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ABSTRACT: The isothermal and nonisothermal crysta-
llization and the subsequent melting behaviors of the
polypropylene (PP) component in the in-reactor alloy
were studied systematically by a series of thermal analy-
sis techniques. The alloy sample used in the present
study is a newly invented in situ blend of polypropylene
with high ethylene-propylene rubber content. The effect
of annealing temperatures on the subsequent crystalliza-
tion and melting process of PP was explained by the
different molecular behavior in the three “temperature
domains.” Multiple melting endotherms were also obser-
ved for the nonisothermally crystallized sample, and
were attributed to the dynamic melting process which
consists of three steps: melting, recrystallization, and

remelting. The melting temperature of initial mesomor-
phic phase is found to be very close to the temperature
of recrystallization or reorganization. To separate the
recrystallization process from the overlapping processes,
the difference spectra of fast and slow heated DSC endo-
therms were used, which is based on a straight forward
but reasonable assumption. In addition, temperature
modulated differential scanning calorimetry (TMDSC)
has also been used to study the melting of PP com-
ponent. © 2011 Wiley Periodicals, Inc. J Appl Polym Sci 121:
1372-1383, 2011
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INTRODUCTION

Polypropylene (PP) has been widely used in the
industries because of its excellent mechanical prop-
erties, improved processability, and relatively low
cost. However, the poor low temperature impact
strength significantly limits its applications, e.g., in
automobile parts, appliance, and other industry
uses. To improve its impact behavior, PP is usually
toughened by the addition of various rubbers,
such as ethylene-propylene rubber (EPR),"* propy-
lene-1-hexene copolymers,® and ethylene-1-butylene
copolymers.* Among the ways of toughening PP, the
“Reactor Granule Technology (RGT)” has been
proved to be efficient in improving the inherently
poor impact properties of polypropylene.” The PP
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in-reactor alloy produced via RGT is superior to
mechanical blends in both the mechanical properties
and the product cost. Moreover, the polymer chain
structure and the overall composition of the in-reac-
tor alloy can be precisely controlled over a wide
range. An in-reactor alloy system generally shows
very complicated microstructures and typically
heterophasic morphology, which consists of ethy-
lene-propylene random copolymer, ethylene-propy-
lene segmented copolymers with different sequence
lengths of polyethylene (PE) and polypropylene (PP)
segments, and homo polypropylene (HPP).*”

It is understandable that the mechanical properties
of PP in-reactor alloy are related to both the micro-
phase-structure of the blend system and the crysta-
llization behavior of each component. However,
most of previous studies, if not all, mainly focus on
the phase structure and the composition of the alloy,
and try to correlate them with either the polymeriza-
tion mechanisms or the mechanical properties of
the material.'"**'3 The crystallization and melting
behavior of PP in the in-reactor alloy has been
seldom reported.

There has been a lot of research on the melting
behavior of pure isotactic polypropylene (iPP), espe-
cially on the origin of its multiple melting peaks.'*"®
A numbers of explanations have been proposed



MULTIPLE MELTING BEHAVIOR OF PP

for the multiple melting characteristics. In 1960s,
Kawai firstly considered it a kind of molecular frac-
tionation during isothermal crystallization process."”
Kamide and Yamaguchi investigated the isothermal
crystallization behavior of iPP with different mole-
cular weight distribution and concluded that the mo-
lecular weight fractionation mechanism does not
play an important role during isothermal crystalliza-
tion process if the polymer does not have a very
low molecular weight component.'® Later on, the
effect of lamellar thickening mechanism has been
confirmed experimentally by Mezghani et al.*® Kim
et al. studied the multiple melting behavior of iPP
by annealing the sample at different temperatures,
and attributed the double peaks to the melting of
two different preexisting crystals originating from
molecules with different molecular weights.*'
Despite the controversy in the past, a general con-
sensus has been achieved among most of the authors
in the recent couple of years. The multiple melting
behavior of iPP can be explained from two aspects.
One is concluded from the morphological point of
view, explaining that the appearance of two melting
peaks can be attributed to two kinds of lamellae,
crosshatched, and radiating dominant lamellae.'*'"*?
The other explanation is based on the thermal
dynamic point of view, ascribing the multiple melt-
ing behavior to the recrystallization or reorganization
of the imperfect lamellae.”* Although recrystalliza-
tion is a very common phenomenon in the melting
process of polymers, there are seldom any solid evi-
dences as it is an exothermic process and severely
overlapped with other endothermic processes. There-
fore, it is not easy to be identified by the routine an-
alytical techniques. To separate the recrystallization
process from the overlapping processes, a quite
straight forward but efficient way was proposed,
and temperature modulated differential scanning cal-
orimetry (TMDSC) has also been applied in the
study.

