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Abstract

For semicrystalline polymers the observed relaxation strength at glass transition is often significantly smaller than expected
from the non-crystalline fraction. This observation leads to the introduction of a rigid amorphous fraction (RAF) which
does not contribute to the heat of fusion or X-ray crystallinity nor to the relaxation strength at glass transition. The RAF is
non-crystalline and in a glassy state at temperatures above the common glass transition. Complex heat capacity in the high
frequency limit allows for the measurement of base-line heat capacity also at temperatures above the glass transition. From
that the temperature and time dependence of the RAF can be obtained. For PC, PHB and syndiotactic polypropylene (sPP)
it is possible to study the creation and disappearance of the RAF in situ during isothermal crystallization and on stepwise
melting. If crystallization is not limited by the stability (melting point) of the crystals to be formed the total RAF is created
during the isothermal crystallization. Simultaneously with the melting of the smallest crystals the RAF disappears. For these
polymers vitrification and devitrification of the non-crystalline material detected as the RAF at glass transition is structural
(conformational) and not temperature induced. The formation of the last growing crystals, which melt first, are responsible
for the vitrification of the amorphous material around them and, consequently, by that they limit their own growth.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

The morphology of semicrystalline polymers is
often described as a lamellae stack of crystalline and
non-crystalline layers[1]. This so-called “two-phase
model” is successfully applied for the interpretation
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of X-ray diffraction as well as heat of fusion or den-
sity measurements[2]. On the other hand, it is well
known that several mechanical properties as well as
the relaxation strength at glass transition cannot be
described by such a two-phase approach as recently
discussed by Gupta[3]. From standard DSC measure-
ments[4], dielectric spectroscopy[5–8], shear spec-
troscopy[8], NMR [9] and other techniques probing
molecular dynamics at glass transition (�-relaxation)
the measured relaxation strength is always smaller
than expected from the fraction of the non-crystalline
phase. The difference in mobility is caused by differ-
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Fig. 1. TMDSC scan measurement of semicrystalline PC at underlying heating rate of 0.5 K min−1, temperature amplitude 0.5 K and period
100 s, curve a. Curves b and c correspond to heat capacities from ATHAS data bank for crystalline and liquid PC, respectively. Curve
d was estimated from a two-phase model,Eq. (1) and curve e from a three-phase model,Eq. (2), usingχsolid(Tg). Curve f shows the
measured heat capacity for the amorphous PC. TA Instruments DSC 2920.

ent conformations of the chains as detected by IR and
Raman spectroscopy[10–12] or due to spatial con-
finement because of the neighboring lamellae. As an
example the heat capacity at glass transition of amor-
phous and semicrystalline bisphenol-A polycarbonate
(PC) is shown inFig. 1.

According to the crystallinity of 0.23 one expects a
reduction of the relaxation strength at glass transition
(step height ofcp in case of calorimetric measure-
ments) for only 23% compared to that of the totally
amorphous sample. Line d represents the expected
base-line heat capacity for the semicrystalline sample
according to such a two-phase model and crystallinity
χCRF = 0.23

cpb(T, t) = χCRF(T, t)cp crystal(T)

+ (1 − χCRF)(T, t)cp liquid(T) (1)

Obviously, the reduction is much larger. It is close
to 50%. To explain the disagreement between the
expected values of relaxation strength as well as
base-line heat capacity and the measured values,
Takayanagi and coworkers[5] and Wunderlich and
coworkers [4] discussed not only crystalline and
non-crystalline phases in semicrystalline polymers.
The non-crystalline phase has to be subdivided in one
part contributing and a second one not contributing

to the relaxation strength at glass transition. Fur-
thermore, Wunderlich and coworkers distinguished
between a mobile and a rigid fraction of the polymer.
The rigid fraction consists of the crystalline phase
and that fraction of the non-crystalline phase not
contributing to the glass transition. We end up with a
model distinguishing between the crystalline (CRF),
the rigid amorphous (RAF) and the mobile amor-
phous (MAF) fractions. This model is often called
“three-phase model”2 of semicrystalline polymers.
Obtaining the necessary information from the glass
transition, obviously, limits the analysis to the glass
transition temperature (Tg). Curve f for the initially
amorphous PEEK inFig. 2, for example, yields atTg
no rigid fraction. AtTg the sample is amorphous but
at higher temperatures cold crystallization can be ob-
served resulting in a transformation of mobile amor-
phous material into crystalline and rigid amorphous.

