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The crystallization behavior of isotactic polypropylene containing a p-phase nucleating
agent has been investigated, focusing on evaluation of the effects of cooling rate and/or
supercooling of the melt on the generation of different polymorphs. It has been found that
B-crystals only form on cooling the melt at rates lower than about 50 K's * while cooling at
rates between 50 and 300 K s ! leads to formation of a-crystals; even faster cooling is con-
nected with mesophase formation or vitrification of the entire melt. Fast scanning chip cal-

Keyw"fds‘ orimetry revealed different mechanisms of nucleation at low and high supercooling. [n
Isotactic polypropylene y . R

o comparison to non-nucleated iPP the presence of the p-phase nucleating agent only affects
Crystallization . L . . . K R
Nucleation the crystallization kinetics at low supercooling, supporting the idea that ordering at high
Polymorphism supercooling is governed by homogeneous nucleation. p-crystals, formed initially on slow

cooling, melt below about 420 K on slow heating, followed by formation of few o-crystals
on continuation of heating. The mesophase initially formed on fast cooling and aging at
ambient temperature, in contrast, re-crystallizes directly into a-structure. The results of
the present work provide comprehensive information about the condition of formation
and the stability of different polymorphs in isotactic polypropylene containing a p-phase
nucleating agent.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

The crystalline phase in semicrystalline isotactic poly-
propylene (iPP) may adopt different structures and mor-
phologies depending on the condition of crystallization
[1-3]. Slow cooling of the melt at rates lower than about
102K s !, or isothermal crystallization at temperatures
higher than about 330K typically leads to formation of
the thermodynamically stable monoclinic a-form [4,5].
The formation of o-crystals from the supercooled quies-
cent melt proceeds via spherulitic growth of lamellae.
Due to lamellar branching, radially and tangentially ori-
ented lamellae are observed, with their ratio depending
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on the crystallization temperature [4-9]. Cooling the melt
at rates faster than 102 Ks~! to temperatures between the
glass transition temperature of 270 K and 330 K, results in
formation of a mesophase [4,5] which has been described
as a conformationally disordered glass [10,11]. The meso-
phase is of non-lamellar morphology [12-14], and converts
on heating to a-crystals with the initial non-spherulitic
superstructure and particle-like habit of the mesophase
preserved [15-20].

The p-structure of pseudo-hexagonal symmetry may be
observed at special conditions of crystallization including
crystallization in a temperature gradient, or crystallization
of oriented melt [1,7,21-25]. The growth rate of B-crystals
is higher than that of o-crystals in a wide temperature
range between 378 and 414 K [8], which has been attrib-
uted to a lower surface free energy penalty on addition of
molecular stems at the 110 growth face of the B-crystals,
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that is, to presence of favorable secondary nucleation sites
[26,27]. However, since the rate of primary nucleation of
the B-phase is lower than that of a-crystals, semicrystalline
iPP containing B-crystals typically cannot be obtained
without addition of special heterogeneous p-phase nucle-
ators [28-30]. The B-phase exhibits a trigonal unit cell
[31], and forms negatively birefringent radial or banded
spherulites on crystallization from the quiescent melt [7];
the structure development and lamellar arrangement has
been demonstrated in detail elsewhere [21]. The B-phase
exhibits a unique melting behavior such if cooled below
a critical temperature of about 375 K it re-crystallizes into
the a-form during heating. The re-crystallization to o-crys-
tals does not occur in samples which were not cooled be-
low this critical temperature and the B-crystals melt
separately; this phenomenon has been named “melting
memory effect” [32].

From application point-of-view, iPP containing p-crys-
tals exhibits a lower modulus of elasticity, a lower yield
stress, and a higher ductility than iPP containing o-crys-
tals; furthermore, the impact strength and toughness are
higher [33-38]. It has been shown that a variation of the
processing conditions affects both the formation of the p-
modification and the related mechanical performance of
iPP [39], however without a detailed investigation of the
involved thermal history.

Finally, the y-structure develops in low molar mass
fractions of polydisperse iPP, in random copolymers with
shortened isotactic sequences, or in presence of high pres-
sure. The y-phase is of orthorhombic symmetry, and typi-
cally forms in conjunction with the «-phase, being mixed
within spherulites. Since «- and y-crystallization leads to
simultaneous occurrence of radially and tangentially
aligned lamellae within spherulites, the net birefringence
of spherulites is lower than that of p-spherulites, permit-
ting straightforward identification of the latter by polariz-
ing optical microscopy [2,3,40-42].

