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Direct analysis of annealing of nodular crystals in isotactic polypropylene
by atomic force microscopy, and its correlation with calorimetric data
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Abstract

The process of isothermal annealing of nodular monoclinic crystals of isotactic polypropylene (iPP) was analyzed by atomic force micros-
copy (AFM) and temperature-modulated differential scanning calorimetry (TMDSC). Initially nodular and mesomorphic domains were obtained
by controlled melt-crystallization at high cooling rate. Subsequent heating triggers transition from mesomorphic to monoclinic structure, and
melting of unstable nodules. Annealing allows re-crystallization, which is recognized by enlargement of domains from initially about 20 nm
to about 35 and 55 nm after annealing at 393 and 433 K, respectively. Furthermore, the re-crystallization process is connected with a slight
change of the aspect ratio of crystals. The isothermal re-crystallization of the liquid is superimposed by aggregation of crystals, to yield blocky,
and string-like objects. The direct analysis of structure on isothermal annealing by AFM is for the first time compared with the isothermal
decrease of the apparent specific heat capacity, or change of enthalpy, monitored by TMDSC. The apparent specific heat capacity decreases during
annealing with an identical non-linear time dependence as the directly observed growth of the crystal size. Analysis of the annealing processes at
different temperatures yields proportionality between the increase of the crystal size and the reduction of the apparent specific heat capacity.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

The structure and morphology of crystals of isotactic poly-
propylene (iPP) can largely be controlled by the condition of
primary melt-crystallization. Slow cooling yields in absence
of special nucleating agents monoclinic a-crystals, and fast
cooling results in the formation of mesomorphic domains.
The transition from formation of monoclinic crystals to forma-
tion of mesomorphic domains on melt-crystallization occurs at
a critical rate of cooling of about 101 K s�1e102 K s�1, as was
concluded from early investigations using density measure-
ments and X-ray analyses [1e4]. In a recent study, it was
found, by systematic analysis of the crystal morphology as
a function of the cooling rate on melt-crystallization, that me-
somorphic crystals exclusively are of globular shape, and that
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monoclinic crystals are of lamellar geometry [5]. The size of
nodules after rapid cooling apparently is independent on the
exact condition of quenching since only minor systematic
changes of the size were detected as function of the rate of
cooling. The size of nodules after quenching at 102 K s�1 is
about 20 nm at ambient temperature and is only slightly de-
creased by about 10% when increasing the cooling rate to
103 K s�1 [5]. Further increase of the rate of cooling to
2� 103 K s�1 completely suppresses crystallization and yields
a totally amorphous polymer as long as the temperature is kept
below the glass transition temperature of about 240e250 K [6].

The mesomorphic nodular domains transform on heating to
monoclinic crystals at a temperature of about 340 K [7,8]. The
transition from the mesomorphic to the monoclinic phase is
a solidesolid first order phase transition since it occurs with-
out complete prior melting of the parent phase at a local scale
within the existing domains, and since it is connected with
a change of the specific volume of the crystal phase [5]. The
density of the monoclinic phase is larger than the density of
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the mesomorphic phase which is mainly achieved by adjust-
ment of the handness of helices, resulting in a higher lateral
packing density of molecules in the monoclinic structure [9].
The conclusion of only local readjustment of the handness of
helices, and/or their repositioning within the ordered domains
during the phase transition is derived from the unchanged
morphology of crystals, i.e., the globular geometry and size
of about 20 nm are preserved [5]. Further heating of the mono-
clinic nodular crystals to about 400 K is accompanied only
by a small increase of the nodule dimension to about 25 nm.
Major changes of the crystal morphology were observed if
the temperature is raised to 400e430 K. In this temperature
range, melting of smaller nodules occurs which finally allows,
by removal of local strain within the semi-crystalline structure,
drastic growth of still existing nodular crystals and their
alignment for surface-energy reduction. The size of nodules
increases to 60 nm, and the lateral alignment by coalescence
yields curved, lamellae-like objects with visible internal
surfaces [5].