Although the melting behavior of iPP has been
extensively studied, little is known about the PP in-
reactor alloy. The crystallization and melting beha-
vior of PP in the alloy should be different from that
of the pure iPP because of the presence of block co-
polymer which are partially miscible with PP matrix
and served as a compatibilizer between the PP
matrix and dispersed rubber phase. In our previous
publication in this series,” we have systematically
studied the compositional heterogeneity and phase
structure of the polypropylene in-reactor alloy. In
this article, particular attention is served to the non-
isothermal crystallization and the subsequent melt-
ing behavior of PP in the in-reactor alloy, trying to
achieve a complete understanding of the thermal
dynamic mechanism behind the crystallization and
melting phenomenon.
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EXPERIMENTAL
Materials

A commercial PP/ethylene—propylene in-reactor
alloy was used, which was produced by Basell using
a spherical superactive TiCly/MgCl,-based catalyst.
The composition of the alloy was characterized in
our previous paper.” Three components have been
identified from the combination of solution NMR,
analytical TREF and SEM results: homo polypropy-
lene (HPP), ethylene—propylene segmented copoly-
mer with crystallizable ethylene and propylene
blocks, and ethylene—propylene random (EPR) co-
polymer which is not crystallizable.

Differential scanning calorimetric analysis

A Mettler 822e differential scanning calorimetric
(DSC) apparatus was used for the thermal analysis
of the PP in-reactor alloy. About 2.5 mg of the sam-
ple was cut from the pellets and sealed in an alumi-
num pan. The calibration of the temperature scale
and the heat flow was achieved from the melting
scans of high-purity indium and zinc samples at the
same heating rate. The heat history of the samples
was eliminated by holding the temperature at 230°C
for 5 min. Subsequently, the samples were cooled to
0°C and reheated to 210°C at different scanning rate.
The crystallization and melting temperatures were
determined by using the peak values of the corre-
sponding thermograms. The small endotherm at
~ 120°C and exotherm at ~ 102°C are due to the
melting and crystallization of PE and PE blocks in
the segmented copolymers [Fig. 1(a,b)]. The endo-
therms above 130°C and exotherms above 110°C are
ascribed to the melting and crystallization of iPP
and iPP blocks in the segmented copolymers. For
single-step self-nucleation and annealing experi-
ments, heating and cooling rate of 10°C/min was
used for all the scans.

Successive self-nucleation and annealing

Successive self-nucleation and annealing (SSA) is
essentially a thermal fractionation method, which is
based on the sequential application of self-nucleation
and annealing steps on polymer samples.**** The
first self-seeding temperature (T;), which is thought
to be one of the most important parameters in SSA,
was suggested by Mueller to be the minimum
temperature within annealing temperature domain
II, since this is the temperature that causes the maxi-
mum shift in crystallization temperature (T,) without
any annealing.25 Therefore, the T of the PP compo-
nent in the alloy, as determined by a series of single-
step self-nucleation experiments, is 171°C. The
SSA was performed according to the following
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Figure 1 (a) DSC melting endotherms and (b) crystallization exotherms of the PP in-reactor alloy annealed at different
temperatures. The annealing temperatures are indicated above the corresponding curves in the figures. [Color figure can
be viewed in the online issue, which is available at wileyonlinelibrary.com.]

procedure. The sample was first heated to and held at
230°C for 5min under nitrogen atmosphere and then
decreased to 0°C at a rate of 20°C/min to create a
standard thermal history. The fraction window
adopted here was 5°C, and the annealing time was 30
min. The scanning rate during the thermal condition-
ing steps was 20°C/min. Pijpers et al. introduced the
high-speed calorimetry concept that the increment in
heating rate can be compensated by reducing the sam-
ple mass.*® Recently, this concept was introduced into
the SSA protocol by Lorenzo to reduce the thermal
fractionation time.** So, a higher scanning rate of
20°C/min (normally 10°C/min) was used during
the thermal cycles, and a small sample mass of 2.4 mg
(normally 4-5 mg) was used as compensation. After
completion of the fractionation process, the melting
endotherm was recorded at a heating rate of 10°C/min.

