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Abstract
A detailed analysis of the three-phase structure of isotactic poly(butene) was conducted by conventional and temperature-modulated calo-
rimetry. The development of the crystalline, mobile amorphous, and rigid amorphous fractions was analyzed as a function of thermal history,
upon isothermal and non-isothermal crystallization. It was found that, under the chosen experimental conditions, the amount of rigid amorphous
phase (wRA) in PB-1 ranges from wRA¼ 0.14 to 0.23, with higher values formed when the polymer is crystallized at low temperatures or at high
cooling rates from the melt. Comparison of total and frequency-dependent reversing heat capacity curves suggested that the rigid amorphous
phase of isotactic poly(1-butene) vitrifies after completion of the crystallization process and that its full mobilization takes place at around
50 �C. The exact temperature of complete devitrification is slightly affected by the thermal history of the material. An effort to link the mechan-
ical properties of PB-1 to the three-phase structure was attempted, and a correlation of Young’s modulus with the solid fraction at the temper-
ature of analysis, composed of crystalline and rigid amorphous phases, was proposed.
� 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

Isotactic poly(1-butene) (PB-1) is a thermoplastic polyole-
fin with outstanding mechanical properties, like high creep
resistance, low stiffness, good impact behavior, and excellent
elastic recovery. In addition PB-1 is resistant to a high number
of chemicals and is very insensitive to environmental stress
cracking in a wide melt flow ranges [1,2]. Despite the excel-
lent properties, applications of PB-1 are limited compared to
those of the lighter polyolefins like polyethylene and polypro-
pylene, mainly due to the slightly higher cost of the raw poly-
mer and due to the dimensional changes arising from crystal
structure transformation, which complicates the production
of goods with stable mechanical properties.

Isotactic poly(1-butene) has a very complex polymorphic
behavior, since it can crystallize into various crystalline forms,
depending on the preparation conditions [2e13]. Melt
* Corresponding author. Tel.: þ39 081 8675059; fax: þ39 081 8675230.

E-mail address: diloren@ictp.cnr.it (M.L. Di Lorenzo).

0032-3861/$ - see front matter � 2008 Elsevier Ltd. All rights reserved.

doi:10.1016/j.polymer.2008.01.026
crystallization usually leads to the tetragonal Form II, charac-
terized by an 11/3 helix conformation [5,9]. This metastable
modification slowly transforms into the hexagonal crystalline
Form I, in which the crystalline strands adapt to a slightly
extended 3/1 helical conformation [5]. The transformation
spontaneously and irreversibly occurs over a wide temperature
range, at a rate that finds its maximum around room tempera-
ture and that is affected by several chemical, physical, and me-
chanical factors [3]. The structural and dimensional changes
induced by the solid-state IIeI transformation are accompa-
nied by a considerable enhancement of the mechanical proper-
ties such as hardness, tensile strength, and stiffness [1,14,15].

In the past, several studies have been conducted to analyze
the relation between structure and properties in semicrystalline
PB-1, and in semicrystalline polymers in general. The basic
problems that arise in understanding the properties of semi-
crystalline polymers are related to the description of their
structure based on a two-phase model, viewed as a skeleton
of thin crystal lamellae intermingled with amorphous material.
However, it is known that a number of properties cannot be
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interpreted using the two-phase approach. For instance, the
heat capacity step at the glass transition (Tg) measured by
calorimetry is often smaller than that corresponding to the
amount of amorphous fraction [16]. To explain the disagree-
ment between the expected and the quantified values of the
amorphous content at Tg, Wunderlich first suggested the exis-
tence of two types of amorphous fractions in semicrystalline
polymers, characterized by different degrees of decoupling
with the crystal structure: in addition to the mobile amorphous
fraction (MAF) made of the polymer chains that mobilize at
Tg, and to the crystal phase, a third fraction of nanosized
dimensions, the rigid amorphous phase (RAF), was introduced
[16,17]. The rigid amorphous phase arises from the continua-
tion of the partially crystallized macromolecules across the
phase boundaries, as the polymer molecules are much longer
than the crystal nanophases. The portions of macromolecules
whose mobility is hindered by the near crystalline structures
appear on both sides of crystalline lamellae, as probed by
13C solid-state NMR [18e22], X-ray diffraction [21], electron
microscopy [19], or Raman spectroscopy [18]. The size of the
RAF is estimated to be about 4.0 nm for a crystalline lamellar
thickness of 25e30 nm [21e23], but thicknesses as low as
0.2e0.7 nm have also been reported [24]. Devitrification of
the rigid amorphous phase usually occurs between the Tg of
the unstrained amorphous phase and the melting temperature,
but this is not a general rule. Some semicrystalline polymers
may have no RAF, or may have an RAF which mobilizes in
correspondence of the melting, or even above the melting
point [17].

