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Abstract

This contribution discusses the in¯uence of hydrogenated oligocyclopentadiene (HOCP) on the morphology, the phase

structure and the thermal properties of its blends with isotactic poly(1-butene) (PB-1) as a function of composition and

crystallization conditions.

PB-1 and HOCP are partially miscible in the melt state. The blends, in the solid state, form generally a three-phase system:

a crystalline phase formed by the polyole®n and two amorphous phases, of which one is rich in PB-1 and the other one in

HOCP. The optical micrographs of the solidi®ed blends show a morphology constituted by microspherulites and domains of

HOCP-rich phase homogeneously distributed in intraspherulitic regions. Moreover, when the PB-1 and the blends are

isothermally crystallized, hedrite-like crystallites are observed.

The crystallization process and the melting behavior are strongly in¯uenced by the presence of the oligomer, since the

addition of HOCP decreases the overall crystallization rate and the melting point of the blends. # 1998 Elsevier Science B.V.
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1. Introduction

Isotactic poly(1-butene) (PB-1) is a semicrystalline

polyole®n with some interesting properties. Properly

molded and processed articles made by poly(1-butene)

show excellent resistance to creep and environmental

stress cracking [1]. Extruded PB-1 is in fact mainly

used in the manufacture of pipes and tubes because of

its impact and corrosion resistance. But other pro-

ducts, such as heavy duty bags, pressure sensitive

tapes, agricultural ®lms, gaskets and diaphragms

can also be obtained. In certain cases, such as applica-

tions at low temperature, where high impact resistance

is needed, PB-1 is preferred to isotactic polypropylene

(iPP) and poly(4-methylpentene-1) (P4MP1) for the

production of house furnishing, electrical apparatus,

automotive parts and other articles [2].

The oligocyclopentadiene is obtained by oligomer-

ization of cyclopentadiene, which is present in coal tar

and petroleum and occurs in the lower boiling frac-

tions. Thermal oligomerization is conducted at tem-

peratures above 2008C, and the molecular weight of

the product is quite low (500 to 800). The commercial

HOCP is a mixture of the cis and trans isomers that

have been hydrogenated after oligomerization. It is a

solid, white in color and glass brittle at room tem-

perature.
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This work is part of a larger project that involves the

study of the miscibility, the phase structure, the mor-

phology and the thermal and mechanical properties of

different polyole®ns (CH2=CHR) blended with hydro-

genated oligocyclopentadiene, when the dimension of

the group R is varied.

HDPE (the R group is a hydrogen atom) and HOCP

have been found to be partially miscible in the melt

phase [3,4]; at room temperature there are three phases:

a crystalline phase constituted by plain HDPE and two

amorphous phases, one rich in HDPE and the other

one rich in HOCP. The iPP/HOCP system (R=CH3)

presents a higher degree of miscibility, since for T>

2408C and T<908C the two components are miscible,

whereas a miscibility gap is present between these two

temperatures [5±8]. Therefore, depending on compo-

sition and thermal conditions, at room temperature

two or three phases can be present. On the other hand,

P4MP1 and HOCP (the R group is a CH2CH(CH3)2)

are completely immiscible in the melt phase [9].

Both the polyole®ns and the oligomer have a hydro-

carbon structure, speci®c interactions between com-

ponents are not possible, therefore the differences in

the miscibility of the various polymer pairs can be

ascribed only to differences in the volume units of the

components [10].

The R group of PB-1 is a CH2CH3, with steric

hindrance between that of iPP and that of P4MP1, so

the miscibility of the PB-1/HOCP system is expected

to be between that of the polymer pairs iPP/HOCP and

P4MP1/HOCP. It is noteworthy that the studies on the

binary blend iPP/HOCP lead to very interesting

results: the addition of small amounts of HOCP to

iPP gives a material with improved properties com-

pared to pure iPP [11,12].

The objectives of this paper are the study of the

miscibility, the phase structure and thermal properties

of PB-1/HOCP blends, as well as the in¯uence of

HOCP on the crystallization process of PB-1.

2. Experimental

2.1. Materials

Isotactic poly(1-butene) was produced by Scienti®c

Polymer Products. Its physical values were Mw�
1.85�105 (g molÿ1), density 0.915 (g cmÿ3), Melt

index 20, Tg�ÿ23�38C (measured by DSC) and

Tm�1258C (form I) (measured by DSC).