Temperature modulated differential scanning
calorimetry

TMDSC measurement was performed in a DSC-
Q100 from TA Instruments under modulated mode.
The temperature amplitude of the modulation
was 0.5°C, and the period was 40 s (frequency of
25 mHz). The underlying heating rate was 2°C/min.

XRD measurement

The X-ray diffraction patterns were recorded on a
Rigaku D/max 2500 X-ray powder diffractometer
using Cu Ko radiation (40 kV, 200 mA). The X-ray
wavelength used was 0.154 nm; step of 0.02° and 26
range of 5-30° were selected.

Journal of Applied Polymer Science DOI 10.1002/app

RESULTS AND DISCUSSION

Self-nucleation and annealing behavior
of PP in-reactor alloy

Single-step self-nucleation and annealing

As mentioned in the introduction part, the PP in-re-
actor alloy consists of homo polypropylene (HPP),
ethylene-propylene segmented copolymer with
different PP and PE sequence length, as well as EPR
copolymer. It is well known that HPP is a semicrys-
talline polymer with polymorphic crystalline modifi-
cations. Because of the incompatibility between the
HPP and EPR component, the crystallization behav-
ior of HPP in the bulk can hardly be influenced by
the presence of EPR since they are phase separated
in their blends. The ethylene—propylene segmented
copolymer was, however, found to be partially misci-
ble with HPP depending on the sequence of the
polymer chain.'® So, the overall crystalline morphol-
ogy and crystallization kinetics of the HPP compo-
nent in the alloy may be affected by the presence of
E-P segmented copolymer. The melting and crystalli-
zation traces of PP in-reactor alloy annealed at differ-
ent temperatures are shown in Figure 1(ab), respec-
tively. It can be seen that the effect of annealing
temperature on the subsequent melting and crystalli-
zation behavior is quite similar. The melting and
crystallization of PP component are not affected by
the annealing temperature higher than 172°C. As the
annealing temperature decreases from 171 to 169°C,
the corresponding crystallization peaks of PP compo-
nent get broader and shift to much higher tempera-
ture, whereas the subsequent melting temperature
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Figure 2 Effect of annealing temperature on the crystalliza-
tion and subsequent melting behavior of PP component in
PP in-reactor alloy. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]

does not change so significantly. Annealing the sam-
ple at temperature lower than 168°C produces a new
crystalline species (a new crystalline peak can be
identified) which melts at much higher temperature
(177°C). It is also very interesting to notice that triple
melting peak was found after been annealed at the
temperature of 166°C. This phenomenon was also
observed for the nonisothermal crystallized sample,
and the origin will be discussed later in the corre-
sponding section.

The melting and crystallization temperature
obtained from the thermograms in Figure 1 are plotted
as a function of annealing temperature in Figure 2.
The whole melting or crystallization range of PP com-
ponent in the alloy can be divided into three domains
according to its different characteristic in the nucle-
ation and lamellae thickening behavior during the
annealing process.” In domain I (annealing tempera-
ture higher than 171°C), the system is completely
melted, leaving only very small amount of ultra-high
molecular weight molecules and other impurities
(catalysis residues, etc.) in the system as nuclei. The
melting and crystallization temperature are the same
as compared to the standard process without annea-
ling, indicating that a constant nucleation density was
achieved in domain I. When annealed in domain II,
the crystallization temperature shifts to much higher
value while the subsequent melting does not reveal
any traces of annealing, exhibiting a characteristic
behavior of exclusive self-nucleation. This is because
in domain II, the temperature is high enough to melt
almost all of the polymer crystals, but low enough to
leave “small” crystal fragments that can act as self-
nuclei. These fragments are not really crystalline
lamellae, but some ordered structure in the melt pro-
duced by melting of the crystalline structure. These
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fragments are so small that they can’t be annealed,
and basically cannot cause lamellae thickening during
the annealing process. Therefore, the melting temper-
ature of the resulting lamellae formed in the subse-
quent cooling process does not differ very much from
that of the unannealed sample. However, the presence
of these “small” crystal fragments can act as nuclei
and reduce the energy barrier remarkably during the
crystallization process, this is the reason why the crys-
tallization temperatures increase significantly after
been annealed in domain II. When annealed in
domain III, a portion of perfectly arranged lamellae
with high melting point remain unmelted and can act
as nuclei during annealing process. The mobile PP mol-
ecules thus fold on the surface of the unmelted lamellae
and thicken it. The lamellae formed in the annealing
process in domain III are more thick and regular than
the lamellae formed during the subsequent cooling
process, and thus tend to melt at higher temperature.