Although the existence of the RAF is demonstrated by ex-
perimental evidences, its properties are still under investiga-
tions. Details about the chain packing in the RAF are largely
not known. For instance, it would be of enormous interest to
clarify how the crystallization conditions affect RAF vitrifica-
tion and mobilization. Only a few studies have been published
on the kinetics of formation of the RAF and its devitrification
[23,25e28]. For some polymers like poly(3-hydroxybutyrate),
polycarbonate and isotactic polystyrene, parallel development
of the RAF with crystallinity was detected, whereas only par-
tial formation of the RAF during crystallization was evidenced
for syndiotactic polypropylene and poly(ethylene terephthal-
ate) at some particular crystallization temperatures [26e28].
In these studies the concurrent development of the crystal
phase and of the rigid amorphous fraction was followed at
a single temperature. A new method that allows to simulta-
neously monitor the development of crystalline, mobile amor-
phous and rigid amorphous fractions during cooling from the
melt was recently presented by Righetti et al. [29]. With this
procedure, which permits to determine the evolution of the
three nanophases in a wide temperature range, it was found
that the rigid amorphous fraction in poly(ethylene terephthal-
ate) starts to vitrify when the crystallization process is almost
finished and continues further on cooling to the glass transition
of the bulk amorphous phase [29].

Only a few attempts have been performed to correlate the
properties of semicrystalline polymers with RAF content. Ras-
togi et al. [30] analyzed the relation between the mechanical
properties and the nanostructure of polyethylene terephthalate,
showing that the rigid amorphous content needs to be explic-
itly taken into account to describe the yield behavior and the
loss of crystallinity of PET in uniaxial compression. Lin
et al. [31] quantified the differences in oxygen solubility of
MAF and RAF in PET, which mainly arises from the different
specific volume of the two nanophases, a property that can
permit to tailor the barrier properties of PET goods.

To our knowledge, no report on the existence of a rigid
amorphous fraction in isotactic poly(1-butene) has been
published yet. In this contribution, details about vitrification
of the rigid amorphous fraction, in dependence of crystalliza-
tion conditions, are presented. In addition, a correlation
between the nanophase structure and the mechanical proper-
ties of PB-1 is suggested.

2. Experimental part
2.1. Materials
Isotactic poly(1-butene) (PB-1) of melt flow rate equal to
0.4 g/10 min (190 �C/2.16 kg) was kindly provided by Basell
Polyolefins. The material is a commercial PB-1 grade used
for extrusion into pipe for potable hot and cold water distribu-
tion applications. It contains some nucleating agents, added to
accelerate the Form IIeForm I phase transformation.

Before analyses, the sample chips were compression-
molded with a Carver Laboratory Press at a temperature of
160 �C for 5 min, without any applied pressure, to allow com-
plete melting. After this period, a pressure of about 50 bar was
applied for additional 5 min. In order to obtain compression-
molded sheets with different contents of crystalline, mobile
amorphous, and rigid amorphous phases, the molten material
was cooled to room temperature at various rates, and in
some cases annealed immediately after quenching.
2.2. Calorimetry
The thermal properties of compression-molded PB-1 were
measured with a PerkineElmer Pyris Diamond DSC, equip-
ped with Intracooler II as cooling system. The instrument
was calibrated in temperature with high purity standards (in-
dium and cyclohexane) and in energy with heat of fusion of
indium. Dry nitrogen was used as purge gas at a rate of
48 ml/min. Each measurement was repeated three times to
improve accuracy.

