin
slice of compression-molded sheets between two
microscope cover glasses. The films so obtained
were then heated and cooled under a nitrogen
purge at 20°C/min.

Calorimetric Measurements

Thermal properties of the blends were measured
with a differential scanning calorimeter Mettler
DSC-30. About 10-15 mg of each sample was
heated from —80 to 200°C at a scanning rate of
20°C/min. The T, value was taken as the tempera-
ture corresponding to the maximum of the peak
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obtained by the first-order derivative trace. The
observed melting temperature (7,,) was mea-
sured at the maximum of the endothermic peak.

Dynamic Mechanical Test

Rectangular specimens (1 X 6 X 30 mm) were cut
from the compression-molded sheets. Dynamic-
mechanical tests were performed at 1 Hz and at
a heating rate of 4°C/min from —80°C to 100°C
under a nitrogen purge with a DMTA-Polymer
Laboratories MKIII tester configured for auto-
matic data acquisition. The experiments were per-
formed in a bending mode.

Tensile Tests

Dumbbell-shaped specimens were cut from the
sheets and used for the tensile measurements.
Stress—strain curves were obtained by an Instron
machine (Model 1122) at 25 and 80°C and at
crosshead speed, V,, of 10 mm min ', gauge
length = 22 mm, and nominal strain rate = 0.45
min *. Modulus, stress, and strain at yield and
at rupture were calculated from such curves from

an average of 10 specimens.

RESULTS AND DISCUSSION

Morphology and Phase Structure

Optical analyses of the melt of pure PB-1 and
blends were carried out from the melting point up
to 350°C, where all the samples are still thermally
stable under a nitrogen atmosphere for times
much longer than those used here for the optical
observations. Figure 1(a) shows the melt of PB-
1 at 250°C and it is reported as an example of the
homogeneity observed in the melt. Figure 1(b)
shows the morphology observed when the same
melt is cooled to 25°C (cooling rate of 20°C/min).
The PB-1 is now crystallized according to a spher-
ulitic morphology. Large and small spherulites
are present. The presence of spherulites of differ-
ent sizes is known to occur when the nucleation
processes are time- and temperature-dependent.
In fact, during the cooling, at high 7', the presence
of a few nuclei induce the formation of early spher-
ulites that can grow further, and these are the
large spherulites present in the figure. At lower
temperature, a large number of nuclei induce the
growth of many spherulites that cannot grow to
large size.

Optical micrographs of 90/10 blends at differ-
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a)

Figure 1 Optical micrographs of PB-1 film: (a) sam-
ple at 250°C; (b) sample at 25°C.

ent temperatures are shown in Figure 2. Up to
about 250°C, the melt of the 90/10 sample shows
the presence of small droplets homogeneously dis-
tributed in the matrix [see Fig. 2(a)]. Increasing
the temperature above 250°C, the droplets de-
crease in size, until at about 270°C, the melt be-
comes and remains homogeneous and transpar-
ent up to 350°C [see Fig. 2(b)]. Cooling this sam-
ple from 350°C, the droplets appear again at about
270°C, and with continuous cooling, they increase
in size and the morphology of the melt becomes
the same as that shown in Figure 2(a). When
the blend sample is cooled to room temperature,
large and small spherulites are also observed
[see Fig. 2(c)], but their textures are different
from those observed for pure PB-1. They are
coarse and much smaller. Furthermore, obser-
vations of the same region of this blend sample,
carried out during the cooling, changing from
cross to parallel polarization conditions and vice
versa, indicate that the crystals grow within a
liquid—liquid phase-separated melt, as that
shown in Figure 2(a), and the droplets are in-
cluded in the intraspherulitic regions during the
crystallization.