Successive self-nucleation and annealing

To further investigate the detailed melting behavior
of the PP in-reactor alloy, and to correlate the melt-
ing behavior with the molecular architecture, SSA
technique was used. SSA is essentially a thermal
fractionation technique based on sequential applica-
tion of self-nucleation and annealing steps on poly-
mer samples. SSA fractionates the polymers mainly
according to the distribution of defects (branches)
on the polymer chain, whereas with a minor influ-
ence by the molecular weight distribution.”®** As
been stated in the experimental section, besides the
homo-polypropylene, some segmented ethylene—
propylene copolymer with different sequence
lengths also presents in the alloy. So, this seg-
mented copolymer component is expected to be
fractionated by the SSA procedure according to the
polypropylene sequence length.

Figure 3 shows the DSC endotherms of the alloy
after having been subjected to SSA treatments. A
standard DSC thermogram with cooling rate of
20°C/min and heating rate of 10°C/min is also pre-
sented in the figure for comparison. A series of melt-
ing endotherms can be observed, indicating that
thermal fractionation has occurred during the SSA
treatment. The fractions that exhibit the highest
melting points are those with the longest propylene
segments incorporated within the specific lamellar
population. The first two melting peaks (Peaks 1
and 2) are exceptionally separated from each other.
The other peaks, however, are less resolved. Care
must be taken to explain the origin of these two
melting peaks as the normal SSA fractionation mech-
anism may not be suitable in this case. It is specu-
lated that both the first two melting peaks are
assigned to the melting of homo-polypropylene

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 3 DSC melting endotherms of PP in-reactor alloy
with and/or without SSA treatment. The first self-seeding
temperature (T;) of 169°C was determined by using the
lowest temperature point in the annealing temperature do-
main II. The endotherm of the standard scan was used as
a comparison. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]

component. These two peaks were not segregated by
the molecular chain defects, but by the melting—
recrystallization-remelting process during heating.
Note that the two melting peaks present at higher
temperature compared with the melting peak in the
standard scan. Based on the above observations, Peak
1 is probably ascribed to the annealed HPP crystalline
species, Peak 2 to the recrystallized HPP lamellae.
Peaks 3 and 4, however, are originated from the melt-
ing of the ethylene-propylene segmented copolymers
with different propylene sequence lengths, which
were segregated during the SSA procedure.

As it has been stated previously, the SSA proce-
dure fractionates the E-P segmented copolymer
mainly by its compositional heterogeneity. Each
endotherm represents a population of crystals with
similar thermodynamic stability, and the normalized
differential area under each endothermic peak is
proportional to the mass of molten lamellae within
the temperature interval. Peaks 2—4 are not very well
resolved, because for one thing, the amount of E-P
segmented copolymer with crystallizable propylene
sequences is very small, and thus the melting
enthalpy is small; for another, the melting peaks of
segmented copolymer are overlapped with the melt-
ing endotherms of the imperfect HPP lamellae,
which are prone to melt at lower temperature.