With the present work we attempt to shed further light
onto the crystallization behavior of iPP containing a B-
nucleator. As far as we are aware, systematic studies of
the effect of cooling rate and supercooling of the melt on
the crystallization process including generation of different
polymorphs and the kinetics of crystallization have not
been performed yet. For non-nucleated iPP it is known that
a-crystals form via heterogeneous nucleation at tempera-
tures higher than about 330 K while at lower temperatures
a mesophase develops via homogeneous nucleation, or via
heterogeneous nucleation but at different sites than are ac-
tive at higher temperatures. The research object of identi-
fication of different nucleation mechanisms in
crystallizable materials and in particular polymers has
been discussed in detail at the 12th Lihnwitzseminar enti-
tled “Interplay between Nucleation, Crystallization, and
the Glass Transition”, however, without having achieved
a unanimous opinion whether homogeneous nucleation
in crystallizable polymer is detectable, or not [43]. The
minimum half-times of crystallization and mesophase for-
mation of about 0.2 and 0.05 s [44,45] are observed at tem-
peratures of about 340 and 300 K, respectively, leading to a
bimodal dependence of the crystallization rate versus
temperature [44-47]. It is emphasized that mesophase

formation at temperatures close to the glass transition
temperature is faster than crystallization due to increased
primary nucleation rate but not due to increased growth
rate. With the assumption that mesophase formation of
iPP at temperatures lower than 330 K occurs via homoge-
nous nucleation, the addition of a heterogeneous nucleator
is expected to affect only the slower crystallization kinetics
at higher temperature.

Analysis of the crystallization behavior of nucleated
iPP in a wide range of different crystallization conditions
including different supercooling and rates of cooling is as-
sumed to provide valuable information about generation
of different polymorphs. The efficiency of heterogeneous
nucleators, which in the context of the present study is
considered as the capability of a nucleating agent to pro-
mote crystallization of a specific crystal form, depends on
the temperature dependencies of both the crystal form in-
tended to generate by the addition of the nucleating
agent, and the crystal form to be replaced. In the particu-
lar case of intended formation of p-crystals in iPP, solidi-
fication of the supercooled melt must occur at
temperatures at which o-crystal nucleation and crystal
growth is slower than in case of the p-form. It will be
shown that B-crystals, o-crystals and mesophase may
form as a function of the conditions of solidification in
p-nucleated iPP, which implies that the efficiency of the
used nucleating agent to produce measurable amount of
B-phase is limited to certain conditions.

Finally, in this work we investigated the stability and
the reorganization behavior of the different polymorphs
of B-nucleator containing iPP, with the different poly-
morphs developed by variation of the condition of melt
solidification. It is expected, based on earlier reports, that
B-crystals reorganize to o-structure [22,32,48] and that
a-crystals evident at ambient temperature increase their
stability without changing the crystal structure on slow
heating. The reorganization behavior of the mesophase of
iPP containing a B-nucleator, in contrast, has not been
studied yet. In non-nucleated iPP, the mesophase trans-
forms to a-crystals on slow heating, starting at about
350K [11,15-17]. It has been suggested that the meso-
phase-a-crystal transition proceeds by removal of confor-
mational defects/helix reversals at local scale within
existing domains, and without prior complete disorder-
ing/isotropization of the mesophase [20]. The enthalpy of
the mesophase-o-crystal transition is rather low [49,50],
which implies that the mesophase seemingly can be con-
sidered as a precursor for a-crystal formation. We assume
that the presence of B-nucleator in semimesomorphic iPP,
that is, in iPP containing mesophase besides amorphous
phase, does not affect the mesophase-o-crystal transition
on slow heating, which however, we intended to prove
within the present work. Fast heating, in contrast, would
lead to complete disordering of the mesophase at around
350K [51], and then B-crystals may form on annealing
the supercooled melt.

Summarizing the scope of this work, we intend to
provide new information about the nucleation efficiency
of y-quinacridone as a widely used nucleator to obtain
B-crystals in iPP [28-30,52,53]. In an extension of earlier
work, we focus on analysis of the crystallization behavior
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of B-nucleated iPP at rapid cooling conditions, and at high
supercooling, that is, at conditions, which cannot be emu-
lated using standard differential scanning calorimetry
(DSC), and which are valid on melt processing. As such
we employed, among others, the novel technique of fast
scanning chip calorimetry (FSC), with the particular instru-
ment used allowing cooling at rates up to 2000 Ks~!, and
monitoring/quantification of isothermal crystallization/
ordering processes even at temperatures of fastest growth
rate, that is, of transitions which are completed within few
hundreds of a second. In addition, wide-angle X-ray scat-
tering was used to gain information about the specific
polymorphs forming as a result of a specific cooling his-
tory, using samples which were prepared in a special
quenching device. The reorganization behavior of the
various polymorphs generated by variation of the cooling
history, finally, was analyzed by temperature-resolved
wide-angle X-ray scattering.