For the semicrystalline PEEK, line a inFig. 2, a
rigid fraction of about 0.55 is estimated atTg. This is

2 The two non-crystalline fractions (MAF, RAF) cannot be con-
sidered as different phases in thermodynamics because there is no
phase transition between them. Both belong to the non-crystalline
phase and can be distinguished because of differences in molecular
mobility (presence or absence of the degrees of freedom typical
for a liquid compared to a glass or crystal).
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Fig. 2. DSC scan measurements of PEEK at a heating rate of
10 K min−1. Curve a after isothermal crystallization for 30 min at
513 K. Curves b and c correspond to heat capacities from ATHAS
data bank for crystalline and liquid PEEK, respectively. Curve
d was estimated from a two-phase model,Eq. (1) and curve e
from a three-phase model,Eq. (2), usingχsolid(Tg). Curve f shows
the measured heat capacity for the initially amorphous PEEK.
Perkin-Elmer Instruments Pyris Diamond DSC.

approximately twice the crystalline fraction. With this
value andEq. (2) curve e was calculated. While for
the semicrystalline PC inFig. 1 heat capacity above
the glass transition is well described byEq. (2) the
heat capacity for PEEK starts to deviate from curve e
just above the glass transition. The deviation may be
caused by latent heats due to melting or by a broad
devitrification of the RAF or both processes may ap-
pear simultaneously. Unfortunately, it is not possible
to distinguish between these explanations from curves
like in Fig. 2. It is still a matter of debate when the
RAF disappears or when it is formed because it is not
possible from such curves to obtain information about
the RAF except atTg. There may be a broad glass
transition of the RAF at temperatures higher than the
glass transition of the semicrystalline polymer[6,13].
Then vitrification of the amorphous material detected
as the RAF atTg occurs during cooling from the crys-
tallization temperature down toTg and devitrification
occurs on heating in the same broad temperature in-
terval. Lu and Cebe[14] performed annealing exper-
iments showing that the disappearance of the RAF is
somehow connected to the crystals responsible for the
lowest melting endotherm in PPS. Then vitrification
and devitrification of the RAF is directly coupled to
crystallization and melting, respectively. In that case

vitrification of the RAF occurs during crystallization
and one expects significant interactions between vit-
rification and the crystallization process itself. The
aim of this paper is to answer these questions by fol-
lowing the development of the RAF as a function of
time during isothermal crystallization and as a func-
tion of temperature on melting. Heat capacity spec-
troscopy will be used to reach this goal. The present
paper is an extended version of previously published
work [15,16] and will partly repeat already pub-
lished experimental results to verify the conclusions
drawn.

2. Determination of the rigid amorphous
fraction (RAF)

Differences in the molecular mobility are used to
distinguish between the mobile and the RAF of a
semicrystalline polymer. According to Wunderlich’s
definition [4] only two states are discussed. Namely,
the fraction of the non-crystalline phase which con-
tributes to the glass transition normally observed as a
step change of heat capacity at temperatures slightly
higher compared to the fully amorphous polymer.
And a second fraction which does not contribute to
the step change in heat capacity at the glass transition.
This way a possibly very complex situation in respect
to molecular mobility is described by only two parts.
All gradients or gradual changes in molecular mo-
bility between the crystal and the melt are neglected.
Also the question if the polymer chains in the RAF
have a conformation close to that of the crystal or
close to that of the melt is neglected. Of course, these
conformations are the reason for the differences in
molecular mobility and consequently for their assign-
ment to the RAF or to the MAF. Actually, there is
no generally accepted theory of glass transition and
therefore, at the moment, it is not possible to make a
close relationship between conformation or changes
in conformation with the contribution of particular
parts of the polymer to the glass transition. Assuming
the molecular processes responsible for the increase
in heat capacity of a liquid compared to that of a glass
are cooperative with a correlation length of about
2 nm[17], we have not discussed the behavior of sin-
gle chains but we can distinguish between regions of
nanometer size which do or do not contribute to the
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Fig. 3. Schematic sketch of the arrangement of crystalline, rigid
amorphous and mobile amorphous fractions in a lamellae stack.

heat capacity step at glass transition. A very schematic
sketch of such a situation is shown inFig. 3.

Accepting such a simplified picture, heat capacity
of the semicrystalline polymer can be described as a
superposition of the heat capacity of the mobile frac-
tion (χMAF) contributing and the solid fraction (χsolid)
not contributing to the step change of heat capacity
at glass transition. For polymers heat capacity of the
glassy material often equals that of the crystalline and
is considered ascp solid [16]:

cpb(T, t) = χsolid(T, t)cp solid(T )

+ χMAF(T, t)cp liquid(T ) (2)

whereχsolid = 1 − χMAF and cpb(T, t) is base-line
heat capacity. Base-line heat capacity corresponds to
the heat necessary to increase the temperature of the
sample without changing crystallinity. In other words,
it is the heat capacity without any contribution from
latent heats.