The analysis of the temperature dependence of the geometry
and dimension of crystals of iPP, generated on rapid, con-
trolled melt-crystallization, is extended in the present study
to evaluate the time dependence of the structural changes on
annealing at elevated temperature. We focus on the tempera-
ture range above 390 K since at lower temperature, including
the temperature range of the solidesolid phase transformation,
reorganization with a change of the geometry of crystals is
minor. Systematic studies on the effect of the annealing time
on the reorganization of initially nodular and mesomorphic
crystals were not performed yet. Former investigation of the
shape and size of nodular crystals mainly included an evalua-
tion of the effect of temperature, while the data were taken
after a specified annealing time [9e13]. An early report which
included an analysis of the time dependence on the morphol-
ogy of initially nodular crystals suggests that there is only a
minor effect of the time of isothermal annealing on the crystal
shape and size [14]. In the particular study, the initial size of
nodular crystals was 7.5e10 nm at ambient temperature. An-
nealing at 373 K for a period of 4 days yielded crystals of
size of 10e20 nm without indication of an effect on annealing
time. An additional annealing experiment at 411 K for periods
of 2.5 h, 28 h and 4 days revealed a further increase of the
crystal size to 20e30 nm, again being only slightly increasing
as a function of time within the investigated interval from
2.5 h to 4 days. A complete analysis of the evolution of the
crystal morphology as a function of time apparently is not
available. Recent investigation of the isothermal annealing
process of initially quenched iPP using temperature-modulated
differential scanning calorimetry (TMDSC), however, sug-
gests that reorganization follows an exponential law with the
largest change of structure occurring at the early stage, within
seconds or minutes [15,16]. Therefore we intend to monitor
the crystal shape and size quasi-continuously as a function
of time.

Annealing is synonymous for thermal treatment of a material
for the sake of a controlled change of structure and, corre-
spondingly, of properties. It includes as a special case the
increase of the temperature to a pre-defined value, and keeping
subsequently the temperature constant for a certain period of
time. In general, the temperature of annealing is selected
such that not all crystals are melted [17]. Within the isothermal
segment of annealing of iPP, which is the focus of the present
work, are expected processes like primary cold-crystallization,
secondary crystallization, and crystal perfection, all of them
controlled by the condition of prior melt-crystallization. Since
melting is usually considered as a fast process [18], compared
to crystallization, it is commonly assumed that melting of
crystals of low stability occurs within the heating segment
on approaching the final isothermal annealing temperature.
All of these isothermally occurring processes are thermo-
dynamically irreversible, i.e., these processes yield a new
metastable global superstructure of reduced enthalpy. The de-
crease in the enthalpy is connected with a release of latent heat
which can be measured by calorimetry. Since the amount of
heat released during isothermal annealing is usually low, stan-
dard differential scanning calorimetry (DSC) often cannot be
applied for direct monitoring of the annealing process, in
particular if the reorganization of structure exceeds a large
interval of time. In this case, the standard DSC signal, differ-
ential heat-flow rate as function of time, may be distorted by
long-term non-reproducible instrumental drift. A convenient
solution for elimination of instrumental disturbances is the
application of temperature-modulated DSC (TMDSC) [19,20].
TMDSC allows a quasi-isothermal measurement of the apparent
specific heat capacity [21], which contains a time-independent
specific heat capacity contribution and a time-dependent latent-
heat contribution [22]. Monitoring the time dependence of the
apparent specific heat capacity can therefore provide detailed
information about the kinetics of structural reorganization.
Since the introduction of TMDSC, isothermal annealing ex-
periments with simultaneous recording of the time dependence
of the apparent specific heat capacity were performed on
numerous semi-crystalline polymers including polyethylene
[23e25], polypropylene [15,16], polyesters [26e28], and
polytetrafluoroethylene [29]. During isothermal annealing,
the apparent specific heat capacity decreases as a function of
time to reach an equilibrium heat capacity. Unfortunately,
the calorimetric signal cannot be assigned directly to specific
changes of structure, i.e., interpretation of the isothermal
decay of the apparent specific heat capacity is speculative if
there are not performed additional, well-designed experiments
which give direct structural information. Within the present
study, an attempt is made to relate the calorimetrically mea-
sured reorganization process with direct observation of the
time dependence of the crystal morphology.