2. Experimental section
2.1. Material and preparation

In the present work we employed a commercial B-
nucleated iPP grade BE60 of Borealis AG (Austria) which
has been studied before in comparison to a non-nucleated
grade [54]. The material is based on a Ziegler-Natta type
iPP with a weight average molar mass of 1070 kDa and a
polydispersity of 6.5, containing y-quinacridone as -phase
nucleating agent at a concentration of less than 100 ppm;
the effect of the catalyst system on the crystallization
behavior of iPP is reported in detail elsewhere [55]. The
material was received in form of pellets, and was in a first
step compression-molded to films with a thickness of
100 pum using a Perkin Elmer hydraulic press in combina-
tion with a Lot-Oriel/Specac film maker die and heating
accessory. Further preparation steps to fit the require-
ments of the analytical tools used in this work are de-
scribed below on description of the instrumentation.

2.2. Instrumentation

2.2.1. Quenching device

Films of different cooling history were prepared using a
home-made device for fast film cooling. A chromel-alumel
p-thermocouple from Omega with a wire diameter of
50 um was placed between two of the initially compres-
sion-molded films and connected to a data acquisition sys-
tem to obtain the sample temperature at a sampling rate of
20 Hz during the cooling step. The 200 pm thick films with
the embedded thermocouple were positioned between
two copper plates with a thickness and area of 300 pm
and 30 x 35 mm?, respectively, and fixed by two spring
clips. The sandwich was inserted into a custom-made tube
oven (Horst GmbH, Germany) which was pre-heated to a
temperature of 493 K, and then rapidly transferred into dif-
ferent cooling media. In this work we used ice water, liquid
nitrogen, cold air in a partially filled liquid nitrogen Dewar
vessel, and air. The use of ice water allowed cooling at 180
and 155Ks~! with the different values obtained due

slightly different film thickness. The use of liquid nitrogen,
cold air above liquid nitrogen, and air led to cooling rates of
54, 3 and 0.4 Ks!, respectively. By decreasing the thick-
ness of the polymer film from 200 to 100 pm, and replac-
ing the copper plates by thin aluminum foils, a cooling
rate of 1400 K s~! was achieved on quenching in ice water.
Note that the sample temperature decreases non-linearly
to the target temperature of the specific cooling medium
as a function of time which implies that the cooling rate
is a function of temperature. The above reported cooling
rates are valid at a temperature of 343 K, based on a sug-
gestion in the literature considering that the temperature
of maximum crystallization rate of iPP is around 343 K
[56]. The films of different cooling history were subse-
quently analyzed by wide-angle X-ray scattering (WAXS),
to get information about the crystal structure, and their
stability/reorganization behavior upon heating.

2.2.2. Wide-angle X-ray scattering (WAXS)

We employed a Seifert-FPM URD 63 diffractometer,
operated in transmission mode. The wavelength of the
X-rays was 0.15418 nm, and the scattered intensity was
recorded using a scintillation counter. Further, tempera-
ture-resolved X-ray experiments were performed at the
A2 SAXS/WAXS beamline at Hasylab/DESY (Germany),
using monochromatic X-rays with a wavelength of
0.15nm and a sample-detector distance of 140 mm; for
detection of scattering data we employed two-dimensional
MarCCD165 detector. Several layers of the polymer film of
defined cooling history were wrapped into aluminum foil,
and inserted into a temperature-controlled sample holder
such that the normal of the sample was oriented parallel
to the beam with a size of about 2 mm (vertical direc-
tion) x 3 mm (horizontal direction). Samples of different
cooling history, initially at room temperature containing
B-crystals, a-crystals, or mesophase were heated in vac-
uum atmosphere to 453 K at a rate of 5 Kmin~' while
acquiring X-ray frames each 30 s.