Let us assume to be able to measure base-line
heat capacity as function of temperature or time[17].
Base-line heat capacity is the superposition of the
heat capacities of the different fractions as discussed
above. For the three fractions, MAF, RAF, CRF, of a
semicrystalline polymer we obtain

cpb(T, t) = χMAF(T, t)cp liquid(T )

+ χRAF(T, t)cp rigid amorph(T )

+ χCRF(T, t)cp crystal(T ) (3)

and with

1 = χMAF + χRAF + χCRF (4)

and

cp solid = cp crystal = cp rigid amorph= cp glass (5)

χRAF(T, t) =
cpb(T, t) + χCRF(T, t)[cp liquid(T )

− cp solid(T )] − cp solid(T )

cp solid(T ) − cp liquid(T )

(6)

For most polymerscp solid(T ) and cp liquid(T ) are
available from the ATHAS data bank[18] or can be
measured. The temperature or time dependent crys-
tallinity χCRF(T, t) can be obtained from the enthalpy
changes during calorimetric measurements

χCRF(T, t) = hliquid(T ) − h(T, t)

hliquid(T ) − hcrystal(T )
(7)

wherehliquid(T ) and hcrystal(T ) are the specific en-
thalpies of the liquid and crystalline phases, respec-
tively, which are also available from ATHAS data
bank.h(T, t) is obtained from the measured enthalpy
change due to crystallization or melting, for de-
tails, see[19]. The remaining task for calculation of
χRAF(T, t) according toEq. (6) is the experimental
determination of base-line heat capacitycpb(T, t).
How to obtaincpb(T, t) for semicrystalline polymers
by means of heat capacity spectroscopy will be shown
next.

3. Experimental

Different techniques can be used to measure heat ca-
pacity as a function of temperature, time, or frequency.
In the present study we used temperature modulated
DSC (TMDSC) and an AC calorimeter. For details of
the AC calorimeter used, see[20]. TMDSC, a tech-
nique introduced in 1971 by Gobrecht et al.[21], and
the necessary data treatments are described elsewhere
[21–26]. If one wants to perform measurements in a
broad frequency range the results from high sensi-
tive apparatuses with different time constants like AC
calorimeter, Perkin-Elmer Pyris 1 DSC and Setaram
DSC 121 must be combined, for details, see[27]. For
measurements at a fixed frequency of 0.01 Hz a TA
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Instruments DSC 2920 was used. For the comparison
of various experimental data sets, a careful temper-
ature calibration of all instruments is necessary. The
DSCs are calibrated at zero heating rate according
to the GEFTA recommendation[28]. The calibration
was checked in TMDSC mode with the smectic A to
nematic transition of 8OCB[29,30].

The polycaprolactone (PCL) is a commercial sam-
ple from Aldrich with a molecular weight average
Mw = 55,700 g mol−1. More details about the sample
are reported in[31]. The bisphenol-A PC was obtained
from General Electric (trade name LEXANTM) and
was purified by dissolution in chloroform, filtering and
precipitation in methanol[32,33]. The weight average
molar mass and polydispersity index for the PC were
obtained by gel permeation chromatography in chloro-
form (Mw = 28,400 g/mol andMw/Mn = 2.04). The
poly(3-hydroxybutyrate) (PHB) was received from the
University of Cairo, Prof. A. Mansour. The syndiotac-
tic polypropylene (sPP) (Mw = 150,000 g/mol) is a
commercial product from Atofina and the PEEK Vic-
trex 381G is from ICI. The heat capacity data for these
polymers in the liquid and the crystalline state, except
for PHB, are available from ATHAS data bank[18].
The heat capacities for PHB where measured outside
the transition regions by TMDSC and interpolated for
the liquid state and extrapolated for the solid state[17].

The measured heat capacity is the superposition
of base-line and excess heat capacities. For measure-
ments through phase transitions it is not possible to
distinguish them. In some cases base-line heat capa-

Fig. 4. Modulus of complex heat capacity at quasi-isothermal crystallization of PEEK at different temperatures. Temperature amplitude
1 K and period 200 s. Perkin-Elmer Instruments Pyris Diamond DSC.

city can be obtained from model calculations. For low
molecular mass compounds where base-line heat ca-
pacity can be measured outside the transition region
the change in the transition region can be estimated
from the progress of the phase transition (sigmoidal
base-line for peak integration). But this is only possi-
ble for two-phase systems. As soon as a third fraction
is present the information available from a single
heat capacity curve is not enough to distinguish three
fractions straightforward. Assuming a certain cou-
pling between the RAF and the CRF allows to solve
the problem in an iterative way[34]. But the validity
of the assumption must be independently checked
and the experimental data must be of high accuracy.
Therefore a direct measurement of base-line heat
capacity is favorable.