The hydrogenated mixture of isomers of oligocy-

clopentadiene (HOCP), Escorez 5120 was produced

by Esso Chemical. Its physical values were Mw�630

(g molÿ1), Tg�85�38C (measured by DSC) and den-

sity 1.07 (g cmÿ3).

2.2. Blend preparation

The PB-1 and HOCP components were mixed in a

Brabender-like apparatus (Rheocord EC of HAAKE)

at 1608C 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 prepared.

2.3. Preparation of compression-molded sheets

The blends were compression-molded in a heated

press at 1608C for 5 min without any applied pressure,

to allow complete melting. After this period, a pres-

sure of 100 bar was applied for 5 min, then the sam-

ples were quenched with water and the pressure was

released. From the mold, parallelepiped shaped sheets

(1 mm�60 mm�120 mm) were obtained.

2.4. Optical microscopy

The morphology of the blends was studied by using

a Zeiss polarizing optical microscope, ®tted with a

Linkam TH600 hot stage. Thin ®lms were obtained by

squeezing a thin slice of compression-molded sheet

between two microscope cover glasses. The ®lms so

obtained were then heated and cooled under nitrogen

purge at 208C/min.

2.5. Calorimetric measurements

The thermal properties of the blends were analyzed

with a Mettler DSC-30 differential scanning calori-

meter. Nearly 10±15 mg of each blended sample was

heated fromÿ808 to 2008C at a scanning rate of 208C/

min (®rst heating run), cooled to ÿ808C at 508C/min

and re-heated to 2008C at 208C/min (second heating

run). The Tg value was taken as the temperature

corresponding to the maximum of the peak obtained

by the ®rst-order derivative trace of the second heating

run.
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The isothermal crystallizations were performed by

using the following procedure. The samples were

heated from 308 to 1608C at a scanning rate of

208C/min, melted at 1608C for 10 min, then rapidly

cooled at 508C/min to the desired Tc and allowed to

crystallize. The heat evolved during the isothermal

crystallization was recorded as a function of time. The

fraction Xt of the material crystallized after a period of

time t was calculated by the relation:

Xt �
R t

0
�dH=dt�dtR1

0
�dH=dt�dt

where the ®rst integral is the heat generated at time t

and the second one is the total heat when the crystal-

lization is complete.

After crystallization, the samples were heated to the

melting point at a scanning rate of 208C/min. The

observed melting temperatures and the apparent

enthalpies of melting were obtained from the max-

imum and from the area of the endothermic peaks,

respectively.

2.6. Dynamic-mechanical tests

Parallelepiped shaped specimens (1 mm�6 mm�
30 mm) were cut from the compression-molded

sheets. Dynamic-mechanical tests were collected at

1 Hz and at a heating rate of 48C/min from ÿ808 to

1008C under nitrogen purge with a Polymer Labora-

tories DMTA MKIII tester con®gured for automatic

data acquisition. The experiments were performed in

bending mode.

3. Results and discussion

3.1. Morphology

Optical analyses of the melt of pure PB-1 and

blends were carried out from the melting point up

to 3508C, where all the samples are still thermally

stable under nitrogen atmosphere for much longer

times than those used here for the optical observations.

The phase structure of the PB-1/HOCP system

depends on composition and temperature. Optical

micrographs of the 90/10 blend at different tempera-

tures are shown in Fig. 1. Up to ca. 2508C, the melt of

the 90/10 sample showed the presence of small dro-

plets homogeneously distributed in the matrix (see

Fig. 1(a)). The droplets decreased in size when the

temperature was raised above 2508C. At ca. 2708C the

melt became homogeneous and transparent and the

homogeneity was preserved up to 3508C (see

Fig. 1(b)). The droplets appeared again at ca. 2708C
when the sample was cooled down from 3508C.

Optical micrographs of the 80/20, 60/40 and 40/60

(w/w) blends in the melt at 2508C are reported in

Fig. 2. The melts of these blends are characterized by

the presence of numerous droplets, whose dimensions

increase with HOCP content. For these blends, the

droplets did not disappear in the range of temperature

used.