2.2.3. Differential scanning calorimetry (DSC)

DSC experiments were performed to measure tempera-
tures of crystallization on slow cooling the relaxed melt at
rates between 1 and 20 K min~"!. Heat-flow rate data were
collected using a heat-flux DSC 820 from Mettler-Toledo,
equipped with the liquid nitrogen accessory for controlled
cooling. The sample mass was about 2.5 mg, and for encap-
sulation we used the small 20 pL aluminum pans from
Mettler Toledo. The furnace of the DSC was purged with
nitrogen gas at a flow rate of 80 mL min~!, as recom-
mended by the instrument provider. The instrument was
calibrated as described in text books [57], using indium
and zinc as calibration standards.

2.2.4. Fast scanning chip calorimetry (FSC)

FSC experiments were performed to get information
about the kinetics of crystallization of iPP containing B-
phase nucleating agent. The crystallization temperature
was measured in non-isothermal experiments at cooling
rates between 2 x 10% and 2 x 10® K s~!. Prior to cooling,
a relaxed melt was obtained by heating to 493 K and
isothermal holding for a period of 0.1 s. The effect of the
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equilibration time of the melt had been checked by analy-
sis of the crystallization temperature on cooling at
10Ks™!, after relaxation the melt for 0.1, 0.5, 60 and
180 s. Variation of the melt-residence time did not affect
the crystallization temperature. Isothermal crystallization
experiments were performed in a wide temperature range
between 283 and 373 K, to obtain characteristic times of
crystallization/ordering. The sample was cooled at high
rate of 2 x 10> Ks~! to the temperature of analysis, to en-
sure presence of non-ordered supercooled melt at the
beginning of the isothermal segment. Note that the various
isothermal crystallization/ordering experiments at differ-
ent temperature were performed in a single measurement.
After isothermal crystallization/ordering at 283 K, the sam-
ple was cooled to 233 K and re-heated to 493 K at a rate of
10K s~ !, before renewing of equilibration the melt and
approaching the next crystallization/ordering segment at
10 K higher temperature. Variation of the sequence of dif-
ferent crystallization temperatures did not affect the
results.

We used a Flash DSC 1 from Mettler-Toledo in conjunc-
tion with a Huber intercooler TC45. The preparation of
specimens included cutting of thin sections with a thick-
ness of 10-15 um from the as-received pellet, followed
by decreasing the lateral size of the thin section to about
100 pm. Before the specimen was loaded into the calorim-
eter, a thin layer of silicon oil was spread on the membrane
of the sample calorimeter, in order to improve the thermal
contact to the sample. Furthermore, the sensor was sub-
jected to a conditioning procedure by multiple heating
and cooling cycles, and a temperature-correction of the
factory pre-calibrated sensor considering the specific ther-
mal environment like gas flow or heat-sink temperature,
using a temperature-time program predefined by the
instrument provider. The furnace was purged with dry
nitrogen gas at a flow rate of 30 mL min~! to warrant
reproducible heat-loss conditions, and to avoid thermal-
oxidative degradation of the sample and icing on cold
instrument parts. Estimation of the sample mass has been
done by comparison of measured, absolute heat capacities
with specific values available in the ATHAS data base [58],
using data measured at temperatures higher than the
melting temperature. Further instrument information is
reported in the literature [59,60].

3. Results and discussion

3.1. Effect of cooling history on X-ray structure of iPP
containing p-phase nucleating agent

For evaluating the effect of cooling rate on the WAXS
structure of samples of iPP containing p-nucleating agent,
the isotropic melt was quenched in different media/cooling
agents, as described in Section 2. Fig. 1 shows WAXS data
obtained on the various samples of different cooling his-
tory, with the effective cooling rate at 343 K indicated at
the right-hand side of each curve. Slow cooling at 0.4, 3,
and 58 K s~ led to formation of p-crystals, as is recognized
with the strong peaks at 16.0 and 21.1 deg 26. These sam-
ples do not contain a-crystals since their characteristic

mesophase

M s
u-phase‘J\J\W
180

Intensity

I I I I L
10 15 20 25 30

Scattering angle 20 (deg)

Fig. 1. WAXS diagrams obtained on samples of iPP containing p-phase
nucleating agent. The isotropic melt was cooled at different rates as is
indicated at the right-hand side of each curve.

