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ABSTRACT: The influence of annealing temperature on
the kinetics of polymorphic changes and mechanical prop-
erties within the time in isotactic poly(1-butene) (PB-1) has
been investigated by wide-angle X-ray scattering and tensile
testing. Extruded tapes of PB-1 have been exposed to sev-
eral annealing temperatures: �22, þ5, þ22, þ40 and þ60�C.
The evolution of content of Phase I for various annealing
temperatures upon time shows predominantly S-shaped

trend. Annealing temperature considerably affects the over-
all rate of transformation in PB-1. On the other hand, the
resulting mechanical properties are solely controlled by the
polymorphic composition. VC 2011 Wiley Periodicals, Inc. J Appl
Polym Sci 124: 3407–3412, 2012
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INTRODUCTION

Isotactic poly(1-butene) (PB-1) is one of the mem-
bers of the polyolefin family which exhibits advan-
tages over the other polymers. From the applica-
tion point of view the outstanding resistance to
creep is of crucial importance. PB-1 is polymorphic
material occurring in five crystallographic modifica-
tions. The modifications I, I0 and II, II0 can be
prepared by the crystallization from the melt while
the modification III is formed during solution
crystallization.1–6

Phase transformation is the most important phe-
nomenon—upon solidification from the melt PB-1
crystallizes into phase II which is kinetically favored.
The structure in this state is loosely packed and the

resulting density (0.907 g/cm3) is only slightly
higher than in the case of amorphous region (0.868
g/cm3).7 The resulting material is rather ductile and
mechanically weak. However, this phase is metasta-
ble and transforms slowly into a denser (0.950
g/cm3) and more stable phase I, which is thermody-
namically favored.5,8 As a result of this transforma-
tion PB-1 become to be a stiff material and satisfies
application properties.9–11

The kinetics of this phase transformation is known
to be influenced by pressure,12 mechanical loading,13

temperature,14 and addition of comonomers in the
structure.15–17 Nakafuku and Miyaki12 reported that
crystallization of PB-1 melt under high pressure pro-
duces stable phase I0, which shows the same X-ray
diffraction pattern as phase I but has much lower
melting temperature (96 vs. 130�C) at atmospheric
pressure. Above 200 MPa, phase I0 and phase II0 are
crystallized from the melt. Phase II0 shows the same
X-ray diffraction pattern as phase II, but lower melt-
ing temperature than phase II. Phase II0 is metastable
at atmospheric pressure and transforms to phase I0

on standing at room temperature.14 Fujiwara18 inves-
tigated the transformation of oriented phase II speci-
mens and found that the ‘‘untwinned’’ phase I0

appears by applying shear stress; the orientation of
phase I changed according to the relative direction
of the stress.
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Nevertheless, significant delay in commercializa-
tion of PB-1 is caused by two principal reasons:

(i) The kinetics of phase transformation is slow
and temperature sensitive. At room tempera-
ture, the total transformation from phase II to
I is finished within a week. However, shifting
of annealing temperature in both directions
leads to even slower transformation rate.5

(ii) The answer to the question how the transfor-
mation in supermolecular structure is
reflected by the changes in macroscopic prop-
erties is industrially crucial but still missing.

Present article brings evidence and explains the
effect of annealing temperature on kinetics of both
phase transformation and evolution of mechanical
properties in PB-1 parts. In our best knowledge, the
interrelations between the changes of supermolecu-
lar structure and macroscopic tensile properties of
PB-1 are jointly discussed for the first time here.
Extruded tapes of PB-1 have been exposed to several
annealing temperatures. The evaluation of changes
in supermolecular structure and mechanical proper-
ties within the time has been performed by wide-
angle X-ray scattering (WAXS) and tensile testing.

EXPERIMENTAL PART

Material

Isotactic PB-1 PB 0300M produced by LyondellBa-
sell, Louvain la Neuve, Belgium was used. Accord-
ing to producer information, PB 0300M is a semi-
crystalline homopolymer with balanced resistance to
creep and environmental stress crack and perform-
ance at elevated temperature. The basic properties
are following: density 0.915 g/cm3—ISO 1183, melt
flow index 4 g/10 min—ISO 1133 (190�C/2.16 kg).

Extrusion

The material was extruded using a Brabender Plasti-
Corder PLE 651 single-screw extruder, the process-
ing conditions were following: compression ratio of
the screw 1 : 4; screw speed 20 rpm; barrel tempera-
tures 135, 140, 145, 150�C; extrusion slit die with
profile 2 � 20 mm2 with temperature 150�C. The
processed tapes were cut off to the pieces with
length 140 mm.