The morphology of PB-1 and of the blends cooled

from the melt phase (T�2508C) to room temperature

Fig. 1. Optical micrographs of PB-1/HOCP 90/10 blend film: (a)

sample at 2008C; (b) sample at 3008C.

S. Cimmino et al. / Thermochimica Acta 321 (1998) 99±109 101



at 208C/min is reported in Fig. 3. PB-1 crystallized

prevalently to a spherulitic morphology. The spher-

ulites were of different sizes (Fig. 3(a)). This phenom-

enon is known to occur when the nucleation process is

time and temperature dependent. In fact, during cool-

ing, the presence of few nuclei at high temperatures

induce the formation of early spherulites that can

grow. These are the large spherulites present in

Fig. 3(a). Then, at lower temperatures, many nuclei

induce the growth of many spherulites, that cannot

grow to as large an extension as the early ones,

because they are numerous and so impinge against

each other.

When the 90/10 sample was cooled to room tem-

perature, large and small spherulites were also

observed, but they are coarse and much smaller than

pure PB-1 (see Fig. 3(b)). Moreover, observations

with crossed and parallel polars indicate that the

crystals grew within a liquid±liquid phase separated

melt, as that shown in Fig. 1(a), and the droplets of the

HOCP-rich phase were mainly included in intra-

spherulitic regions during the crystallization.

The 60/40 blend (see Fig. 3(c)) presents a morphol-

ogy constituted by microspherulites and droplets

homogeneously distributed. A similar morphology

was observed for the 40/60 blend.

When the blends were isothermally crystallized,

besides spherulites, crystallites with different

morphologies were also observed. In Fig. 4, two

examples of growing crystals of PB-1 at 808C are

shown. The Fig. 4(a) shows a typical example of a

spherulite with the characteristic Maltese cross and a

circular section. In the same sample, square crystals

are also observable (see Fig. 4(b)). These crystals are

clearly different from the previous ones; they do not

have the typical appearance of a spherulite, but they

Fig. 2. Optical micrographs of PB-1/HOCP blend films at 2508C: (a) 80/20; (b) 60/40; (c) 40/60.
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have hedritic character. Hedrites have been found for

several polymers, including polymethylene oxide

[13,14], isotactic polystyrene and poly(4-methyl-

pentene-1) [15]. They are made of several lamellar

layers and have a two-dimensional growth.

In all blends the presence of both kinds of crystal-

lites are also observed. The photomicrographs of

hedrites of the 80/20 and 60/40 blends are reported

in Fig. 5 and, in the same blends, spherulites are also

observable (see Fig. 3). It can be concluded that

HOCP did not affect the morphology of PB-1 crystal-

lites.

3.2. Glass-transition temperature

In order to analyze the composition of the amor-

phous phases of the blends, i.e. if the phases are

composed of the pure components, or if they are

conjugated, the determination of glass-transition tem-

perature (Tg) of each blend was performed by means

of dynamic-mechanical thermal analysis (DMTA) and

differential scanning calorimetry (DSC).

The tan � curves of PB-1/HOCP blends are reported

in Fig. 6. DMTA experiments of pure HOCP could not

be performed since it is not possible to obtain HOCP

samples by compression molding because of its low

molecular mass. The PB-1 curve presents a single

peak with a maximum at ÿ58C which represents the

Tg of PB-1. The 90/10 blend still presents one peak,

but the size of this peak is smaller than that of PB-1

and it is shifted to a slightly higher temperature (the

maximum is at �58C). In the tan � curve of the 80/20

blend, two peaks are detected: the ®rst one is situated

at slightly higher temperatures with respect to those of

Fig. 3. Optical micrographs of PB-1/HOCP blend films at 258C: (a) 100/0; (b) 90/10; (c) 60/40.
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Fig. 4. Optical micrographs of PB-1 crystallites isothermally

crystallized at 808C. Fig. 5. Optical micrographs of PB-1/HOCP blend hedrites: (a) 80/

20; (b) 60/40.

Fig. 6. Loss tangent of PB-1/HOCP blends.
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the PB-1 and 90/10 blends, while the second one, not

present in the specimens with a lower HOCP content,

is broad and extends over the range 60±708C. On

increasing the HOCP content in the blend (see the

60/40 and 40/60 blends), the ®rst peak decreased in

size, whereas the second peak became larger with a

well de®ned maximum centered at 708C. The mea-

sured Tg values are reported in Table 1.