peaks are not detected. If the cooling rate is increased to
155 K s~ ! then both a- and p-crystals were formed on cool-
ing the melt. The presence of B-crystals in this preparation
is indicated with the scattering peak at 16.0 deg 26, while
co-existence of a-crystals is evidenced with the peaks at
14.1, 16.9, 18.6, and 21.2/21.8 deg 20. Approximately 1/3
of the total crystal fraction in this sample is B-phase, as it
was calculated based on a suggestion by Turner Jones
et al. [2]. Further increase of the cooling rate to 180 Ks™!
almost completely suppresses the formation of pB-crystals,
that is, the sample mainly contains a-crystals. Obviously,
the p-phase nucleating agent is not effective when cooling
the melt at rates faster than about 200 K s~!, and the mate-
rial crystallizes as without the special p-phase nucleating
agent. From prior work about the crystallization behavior
of non-nucleated iPP it is known that o-crystals cannot
form when cooling faster than a few hundred Ks—!
[4,5,11,56]. Instead, a mesophase forms at high supercool-
ing which is confirmed with the quenching experiment
using a rate of cooling of 1400 Ks™!. Note that quenching
the melt at this rate to a temperature below the glass tran-
sition temperature of about 260-270K leads to its com-
plete vitrification. Subsequent heating of the glass to
ambient temperature, that is, to a temperature above the
glass transition, however, immediately leads to ordering
and formation of the mesophase.

Summarizing the WAXS analysis of samples of iPP con-
taining y-quinacridone as B-phase nucleating agent cooled
at largely different rates between 0.4 and 1400 Ks™!, we
conclude that the nucleating agent is only efficient though
not necessarily inactive on cooling at rates lower than
about 100 Ks™!, Note again that on fast cooling the nucle-
ating agent may still be active; however, due to the low
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growth rate of the B-phase with respect to that of the o-
phase, in combination with the rather short residence time
of the system in the temperature range between about 370
and 410K, the B-phase may just become invisible due to its
low fraction. If the cooling rate exceeds about 100 Ks™!
then B-crystal formation is replaced by formation of o-
crystals. We assume, however, that a-crystals on cooling
form only in a narrow cooling-rate range of few hundred
Ks~! since even faster cooling leads to suppression of
crystallization.

3.2. Non-isothermal fast scanning chip calorimetry

Fig. 2 shows FSC heat-flow rate data as a function of
temperature recorded on cooling iPP containing B-phase
nucleating agent at different rate, with the cooling rate
indicated at the right-hand side of each curve. We investi-
gated a total of four different samples of largely different
sample mass between 90 and 685 ng; the curves shown
in Fig. 2 were obtained on a sample with a mass of 90 ng
and can be considered as representative. A single crystalli-
zation event is detected on cooling at rates between 2 and
100K s~ L. The crystallization temperature is about 390 K
on cooling at 2 K s~ ! and decreases to about 360 K on cool-
ing at 100 K s, Based on the knowledge gained from the
X-ray data shown in Fig. 1, we assume that cooling at rates
between 2 and 100Ks ! resulted in formation of B-
crystals.

Further increase of the cooling rate is connected with a
change of the peak form in the FSC cooling curves. In par-
ticular on cooling at 200 and 400K s~ ! the crystallization
process seems to consist of two different events since the
exothermic peak is not only broadened toward lower tem-
perature but also shows a distinct shoulder at the high-
temperature side. With the red and gray dotted curves is
indicated that the overall peak may be de-convoluted to
reveal formation of B- and wo-crystals, respectively. The
interpretation of FSC curves recorded on cooling at rates
of few hundred K s~ is based on the observation of co-for-
mation of o- and B-crystals after ballistic cooling at a rate
of 155 Ks™! at 343 K (see Fig, 1). The minor mismatch of
observation of co-formation of o- and B-crystals at a rate
of 155Ks™! at 343K in the quenching experiment of
Fig. 1, and at rates equal or faster 200 Ks~! in the FSC
experiment of Fig. 2, likely, is related to ballistic and linear
cooling, respectively; in the quenching experiment to ob-
tain films for X-ray analysis, the cooling rate at the crystal-
lization temperature of 360 K is around 200 K s~ as in FSC
analysis.

Further increase of the cooling rate to 600 and
1000 K s~ ! leads to a distinct decrease of the observed en-
thalpy of transition, and further extension/broadening of
the crystallization/ordering process to lower temperature.
Samples cooled at rates faster than 600Ks! to below
the glass transition temperature, eventually are nearly
fully amorphous. This result, however, is not in contrast
with the observation of rather large amount of mesophase
after quenching at 1400 Ks~' and annealing at ambient
temperature; annealing at ambient temperature leads to
conversion of amorphous structure to mesophase.