To avoid latent heat contributions it would be nice
to measure at constant temperature. But for the mea-
surement of heat capacity changes in temperature are
a prerequisite. On the other hand, it is known that
high molecular mass polymers need a super-cooling
in the order of 10 K for crystallization. Therefore
quasi-isothermal experiments with small tempera-
ture amplitudes, as illustrated inFig. 4, should allow
to measure base-line heat capacity if the isothermal
period is long enough to finish all crystallizations,
re-organization or re-crystallization in the crystalliza-
tion or melting region of a polymer.

It was shown by Okazaki and Wunderlich[35]
that also under quasi-isothermal conditions contribu-
tions due to latent heats appear in the measured heat
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capacity. The heat capacity values above the liquid
heat capacity inFig. 4cannot be explained at all with-
out contributions from latent heat. But also at long
times heat capacity is larger than base-line heat capac-
ity from Eq. (1). Consequently, these quasi-isothermal
measurements do not allow to measure base-line heat
capacity during the crystallization of PEEK.

A more detailed study of the excess heat capacity
under quasi-isothermal conditions yields a frequency
dependence of the excess heat capacity[27,36–38].
The origin of the excess heat capacity during quasi-
isothermal measurements and its frequency depen-
dence is not yet understood. Probably, the molecular
processes involved are related to the surface of the
polymer crystallites and often the term reversing
melting [35] is used. For polymers showing a sliding
diffusion in the crystallites (�-relaxation in case of
polyethylene or polyethylene oxide), large contribu-
tions to reversing melting are due to surface melting
[38]. For other semicrystalline polymers processes at
the lateral surfaces may be responsible for the process
of reversing melting and the corresponding excess
heat capacity[39,40].

From glass transition, it is well known and gener-
ally accepted to describe heat capacity by complex
numbers. The typical frequency dependence as known
from other dynamic measurements is observed—a sig-

Fig. 5. Excess heat capacity during isothermal crystallization of PCL (�) after 120,000 s at 328 K, of sPP (�) after 10,000 s at 363 K, of
PC (�) after 900,000 s at 457 K, and of PHB (�) after 100,000 s at 296 K as a function of modulation frequency. Perkin-Elmer Instruments
Pyris 1 DSC, Setaram DSC 121 and AC calorimeter.

moid step in real and a peak in imaginary part of heat
capacity[21,41,42]. A similar frequency dependence
of heat capacity of semicrystalline polymers was ob-
served outside the glass transition range[27,36,38].
These observations are related to the occurrence of
the excess heat capacity which occurs in a rather wide
temperature range between glass transition and melt-
ing temperature. In order to obtain information about
the characteristic time scale of the molecular process
related to excess heat capacity we have studied the
frequency dependence of complex heat capacity dur-
ing quasi-isothermal crystallization for PCL, sPP, PHB
and PC, seeFig. 5. To extend the frequency range
available with TMDSC (10−5 to 10−1 Hz) AC calori-
metric measurements were performed at a frequency
of 1 Hz [20]. For PCL, a mean relaxation time in the
order of a few seconds can be estimated for the pro-
cess at 328 K while for sPP at 363 K it is in the order
of 500 s. For PC and PHB we did not observe any
frequency dependence after isothermal crystallization
at 457 and 296 K, respectively. For these polymers,
a frequency dependent excess heat capacity was only
observed at higher temperatures in the melting range.

The frequency range available is still not broad
enough for a detailed discussion of the curve shape,
seeFig. 5. But from the curves one expects to measure
base-line heat capacity without contributions due to
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reversing melting at high frequencies. For PCL high
means higher than about 100 Hz which is outside
the accessible frequency range for our experimental
techniques. But for sPP, PHB, and PC measure-
ments at frequencies of about 0.01 Hz, which is
inside the frequency range of TMDSC, allow for
the measurement of the high frequency asymptotic
value.

In general, the frequency dependence of the excess
heat capacity as shown inFig. 5always allows for the
measurement of base-line heat capacity at sufficiently
high frequencies. Whether or not for a particular poly-
mer the high frequency limit can be reached by the
calorimeters available and whether or not the curve is
shifted along the frequency axis with temperature has
to be checked for each single experiment. It is still
an open question if a time–temperature superposition
is possible for the frequency dependent excess heat
capacity.