DMTA analyses are accounted for by assuming that

PB-1 and HOCP were partially miscible; the two

amorphous phases are one rich in PB-1 and the other

one rich in HOCP. The continuous phase observable in

the optical micrographs was constituted by PB-1 and

by a small amount of HOCP and its Tg is revealed by

the ®rst peak of the tan �. The presence of HOCP in the

PB-1-rich phase produced a shift of Tg to a higher

temperature respect to that of the neat PB-1 because

the Tg of HOCP was higher than that of PB-1 (see

Table 1). The droplets observed in the melts of the

blends are constituted by the HOCP-rich phase, whose

glass transition was revealed by the second peak of tan

� and increased in size as the amount of the second

phase was increased, due to the addition of HOCP.

The DSC thermo-analytical curves of PB-1 and of

the blends fromÿ808 to 2008C are presented in Fig. 7.

As reported in the experimental part, these scans were

performed on `quenched' samples. The quenched

blends contained, depending on their composition,

the crystallizable PB-1 component partially or com-

pletely in the amorphous phase, which crystallized

only during the DSC scanning. The PB-1 thermo-

analytical curve shows the presence of a Tg at ca.

ÿ238C (see Table 1) and an endothermic peak with a

maximum at ca. 1208C. For the blends, a single Tg

value was always observed. For the 90/10 blend the Tg

value is ÿ158C and for the 80/20 to 40/60 blends the

Tg values were slightly higher and independent of

composition. In fact for these blends a Tg value of

ÿ108C was obtained. This transition corresponds to

the ®rst peak of the tan � curves, and is due to the glass

transition of the PB-1-rich phase. Its value in the

Table 1

Glass-transition temperatures of PB-1/HOCP samples measured by

DSC (uncertainty �28C) and by DMTA (uncertainty �28C)

PB-1/HOCP

(w/w)

Tg (8C) (DSC) Tg (8C) (DMTA)

100/0 ÿ23 ÿ5

90/10 ÿ15 a Ð b 5 a 60±70 b

80/20 ÿ10 a Ð b 10 a 60±70 b

60/40 ÿ10 a Ð b 10 a 70 b

40/60 ÿ10 a Ð b 10 a 70 b

0/100 85 115 c

a Glass transition of the PB-1-rich phase.
b Glass transition of the HOCP-rich phase, not detectable by the
DSC because masked by crystallization peaks (see text).
c Extrapolated value obtained from tan � data of P4MP1/HOCP
system [9].

Fig. 7. DSC thermo-analytical curve of PB-1/HOCP blends performed after cooling the samples at 508C/min.
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blends was higher than that of neat PB-1 because of

the small amount of HOCP dissolved in this phase.

For the `quenched' blends, the second glass transi-

tion (due to the relaxation of the HOCP-rich phase)

cannot be observed in the DSC thermoanalytical

curves because it is probably masked by the presence

of the exothermic peak due to crystallization of the

crystallizable PB-1.

3.3. Crystallization and melting behavior

Besides the observation of the glass-transition tem-

perature, the thermoanalytical curves presented in

Fig. 7 are also remarkable for another feature. They

indicate that the crystallization process of PB-1, dur-

ing the quenching, was dependent on composition. In

fact, when cooled at 508C/min, the crystallizable PB-1

crystallizes completely, as shown by the presence of

the single melting peak of Fig. 7. For the 90/10 blend,

the crystallization was only partially avoided by

quenching. In fact, in the thermoanalytical curve a

crystallization peak is also present. The area under the

crystallization peak is smaller than that of the melting

one, indicating that not all the PB-1 crystallized during

cooling. For the blends with higher HOCP content

(�20%), both peaks had equal amplitude, indicating

that the blends can be quenched to a completely

amorphous material. Moreover, it can be noted that

the position of the crystallization peak changed with

composition, shifting to higher temperatures with

higher HOCP content. Therefore, HOCP seems to

hinder the crystallization of the polyole®n.

In Fig. 8, the half time of crystallization of all

samples as a function of temperature is presented.