Effect of annealing time on the melting
behavior of PP in-reactor alloy

Three melting regions of iPP have been determined
by isothermal crystallization experiments in the pre-

Journal of Applied Polymer Science DOI 10.1002/app
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vious section. The aim of this experiment is to study
the effect of annealing time on the subsequent melt-
ing behavior when the sample is annealed in region
III. Figure 4 shows the DSC melting curves of the
alloy annealed at 163°C for various time. The annea-
ling temperature was selected to be the valley point
between the two melting peaks. The sample was
first cooled from 230°C to room temperature at a
rate of 30°C/min, and then heated to the target
temperature for annealing. The annealed sample
was then cooled to room temperature. Finally, the
exothermic curve of the thermal-treated sample was
recorded with the heating rate of 5°C/min. It can be
seen in Figure 4 that only a single sharp peak is
observed and the lower enothermic peak presents as
a shoulder after annealing. The intensity of the lower
temperature shoulder decreases with the annealing
time, whereas the intensity of the sharp peak at
higher temperature increases. This may due to the
fact that the imperfect lamellae formed during the
fast cooling process gradually melted, and then
rearranged and recrystallized at the annealing tem-
perature (163°C). So, the amount of imperfect lame-
llae is reduced gradually, whereas the amount of
perfectly rearranged lamellae increases. This expla-
nation can be further supported by the fact that the
total melting enthalpies of the sample keeps constant
for different annealing time.

The previous experiment has demonstrated that
annealing the sample at relatively large supercooling

30min——
10min——
5min—’r

163°C
Annealing temperature

Without annealing

20 40 60 80

100 120 140 160 180
T/°C

Figure 4 DSC endotherms of the PP in-reactor alloy
annealed at 163°C for different time. The annealing time is
indicated in the figure. An endotherm of the sample with-
out annealing is also presented for comparison. [Color fig-
ure can be viewed in the online issue, which is available
at wileyonlinelibrary.com.]
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Figure 5 The DSC crystallization exotherms (a) and the
subsequent melting endotherms (b) of the PP in-reactor
alloy annealed at 167°C for different time. The annealing
time is indicated above the corresponding curves in the

figure. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]

(163°C) leads to a remarkable reduction of the
imperfect lamellae and lamellae thickening. Anneal-
ing the sample at higher temperature in domain III,
however, may lead to a significantly different melt-
ing behavior. Figure 5 shows the crystallization and
the subsequent melting curves of the sample
annealed at 167°C for different time. As shown in
Figure 5(a), the crystallization peak of iPP shifts to
higher temperature and the enthalpy decreases with
increasing the annealing time. It is interesting to
notice that two new exothermic peaks appear at
much higher temperature range as the annealing
time is longer than 30 min. The enthalpy of the
higher crystallization peaks increases with annealing
time. The multiple crystallization mechanism of the
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PP component is still not well understood, however,
it might be related to the nucleation effect of the
annealed lamellae and the diffusion process of the
melted PP molecules. Figure 5(b) shows the melting
curve of the sample annealed for different time.
Triple melting peaks were obtained by annealing the
sample for more than 60 min. Peak 1 is assigned to
the lamellae formed during the annealing process,
which shifts to higher temperature with annealing
time because of lamellae thickening. The presence of
Peak 2 is quite surprising at first sight. However, it
is understandable if we attribute it to the melting of
the recrystallized lamellae during the heating
process. With increasing annealing time, the more
regular PP chains or segments diffuse to the surface
of the crystalline phase formed in the temperature
domain II and fold into the crystal lattice, and thus
thicken the lamellae. Meanwhile, the defects in the
crystal and the interphase are expelled into the
amorphous phase as well, creating more chaos in
the amorphous phase (or melting phase). So it is get-
ting more difficult for the amorphous phase to form
regular lamellae during the subsequent cooling scan,
and thus incline to recrystallize during the heating
scan. To summarize, Peak 1 is attributed to the
primary crystallization during the annealing process,
Peak 3 is attributed to the secondary crystallization
during the cooling scan, and Peak 2 corresponding
to the recrystallization in the heating process.