Heat-flow rate

100

20

300 350 400
Temperature (K)

Fig. 2. FSC curves, heat-flow rate as a function of temperature, obtained
on cooling a sample of iPP containing B-phase nucleating agent at
different rates. The cooling rate is indicated at the right-hand side of each
curve. Red color is used to indicate the range of cooling rates leading to
formation of p-crystals. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)
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Fig. 3. Peak-temperature (top) and enthalpy of crystallization (bottom) of
iPP containing B-phase nucleating agent as a function of the cooling rate.
Red color is used to indicate the range of cooling rates leading to
formation of p-crystals while gray colored data points indicate formation
of w-crystals. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

The cooling curves of Fig. 2 were analyzed quantitatively
with regard to the peak-temperature and enthalpy of
crystallization/ordering. Fig. 3 shows in the top part the
peak-temperature and in the bottom part the enthalpy of
crystallization/ordering, both as a function of cooling rate.
In addition to data obtained by FSC on cooling at rates
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between 2 and 1000 K s, DSC data collected on cooling be-
tween 0.0167 and 0.3 K s~ are also included, Color-coding
of data points is in accord with the X-rays scans of Fig. 1;
red colored data points refer to formation of B-phase and
gray colored data points indicate formation of «-crystals.
The plots contain data obtained on two samples of largely
different mass, providing confidence that errors due to
changed heat transfer conditions are negligible. In addition,
we placed a piece of Indium on top of the polymer, to con-
firm that the observed decrease of the phase transition tem-
perature with increasing cooling rate is not due to thermal
lag effects. The crystallization temperature of the Indium re-
mained constant within 2 K on increasing the cooling rate
from 2 to 1000 K s~!, Both the peak temperature and enthal-
py of crystallization decrease with increasing cooling rate.
Similar decreases have been observed for unmodified iPP;
however, in case of the present investigation of iPP contain-
ing B-phase nucleating agent, non-isothermal mesophase
formation was not detected, as is explained below. The data
of Fig. 3 confirm the conclusion drawn from the X-ray exper-
iments of Fig. 1 of lost efficiency of the pB-phase nucleating
agent to produce a large fraction of p-phase if the cooling
rate exceeds about 100 K s~ !, ultimately caused by decrease
of the crystallization temperature below 370 K. The enthal-
py of crystallization decreases from a plateau value of about
60-70] g~ ! on cooling slower than 100 K s~ to almost zero
ina narrow cooling-rate range from 100 to 1000 K s~ !, being
accompanied by replacement of formation of B-crystals to
formation of a-crystals.

3.3. Isothermal fast scanning chip calorimetry

Fig. 4 shows FSC heat-flow rate data recorded as a function
of time during isothermal crystallization/ordering. The sam-

Crystallization/ordering

| 0.1 mw temperature in K

S~ ————— 283
S \—
\_//; 303

313
— T———— 323
N\ —
A 343

353
T 353

Heat-flow rate

"exo

vl vl Lol vl

0.01 0.1 1 10
Time (s)

Fig. 4. Heat-flow rate as a function of time recorded during isothermal
crystallization/ordering of iPP containing p-phase nucleating agent. The
crystallization/ordering temperature is indicated at the right-hand side of
each curve. Color-coding is in accord with Fig. 1, that is, red and gray
colors indicate formation of B- and a-crystals, respectively, while blue
color indicates formation of mesophase. (For interpretation of the
references to colour in this figure legend, the reader is referred to the
web version of this article.)

ple has been cooled from the melt at a rate of 2000 K s~ to
the various crystallizationfordering temperatures. Isother-
mal holding of the temperature at 383 K leads to crystalliza-
tion after about 0.4 s with the maximum of the crystallization
rate, as is given with the maximum of the curve, observed
after about 0.8 s. Reducing the temperature leads to faster
crystallization as is indicated with the appearance of the peak
at shorter time; at temperatures of crystallization of 343 and
353 K, the peak-time of crystallization is about 0.1 s. Further
decrease of the crystallization temperature first leads to a
slowing down of the phase transition, before at temperatures
lower than 313 K a reacceleration is observed. The bimodal
distribution of the peak-time of crystallization/ordering has
in the past been related to a change of the nucleation mech-
anism, from heterogeneous nucleation at high temperature
to homogeneous nucleation at low temperature. We assume,
based on the information gained by Figs. 1-3 that isothermal
crystallization at temperatures higher than 360-370 K led to
formation of B-crystals while crystallization between 320
and 360 K is connected with formation of a-crystals. The
low-temperature process proceeding via homogeneous
nucleation is known to yield mesophase.