The addition of HOCP allowed PB-1 to crystallize

isothermally at lower temperatures and caused a

reduction in the crystallization rate. For a given crys-

tallization temperature Tc, the increase of the time

required for the crystallization can be attributed to the

presence of the HOCP-rich phase in the melt. This

in¯uenced the energy related to the transport of the

macromolecules to the growing crystals.

In Fig. 9, the experimentally measured melting

temperatures versus the crystallization temperatures

are shown. For pure PB-1, Tm increased with tem-

perature, following the Hoffman and Weeks relation-

ship [16]

Tm � 1ÿ 1




� �
T0

m �
Tc



(1)

where T0
m is the equilibrium melting temperature and 


a morphological factor.

For the PB-1/HOCP system, the observed Tm values

decreased with increase of HOCP, but surprisingly

Fig. 8. Half-life of crystallization, �1/2, versus crystallization temperature, Tc, for PB-1/HOCP blends.
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they were not affected by the crystallization tempera-

ture. Taking into account that the system crystallized

from a phase-separated melt, the decrease of the

observed Tm with composition is certainly due to

kinetic effects. During crystallization, the presence

of HOCP-rich phase disturbed the formation of PB-1

crystals. Less perfect crystals, with a lower Tm, could

result and the PB-1 crystallinity decreased (see

Table 2). The constancy of Tm with Tc for a given

composition is more dif®cult to explain. Excluding the

possibility of extended chain crystallization, since PB-

1 has a high molecular mass, thickening of crystal

lamella through annealing could be invoked. Small

angle X-ray scattering work is in progress in order to

elucidate the invariance of Tm with Tc. However,

Hoffman [17] recently reported that the relation (1)

is valid only at low and moderate undercooling. At

large undercoolings, as those used for the crystal-

lization of the PB-1/HOCP blends, a region where

Tm versus Tc is roughly constant can be predicted for a

considerable range of low Tc [17].

4. Conclusions

The experimental results support the hypothesis that

the miscibility grade of PB-1 and HOCP components

lies between those of the polymer pairs iPP/HOCP and

P4MP1/HOCP. In fact the two components were

found to be partially miscible, but the two-phase

region was more extended than that of the iPP/HOCP

system. For the latter system, the upper and lower

cloud point curves were found inside the temperature

range investigated. The PB-1/HOCP system with

blends of HOCP content �20% always showed phase

separation up to 3508C, indicating that the probable

upper curve is much above this temperature. In com-

parison to the P4MP1/HOCP system, whose compo-

nents were found to be not miscible at any

composition and at any temperature investigated,

Fig. 9. Melting temperature (Tm) as a function of crystallization temperature (Tc) for PB-1/HOCP blends.

Table 2

Crystallinity index (Xc) normalized to the PB-1 content, of the

isothermally crystallized samples

PB-1/HOCP (w/w) Xc (%)

100/0 41

90/10 36

80/20 34

60/40 33

40/60 32
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the 90/10 PB-1/HOCP blend was miscible at

T�2708C and the blends with higher HOCP content

showed the presence of two conjugated phases at all

temperatures investigated, indicating partial miscibil-

ity.

The different miscibility behavior among the poly-

mer pairs iPP/HOCP, PB-1/HOCP and P4MP1/HOCP

can be ascribed to the diverse side group R of the

polyole®ns, since any speci®c interaction between the

components of each polymer pair is not possible. From

iPP, PB-1 to P4MP1 there is an increase of the volume

units of the polyole®ns and this corresponds to con-

spicuous differences in the free volume and thermal

expansion coef®cients. As shown by McMaster [10],

the immiscible region increases with the difference in

the thermal expansion coef®cients of the blend com-

ponents.

According to the experimental results, a pseudo-

phase diagram for PB-1/HOCP system is proposed

in Fig. 10. It must be noted that the data reported in

Fig. 10 are not equilibrium thermodynamic values,

since the values depend on the scanning rate used.

The area (labeled 1) indicates the temperature-

composition range where the components are sup-

posed to be miscible in the melt. The region 2 indicates

the area where the system shows phase separation

giving two conjugated phases, a PB-1-rich phase

and a HOCP-rich phase. The ®gure also shows two

Tg values (of DMTA) found for the blends whose

nominal composition lies inside the two-phase

region. The Tm curve describes the decrease of the

melting point observed for the quenched blends

with HOCP.
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