Nonisothermal crystallization and the subsequent
melting behavior of PP in-reactor alloy

The multiple melting behavior of iPP has been a
controversial topic among the authors for a long
time. Recently, a consensus has been achieved gra-
dually, considering it a result of recrystallization
behavior during the heating process.’’** However,
scarcely any direct evidence has been given. Figure
6 shows the endothermic traces of the alloy sample
at different crystallization and melting rate. A typi-
cal bimodal lineshape can be observed for the sam-
ple experienced relatively high cooling rate and low
heating rate. Detailed examination reveals that,
generally, the intensity of the higher melting peak
always decreases with increasing heating rate
whereas increases with increasing cooling rate. For
the quenched sample, no evidence of the lower melt-
ing peak was observed. This is because that no crys-
tal was formed during the quench process. This
explanation is strongly supported by the XRD data
(Fig. 7), which shows that no diffraction peak from
iPP was presented for the quenched sample. And
the peak at 20 degrees of 20° is assigned to the 111
planes of the orthorhombic form of polyethylene
crystals. Based on the above observations, it is

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 6 DSC melting endotherms of the PP in-reactor alloy nonisothermally crystallized under different cooling rate: (a)
2°C/min; (b) 7°C/min; (c) 10°C/min; (d) 30°C/min; (e) 50°C/min; (f) quenched in liquid nitrogen. The heating rates are
indicated above the corresponding curves. [Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

reasonable to infer that the lower melting peak is
corresponding to the melting of the lamellae which
were formed during cooling process; while the
higher melting peak is ascribed to the melting of
lamellae which were recrystallized during the heat-
ing process. In fact, there are three dynamic proc-
esses during the melting scan. Figure 8 shows the
schematic illustration of the three dynamic proc-
esses. The primary and secondary lamellae of iPP,

Journal of Applied Polymer Science DOI 10.1002/app

which are also often referred to as mother and
daughter lamellae, are displayed in Figure 8(a). In
the first step of melting process, the defective
secondary lamellae which are located among the
primary lamellae melt, whereas leaving the primary
lamellae intact. The second step is the recrystalliza-
tion of the melted PP molecules in the first process.
The unmelted lamellae act as hetero nucleus, and
significantly reduce the crystallization energy barrel.
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Figure 7 X-ray diffractograms of the slowly crystallized
sample and quenched sample. The indexed peaks is
assigned to the a-crystal form of iPP, whereas PE(111),
refers to the (111) planes of orthorhombic Polyethylene
crystal form. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]

So the melted PP molecules can attach to the lame-
llae surface and thicken the unmelted lamellae.
Actually, the first two dynamic processes (melting
and recrystallization) happen almost at the same
time and severely overlap with each other, as will be

a) PP spherulite )
Primary lamellae

Step l:Melting of the
secondary lamellae

*

Secondary lamellae
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further discussed in the following text. On the other
hand, however, the second step (recrystallization) is
an exothermic process which can create minus signal
on the endothermic curve, and thus can help to
separate the two melting peaks. In the third process,
the annealed and thickened lamellae melt at high
temperature. In the case of quenched sample, how-
ever, only the last two process take place during the
heating scan because no lamellae was formed origi-
nally. The amorphous or metastable phase recrysta-
llizes into more stable crystalline phase and melts
at higher temperature. So, a single melting peak at
relatively high temperature was observed for the
quenched sample.

It is notable that the melting peak of the quenched
sample shifts to lower temperature as the heating
rate increases. This may be explained by the fact
that the recrystallization process is inhibited by the
fast heating rate, and the PP molecules do not have
enough time to arrange regularly into the crystalline
phase due to its slow diffusion rate. So, the less
perfect lamellae formed in the fast heating process
are prone to melt at lower temperature. Actually,
this result strongly supports our previous conclusion
about the “three-step process” during the melting
scan, because the melting temperature would not be
affected by the heating rate if it were not the effect
of the recrystallization process.

b)

d)

Step lll:Remelting of the

annealed lamellae

<

Bujuayoiyy

aejjowen:| daig

<

c)

Figure 8 Schematic illustration of the melting and recrystallization processes of iPP in the in-reactor alloy during the
heating scan. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 9 DSC melting endotherms of the PP in-reactor alloy crystallized at 10°C/min and their residual spectra. The
heating rates of the corresponding thermograms are indicated in the figure. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]