Summarizing the scope of the present study, we intend to
complete a recently performed study about the thermodynamic
stability of initially mesomorphic and globular domains in iPP
[5]. The temperature dependence on the nodule size and shape
was analyzed in a preceding study as a function of the condi-
tion of the primary melt-crystallization, and within the present
study we focus on the time dependence of the crystal morphol-
ogy during isothermal annealing at elevated temperature, using
atomic force microscopy (AFM). In the second part of this
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study, we analyzed the kinetics of the isothermal annealing
process by TMDSC, which allows for the first time a justified,
structure-based interpretation of the decay of the apparent
specific heat capacity.

2. Experimental

2.1. Materials

In the present study we used an iPP with a mass-average
molar mass of 373 kg mol�1 and a polydispersity of 6.2, pro-
vided by Montell Polyolefins. The selected polymer is an
extrusion-grade preparation for production of biaxially oriented
films, with a melt-flow rate of 3.3 g/10 min, determined at
503 K with a load of 2.16 kg [30]. This polymer was investi-
gated in detail in previous studies regarding the general
thermal behavior, including reversible and irreversible crystal-
lization and melting, annealing, and the crystal morphology
[5,15,16].

Specimens with mesomorphic nodular crystals of initial
size of about 20 nm were prepared with a special device for
controlled rapid cooling, developed by Piccarolo [4]. In this
study, we used samples which were crystallized at rates of
cooling of 80 K s�1 and 750 K s�1, effective at a temperature
of 343 K. The thickness of films was 100 mm. The samples
were solidified in contact with freshly cleaved mica, in order
to obtain a sufficiently smooth surface for later AFM analysis.
The annealing experiments were done on a Leitz hot-stage
1350, in combination with a Rheometric Scientific tempera-
ture controller. The hot stage was mounted on the sample stage
of a polarizing microscope which allowed direct monitoring of
the superstructure at the micrometer scale. The approach of
the isothermal annealing temperature was done at a heating
rate of 10 K min�1. Subsequently, the samples were annealed
for pre-defined periods of time up to 840 min. Then, the sam-
ples were cooled at 10 K min�1 to ambient temperature for
morphological analysis by AFM. Each annealing experiment
was done with a new sample.

2.2. Instrumentation

2.2.1. Microscopy
The crystal morphology was analyzed using a Quesant

Q-Scope 250 AFM, equipped with a 40 mm� 40 mm scanner.
We used standard silicon cantilevers NSC 16 with a resonant
frequency and force constant of about 170 kHz and 40 N m�1,
respectively. Data were collected in tapping mode at ambient
temperature.

2.2.2. Quantitative image analysis
The size of nodules was (a) computed using the AFM-

image analysis software, and (b) additionally determined man-
ually, by the line-intersection method on printouts. The total
number of analyzed objects was about 50 and 100 per frame
in computer aided and manual analysis of the size of nodules,
respectively. In case of non-isotropic shape of nodules, the
smaller dimension was considered for estimation of the size.
2.2.3. Temperature-modulated differential scanning
calorimetry (TMDSC)

The isothermal annealing process was followed by TMDSC
using a power-compensation-based differential scanning calo-
rimeter DSC 7 from PerkineElmer. The instrument was oper-
ated in conjunction with the cryogenic cooling accessory CCA
7, ensuring a constant temperature of the heat sink of 223 K.
The sample and reference furnaces were purged with nitrogen
gas at a flow rate of 40 mL min�1. Calibration of the sensor
temperature and of the heat-flow rate was done according to
standard procedures [31], using indium and tin as calibrants.
Samples of mass of 1e2 mg were encapsulated in 20-mL
aluminum pans from MettlereToledo, and heated to the
annealing temperature at a rate of 10 K min�1. Subsequent
temperature modulation was done using a sawtooth-type tem-
perature profile with a programmed amplitude and period of
modulation of 1 K and 120 s, respectively [32,33]. Data
were corrected for instrumental asymmetry by subtraction of
a baseline, measured under identical condition as the sample.
The baseline-corrected modulated heat-flow rate data were
processed to an apparent specific heat capacity, using the
instrument software. Finally, the apparent specific heat capacity
was calibrated using sapphire as standard.