For polymers like sPP, PC, and PHB base-line
heat capacity is experimentally accessible in the tem-
perature range between conventional glass transition
and melting. For these semicrystalline polymers, it
is therefore possible to study the formation and the
disappearance of the RAF according toEq. (6).

Fig. 6. Time evolution of heat capacity during quasi-isothermal crystallization of PC at 457 K, temperature amplitude 0.5 K and period 100 s,
curve a. Curves b and c correspond to crystalline and liquid heat capacities from ATHAS data bank, respectively. Curve d was estimated from
a two-phase model,Eq. (1)and curve e from a three-phase model,Eq. (2), usingχsolid(Tg) from �cp. The squares represent measurements
at modulation periods ranging from 30 to 12,000 s. TA Instruments DSC 2920, Perkin-Elmer Instruments Pyris 1 DSC, Setaram DSC 121.

4. Results

In Fig. 6, the time evolution of heat capacity during
isothermal crystallization of PC at 457 K is shown.
To check whether or not base-line heat capacity is
measured the frequency dependence was studied at
the end of crystallization, seeFig. 5. No frequency
dependence of measured heat capacity can be seen
indicating the absence of reversing melting and that
base-line heat capacity was obtained.

To answer the question if the RAF was formed
isothermally during the crystallization process or on
cooling from the crystallization temperature to the
glass transition the measured base-line heat capacity
at the end of the measurement was first compared
with the expected values according to a two-phase
model, Eq. (1), curve d. Base-line heat capacity is
assumed to be the superposition of the heat capacities
of the crystalline and the non-crystalline fraction. If
the non-crystalline material detected as the RAF atTg
vitrifies on cooling and not during isothermal crystal-
lization one expects an agreement betweenEq. (1)and
the measured base-line heat capacity during and at the
end of the isothermal crystallization. As can be seen in
Fig. 6, measured heat capacity becomes significantly
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smaller than curve d—indicating the occurrence of
a significant RAF at the end of the isothermal crys-
tallization process. Next, we compare the measured
base-line heat capacity with the expected value accord-
ing to a three-phase model,Eq. (2), curve e. Let us now
assume vitrification of the non-crystalline material de-
tected as the RAF atTg occurs during the isothermal
crystallization and nothing happens on cooling from
the crystallization temperature to the glass transition.
Then we expect an agreement between the measured
heat capacity and the heat capacity fromEq. (2)using
the MAF determined atTg from the step height of heat
capacity at the glass transition. Line e inFig. 6was ac-
cordingly estimated. The agreement is perfect within
the accuracy of the measurement. For PC we conclude
that the total RAF was established (vitrified) during
the isothermal crystallization. No additional vitrifica-
tion occurs on cooling from the crystallization tem-
perature (457 K) down to the glass transition at 420 K.

For polymers crystallizing faster than PC it is dif-
ficult to follow isothermal crystallization by TMDSC
at the temperature of maximum crystallization rate as
we did for PC. We have either to choose temperatures
closer to the melting or closer to the glass transi-
tion temperature to reduce crystallization rate to a
reliable value. To choose crystallization temperatures

Fig. 7. Time evolution of heat capacity during quasi-isothermal crystallization of PHB at 296 K, temperature amplitude 0.4 K and period
100 s, curve a, thin line. Curves b and c correspond to solid and liquid heat capacities, respectively. Curve d was estimated from a
two-phase model,Eq. (1) and curve e from a three-phase model,Eq. (2), usingχsolid(Tg) from �cp. The squares represent measurements
at modulation periods ranging from 240 to 1200 s. Curve f shows the exothermal effect in the total heat flow and curves g and h, thick
dashed line, the expected values from model calculations, see text. Perkin-Elmer Instruments Pyris 1 DSC.

close to the melting temperature is often not possi-
ble because of large excess heat capacities at typical
TMDSC frequencies, seeFig. 4 for PEEK. Further-
more, a comparison between data obtained at such
high temperatures with that obtained atTg is problem-
atic because of possible changes in morphology on
cooling. Choosing crystallization temperatures close
to Tg, on the other hand, requires polymers which
can be quenched without crystallization on cooling
from the melt. PHB and sPP are polymers where this
can be easily done. The result from quasi-isothermal
crystallization of PHB at 296 K, what is close to the
glass transition, is shown inFig. 7.