To determine the nanophase content of the compression-
molded PB-1 sheets, samples of about 15 mg were heated
from �60 to 160 �C at a rate of 20 �C/min. The heat-flow
rate raw data were corrected for instrumental asymmetry by
subtraction of a baseline, measured under identical conditions
as the sample run, including close match of the masses of the
aluminum pans. The heat-flow rate data were then converted to
specific heat capacities by calibration with sapphire [32].

To analyze the effect of crystallization conditions on RAF
formation, isothermal crystallization experiments were per-
formed. The compression-molded PB-1 samples, weighing
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about 15 mg, were heated from 25 to 160 �C at a rate of 20 �C/
min, melted at 160 �C for 10 min to erase previous thermal
history, then cooled at a rate of 50 �C/min to Tc and allowed
to crystallize. The isothermally crystallized samples were
then cooled from Tc to �60 �C at a rate of 50 �C/min, held
at �60 �C for 5 min, and then heated to 160 �C at 20 �C/
min. Non-isothermal crystallizations were performed after
melting at 160 �C for 10 min, by cooling the samples from
160 to �60 �C at various rates: 2, 5, 10, 20, and 50 �C/min.
The material was then maintained at �60 �C for 5 min and
heated to 160 �C at 20 �C/min.

Temperature-modulated DSC analyses were conducted on
PB-1 samples weighting about 4 mg, using a saw-tooth tem-
perature profile with heating-only modulation segments and
various periods ( p) of temperature oscillations, ranging from
p¼ 60 to 180 s. The underlying heating rate was 2 �C/min.
The reversing heat capacity was obtained from the ratio of
the first harmonics of the Fourier series that describe the am-
plitudes of heat flow and temperature. Again, to obtain precise
heat capacity data, each measurement was accompanied by
an empty pan run and a calibration run with sapphire under
identical conditions.
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Fig. 1. (a) Specific heat capacity of PB-1 after isothermal crystallization at

98 �C and subsequent cooling to �60 �C. The dotted lines are the solid and

liquid specific heat capacities, as taken from the ATHAS Data Bank [33].

(b) Enlargement of the plot in the baseline cp area. The dashed line is the total

specific heat capacity measured by conventional DSC and the solid lines are

the reversing specific cp obtained from TMDSC analysis at the indicated

periods of modulation. cp baselines calculated from the two-phase and

three-phase models are also shown.
Dumbbell-shaped specimens were cut from compression-
molded sheets subjected to various thermal histories and
used for tensile measurements. Stressestrain curves were
obtained with an Instron machine (Model 4505) at crosshead
speed of 10 mm/min. Data were extracted from an average
of seven specimens.

3. Results and discussion

Experimental total specific heat capacity (cp,Tot) and fre-
quency-dependent reversing specific heat capacity (cp,Rev) of
PB-1, measured after isothermal crystallization at 98 �C fol-
lowed by cooling to �60 �C, are compared in Fig. 1a and
b with thermodynamic cp values of fully solid and liquid
PB-1, as taken from the ATHAS Data Bank [33]. The total
cp data reveal a heat capacity step centered at around �28 �C,
caused by the glass transition of the MAF, followed by
a broad and very weak exotherm, then the experimental cp

remains below the baseline curve of liquid PB-1 until the on-
set of fusion. Two melting endotherms can be distinguished
in the thermogram: a large one at low temperature, due to
the fusion of PB-1 crystallites of Form II grown upon crys-
tallization from the melt, and a second smaller one, that
reveals the melting of a small portion of Form I crystals,
that have converted from the metastable modification II
during the cooling from Tc to �60 �C and during the DSC
heating scan, as detailed below. The observation of a small
amount of Form I crystals in a PB-1 sample not subjected
to aging is to be ascribed to the presence of some nucleating
agents in the commercial material that have been added to
the formulation in order to accelerate the Form IIeForm I
phase transition.