Figure 3 shows the optical micrographs of the

80/20 blend in the melt at 150 and 250°C and the
morphology of the sample cooled to 25°C. The melt
of the 80/20 is characterized by the presence of
numerous droplets, as shown in Figure 3(a). By
increasing the temperature in the range 200—
250°C, some droplets coalesce together and the
morphology becomes like that shown in Figure
3(b) and remains the same until 350°C. When the
sample is cooled to 25°C, the morphology obtained
is that shown in Figure 3(c), where only mi-
crospherulites are present. Optical observations
carried out during the cooling to 25°C, switching

a)

b)

€}

30 pm
| —

Figure2 Optical micrographs of90/10 blend film: (a)
sample at 200°C; (b) sample at 300°C; (c¢) sample at
25°C.



Figure3 Optical micrographs of 80/20 blend film: (a)
sample at 150°C; (b) sample at 250°C; (¢) sample at
25°C.

from cross to parallel polarization conditions and
vice versa, show that the droplets are included in
the intraspherulitic region. Experiments similar
to those carried out on the 80/20 blend were per-
formed on 60/40 and 40/60 blends. The optical
micrographs of these blends are reported in Fig-
ures 4 and 5, respectively.

The optical microscope observations performed
on these two last blends indicate the presence in
the melt of small and large droplets [see Figs.
4(a,b) and 5(a,b)]. The micrographs of these
samples cooled to 25°C indicate a morphology tex-
ture constituted by microspherulites and by drop-
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lets homogeneously distributed, as shown in Fig-
ure 4(c,d) for the 60/40 blend and Figure 5(c,d)
for the 40/60 blend.

a)

b)

c)

30 pm
—

d)

Figure 4 Optical micrographs of 60/40 blend film: (a)
sample at 150°C; (b) sample at 250°C; (c¢) sample at 25°C,
parallel polars; (d) sample at 25°C, crossed polars.
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Figure 5 Optical micrographs of 40/60 blend film: (a)
sample at 180°C; (b) sample at 250°C; (c¢) sample at 25°C,
parallel polars; (d) sample at 25°C, crossed polars.

Thermal Behavior

The DSC curves of neat PB-1, tested at different
times after the processing in the Rheocord, are

reported in Figure 6. The curve labeled “a” in Fig-
ure 6 was performed soon after the mixing of PB-
1 in the Rheocord. An endothermic peak centered
at about 115°C is observed and indicates the pres-
ence of the only form II in the sample. The crystal-
line percentage of this sample is found to be about
22% (AH; of form II = 18 cal/g [ref. 13]). Curve
“b” was performed 1 day after the mixing, and it
shows the presence of both forms IT and I. Finally,
curve “c” was performed after 1 week and shows
the presence of form I only and the percent crys-
tallinity is 43% (AH; of form I = 30 cal/g [Ref.
131). For the blends, the phase transformation
seems to proceed in two steps: In the first step,
the transformation rate is high and almost equal
to that of plain PB-1, whereas in the second one,
the rate is low. Soon after the melt is cooled to
room temperature, a partial transformation is ob-
served in times almost equal for all the blends
(about 1 week). An example of this situation is
shown in Figure 7 (60/40 blend ), where the peaks
at higher and lower temperature indicate the
presence of a large amount of form I and a low
percentage of form II, respectively. It is observed
that the residual form II transforms to form I at
a very slow rate; in fact, a very small peak is still
present after 1 month in the DSC curve. Only
after 4 months does the phase transformation
seem complete and a percent crystallinity of ap-
proximately 43% (with reference to PB-1) at-
tained. Moreover, the temperatures of the peaks
of the forms II and I decrease as the HOCP con-
tent increases. The phase transformation from
form II to I was already studied by Canetti et al.'’
in isothermally crystallized blends.

10.mW
o

T
T T T T T
-50 0 50 100 B0 (°C)

Figure 6 DSC thermograms of PB-1: (a) scan carried
on soon after the mixing; (b) after 1 day; (c) after 1
week.



In Table I (second column), the T,s of the PB-
1/HOCP blends as obtained by DSC are reported.
The neat PB-1 has the glass transition at about
—23°C, whereas for the blends, two T,s are always
found, whose values do not depend on the time
elapsed after the mixing, indicating that the
phase transformation from form II to form I does
not influence the T,s of the blends. In particular,
for the 90/10 blend, the lower 7% is at about —15°C
and the upper at about 40°C, whereas the other
blends show the lower at about —10°C and the
upper at 50°C.