Base-line heat capacity was measured as a function
of time and compared with the predictions ofEqs. (1)
and (2). As for PC the RAF in PHB is established
during the quasi-isothermal crystallization as can be
seen from the agreement of line e with the measured
heat capacity at the end of the crystallization process.
Because of the faster crystallization rate compared to
PC we were able to measure the exothermic effect due
to the crystallization process. The Pyris 1 DSC allows
for a quantitative measurement over 17 h also the
maximum of the heat flow rate was less than 40�W.
From the integral we obtain the enthalpy change,
h(t), and withEq. (7) the CRF as a function of time.
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The time dependence of base-line heat capacity can
be determined from

cpb(t) = cp liquid− χCRF(t)

χCRF(∞)
(cp liquid − cpb(∞)) (8)

The calculation can be performed for two cases: (i)
the RAF is formed during the whole crystallization
process or (ii) first the crystalline morphology is build
up during main crystallization and in a second step,
e.g. during secondary crystallization at longer times,
the RAF is formed. Then during main crystallization
no or only a little RAF should be present. The situation
(ii) should be described byEq. (8) wherecpb(∞) is
equal to the value fromEq. (1), line d, taking into
account liquid and crystalline material only. Curve g
in Fig. 7shows the result. Also the behavior at longer
times (>10,000 s) is not known, the result during main
crystallization is not in agreement with the measured
curve. To calculatecp(t) according to assumption (i)
cpb(∞) is equal to the value fromEq. (2), line e. Here
it is assumed that the RAF is formed during or just
after the formation of the lamella. Curve h inFig. 7
shows the result. The agreement is perfect within the
scatter of the experimental points.

For sPP quasi-isothermal crystallization was per-
formed close to the glass transition at 280 K and closer
to the melting temperature at 363 K.Fig. 8 shows the
result for crystallization close to the glass transition.

Fig. 8. Time evolution of heat capacity during quasi-isothermal crystallization of sPP at 280 K, just aboveTg. Temperature amplitude
0.5 K and period 120 s, curve a. Curves b and c correspond to solid and liquid heat capacities, respectively. Curve d was estimated from
a two-phase model,Eq. (1) and curve e from a three-phase model,Eq. (2), usingχsolid(Tg) from �cp. Perkin-Elmer Instruments DSC2.

Despite the fact that the quality of the measurement is
not as good as for PC and PHB the behavior is very
similar. All or at least most of the RAF is formed dur-
ing the isothermal crystallization.

For crystallization at 363 K the situation changes.
First of all it is not possible to follow crystallization
with time because it is too fast. InFig. 9, the frequency
dependence of the heat capacity after 3 h isothermal
crystallization at 363 K is shown. For frequencies
higher than 3 mHz no frequency dependence is ob-
served. At these frequencies base-line heat capacity
is measured. The value is again lower than expected
from a two-phase model,Eq. (1), but it is significantly
above the value for the three-phase model,Eq. (2),
taking into account the RAF detected atTg.

There must be further vitrification of amorphous
material on cooling from 363 K to the glass transition
at 270 K. To find out what is the reason for this vit-
rification we performed TMDSC scan measurements
on cooling from 363 to 230 K and successive heating
to the melt at 420 K. The heat capacity data obtained
on cooling and heating in the temperature range
363–230–363 K are the same within the thickness of
the line inFig. 10.

In the temperature range between the crystallization
temperature and 320 K significant deviations from
line e are observed. Near the crystallization tempera-
ture heat capacity is close to the value expected from
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Fig. 9. Modulus of specific complex heat capacity of sPP after crystallization at 363 K for 3 h as a function of frequency. Quasi-isothermal
rectangular multi-frequency temperature–time profile[43] with period 600 s, triangles, Perkin-Elmer Instruments Pyris 1 DSC, and 20,000 s,
squares, Setaram DSC 121. Temperature amplitude 1 K.

a two-phase model, line d. Devitrification and vitrifi-
cation occurs in a broad temperature range of about
40 K. If this is due to a broad glass transition one
would not expect latent heats in this temperature
range. But also below 363 K the total heat capac-
ity, dashed line f inFig. 10, is significantly higher
than the modulus of complex heat capacity, line a in

Fig. 10. TMDSC scan measurement of sPP after crystallization at 363 K for 3 h at underlying heating rate 1 K min−1, temperature amplitude
0.4 K and period 60 s, curve a, thick line. Curves b and c correspond to heat capacities for solid and liquid sPP and curves d and e to
expected heat capacities from a two- and a three-phase model, respectively. Curve f, dashed line, shows the total heat capacity. The vertical
dotted line shows the crystallization temperature. Perkin-Elmer Instruments DSC 2.