Two smaller endotherms are recorded also in the reversing
cp curves derived from TMDSC measurements. The maxima
of both endothermic peaks are shifted to slightly lower temper-
atures with respect to the cp,Tot data, indicating some degree of
superheating in the conventional DSC analysis, which arises
from the higher heating rate coupled with the larger sample
mass, as detailed in Section 2. In addition, the relative posi-
tions of the two endotherms in the cp,Tot and cp,Rev plots reveal
that PB-1 crystallites do not improve during the slower
TMDSC beyond the perfection gained during the conventional
DSC analysis.
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The experimental data shown in Fig. 1 allow to determine
the content of the mobile amorphous, rigid amorphous and crys-
talline phases. To obtain quantitative data, precise knowledge of
thermodynamic values of heat of fusion (Dh) and heat capacity
step at Tg (Dcp) is needed. Unfortunately, the exact melting en-
thalpies of the ideal crystals of both modifications I and II of
PB-1 are not known, as the reported data of heat of fusion of
Form I (Dho

I ) vary in a rather wide interval that extends from
110 to 150 J/g, and the corresponding value for the less stable
modification II (Dho

II) ranges from 60 to 110 J/g [34,35]. A crit-
ical analysis of literature data supported by combined DSC and
density measurements on a number of samples with different
crystallinity degrees, detailed in Ref. [35], suggests 141� 10
and 62� 3 J/g as the most probable values for the heat of fusion
of modifications I and II, respectively. These values were used
to calculate the crystal fraction of the isothermally crystallized
samples. Contrary to heat of fusion, precise literature data of
thermodynamic heat capacity of poly(1-butene) are available
and a value of 0.412 J/(g K) is the recommended Dcp step at
Tg in the ATHAS Data Bank, quantified on the basis of three
very close literature reports [33,36].

The heat capacity step at Tg after isothermal crystallization
at Tc¼ 98 �C and cooling accounts for a mobile amorphous
phase content (wA) of 0.191, as illustrated in Fig. 1b, that pres-
ents an enlargement of Fig. 1a. On the same plot, the reversing
cp curves are also shown, in order to provide additional details
on the small exotherm that appears in the DSC plot of Fig. 1b
between �8 and 25 �C. As proven by comparison of the total
and reversing cp plots, this small exothermic event is fully
irreversible, and discloses a latent heat exchange equal to
0.260 J/g. The nature of this transition, whether it arises from
additional crystallization or from a solidesolid phase transition
is not revealed by mere DSC analyses, however, the heat ex-
changed is very small compared to the major thermal events,
being barely distinguishable in Fig. 1a, and its accounting or
neglecting in the calculation provides a rather negligible uncer-
tainty in the estimation of the overall crystallinity. In fact, its
contribution to overall crystallinity amounts to 0.004 in case
it is due to secondary cold crystallization into Form II.

The crystal fraction wC was quantified both from integra-
tion of the exothermic peak evolved during isothermal crystal-
lization and from the endotherms recorded during the heating
scans. A close inspection of the heat-flow rate curve recorded
after permanence at Tc, during the cooling runs to �60 �C, did
not give evidences of further crystallization. Analysis of the
heat evolved during isothermal crystallization at 98 �C
provides wC¼ 0.624. Integration of the melting peaks was per-
formed using the application of the Pyris software that allows
to calculate partial areas of DSC traces. This calculation
method provides reliable data only if the endotherms related
to fusion of the different type of crystals are well separated
and a temperature value at which the intensity of the signal
returns to the baseline value can be identified in the melting
range, as demonstrated by Alfonso et al. [35]. Such a value
can be safely recognized in Fig. 1, as the experimental cp,Tot

curve displays a deep minimum between the two main
endotherms, because of the very small amount of Form I
developed. Integration of the fusion thermograms after proper
separation of the different contributions of the two crystal mod-
ifications, as detailed above, gives wC¼ wcIþwcII¼ 0.630,
where wcI¼ 0.017 is the crystal fraction of Form I and
wcII¼ 0.613 is the crystal fraction of Form II. Accounting for
the small endotherm as a cold crystallization process provides
wC¼ 0.626. The crystalline fraction calculated from the endo-
therms on heating is very close to the wC content determined
form isothermal data. The latter is used for the determination
of the nanophase structure after crystallization at Tc¼ 98 �C
and subsequent cooling. The content of rigid amorphous phase
is quantified by difference using the equation