Dynamic-Mechanical Thermal Analysis

The loss tangent (tan 6) and the storage modulus
(E') of the PB-1/HOCP blends are reported in
Figures 8 and 9, respectively. DMTA experiments
for pure HOCP are not possible because compres-
sion-molded samples cannot be obtained due to
its low molecular weight. The tan 6 curve of PB-
1 (curve a) shows only one peak, with a maximum
at about —5°C, and it represents the T, of PB-1.
The 90/10 blend (curve b) shows only one peak,
although smaller than that of PB-1 in magnitude
and it is slightly shifted to higher temperature
with the maximum at about +5°C. The tan 6 curve
of the 80/20 blend (curve c) shows the presence
of a second, diffuse peak, extending in the temper-
ature range 60—70°C, whereas the first peak still
decreases in magnitude and moves a little to
higher T'. Increasing the HOCP content in the
blends (see the curves of the 60/40 and 40/60
blends), the second peak increases remarkably in
magnitude, showing now a well-defined maxi-
mum, centered at about 70°C, whereas the first

exo>
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peak decreases in magnitude. The analysis of E’
values shows a plateau at low temperatures
whose temperature range increases with HOCP
(see Fig. 9). After the plateau, depending on com-
position and temperature range, different slopes
of the modulus are observed. The storage modulus
of the blends at temperatures lower than the T,
of HOCP is higher than that of neat PB-1, E’
increasing with HOCP content. The opposite is
true at temperatures very close or higher than
the T, of HOCP, as would be expected.

The optical microscope, DSC, and DMTA analy-
ses could be accounted for by assuming that the
PB-1 and HOCP components in the blends are
not completely miscible in the melt. The melt at
mixing temperature separates in two phases: One
is the PB-1-rich phase and the other is the HOCP-
rich phase. Only for the 90/10 blend, it is found
that the two components become miscible at T
> 270°C, at least for the resolution power of the
optical microscope used. At room temperature,
the PB-1/HOCP blends contain also a third phase
constituted by PB-1 crystals. According to this hy-
pothesis, the droplets observed in the melts of the
blends are constituted by the HOCP-rich phase,
whose glass transition is revealed by the higher-
temperature transition on the DSC thermogram
and by the second peak of tan 6. The continuous
phase observed in the optical micrographs of the
blends is constituted by a homogeneous phase
formed by PB-1 and a small amount of HOCP.
The T, of this phase is indicated by the first peak
of tan 6 and by the first glass transition on the
DSC thermogram.

The presence of two T,s for the blends influ-
ences the trends of E’ reported in Figure 9. In

........
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100 150 200

Temperature (°C)

Figure 7 DSC thermogram of 60/40 PB-1/HOCP blends performed after 1 month

from the mixing.
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Table I Glass Transition Temperature, Melting Point of Form I, and Crystallinity Index

of PB-1/HOCP Samples

PB-1/HOCP T, (°C) by DSC T, (°C) by DMTA T,, (Form I) X. (PB-1, Form I)
(w/w) +3 *2 (£1°C) (=3%)
100/0 -23 -5 132 43
90/10 -15 40 5 130 41
80/20 -10 50 10 60-70 130 41
60/40 -10 50 10 70 127 41
40/60 -10 50 10 70 125
0/100 85 110-120

fact, at low temperatures, the plateau of the E’
curve of each blend increases with the HOCP con-
tent. Soon after the plateau (i.e., at T' > T,) the
storage modulus of the PB-1 sample falls abruptly
because the glassy amorphous phase of PB-1 be-
comes rubbery. After this sudden decrease, the
modulus lessens slightly with the temperature
due the presence of the PB-1 crystalline phase in
the sample. For the blends, the storage modulus
does not decrease so abruptly after the T, but it
diminishes at a higher temperature (this is partic-
ularly evident for the 60/40 and 40/60 blends)
because the presence of the glassy HOCP-rich
phase contributes to keep the modulus high, al-
though the total crystallinity of the sample de-
creases. At temperature higher than 80°C, the
HOCP-rich phase becomes rubbery and so the
modulus shows a further decrease and the values

are lower for the blends with less crystallinity
content.