Fig. 10. This indicates latent heats because of crysta-
llization on cooling and melting on heating. For sPP
part of the RAF devitrifies on heating below the crys-
tallization temperature (363 K). Here devitrification
and melting are superimposed over a broad temper-
ature range. Possible explanations will be discussed
below.
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Fig. 11. Melting region of PC. Quasi-isothermal TMDSC measurements on stepwise increase in temperatures taken after 15 min (�) at
tp = 100 s. Curves b and c correspond to heat capacities for solid and liquid PC, respectively. Curve d was estimated from a two-phase
model,Eq. (1)and curves e and g from a three-phase model,Eq. (2), using data fromTg or temperature dependent crystallinity, respectively.
Curve f shows the total heat capacity at underlying heating rate 0.5 K min−1. TA Instruments DSC 2920.

For PC and PHB, where all RAF vitrifies at the
crystallization temperature, the question arises at what
temperature the RAF devitrifies on heating? Is devit-
rification smeared over a broad temperature interval?
Does it occur before the crystals melt? Or is devitrifi-

Fig. 12. TMDSC scan measurement (lines) of semicrystalline PHB at underlying heating rate of 1 K min−1, temperature amplitude 0.4 K
and period 60 s, curve a. Curves b and c correspond to heat capacities for solid and liquid PHB, respectively. Curve d was estimated from
a two-phase model,Eq. (1) and curve e from a three-phase model,Eq. (2) using data fromTg. The triangles show heat capacities from
quasi-isothermal TMDSC measurements on stepwise increasing temperatures. The data were taken after 30 min. Curve f shows the total
heat capacity. Perkin-Elmer Instruments Pyris 1 DSC.

cation of the RAF part of the main melting? To answer
these questions heat capacity was measured on step-
wise heating and compared with expected base-line
heat capacities, seeFigs. 11 and 12for PC and PHB,
respectively. To avoid contributions from irreversible
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melting to the measured complex heat capacity
quasi-isothermal measurements at stepwise increasing
temperatures were performed, see[44] for details.

The heat capacity measured at stepwise heating in
the melting region of PC,Fig. 11, curve a, shows devi-
ations from base-line heat capacity, line e, in the tem-
perature range above 460 K. At the lowest endotherm,
between 460 and 485 K, a pronounced increase in heat
capacity is observed. The heat capacity starts to devi-
ate from the base-line heat capacity obtained from a
three-phase model including RAF,Eq. (2), curve e, and
around 480 K it is close to the base-line heat capacity
obtained from a two-phase model,Eq. (1), curves d
and g. InEq. (1) only crystalline and liquid material
is taken into account. The increase in heat capacity
cannot be explained by the decrease of crystallinity
due to the lowest melting endotherm between 465 and
485 K. The expected increase due to the change in
crystallinity at the lowest endotherm corresponds to
the difference between curve g, which was calculated
from Eq. (1) assuming temperature dependent crys-
tallinity, and curve d assuming constant crystallinity.
At 480 K the difference is 0.01 J g−1 K−1 only. The
observed step in heat capacity is about 5 times larger.
At about 490 K heat capacity becomes larger than liq-
uid heat capacity because of excess heat capacity, see
Section 5.

Basically, the same behavior as for the PC is
observed for PHB on heating. Again, at the lowest
endotherm around 320 K a second step in heat capac-
ity towards the expected value from the two-phase
model is observed. Because PHB crystallizes fast, the
isothermal crystallization was performed close to the
glass transition to be able to follow the crystalliza-
tion process. Consequently, pre-melting is not well
separated from glass transition in temperature.

5. Discussion

For sPP, PC, and PHB a significant RAF can be
determined from the step of heat capacity at the glass
transition. Taking into account the crystalline, the
rigid amorphous and the mobile amorphous material
information about the fractions of different molecular
mobility can be obtained. For PC after 11 days crys-
tallization at 457 K crystallinity was 0.23, RAF was
0.26 and mobile amorphous fraction was 0.51. For

PHB after crystallization at 296 K for 28 h, the values
were 0.64, 0.22, 0.12 and for sPP after crystallization
at 280 K for 20 h 0.15, 0.37, 0.48, respectively. From
the TMDSC scan measurements no reversible melting
can be detected for these semicrystalline polymers at
temperatures above glass transition and below the low-
est endotherm. While PC crystallizes extremely slow,
PHB crystallizes reasonably fast like PET, PEEK,
PEN, and high degrees of crystallinity are reached.
We do not know why these polymers do not show
excess heat capacities under the given experimental
conditions, indicating the absence of reversing melt-
ing, while other polymers like PCL, PET, PEN, and
PEEK show large excess heat capacities[35,45,46].