wCþwAþwRA ¼ 1 ð1Þ

which yields a value of wRA¼ 0.185.
Besides the experimental total and reversing cp, Fig. 1a and

b reports the baseline specific heat capacity, that is the heat nec-
essary to increase the temperature of a sample without changes
in the nanophase structure, estimated from a three-phase model,
as cp¼ wAcp,Aþ (wCþ wRA)cp,C, with wA¼ 0.191, wC¼ 0.624

and wRA¼ 0.185, where cp,A and cp,C are the thermodynamic
specific heat capacities of solid and liquid PB-1, respectively,
as taken from the ATHAS Data Bank [33]. From Tg up to
�8 �C, no difference between the reversing cp and the three-
phase baseline is observed, attesting that the relative composi-
tions of the nanophases remain unchanged in this temperature
range. At higher temperatures the reversing cp is significantly
higher than the three-phase baseline and at approximately
50 �C crosses the baseline calculated from a two-phase model,
as cp¼ (1� wC)cp,Aþ wCcp,C, with wC¼ 0.624. The very close
overlapping of the reversing cp plots, which results independent
of the frequency of modulation, suggests that between�20 and
50 �C no reversing latent heat is exchanged, and that the increase
of the reversing cp is to be ascribed to thermodynamic effects
only. Conversely, above 50 �C the frequency dependence of
the cp,Rev plot reveals the occurrence of thermal processes
involving reversing exchanges of latent heat [25,26]. In these
conditions, the reversing cp data up to 50 �C correspond to the
baseline specific heat capacity. This allows to estimate the
temperature dependence of devitrification of the amorphous
fraction using the equation [29]

wAðTÞ ¼
cp;Rev

�
T
�
� cp;C

�
T
�

cp;A

�
T
�
� cp;C

�
T
� ð2Þ

where cp,C and cp,A are the thermodynamic heat capacities of the
solid and the liquid PB-1, that are collected in the ATHAS Data
Bank [33]. Data were analyzed from above the glass transition
of the MAF, in order to determine by difference the evolution
with temperature of the rigid amorphous fraction. Results of
this analysis, illustrated in Fig. 2, reveal that the RAF of PB-1
starts to gradually mobilize at about 10 �C above the end point
of the Tg of the MAF, and that devitrification of the RAF is com-
pleted at 49 �C. As shown in Fig. 1b, at this temperature the
cp,Rev curves intersect the two-phase baseline, confirming that
above 49 �C all the amorphous materials are liquid. PB-1
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crystals were isothermally grown at Tc¼ 98 �C, far above the
temperature of full devitrification of the RAF. This proves that
the rigid amorphous fraction of PB-1 does not develop simulta-
neously with the crystal phase, but only during the cooling to Tg.

Fig. 3a illustrates the specific heat capacity curves of PB-1
after isothermal crystallization at various temperatures fol-
lowed by cooling to �60 �C. In Fig. 3b, an enlargement of
Fig. 3a, showing plot details around the glass transition of
the MAF, is presented. All the curves, collected after isother-
mal crystallization in the range 80� Tc� 104 �C, reveal the
presence of both crystal modifications I and II. The amount
of modification II increases from wcII¼ 0.537 to 0.642 when
Tc is raised from 80 to 104 �C. Conversely, the fraction of
crystals that have converted into Form I during cooling from
Tc and/or the heating scan is independent of Tc, being
wcI¼ 0.017� 0.002 for all the analyzed Tc range. Hence, the
large increase of the crystal fraction with Tc has to be ascribed
to augmented amounts of crystallites grown in the metastable
modification II. Interestingly, the fusion endotherms of both
Form I and Form II move to higher temperatures with increas-
ing Tc. This reveals that the fraction of crystals that changes
from Form II to Form I, whose amount remains constant
with Tc, has progressively higher thermal stability when crys-
tallization is conducted at high temperatures.