Tensile Analysis

Physical properties of crystallizable polymer
blends depend markedly on the composition, on
the supercrystalline morphology, and on level of
the phase segregation that result from crystalliza-
tion and potential phase-separation processes in
the amorphous phase. In the case of compatible
blends of multicomponent polymer systems pre-
senting amorphous phase separation besides the
crystalline phase, the large-strain properties such
as the elongation at break or the toughness are
particularly related to the homogeneity level of
the phases present in the material. The low-strain
properties, such as the Young’s modulus and

0.504
PBI/HOCP
a) 100/0
b) 90/10 e
c) 80/20
d) 60/40
© ¢) 40/60
g -
eo 0.254
=
3
5
m 4
0.001
v LB ) L L} L] L
-80 -40 0 40 80
Temperature (°C)

Figure 8 Loss tangent of PB-1/HOCP blends.
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Figure 9 Storage modulus of PB-1/HOCP blends.

yielding parameters, are much less dependent on
the homogeneity of the phases. So, in the case
of polymer blends, where, besides the crystalline
phase, two or more amorphous phases are pres-
ent, good tensile properties such as tensile
strength and yield and ultimate parameters could
be expected if domains are small in size and well
dispersed in the continuous phase.

On the basis of the optical morphology evidence
showing that the two amorphous phases and the
crystalline phase have a good level of homogene-
ity, it is expected that the PB-1/HOCP blends,
depending on composition, should have acceptable
tensile properties. The tensile analysis was car-
ried out at room temperature (where the PB-1-
rich phase is rubbery and the HOCP-rich phase
is glassy) and at 80°C (where both phases are
rubbery). To have the most possible homogeneity
of the crystalline form of PB-1 crystals in the ma-
terials, the samples were kept at room tempera-
ture, before being subjected to the tensile test, for
at least 4 months in order to permit the complete
transformation of form II to L.

Nominal stress—strain curves of PB-1 and the
PB-1/HOCP blends tested at 25 and 80°C are pre-
sented in Figures 10 and 11, respectively. The
Young’s modulus, yield stress (o, ) and elongation
(&,), and tensile (o,) and elongation (&,) parame-
ters are summarized in Table II (25°C) and Table
III (80°C). At 25°C, the PB-1 sample and the
blends containing HOCP up to 40% show ductile
behavior; the Young’s modulus increases with the

HOCP percentage, whereas the o, and o, values
decrease. The elongation at yield (¢,) and at break
point (g,) of the 90/10 and 80/20 blends are al-
most similar to those of neat PB-1. The 40/60
blend (curve e) presents a brittle behavior charac-
terized by a low value of ¢,. The tensile behaviors
at 25°C can be accounted for by considering that
at 25°C the blend sample is constituted by the
crystalline PB-1 phase, the rubbery PB-1-rich
phase (T, = —10°C, by DSC), and the glassy
HOCP-rich phase (T, = 50°C, by DSC), whose
amount increases with HOCP. So, the addition of
HOCP to PB-1 causes hardening of the material.
This brings an increase of the Young’s modulus
and decreases o, and o, for the blends. The similar
values of &, of the 90/10 and 80/20 blends (values
similar to neat PB-1 sample) are probably due
to the fine-size domain dispersion of the phases
present in the samples (as shown in Figs. 1-5)
and to elevated densities of entanglements and
tie molecules still present in the sample blends
although the 10 and 20% of PB-1 is substituted
with HOCP. These factors contribute to the high
elongation, almost to that of PB-1. The 40/60
blend contains a large amount of the glassy
HOCP-rich phase and that makes it very brittle.