Annealing

The prepared specimens were immediately after
processing annealed at free stress state at various
temperatures: �22, þ5, þ22, þ40, and þ60�C at
atmospheric pressure. The temperatures were chosen

with respect to utilization of PB-1, which can be
used for tanks, hose, tubing, molded parts, films,
etc. at various temperatures. Heating and cooling
chambers with precisely controlled temperature
were employed for annealing. Upon given annealing
time within interval 0–64 days the specimens were
immediately subjected to analysis of structure and
properties.

Wide-angle X-ray scattering

A URD6 diffractometer CuKa radiation monochrom-
atized with a Ni filter (k ¼ 0.154 nm) was employed
for evaluation of phase transformation. Measure-
ments were performed in transmission mode, dif-
fraction angle interval 2y ¼ 7�–25�, step of 0.05� and
holding time of 5 s were used.
Tetragonal phase II of PB-1 gives the reflections at

11.9�, 16.9�, and 18.4� 2y, corresponding to the (200),
(220), and (301) planes. On the other hand, hexago-
nal phase I is characterized by four diffraction peaks
at 9.9�, 17.3�, 20.2�, and 20.5� 2y, originated by the
(110), (300), (220), and (211) planes.19 Phase transfor-
mation is unambiguously demonstrated by the
changes of reflection intensities at 9.9� 2y (110, phase
I) and 11.9� 2y (200, phase II). Therefore, the extent
of phase transformation can be calculated.20–23

TI ¼ II=ðII þ IIIÞ (1)

where TI is content of phase I and II and III are
intensities of the reflections at 9.9� and 11.9� 2y. The
intensities of the reflection peaks have been obtained
by the integration of peak areas after the subtraction
of amorphous halo.

Tensile testing

A Zwick 145665 multipurpose tester was used for
the tensile testing of extruded tapes with a gauge
length of 80 mm. The specimens were strained at
room temperature up to break at a test speed of 100
mm/min. From the stress–strain traces, strength at
break and elongation at break were derived. Besides,
the elastic modulus was evaluated using a Zwick
external extensometer (gauge length of 20 mm) at a
test speed of 1 mm/min. Five specimens were tested
and average values are reported.

RESULTS AND DISCUSSION

The evolution of polymorphic structure in PB-1
specimens exposed to �22, þ5, þ22, þ40, and þ60�C
has been characterized by WAXS as can be seen in
Figure 1. The crystallinity in all the samples was
~85% and does not significantly vary upon annealing
which is in agreement with study of Azzurri et al.24
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Journal of Applied Polymer Science DOI 10.1002/app



Similarly, no broad changes of orientation were
observed and the samples kept the shape during
annealing.

Phase transformation is followed by the changes
in intensities of individual reflection peaks. The
content of phase I has been evaluated in accordance
with eq. (1) and the data are represented in Figure 2
(up) as a function of time. As can be seen, annealing
temperature has significant effect on the transforma-
tion rate. On the basis of previous studies, the crys-
tal–crystal transformation in PB-1 is a process con-
sisting of two common steps, nucleation and
growth.10,25,26 Many studies10,18,25–28 agreed that the
nucleation controls the overall transformation rate,
in particular. As a consequence, the dependence of
content of phase I on annealing (i.e., transformation)
time shows typical S-shaped curve. In Figure 2, the
evolution of content of phase I follows S-shaped
trend in the cases of annealing temperatures of �22,
þ5, þ22, and þ40�C. The transformation rate
decreases in following order of annealing tempera-
tures: þ5, þ22, þ40, and �22�C. This sensitivity of
transformation kinetics to temperature is in agree-
ment with previous studies.5,25 However, at temper-
ature of þ60�C the content of phase I is virtually lin-
ear-dependent within observed annealing time. At
the same time, it should be noted that the observed
transformation reached only low values, therefore
one can expect following S-shaped evolution upon
prolonged time.
Although, the transformation of phase II to I has

been extensively studied and explained, its impact
on final properties of PB-1 has not been fully
described. Present study gives in direct relation the

Figure 1 WAXS patterns for various annealing tempera-
tures upon time.