The crystallization temperature affects also the glass transi-
tion behavior of poly(1-butene): the specific cp curves overlap,
within experimental errors, from low temperatures until mobi-
lization of the MAF approaches completion, which occurs at
a temperature that slightly lowers with Tc. As a consequence,
the cp jump at Tg decreases with the crystallization tempera-
ture. Also the shallow and broad exotherm that follows the
glass transition is influenced by crystallization conditions,
resulting more pronounced at high Tc. However, the latent
heat associated to this thermal event is very low, ranging
from 0.166 to 0.313 J/g when Tc is raised from 80 to 104 �C.

The mobile amorphous, rigid amorphous and crystalline frac-
tions after isothermal crystallization and cooling to�60 �C are
presented in Fig. 4 as a function of Tc. As before, wC data
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were obtained from the crystallization exotherms, the MAF
content from the heat capacity step at Tg, and the rigid amor-
phous fraction by difference, using Eq. (1). An increase in
crystallization temperature leads to progressively higher
amounts of crystal phase and in a minor decrease of the mo-
bile amorphous phase. The overall effect is that also the rigid
amorphous fraction diminishes with Tc, with a larger extent
observable at higher crystallization temperatures. The esti-
mated amount of the RAF of PB-1, that ranges from 0.16
to 0.23 for 80� Tc� 104 �C, well compares with that of
the lighter polyolefins, which is around 0.20e0.30 for poly-
ethylene and 0.30 for isotactic polypropylene [17]. Devitrifi-
cation of the RAF, determined with Eq. (2) and the procedure
detailed above, starts from above the Tg of the MAF and is
completed at a temperature that ranges from 48 to 52 �C,
depending on Tc. This reveals a weak influence of the crys-
tallization conditions on mobilization of the RAF. It is worth
noting that the data shown in Fig. 4 are slightly affected by
the crystallization time at Tc, which adds some errors to the
estimation of the three-phase structure of poly(1-butene). For
instance, crystallization of PB-1 at 90 �C is completed within
6 min. An increase of the time of permanence (tc) at
Tc¼ 90 �C from 10 to 60 min, which is in the range of the
crystallization times used, does not change the MAF
(wA¼ 0.207), but leads to progressively slightly higher values
of the crystal fraction, equal to 0.576, 0.581, and 0.582 when
tc¼ 10, 30, and 60 min, which correspond to wRA¼ 0.217,
0.212, and 0.211, respectively. However, these variations are
below those caused by the changes in crystallization temper-
ature illustrated in Fig. 4.

The Tc dependence of the RAF can be explained by assum-
ing that lower crystallization temperatures result in the forma-
tion of thinner lamellae and lower degrees of crystallinity, as
also shown in Fig. 4, which correspond to an increased area
for localization of strained amorphous chain portions [17].
In addition, crystal growth rates are high at low Tcs, which
leads to short time for the adjustment of the crystals into the
locally energetically most favorable states. Internal stresses
are not released during crystal growth, due also to reduced
chain mobility at low temperatures, and concentrate at the
interface between the crystal and the amorphous phases,
resulting in a large rigid amorphous fraction that vitrifies on
cooling. In other words, crystallization at high temperatures
increases crystal perfection, with a reduced coupling between
crystalline and amorphous structures, that causes a decrease
in the amount of RAF and of the local stress at the crystal
surfaces. The latter hypothesis is confirmed, as detailed above,
by the slight increase of the crystal fraction on prolonged an-
nealing at Tc¼ 90 �C, which occurs at the expense of the rigid
amorphous fraction, leaving the amount of mobile amorphous
phase unchanged.