The absence of excess heat capacities in a temper-
ature range suitable for crystallization experiments
allows us to study base-line heat capacity as a func-
tion of time and to compare measured with expected
values, seeFigs. 6–8. For PC, PHB and sPP at low
crystallization temperatures the measured heat capac-
ity becomes significantly smaller than base-line heat
capacity expected from a two-phase model,Eq. (1).
For these polymers a significant portion of the RAF is
formed during the isothermal crystallization process.
Furthermore, a perfect match between the measured
heat capacity at the end of crystallization and the
expected base-line heat capacity from a “three-phase
model”, Eq. (2), can be seen. Because inFigs. 6–8,
line e, was obtained with the RAF determined from
the heat capacity increment atTg, there are no indica-
tions for changes in the amount of the RAF on cool-
ing from the crystallization temperature to the glass
transition. In other words, the whole RAF, detected at
Tg, was established during the quasi-isothermal crys-
tallization. From these observations we can conclude
that, at least for PC, there is no broad glass transition
of the RAF somewhere in between crystallization
temperature andTg. Consequently, vitrification of the
RAF results from the crystallization process itself and
prevent further crystallization. For PC and PHB, at the
crystallization temperatures studied, the low degree
of crystallinity seems to be caused by the formation
of the RAF during crystallization. Vitrification of the
RAF is the result of morphological changes and not
due to cooling below a second glass transition tem-
perature. This is in agreement with the observations
of Lu and Cebe[14] for PPS but does not support the
view of Song and Hourston[13] and Huo and Cebe



C. Schick et al. / Thermochimica Acta 396 (2003) 119–132 131

[6] considering a broad glass transition of the RAF
for PET and PEEK, respectively.

For sPP at higher crystallization temperatures the
situation is not simple. As can be seen fromFig. 10,
the low frequency asymptotic value of the specific
heat capacity after isothermal crystallization at 363 K
is only a little below the expected value from a
two-phase model, line d,Eq. (1), and significantly
larger than the expected value obtained from the heat
capacity increment at glass transition, line e,Eqs. (2)
and (7). For sPP, a significant part of the RAF de-
tected at the glass transition is still mobile at the
end of the isothermal crystallization at 363 K and
vitrifies on cooling. There are significant changes in
heat capacity between crystallization temperature and
the conventional glass transition. But the latent heat
observed in this temperature range indicates simulta-
neous changes in morphology. The sequence length
distribution of the crystallizable sequences may be
responsible for this behavior. For polymers where the
crystallization is controlled by tacticity or distribution
of non-crystallizable co-units along the chain the size
of possible crystals may be defined by the length of the
crystallizable sequences. Therefore, for crystallization
temperatures above the melting temperature of the
smallest crystals (shortest sequences), these crystals
cannot be formed. On cooling, as soon as temperature
is below the corresponding crystallization tempera-
ture, the small crystals are formed. The formation
of such small crystals results in the reduction of the
molecular mobility of the surrounding melt and conse-
quently in the vitrification of the amorphous material
which is detected as the RAF atTg. For sPP, contrary
to PC and PHB, the RAF mainly vitrifies on cooling
from the crystallization temperature (363 K) to the
glass transition within ca. 40 K. Consequently, crys-
tallization cannot be limited by the vitrification of the
melt surrounding the growing crystals. For sPP other
reasons must be responsible for the very low degree of
crystallinity finally reached. It may be the length dis-
tribution of crystallizable sequences of the necessary
stereo-regularity which limits crystallization of sPP.

6. Conclusion

For PC, sPP and PHB the asymptotic value of
heat capacity at high frequencies can be measured by

TMDSC during crystallization. This allows to mea-
sure base-line heat capacity and to study the formation
of the RAF. For PC, PHB and sPP the RAF is estab-
lished during isothermal crystallization. Devitrifica-
tion of the RAF occurs at the lowest endotherm. The
immobilization of the amorphous material around less
perfect crystals, which are formed during isothermal
crystallization, results in the vitrification of the RAF
during crystallization and in its devitrification during
melting. For sPP, crystallized at 363 K, only a small
fraction of the RAF detected at the glass transition
is vitrified during isothermal crystallization. These
differences regarding the vitrification of the RAF in-
dicate differences in the crystallization process. While
for PC, PHB and sPP at 280 K crystallization is lim-
ited by the vitrification of the melt surrounding the
growing crystals for sPP at 363 K, other mechanisms
must be responsible for the low degree of crystallinity
reached. The length distribution of the crystallizable
sequences must be considered. In any case, vitrifi-
cation of the RAF results from the crystallization
process itself. Vitrification of the RAF is the result
of morphological changes and not due to cooling
below a sometimes assumed second glass transition
temperature in the semicrystalline polymers.
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