Figure 2 Evolution of the phase I content (up) and tensile
modulus (down) for various annealing temperatures upon
time.
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content of phase I and tensile properties. The evolu-
tion of tensile modulus at given annealing tempera-
tures is illustrated in Figure 2 (down). Similarly to
the content of phase I, tensile modulus is a growing
function of annealing time. This significant improve-
ment of stiffness reflects the changes in thermody-
namic stability of the material arising from phase
transformation. Figure 3 shows elongation and
strength at break in tensile mode as a function of
annealing time. On the contrary to the tensile modu-
lus, the values of elongation and strength at break
decrease upon annealing. Indeed, the increasing
thermodynamic stability of the material upon phase
transformation leads to limitation of plastic rear-
rangement as a response to mechanical loading.
Consequently, the material with prevailing phase I
cannot be dramatically oriented by cold drawing
and the values of both elongation and strength at

break are lower compared to ductile material full of
phase II.
From comparison of Figures 2 and 3, one can sug-

gest that the mechanical properties of PB-1 are
directly controlled by the polymorphic composition.
Even by naked eye, a similar trend in evolution of
content of phase I and tensile modulus can be seen.
However, this simple comparison cannot be applied
for the strength and elongation at break. Therefore,
the normalization of values of observed characteris-
tics was performed. For normalization of increasing
functions (content of phase I and tensile modulus)
following equation was given:

Xnorm ¼ X � Xmin

Xmax � Xmin
(2)

and for decreasing functions (tensile elongation and
strength at break):

Xnorm ¼ Xmax � X

Xmax � Xmin
(3)

where Xnorm is a normalized property, X is a value
at given time, Xmin is a minimal value, and Xmax is a
maximal value of property. In Table I, Xmin and
Xmax for given characteristics are summarized. Fig-
ure 4 shows the evolution of normalized phase I
content and mechanical properties of specimens
annealed at various temperatures upon time. It can
be clearly seen that the normalized curves of the
phase I content fairly fit with those of tensile modu-
lus, elongation and strength at break. This compari-
son proves that the direct interrelation between the
phase composition and mechanical properties exists.
As a consequence of the demonstrated direct sen-

sitivity of mechanical properties to phase composi-
tion of PB-1, the measured data were statistically an-
alyzed to describe the transformation phenomenon
numerically. Figure 5 displays tensile modulus, elon-
gation and strength at break as a function of content
of phase I. It is evident that the mechanical proper-
ties are linear-dependent on phase composition, as
was proved by linear regression; in all the cases, the

Figure 3 Evolution of tensile elongation at break (up)
and strength at break (down) for various annealing tem-
peratures upon time.

TABLE I
Parameters of PB-1 Samples

T (�C) WImax (%) WImin (%) Emax (MPa) Emin (MPa) emax (%) emin (%) rmax (MPa) rmin (MPa)

�22 84.0 0 493 150 427 261 32.7 21.9
þ5 89.5 0 564 150 417 252 31.0 20.4

þ22 88.0 0 520 150 417 241 31.0 21.7
þ40 79.2 0 445 150 417 283 31.9 22.6
þ60 34.0 0 295 150 420 334 32.7 25.6

T, annealing temperature; WImax, maximal content of phase I; WImin; minimal content of phase I; Emax, maximal tensile
modulus; Emin, minimal tensile modulus; emax, maximal elongation at break; emin, minimal elongation at break; rmax, maxi-
mal strength at break; rmin, minimal strength at break.
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correlation coefficient is higher than 0.80, moreover
for tensile modulus it is even higher than 0.97. Gen-
erally, lower coefficient of tensile strength and elon-
gation at break can be expected because the values
refer to the structure arising from a broad inhomo-
geneous rearrangement of original morphology dur-
ing the tensile testing.

It is interesting to compare linear fits of mechani-
cal properties as a function of phase I content for
various annealing temperatures. In this context, the
differences between the slopes of individual linear
fits of the data at given temperatures were analyzed
by the T-test. It was found that no significant vari-
ability between the slopes can be observed at a sig-
nificance level of 0.05. This result leads to particu-
larly important conclusions: (i) The kinetics of phase
transformation performed at various annealing tem-
peratures was proved to be insignificant for the ten-
sile properties, therefore, (ii) the unique parameter
which controls the mechanical properties is the
phase composition of PB-1.

CONCLUSION

The experimental study has shown that the anneal-
ing temperature has significant effect on the kinetics
of phase transformation in PB-1. Generally, the evo-
lution of content of phase I upon annealing at a
given temperature follows S-shaped trend reflecting

Figure 4 Evolution of normalized properties for various
annealing temperatures upon time.

Figure 5 Dependence of tensile properties on content of
phase I.

EFFECT OF ANNEALING TEMPERATURE ON PB-1 3411

Journal of Applied Polymer Science DOI 10.1002/app



complex process of both the nucleation and growth.
It was clearly demonstrated that the mechanical
properties are directly controlled by the polymorphic
composition; normalized curves of tensile modulus,
elongation and strength at break as a function of
annealing time fairly fit with that of content of phase
I. From practical point of view it is important to
highlight that the annealing temperature affects the
overall rate of polymorphic changes in processed
PB-1 but the resulting properties are controlled
solely by the extent of this transformation.
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