Non-isothermal crystallization data of isotactic poly(1-
butene) are presented in Fig. 5. Fig. 5a shows the heat-flow
rate curves of PB-1 obtained at various cooling rates from
the melt. As expected, with increasing the cooling rate (q),
the crystallization curves shift to lower temperatures: at low
cooling rates there is more time to overcome the nucleation
barrier, so crystallization starts at high temperatures, whereas
at high rates nuclei become active at low temperatures [37].
The shift of the crystallization exotherms with cooling rate al-
lows to extend the Tc range to lower temperatures compared to
the isothermal experiments. The specific heat capacity curves
of PB-1 gained after non-isothermal crystallization at various
rates are illustrated in Fig. 5b and enlarged in Fig. 5c to show
plot details around the baseline cp. Some light enthalpy relax-
ation of the MAF is visible in the curves obtained after
crystallization at low cooling rates, due to the prolonged an-
nealing below Tg. Besides this small enthalpic effect, in the
glass transition area all the curves almost overlap within ex-
perimental errors, indicating that, in the range of the analyzed
crystallization conditions, the cooling rate from the melt has
a very weak influence on the amount of mobile amorphous
phase that vitrifies upon cooling. This is in good agreement
with the data reported in Fig. 4, upon comparison of the Tc

range covered by the isothermal and non-isothermal crystalli-
zation experiments. A variation of the cooling rate from the
melt affects the amount of crystal phase that develops in
PB-1. Low cooling rates favor an increase of the crystal frac-
tion not only of Form II, but also of Form I, due to the pro-
longed permanence at temperatures where the transformation
IIeI occurs at maximum rate.

From the wC and wA data, the amount of rigid amorphous
phase was calculated using Eq. (1). It was found that the
RAF that vitrifies on cooling increases with the scanning
rate, which corresponds to faster crystallization conditions
leading to higher degrees of coupling of the phases, as detailed
above. The temperature at which the RAF achieves complete
mobilization is located at around 50 �C, with some minor in-
fluence of the cooling rate, as seen in Fig. 5c from intersection
of the experimental data with the baseline cp obtained from the
two-phase model. The overall effect of non-isothermal crystal-
lization on the three-phase structure of poly(1-butene) is sum-
marized in Fig. 6. It is interesting to note that, under the
chosen experimental conditions, the crystalline, mobile amor-
phous and rigid amorphous fractions display an almost linear
trend when plotted vs. the logarithm of cooling rate.

Once established that by varying the cooling conditions it is
possible to tailor the nanophase structure of PB-1, a number of
compression-molded samples containing different ratio of
crystalline, mobile amorphous and rigid amorphous phases
were prepared by following different cooling paths from the
melt. A few samples were also annealed to increase the range
of variation of the three nanophases. Before determination of
the mechanical properties, all the samples were stored at
room temperature to allow completion of the Form IIeForm
I phase transition, which was verified by calorimetry and con-
firmed by X-ray diffraction analysis. The tensile stressestrain
behavior of the compression-molded samples was analyzed at
25 �C. Fig. 7 reports Young’s modulus (E ) of PB-1 as a func-
tion of crystal fraction. Some increase of the modulus with
crystallinity can be seen in Fig. 7, however, the experimental
data are rather scattered. Linear fit of the data results in a cor-
relation factor (R) equal to R¼ 0.968, and a standard deviation
(SD) of 0.90. The glass transition of the mobile amorphous
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Table 1

Nanophases’ content at 25 �C in the PB-1 samples used for the tensile stresse

strain analyses

Sample wA wC wRA wR

1 0.240 0.531 0.229 0.760

2 0.312 0.503 0.185 0.688

3 0.352 0.483 0.165 0.648

4 0.294 0.502 0.204 0.706

5 0.264 0.506 0.230 0.736

6 0.248 0.544 0.208 0.752
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phase of PB-1 is located at �28 �C, as detailed above. From
the calorimetric data it was hypothesized that complete devit-
rification of the RAF of PB-1 occurs at around 50 �C. Hence,
at room temperature, where the tensile stressestrain experi-
ments were conducted, the PB-1 samples present a crystalline
phase, a mobile amorphous phase, and a partially vitrified
rigid amorphous phase. It may be reasonable to report the
physical parameters of isotactic poly(1-butene) not only as
a function of crystallinity, but also in terms of an overall rigid
fraction (wR), that comprises both the crystal and the vitrified
rigid amorphous phases (wR¼ wCþ wRA). The overall frac-
tion of amorphous material that is mobilized at T¼ 25 �C is
calculated using Eq. (2). The amounts of the three nanophases
and the overall rigid fraction at T¼ 25 �C in the PB-1 samples
used for the tensile experiments are summarized in Table 1.