3. Results and initial discussion

3.1. Crystal morphology by AFM

Fig. 1 shows the structure of iPP, which was melt-crystal-
lized on fast cooling at 80 K s�1 (left) and 750 K s�1 (right).
The structure is heterogeneous and consists of nodular do-
mains with an approximate size of 20 nm, embedded in an
amorphous matrix. The X-ray data of a previous study suggest
that the internal structure of the domains is mesomorphic [5].
The nodule size differs slightly, being smaller in the sample
quenched at higher cooling rate. Manual quantitative analysis
yields estimates of the nodule size of 21 and 18 nm for the
samples cooled at 80 K s�1 and 750 K s�1, respectively.

Figs. 2 and 3 show the evolution of the structures, which
were shown in Fig. 1, as a function of time of isothermal an-
nealing at 393 K (Fig. 2) and 433 K (Fig. 3). The top images
were taken on the sample, which initially was crystallized at
80 K s�1, and the bottom images were taken on the sample,
which initially was crystallized at 750 K s�1. The annealing
time is 60, 440, 560, and 840 min, from left to right, being
examples of larger sets of collected images. Further increase
in the annealing time does not lead to additional changes of
the structure in both cases, annealing at 393 and 433 K.

The images in Fig. 2 reveal an increase of the nodule size
during isothermal annealing at 393 K. The geometry of the
domain remains unchanged, i.e., the initial, nodular shape is
preserved even after annealing for an extended period of
time. The average crystal size changes from about 20 to almost
40 nm for both preparations.

Annealing at a temperature close to the final melting
temperature results in the formation of considerably larger
domains, as is documented by the images in Fig. 3. The
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Fig. 1. AFM images of iPP, melt-crystallized at 80 K s�1 (left) and 750 K s�1 (right) cooling rate. The image size is 1 mm� 1 mm.
increase of the crystal size is three-fold since values close to
60 nm were detected, independent of the initial preparation.
Furthermore we observed slight tendency for a change of the
shape of crystals after annealing at 433 K. Initially, before
annealing, the domains were isotropic in geometry. Annealing
at 433 K yields crystals which are slightly larger in one of the
two visible dimensions. This minor change of the crystal habit
goes along with tendency for aggregation to form larger
objects, which eventually can be considered as lamellae. The
observation of a slight change of the aspect ratio of nodules
and their aggregation is documented in Fig. 4, which is an
enlargement of the bottom right image in Fig. 3. The above
reported final size of nodules of almost 60 nm represents the
smallest observed dimension of nodules which still can be
analyzed after repositioning within aggregates.
Fig. 5 is a plot of the nodule size as function of the time of
isothermal annealing. The open and filled symbols are data
obtained on the samples which initially were melt-crystallized
at 80 K s�1 and 750 K s�1, respectively. The squares represent
annealing at 433 K, and the diamonds represent annealing at
393 K. The lines were included to guide the eye, and are not
a result of fitting or smoothing. The initial size of nodules is
close to 20 nm. Heating to 393 K, and subsequent annealing
increases the size of nodules to a final, quasi-equilibrium value
of 36 nm. Annealing at 433 K yields a final value of the nodule
size of 56 nm. In both cases, the approach of the final structure
is non-linear, with only a minor, further increase of the nodule
size by 1e2 nm after annealing for a period of about 500 min.
Furthermore, we note that the condition of the initial primary
melt-crystallization has no effect on the time-evolution of the
Fig. 2. AFM images of iPP, melt-crystallized at 80 K s�1 (top) and 750 K s�1 (bottom) cooling rate, taken after isothermal annealing for 60, 440, 560, and 840 min