Recrystallization is a dynamic process, usually
existing in the melting process of polymers. Usually,
the crystallization rate is controlled by diffusion pro-
cess in the polymer melt system, because it generally
takes long time for the macromolecules or the crys-
tallizable chain segments to diffuse onto the surface
of nuclei. If the heating rate is too fast, the molecules
or the chain segments do not have enough time to
diffuse to the boundaries of the crystalline region
before melting, or they are too slow to rearrange
into regular lamellae. So the recrystallization and the
subsequent melting process will not occur under
very fast heating rate. We assume that 30°C/min is
fast enough to suppress the vast majority of recry-
stallization. If the fast melting curve is subtracted
from the slow melting ones, one can directly see the
recrystallization and the subsequent melting phe-
nomenon from the residual spectra. Figure 9 shows
the DSC melting curves of the sample crystallized at
rate of 10°C/min and their difference curves. The
intensities of all the thermograms were normalized
for comparison. It can be seen that a “phase-twisted”
peak is obtained in the difference curves. This can
be explained by the overlapping of a downward
peak and an upward peak. The downward peak is
assigned to the recrystallization process, and the
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upward peak is assigned to the melting of the
recrystallized or annealed lamellae. It is also noted
that the difference curves overlap very well with the
original curve at high temperature end when the
heating rate is low (e.g., 2°C/min), and the consis-
tency loses with increasing heating rate. This is
easily understood considering the fact that the
recrystallization phenomenon is more prominent at
lower heating rate, so the vast majority of the
enthalpy of the high temperature peak comes from
the melting of the recrystallized lamellae. As the
heating rate increases, the contribution from the
recrystallized lamellae reduces, and the melting
enthalpy of the original lamellae which were formed
during the cooling process dominates.

It is noticed that the recrystallization peak temper-
ature is almost the same as the lower melting peak
temperature, but slightly higher. This probably
means that the recrystallization process happens im-
mediately after the melting process. Recrystallization
needs mobile molecules or segments as the material.
However, mobile molecules are only available when
the original crystals melt. The maximum quantity of
crystallizable molecules and chain segments appear
at the lower melting peak temperature and thus the
recrystallization rate reaches maximum as well.
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Figure 10 Stack plot of the residual spectra in Figure 7.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

The residual spectra shown in Figure 9 were stack
plotted in Figure 10 for comparison. The enthalpy of
recrystallization and fusion decreases dramatically
with increasing heating rate, and the melting temper-
ature shifts to lower temperature, whereas the recrys-
tallization peak temperature stays almost unchanged.
This is because that the crystallizable molecules and
chain segments have more time to diffuse to the edge
of crystalline phase and to rearrange into thicker and
more perfect lamellae when the heating rate is low.
The peak temperature of recrystallization, however,
is not dependent on the heating rate, but on the maxi-
mum quantity of crystallizable materials which is
determined by the lower melting peak temperature.

Temperature modulated differential scanning
calorimetry

TMDSC uses a periodic oscillation that is superim-
posed on a linear heating or cooling temperature pro-
gram.” In addition to the total heat flow or heat
capacity obtained from conventional DSC, an in-
phase component, which is also referred to as rever-
sing or storage heat capacity, is derived from the
amplitude of the first harmonic of the Fourier trans-
formation. It entails the heat effects associated with
molecular changes that are reversing over the time
and temperature of the modulation.**** The non-
reversing heat capacity represents the contribution to
the heat flow that, at the time and temperature the
measurement is made, is either irreversible or in some
way kinetically hindered.* It can be determined from
the difference between the total and reversing
capacity. This simple analysis has been applied many
times to many transitions, principally for polymer
systems, and found to work well when the reversing
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heat capacity is frequency-independent and the non-
reversing process is the cold crystallization, chemical
reaction, or the loss of volatile material.>”*® The situa-
tion is somewhat more complex when considering
glass transition because the reversing heat capacity is
frequency dependent. When dealing with melting
process, this analysis is not strictly valid, and the
explanation of the nonreversing signal is not straight-
forward because the in-phase cyclic heat capacity
does not depend solely on the reversing heat capacity
as it derives from the latent heat of melting.