Nominal stress—strain curves of PB-1 and PB-
1/HOCP blends tested at 80°C are shown in Fig-
ure 11. At this temperature, both amorphous
phases are rubbery. It is observed that E’ and o,
values (see also Table IIT) decrease as the HOCP
content in the blends increases. Both amorphous



1378 CIMMINO ET AL.

350
*a) 100/0
ab) 9010
300 + x¢) 80/20 a ,e°
md) 60/40 . * .
0 e) 40/60 o * b a
. a x
250 + . a
. A x X
«® a c, X
* a x
< . a 8 x X%
EZOO T . a b x X
(54 . a x
= o ® a x X
¥U’ e Mpod *00 o @ A @ x % d -
A b x X u
~150 - A AAa A b a x X B
o} x X X am "
2N e e m man umAE
100
50
0+ 1 : : % 1 = :
0 50 100 150 200 250 300 350
€ (%)

Figure 10 Stress—strain curves PB-1/HOCP blends at 25°C.

phases are now rubbery and the addition of HOCP
reduces the overall crystallinity of the blends,
which lowers the values of E’ and o,. These fac-
tors affect also the yield phenomenon, presented
only by PB-1 and the 90/10 blends. These results
seem to indicate that, besides the fine-size domain
dispersion of the phases present in the materials
with high HOCP content, there should be a suffi-
cient density of tie molecules that interconnect
the crystalline domains of PB-1 and also a suffi-
cient density of entanglements that interlace the
amorphous phases, to permit high elongation be-
fore the rupture.

CONCLUSIONS

The observations of the optical microscopy and
the results of the DSC and DMTA analyses have
shown that the PB-1 and HOCP components do
not form a miscible system in the melt state but
two conjugated phases: the PB-1-rich phase and
the HOCP-rich phase. Moreover, after crystalliza-
tion, the solidified samples contain a third phase
composed of PB-1 in tetragonal modification that
transforms to the more stable hexagonal modifi-

cation with time. For all the blend compositions
studied, it is found that in the melt and in the
solid state the domains of the HOCP-rich phase
are small and homogeneously distributed in the
matrix. The DSC and DMTA results indicate the
presence of two T,s, whose values are different
from those of the two components, and they are
attributed to the two amorphous conjugated
phases. The tensile properties were investigated
at 25 and 80°C. At 25°C, the PB-1-rich phase is
rubbery and the HOCP-rich phase glassy,
whereas at 80°C, both phases are rubbery. The
different behaviors of the tensile properties have
been attributed to the composition, the physical
state of the amorphous phases, and to the amount
of the crystalline phase that decreases with in-
creasing the HOCP in the blends.

FURTHER COMMENTS

Our results have been interpreted with the as-
sumption that PB-1 and HOCP components are
not completely miscible in the melt, but they form
two conjugated amorphous phases, whereas in
ref. 11 the two components are reported miscible
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Figure 11 Stress—strain curves PB-1/HOCP blends at 80°C.

in the melt. The main experimental results re-
ported in ref. 11 for the assumption of miscibility
are the findings of the melting point depression
and one glass transition of the blends by using
DSC. The findings that a polymer blend presents
an equilibrium melting point depression obtained
by Hoffman—Weeks'* and that the use of the
Nishi and Wang equation'® or others as that pro-
posed by Kwei and Frisch'® (all expressions de-
rived from the Flory treatment'”) gives a negative
value of the polymer—polymer interaction param-
eter, x12, does not mean that the blend is miscible.
We found that phase-separated blends can also
present an equilibrium melting point depression
due to the morphological changes of the crystal-

line phase and not due to a diluent factor.’® Of
course, in this case, the application of the Nishi
and Wang equation gives a negative x, parame-
ter that is mathematically correct, but erroneous
in the meaning. Other authors such as Kalfoglu'®
and Ramsay et al.? reported the same considera-
tions.