The wR dependence of Young’s modulus is presented in
Fig. 8. A much better correlation of the experimental data
can be observed in Fig. 8, compared to the data shown in
Fig. 7, where Young’s modulus is plotted as a function of
the crystal fraction only. This is also probed by the higher
value of the correlation factor R¼ 0.990 of the linear fit, closer
to 1, and by the lower standard deviation of the data
SD¼ 0.51, compared to the plot shown in Fig. 7.

As mentioned in Section 1, mechanical properties of semi-
crystalline polymers are usually described in terms of a two-
phase model, where each phase is assumed to have intrinsic
properties. In an unoriented polymer the phases are randomly
0.65 0.70 0.75

500

550

600

650

R = 0.990
SD = 0.51

E
 
(
M
P
a
)

w
R

Fig. 8. Young’s modulus (E ) at 25 �C of the compression-molded PB-1 sam-

ples plotted as a function of the rigid fraction (wR¼wCþwRA) at 25 �C. The

dashed line is the linear fit of the experimental data. The correlation factor (R)

and the standard deviation (SD) of the linear fit are also displayed.
mixed and differences in the observed properties result from
the relative amounts of the two phases. There are suggestions
in the literature that the elastic modulus is a linear function of
crystallinity, as reported for a number of polymers, like poly-
ethylene, isotactic polypropylene, polystyrene, or nylons, to
cite a few [38e42], although largely scattered E vs. wC data
also appeared in the literature [43]. The monotonic depen-
dence of Young’s modulus with crystallinity is generally
explained by taking into account the much larger modulus
of the crystal phase compared to that of the mobile amorphous
phase, the difference amounting to three decades [42]. How-
ever, from comparison of Figs. 7 and 8, it seems reasonable
to rationalize low strain material properties according to
a three-phase model, by explicitly taking into account the con-
tribution of the rigid amorphous phase. If it is assumed that the
modulus of vitrified RAF is equal to that of the crystal phase,
a linear relationship between Young’s modulus and the rigid
content of the material (wCþ wRA) is expected. The closely
linear trend of the data exhibited in Fig. 8 appears to confirm
this hypothesis.

The elastic modulus of a semicrystalline polymer seems not
determined only by the degree of crystallinity, as also noted in
Ref. [43]. Besides the variations in crystal fraction, differences
in the interlamellar amorphous layers produce corresponding
changes in entanglement concentration, degree of chain span
and number of tie molecules bridging the neighboring crystals.
Hence the response of a solidified polymer to strain needs to
be linked to the role that the amorphous phase plays in trans-
mitting the load to the crystals and accommodating the initial
elastic strain. If the amorphous and crystalline phases are
largely coupled, as occurs in isotactic poly(1-butene), an influ-
ence of the rigid amorphous phase on the material’s mechan-
ical response is expected, due to its localization at the interface
between the two other nanophases.

4. Conclusions

Isothermal and non-isothermal DSC analyses revealed that
isotactic poly(1-butene), similarly to other semicrystalline
polymers, is characterized by a three-phase structure, com-
posed of crystalline, mobile amorphous and rigid amorphous
fractions. The relative amounts of the three nanophases de-
pend on the characteristics of the amorphous layers, which
vary according to the thermal history of the material. Fast
crystallization conditions, attained at low temperatures and/
or high cooling rates from the melt, favor the formation of
large amounts of the RAF, which starts to vitrify only after
completion of crystallization. The amorphous and crystalline
phases in PB-1 are largely coupled, with points of coupling ly-
ing on the boundary between the phases. These act as nano-
scopic stress transfer, with remarkable effects on mechanical
properties of the material. Hence, for a complete description
of the mechanical behavior, it is necessary to account for the
role played by all the three nanophases. This is expected to
hold not only for isotactic poly(1-butene), but also for other
semicrystalline polymers containing considerable amounts of
rigid amorphous phase.
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