The melting endotherms presented in Figure 11
are the total, nonreversing and reversing specific
heat curves obtained by TMDSC. The total specific
heat curve shows multiple melting endotherms, with
a similar profile to that obtained with linear heating
at 2°C/min. The reversing specific heat curve shown
in Figure 11 reveals that PP exhibits a reversible
contribution during heating over the time and tem-
perature of the measurement, with most occurring
in the lower melting peak region of the total specific
heat. A broad endotherm emerges with the peak
temperature remaining at about 160°C (the same as
the lower temperature peak of the total curve). This

Reversing

120 140 160 180

T/°C
Figure 11 TMDSC specific heat melting curves of the PP
in-reactor alloy after cooling linearly at the rate of 30°C/

min. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]
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means that the original melting process takes place
very fast (without any kinetics involved), the imagi-
nary part of the complex capacity is negligible and
the real part is the static heat capacity plus the
frequency independent part. Therefore, the melting
of the original lamellae contributes primarily to the
reversing signal. As the melting process proceeds,
the melted chains or segments then can reattach to
the same or an adjoining crystal surface with the exo-
thermic energy released contributing to the cyclic sig-
nal. As more of the existing lamellae in the crystals
thicken, the reversing contribution decreases. This is
shown by the lower reversing contribution at higher
temperature whereby most of the lamellae melt.

As has been demonstrated previously, the recrys-
tallization proceeds quite rapidly even without
localized cooling due to the already existed crystal
surfaces which can act as a template. However,
because the melting, recrystallization and remelting
occur in the sample all while heating, the process
may not be easily separated and therefore are
partly obscured by competing events. The non-
reversing specific heat curve in Figure 11 shows
that the melting of the more ordered lamellae
(higher temperature peak) is mostly irreversible at
the temperature and time scale of the experiment.
In contrast to the cold crystallization, the remelting
process should take place not far from the equili-
brium. This means that in the process of remelting,
the entropy of the melt near the melting front is
quite similar to the entropy of the crystal bulk.
Therefore a relaxation of the entropy occurs. The
reason for such a kinetics or time-dependence of
the melting is local relaxation processes of the
thermodynamic properties in the melt close to the
crystal surface.

Before the main melting region of the curve, an
obvious exothermic peak appears. This is due to
the recrystallization process in the heating scan. The
structure rearrangements that can occur during
melting of the HPP component of the alloy involves
an exothermic process, thus during the lower heat-
ing rate part of the cycle, exotherms occur that are
balanced against melting endotherms during the
higher heating rate segment of the modulation. This
occurs as the dynamic equilibrium between the
melt and crystalline phases oscillates back and
forth. The result of this is that the in-phase heat
capacity (reversing signal) appears very large,
consequently the nonreversing signal appears exo-
thermic. While this does not mean that there is a
large net exotherm, it does indicate the presence of
an exothermic process during the cycle. Because
conventional DSC often shows very little when this
kind of reorganization is taking place, this charac-
teristic behavior of the nonreversing signal is useful
indication that it is occurring.
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CONCLUSIONS

Three annealing domains of the PP component in the
PP in-reactor alloy were determined to be domain I
(>171°C), domain II (171-168°C), and domain III
(<168°C), respectively. The lowest temperature point
in domain II (169°C) was chosen to be the first self-
seeding temperature of the SSA experiment. The
possible SSA fractionation mechanism of the sample
was inferred. The first two melting peaks of the SSA
curve are related to the recrystallization process dur-
ing the heating scan rather than the molecular chain
structure. The other melting peaks, however, are
ascribed to the melting of the segmented E-P copoly-
mers with different PP sequence lengths.

The melting of PP is a dynamic process which con-
sists of three overlapping steps: melting, recrystalliza-
tion, and remelting. By subtracting the fast-heating
curve from the slow-heating one, the recrystallization
and remelting processes have been observed directly.
The temperature of melting of initial mesomorphic
phase is found to be identical to the temperature of
recrystallization or reorganization.

The multiple melting behaviors commonly
observed for PP has been probed in the PP in-reactor
alloy system by TMDSC. The less ordered lamellae of
PP tend to reorganize to a larger degree than the
more perfect lamellae, and in turn cause higher
reversibility. The melting of the more ordered lame-
llae is mostly irreversible. The exothermic recrystalli-
zation process, which is normally obscured by the
competing melting events, can be easily identified in
the nonreversing specific heat curves.
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