(from left to right) at a temperature of 393 K. The image size is 1 mm� 1 mm.
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Fig. 3. AFM images of iPP, melt-crystallized at 80 K s�1 (top) and 750 K s�1 (bottom) cooling rate, taken after isothermal annealing for 60, 440, 560, and 840 min

(from left to right) at a temperature of 433 K. The image size is 1 mm� 1 mm.
nodule size during isothermal annealing. The data obtained on
the samples which were cooled at 80 K s�1 (open symbols)
and 750 K s�1 (filled symbols) fit a single curve.

3.2. Analysis of isothermal annealing by TMDSC

Fig. 6 shows the apparent specific heat capacity of iPP as
a function of the time of isothermal annealing at 393 and
433 K. The thick and thin lines were observed for the samples
which initially were melt-crystallized at a rate of 80 K s�1 and

Fig. 4. Enlargement (soft zoom) of an AFM image of iPP, melt-crystallized

at 750 K s�1, taken after annealing at 433 K for 840 min. The image size

is 500 nm� 500 nm.
750 K s�1, respectively. The samples were heated to the tem-
perature of annealing at a rate of 10 K min�1. The heating
scans reveal for both samples, as expected and discussed in
the preceding study [5], the mesomorph-to-monoclinic phase
transition at about 340 K. The apparent specific heat capacity
decreases during annealing as a function time due to irrevers-
ible reorganization of the structure, to approach a final con-
stant value after about 500 min. The data obtained on the
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two samples of different history of initial melt-crystallization
are indifferent, similar as in the case of analysis of the nodule
size, shown in Fig. 5.

Data recording started after an initial, internal calibration
for a period of three modulation cycles, requested by the
instruments software and non-controllable by the operator.
Thus, first data were available after 6 min of isothermal
annealing. Since the apparent specific heat capacity decreases
continuously with increasing time of annealing, we assume
that the initial values between 0 and 6 min are even larger
than the first recorded data. Comparison of the data sets
obtained on annealing at 393 and 433 K suggests that the
amount of irreversible reorganization of the structure is larger
at high temperature since the relative decrease of the apparent
specific heat capacity is more distinct at this temperature.

The final apparent specific heat capacity after completed
irreversible reorganization is larger after annealing at 433 K,
if compared with the final value obtained after annealing at
393 K. The reason is two-fold. The vibrational heat capacity
contribution to the apparent specific heat capacity increases
with temperature, as it is documented in the ATHAS data
base [34]. Furthermore, the final value of the apparent specific
heat capacity is affected by reversible crystallization and
melting [15,16]. Previous studies revealed that the amount
of reversible crystallization and melting during temperature
modulation, at a given constant temperature, is proportional
to the amount of preceding irreversible crystallization, melting,
or reorganization at identical temperature [35]. Since the
amount of irreversible change of structure is larger at 433 K,
as is concluded from the magnitude of the prior decrease of
the apparent specific heat capacity during annealing, the degree
of reversible crystallization and melting is also larger.
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from ambient temperature to the annealing temperature at 10 K min�1.
3.3. Final discussion and conclusions

The present study is the extension of a previous work about
the phase structure of iPP after rapid non-isothermal crystalli-
zation of the melt, at rates of cooling, which are relevant
during conventional processing. Melt-crystallization at a rate
faster than about 101 K s�1 results in the formation of non-
lamellar nodular and mesomorphic domains with a size of
about 20 nm. These mesomorphic domains are surrounded by
amorphous structure, convert to monoclinic structure at
about 340 K and change size and habit as function of temper-
ature. The temperature dependence of the crystal geometry
was systematically investigated for a larger set of samples
which initially were melt-crystallized at rates between
101 K s�1and 103 K s�1. Morphological data were taken as
function of temperature after a constant time of isothermal
reorganization of 60 min. The effect of time on the evolution
of the size and habit of nodules is now further analyzed in
the present study for two selected specimens which initially
were melt-crystallized at 80 K s�1 and 750 K s�1. The reduc-
tion of the number of samples, if compared to the previous
study, seems justified since the exact condition of initial
melt-crystallization, within the analyzed range of cooling
rates, on the nodule structure at ambient temperature and on
the morphological changes observed at elevated temperature,
is negligible. Major changes of the nodule size and geometry
were observed at temperatures above about 400 K. The nodule
size increased from about 20 nm at ambient temperature to
about 23 nm at 403 K, and then further to almost 50 nm at
433 K. The temperature dependence of the nodule size led
to the selection of 393 and 433 K for analysis of the evolution
of the structure as function of time, since we consider these
temperatures as lower and upper boundary for major morpho-
logical changes.