To elucidate this point, we must consider that
the experimental melting point depression in the
blends is a result of thermodynamic and kinetic
factors. In any crystallizable polymer blend, the
thermodynamic factor derives from the thermody-
namic rules of mixing of a diluent added to a satu-
rated solution and will be zero for an incompatible
blend. The kinetic effect arises because the crys-

Table II Tensile Parameters of PB-1/HOCP Blends at 25°C

PB-1/HOCP
(wiw) E (kg/cm?) o, (kg/em?) &, (%) o, (kg/em?) & (%)
100/0 2130 = 70 167 + 4 29+ 1 302 = 25 320 = 20
90/10 2330 = 30 150 =1 30 =1 270 = 20 320 = 20
80/20 3000 = 200 131 + 5 26 =1 253 + 8 335 = 20
60/40 5000 = 300 135 + 4 13+1 160 = 5 242 + 5
40/60 6800 = 300 — 148 = 9 5+ 1
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Table III Tensile Parameters of PB-1/HOCP Blends at 80°C

PB-1/HOCP
(w/w) E (kg/cm?) o, (kg/cm?) g, (%) o, (kg/cm?) g (%)
100/0 1500 += 25 102 = 1 20 = 2 150 = 10 240 = 10
90/10 1020 = 20 78 = 2 22 + 1 118 + 7 230 = 10
80/20 660 = 80 — — 103 = 2 250 = 5
60/40 430 += 30 — — 61 = 4 220 = 8
40/60 530 = 2 — — 44 + 5 210 = 13

tals are formed at temperatures below the equilib-
rium melting point of the polymer mixture (7},).
This latter obviously depends upon the composi-
tion of the blends and procedures exist for sepa-
rating its contribution. One of these involves us-
ing the Hoffman—Weeks procedure'* that has
been largely utilized for estimating the equilib-
rium melting points for many polymer systems as
done in ref. 11. The limit of this method is that
the experimental melting point depends not only
on the crystallization temperature but also on
crystallization time (which is never considered in
the articles) and, finally, on the blend composi-
tion.?"*? These factors are generally not elimi-
nated by the use of the Hoffman—Weeks method
due to its limits.>'~>* In fact, difficulties in fitting
the Nishi and Wang equation to equilibrium melt-
ing points are generally reported?:**%; the plot
of the equation should give a straight line passing
through the zero of the axes (the slope gives a x5
value), but the intercept gives always a positive
value, as also in ref. 11.

Another (better) procedure to calculate the
equilibrium melting point involves measurement
of the lamella thickness, [, by small-angle X-ray
scattering, then plotting the melting point against
1/1 and extrapolating to zero.?’ But this method
also has some limits that we do not consider here.
Finally, whatever is the procedure used, it must
consider the limits of the Flory—Huggins theory:
(1) x12 is considered independent of composition;
(2) the theory is unable to describe the lower criti-
cal solution temperature; and (3) the theory does
not consider the volume change on mixing, ne-
glecting the free-volume effect. So, the use of the
melting point depression procedure to evaluate
if a polymer system is miscible or not must be
supported by other experimental evidence.

About the single glass transition reported in
ref. 11, we note that the 90/10 blend has a T,
= —20°C, the T, of the 80/20 blend is —19°C, and
that of the 70/30 is —18°C, i.e., a difference of
only 2° between the 90/10 and the 70/30 blends.
Considering that the measurement of the glass

transition value by DSC has generally an uncer-
tainty of at least 2°, these blends show the same
value of T,,. As also shown in ref. 11, the T,s of
these blends are much lower than the values pre-
dicted by the Fox equation and this cannot be
attributed to any specific interactions, as is sup-
posed in ref. 11, since they are not possible be-
tween the components. The T,s found in ref. 11
are relative to the PB-1-rich phase and the au-
thors cannot observe the second glass transition
of the HOCP-rich phase, because it is masked by
the crystallization peak that their DSC thermo-
grams (not shown) must present. In fact, the
blend samples used in ref. 11 are completely
amorphous since they were first melted and then
immersed in liquid nitrogen before the T, experi-
ments. We performed the DSC experiments of the
blends following the procedure used in ref. 11 and
the thermograms obtained showed the presence
of an exothermic peak right in the temperature
range where the T,s relative to the HOCP-rich
phase are located.

One of the authors (M.L.D.L.) thanks the CAMPEC—
Napoli Consortium for supporting her research at IR-
TEMP CNR.
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