Fig. 5 is a plot of the peak-time of crystallization/order-
ing of unmodified (light gray filled symbols) and iPP con-
taining p-phase nucleating agent (red, dark gray and blue
filled symbols) as a function of temperature. In both cases,
for unmodified iPP and iPP containing B-phase nucleating
agent, a bimodal distribution of the peak-times of crystal-
lization/ordering is observed with the two distinct minima
at about 340-350 and 300 K. The minimum at 340-350 K
is related to formation of crystals via heterogeneous nucle-
ation while the minimum at 300 K is related to mesophase
formation via homogeneous nucleation. In the tempera-
ture range of homogeneous nucleation between the glass
transition temperature and around 320K, data collected
on unmodified iPP and iPP containing B-phase nucleating
agent are indifferent, and a minimum peak-time of order-
ing of about 0.05 s is observed. In other words, the -phase
nucleating agent does not affect the rate of mesophase
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2o 1¢ > &
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Fig. 5. Peak-time of isothermal crystallization/ordering of iPP containing
B-phase nucleating agent as a function of temperature. For comparison,
the plot contains with the light gray symbols data obtained on an
unmodified iPP [44].
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Fig. 6. Series of WAXS diagrams recorded on heating initially semimes-
omorphic iPP containing B-phase nucleating agent. The heating rate is
5Kmin~". The front and back curves were recorded at 293 and 443K,
respectively.

formation at high supercooling. In contrast, the rate of
crystallization at temperatures higher than about 330K is
remarkably lower in unmodified iPP. We observed a mini-
mum peak-time of crystallization of about 0.2 s in neat iPP
while the peak-time is reduced to about 0.08 s in iPP con-
taining B-phase nucleating agent.

The observation of almost identical peak-times of crys-
tallization and ordering of 0.08 and 0.05 s, respectively, in
iPP containing B-phase nucleating agent we consider as
important for discussion of absence of multiple crystalliza-
tion/ordering events at largely different temperatures in
non-isothermal FSC analysis (Figs. 2 and 3). In case of
unmodified iPP, the cooling rate can be adjusted such that
rather slow crystallization at temperatures higher than
330 K may be suppressed but still allows fast mesophase
formation at high supercooling. In case of iPP containing a
nucleating agent, however, suppression of crystallization
at high temperature due to fast cooling is inevitably con-
nected with the suppression of mesophase formation at
low temperature if the characteristic times of crystallization
and ordering are close-to-identical, as in the present case. As
suchitis not surprising that a distinct mesophase-formation
peak at around 300 K, as is typically detected in neat iPP, is
not observed in Fig. 2 at high cooling rate.

3.4. Reorganization of semimesomorphic p-phase nucleating
agent containing iPP

The quenching experiments of Fig. 1 revealed that a var-
iation of the rate of cooling the melt of iPP, containing -
phase nucleating agent, allows formation of different poly-
morphs. Cooling at a rate faster few hundred Ks~' and
aging at room temperature led to formation of mesophase.
For unmodified iPP it is known that the mesophase trans-
forms on slow heating at rates lower than about
30.000 K s~ to a-crystals by local chain reorganization/re-
moval of helix reversals [51]. The mesophase in iPP con-
taining p-phase nucleator has never been detected before,
and also its stability and reorganization have not been
investigated. Fig. 6 shows a series of WAXS diagrams of
semimesomorphic iPP containing p-phase nucleator re-
corded on slow heating at a rate of 5 Kmin~'. The front
curve was recorded at 293 K and shows the characteristic
halos of the mesophase of iPP. On heating, the mesophase

S \ - melt
= «
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\ cool.melt

|
cool.a

B-crystal

15 20 25
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Fig. 7. Series of WAXS diagrams recorded on heating initially semicrys-
talline iPP containing p-crystals. The heating rate is 5 K min~". The front
and back curves were recorded at 293 and 453 K, respectively.

converts to a-crystals as recognized by the appearance of
their characteristic diffraction peaks, with the phase tran-
sition beginning at a temperature of about 350 K. Further
continuation of heating finally leads to melting of the o-
crystals starting around 420K and completed at about
430 K. As such we conclude that mesophase reorganization
is not affected by the presence of p-phase nucleating agent
in the iPP melt. This result is expected since it has been
suggested that mesophase reorganization is a process
which does not proceed via global melting and recrystalli-
zation of the melt. If this would be true then formation of
B-crystals from the supercooled melt may have been ob-
served, at least at temperatures higher than 360-370 K.