Fig. 5 shows a primary result of the present study for the
first time the size of nodular crystals of iPP as a function of
the time of annealing at 393 and 433 K. The data confirm in-
sensitivity of the time evolution of the nodule size on the exact
condition of primary melt-crystallization. In other words, nod-
ules formed at different rates of cooling are similar in their
stability. The approach of the annealing temperature does
not result in a major change of the initial morphology. Mor-
phological changes are only detected if the temperature is
held constant for a certain period of time. The largest changes
of the nodule morphology are observed in the initial stage of
the annealing process. The fast reorganization of structure is
followed by a considerably slower process, which leads only
to a minor additional increase of the crystal dimensions.
Despite the general time dependence of the isothermal reorga-
nization process of semi-crystalline polymers, containing
lamellar crystals, is well-known [36], we did not expect a priori
a qualitatively similar time dependence of the isothermal
annealing of the non-lamellar crystals of the present study,
because of the different thermodynamic stability [37].

Our model of structure reorganization includes, based
on experimental data, initial existence of crystals of low
thermodynamic stability/melting temperature. These relatively
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unstable crystals melt on heating and recrystallize subse-
quently at the annealing temperature at existing surfaces,
i.e., at surfaces of crystals, which still exist at the temperature
of annealing. The liquid-crystal transformation accounts for
the initial strong increase in the crystal dimensions in the first
few minutes of the isothermal annealing procedure. The large
number of domains/crystals, produced on initial melt-crystalli-
zation at about 300 K, leads to spatial restrictions and limits
the lateral growth of crystals. Therefore, a minor but distinct
change of the aspect ratio of crystals is observed, as is docu-
mented with the non-isotropic geometry of nodules after
annealing at 433 K (Fig. 3). Since the number of crystals,
melted on prior heating, increases with temperature, the initial
increase of the crystal size and change of the crystal shape is
more distinct on annealing at 433 K.

The process of fast re-crystallization of liquid is followed
by minor and slow continuation of crystal growth. Unfortu-
nately we are not able to identify growth in a preferred crys-
tallographic direction. Most striking on long-term annealing
is the observed aggregation of crystals. The aggregation of
crystals can be explained by their increased mobility, due to
the lowered viscosity of the surrounding amorphous structure
at elevated temperature. This process may even include rota-
tion of crystals or positioning of specific crystal faces, for
reason of maximum decrease in surface energy, when getting
in contact with a neighbored crystal.

The second major intention of the present work is to
compare direct morphological observation of the isothermal
annealing process with indirect calorimetric analysis. The
kinetics of isothermal annealing can conveniently be monitored
by TMDSC, by following the decrease of the heat-flow rate
amplitude on temperature modulation with an amplitude,
which is small enough to allow the approach of an arrested
metastable structural equilibrium. TMDSC has successfully
been applied for analysis of the annealing kinetics of numerous
semi-crystalline polymers. The decrease of the amplitude of the
modulated heat-flow rate, which is proportional to the apparent
specific heat capacity during isothermal annealing, in many
cases, is mathematically described by superposition of several,
up to three exponential functions with different time constants
[23,38], or by using a stretched exponential, Kohlrausche
WilliamseWatt type function [27,39]. By measurement of
the temperature dependence of kinetic constants, even activa-
tion energies were extracted, which, in part, are similar in
magnitude to that of the a-relaxation at the crystaleamorphous
interface, usually analyzed by dynamic mechanical analysis
[38,39]. Regardless the considerable advances in application
of TMDSC for analysis of thermodynamic properties and phase
transitions in polymers in recent years [22], there often remains
uncertainty in the interpretation of results since a conversion
of the energy-based apparent specific heat capacity, given in
J g�1 K�1, or of the heat of transition, given in J g�1, to direct
structural information is speculative. As far as we are aware of,
there is no report to date which compared calorimetric with
microscopic data, as a further attempt for an in-depth interpre-
tation of reorganization of semi-crystalline polymers towards
a new metastable equilibrium.
First of all we see remarkable agreement in the time depen-
dence of the increase of the nodule size (Fig. 5) and decrease
of the apparent specific heat capacity (Fig. 6). In Fig. 7, the
data of Figs. 5 and 6 were re-plotted such that a direct compar-
ison is possible. The nodule-size data were multiplied by (�1),
and subsequently shifted vertically for easy recognition. Note
furthermore, also for the sake of clarity, that in Fig. 7 no dis-
tinction is made between the samples, which initially were
crystallized at different rates. The decrease of the apparent
specific heat capacity goes parallel with the observed change
of the nodule size. This holds for the initial part as well as
for the later stage of the annealing process. Even the specific
differences due to annealing at different temperatures are
recovered. The initial decrease of the apparent specific heat ca-
pacity is considerably larger on annealing at 433 K, compared
to the annealing experiment at 393 K. The apparent specific
heat capacity decreases within the analyzed range of time
between 6 and 485 min by about 0.4 J g�1 K�1 [z(3.70e
3.32) J g�1 K�1] during annealing at 433 K, and by about
0.2 J g�1 K�1 [z(2.75e2.56) J g�1 K�1] during annealing at
393 K. The different final values of the apparent specific
heat capacity of 3.32 and 2.56 J g�1 K�1 after annealing at
433 and 393 K, respectively, are due to (a) the temperature
dependence of the vibrational specific heat capacity [34],
and (b) different amounts of reversible melting [15]. The
major decrease of the apparent specific heat capacity is within
the first 200 min, then the curves go almost parallel. In a pre-
vious TMDSC study on the annealing process in polyethylene,
the modulated heat-flow rate was analyzed in the time domain
which led to the conclusion that at least in the initial part of
the annealing process the increased apparent heat capacity is
mainly due to exothermic heat flow [23]. This is confirmed
by close inspection of heat-flow rate in a standard DSC exper-
iment, when switching from the heating segment to the
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isothermal segment [40]. With the AFM observations of the
present study we can now unambiguously derive the con-
clusion, that the exothermic heat flow is connected with an
increase in the crystal size. Annealing at 393 K produces
less heat of crystallization than annealing at 433 K, as can
directly be concluded from the different offsets of the apparent
specific heat capacity of about 0.2 and 0.4 J g�1 K�1, respec-
tively, above the final value after extrapolated infinity anneal-
ing time. This is in excellent agreement with the much reduced
increase of the crystal size after annealing at 393 K.

The continued decrease in the apparent specific heat capac-
ity after about 200 min is difficult to link to a specific reorga-
nization process. We do not believe, or have any evidence, that
this decrease is connected to the process of aggregation, which
is the major microscopic observation, at least on annealing at
433 K. Furthermore, the decrease of the apparent specific heat
capacity is also obtained on long-term annealing of laterally
extended lamellae, which do not aggregate as the nodules
of the present study. The continued minor decrease of the
apparent heat capacity may be caused by continued secondary
crystallization, i.e., by continuation of the same process which
is responsible for the initial strong decrease, or by crystal
perfection which is not accessible by microscopy.

Recent comparison of the annealing process of iPP, which
contained either lamellar or nodular crystals, revealed that
the kinetics is almost indifferent. The data of the present study
confirm that annealing of nodular crystals is controlled by
identical mechanisms from calorimetric point of view.
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