3.5. Reorganization of semicrystalline iPP containing -
crystals

Fig. 7 shows a series of WAXS curves of semicrystalline
iPP containing B-crystals recorded on slow heating at a rate
of 5 Kmin~!, in order to gain knowledge about their ther-
mal stability and/or reorganization behavior. Heating of
semicrystalline iPP containing p-crystals from 293 K (front
curve) to 453 K (back curve) reveals completion of melting
of B-crystals at about 423 K. Continuation of heating leads
to immediate formation of few o-crystals as is indicated
with the evolution of their characteristic diffraction peaks
of low intensity. These o-crystals melt around 435-
440 K. It is worthwhile noting, that there is no indication
of an overlap of the melting process of B-crystals and the
formation of a-crystals. This observation is straightforward
interpreted such that a-crystals are formed from the melt,
and not by reorganization of B-crystals.

The low amount of a-crystals formed at a temperature
of about 425 K after prior melting of p-crystals effectively
nucleates a-crystal formation on cooling. If the sample is
heated to a maximum temperature of 428 K, that is, to a
temperature of presence of a-crystals, and then slowly
cooled at a rate of 5 Kmin~! after a dwell time of 3 min,
as is indicated with the blue arrow labeled ‘cool.o’ in
Fig. 7, then growth of o-crystals is enforced, and the B-
nucleating agent is ineffective. The formation of a-crystals
on cooling along the pathway ‘cool.o’ in Fig. 7 has been fol-
lowed by temperature-resolved WAXS and is shown in the
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Fig. 8. Series of WAXS diagrams recorded on cooling the melt of iPP
containing -phase nucleating agent (bottom data set) or semicrystalline
iPP containing B-phase nucleating agent and few o-crystals (top data set).
The thermal history of these samples is shown in Fig. 7, and the cooling
rate is 5 Kmin~".

top part of Fig. 8. The top curve has been recorded at a tem-
perature of 428 K and reveals presence of few «-crystals.
The intensity of the a-phase peaks remained constant dur-
ing isothermal holding at 428 K for 3 min but increases as
soon as the temperature is lowered, indicating growth of
a-crystals. In contrast, if the sample is completely melted
and then re-cooled at 5 K min~! after isothermal holding
at 453 K for 3 min, as is indicated with the blue arrow la-
beled ‘cool.melt’ in Fig. 7, then, as expected from the exper-
iment of Fig. 1, B-crystals are forming. The corresponding
series of WAXS curves is shown in the bottom part of Fig. 8.

4. Conclusions

In the present work for the first time the polymorphism
of iPP containing a B-phase nucleating agent has been
investigated comprehensively as a function of the condi-
tion of melt solidification. In extension to prior work in
the field of the analysis of the crystallization behavior of
iPP containing purposely added heterogeneous nucleating
agents we included conditions of solidification as are typi-
cal in polymer processing. It has been found that y-quinac-
ridone as B-phase nucleating agent is only effective on
cooling the isotropic melt at rates lower than about 50-
100 K s~ 1. Faster cooling either leads to a formation of o-
crystals, or complete vitrification of the supercooled liquid,
depending on the cooling rate. If formation of crystals is
suppressed at temperatures higher than about 320 K then
annealing the supercooled melt between the glass
transition temperature and 320 K leads to formation of

mesophase. It is concluded that variation of the condition
of solidification the melt of iPP containing p-phase nucleat-
ing agent permits formation of B-crystals, a-crystals, and
mesophase.

Isothermal crystallization experiments revealed a bi-
modal distribution of the rate of crystallization, as in case
of unmodified iPP. The B-phase nucleating agent affects
only the crystallization rate at temperatures higher than
320K, that is, in a temperature range which in prior inves-
tigations of the crystallization behavior of iPP has been as-
signed to be controlled by heterogeneous nucleation. At
lower temperatures, when crystallization is replaced by
mesophase formation, the crystallization rate is not af-
fected by the presence of the p-phase nucleator. This
observation supports the notion that crystallization/order-
ing at high supercooling, at temperatures close to the glass
transition temperature, is governed by homogeneous
nucleation.

The polymorphism of iPP containing p-phase nucleator,
that is, the formation of different ordered structures, can
further be controlled by heating, or annealing at elevated
temperature. Heating the mesophase leads to their reorga-
nization to a-crystals. The mesophase-crystal phase tran-
sition which has been related to a local chain
reorganization process within the ordered phase is not af-
fected by the presence of the B-phase nucleator. The B-
crystals formed on slow cooling of the melt to ambient
temperature melt at temperatures below 420 K. On contin-
uation of heating, few o-crystals form around 420-425K
which, if not melted, allow the formation of semicrystal-
line iPP with a large fraction of o-crystals, independent of
the presence of B-phase nucleator.
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