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Abstract

Temperature modulated dynamic mechanical analysis (TMDMA) was performed in the same
way as temperature modulated DSC (TMDSC) measurements, As in TMDSC TMDMA allows the
investigation of reversible and non-reversible phenomena during crystallisation of polymers. The
advantage of TMDMA compared to TMDSC is the high sensitivity for small and slow changes in
crystallinity, e.g. during re-crystallisation. The combination of TMDMA and TMDSC yiclds new
information about local processes at the surface of polymer crystallites. It is shown that during
and after isothcrmal crystallisation the surface of the individual crystallites is in equilibrium with
the surrounding melt.
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Introduction

Temperature modulated DSC (TMDSC) as introduced by Reading [1] enables,
under certain conditions, the identification of reversing and non-reversing changes
ol sample properties. The temperature program normally used consists of an under-
lying heating or cooling rate superimposed with a periodical temperature perturba-
tion. The concept of dividing the measured signal 1n an underlying signal and a pe-
riedic (reversing) component cannot only be applicd to calorimetric measurements
but also to thermogravimetric |2], dilatometric |3, 4], diclectric [5], and dynamic
mechanical measwements [6].

From the very beginning of TMDSC melting and crystallisation of polymers was
considered to be one of the most important applications of this ncw technique, There
was the hope to be able to measure bascline heat cepacity in the broad melting region
of semi-crystalline polymers. Unfortunately reversing or complex heat capacity ob-
tained from temperature modulated scans in the melting region is not a measure of
baseline heat capacity (fast degrees of freedom) rather than a complicated superpo-
sition of heat capacity, latent heats, kinetics and last but not least effects related to
heat transfer in the sample-calorimeter system [7].
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Because heat capacity of polymer crystals is smaller than that of the melt, one ex-
pects during crystallisation a decrease of heat capacity with increasing crystallinity.
TMDSC makes the quasi-isothermal determination of heat capacity during crystal-
lisation possible. But as for melting, an excess heat capacity occurs which can be re-
lated to reversible melting during and after quasi-isothermal crystallisation [8, 9].
Because crystallisation of polymers is far {rom Leing well understood [10] addi-
tional information about these processes are needed. To check applicability of
TMDMA in this field TMDMA and TMDSC measurements during quasi-isothermal
crystallisation of PCL were carried out.

Experimental

For the TMDMA measurements an Advanced Rheometric Expansion System
(ARES) from Rheometric Scientific was used. The Rheotest software, includes a
comfortable programming language. With the help of that, it is possible fo synthesise
any periodic temperature-time-program with or without underlying heating or cool-
ing rate. The same data treatment algorithm as in TMDSC can be used for TMDMA

measurements, for details see [11].
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Fig. 1 Heat fow rate, ¥, (part A) and enthalpy change, A A, (part B) from a conventional
DSC scan and storage shear modulus, G, (part C) from a DMA temperature scan for
crystaitisation and melting of PCL with cooling and heating rate of 0.1 K min”'

The period length of the temperature modulation was limited to lower periods by
the time constant of the equipment. If one wants to compare the results {rom
TMDMA measurements with that from TMDSC using the same temperature profile
high sensitive DSC apparatuses like Perkin Elmer Pyris 1 DSC or Sctaram DSC 121
or 141 must be used. For the comparison a careful temperature calibration of both
instruments is necessary. The DSCs are calibrated according to the GEFTA rccom-

J. Therm. Anal. Cal., 56, 1999



WURM ct al.: ISOTHERMAL CRYSTALLISATION 1157

mendation [12]. The calibration was checked in TMDSC mode with the smectic A to
nematic transition of 8OCB [13]. The DMA apparatus was temperature calibrated
wilth melting of water, indium, tin, and lead.

The linear aliphatic polylactone polycaprelactone (PCL), with structure
[(CH,)sCOO0]-used in the experiments is a commercial sample synthesised by
Aldrich Chemic with a molecular mass average of 55 700 g mol™". More details
about the sample are reported in {141, In Fig. 1 DSC and DMA scans are shown in
the crystallisation and melting range.

Results

Figure 2, curve a shows the data of the storage modulus for a quasi-isothcrmal
TMDMA crystallisation experiment at 331 K with a temperature amplitude of 0.5 K
and a period of 1200 s. The low crystallisation temperature was chosen to be able to
follow the whnle crystallisation process in one measurement. The total time for this
experimenl was more than 6 days.
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Fig. 2 Time evolution of the storage shear modulus (curve a) during quasi-isothermat crystal-
lisation of PCL at T,=331 K, :pzl 200 5, Aq=0.5 K (curve ¢). Curve b shows the ampli-
tude of the storage modulus

Crystallisation starts after an induction time duc to nucleation. With increasing
crystallinity the storage modulus increases, curve a. The relation hetween the storage
modulus and crystallinity is very complicated. A lot of (for the most polymers un-
known) sample properties are needed to describe this relation with theories taking
into account combinations of amorphous and crystalline parts in the sample. So it is
difficult to estimate changes in crystallinity quantitatively from shear modulus
measurements. The shape of the modulus curve altows to distinguish between two
different crystallisation regimes — until 200 000 s main and up to the end secondary
crystallisation.,

The insert in Fig. 2 shows a magnified part of the modulus curve at the end of
main crystallisation. It is remarkable and unexpected that at the heating segments of
the temperature modulation there is always a decrease of the storage modulus. This
indicates that parts of the sample melt or undergo a glass transition, probably the
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rigid amorphous fraction. Consider the amplitude of the storage modulus (curve b in
Fig. 2) one can see an increase during the main crystallisation with a relatively
abrupt change to a constant or slowly decreasing value. This is contraty to the behav-
iour of the storage modulus itself which is retated to crystallinity, increasing up to
the end of the measurement,

Also with TMDSC it is possible to investigate quasi-isothcrmal crystallisation if
the sensitivity of the instrument is high enough to detect the heat flow rate due 1o
crystallisation and modulation. For TMDMA there are no limitations caused by the
ratc of changes in crystallinity because shear modulus itself depends on crystallinity.
Contrary, the heat lTow rate measured in TMDSC depends on the rate of changes and
is therefore limited for very slow processes.
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Fig. 3 Time dependence of (he heat flow rate during quasi-isothermal crystallisation of PCL
al T;=328 K, 1=1200 5, A;=0.5 K

Figure 3 shows the heat flow rate during quasi-isothermal crystallisation at mean
temperature of 328 K with a period of 20 min and an amplitude of (.5 K with the
Perkin Elmer Pyris1 DSC, The exothermic crystallisation process has been followed
for 3 days. The specific heat capacity was calculated as the ratio of the amplitudes of
heat flow rale and heating rate (Fig. 4, curve a). A smalt decrease with time can be
observed but the value is much higher than expected from ATHAS data bank for the
semi-crystalline PCL [15].

The degree of crystallinity of the sample was estimated from heat of fusion (A, /=
82 1 g™'y obtained from a DSC scan from 328 to the melt at 343 K just after quasi-iso-
thermal crystallisation. The ratio between the measured and the heat of fusion for an in-
finite crystal [15] (Ag 7 "=156.81] g7} yields a crystallinity w(cr)=0.5. The expected
heat capacity ¢p sample fOr 8 semi-crystalling sample can be calculeed according to

Cp sample (T, I)':W(Cf)(-')cp crys(al('r)‘{”(]_w(cr)(ﬂkp men(T) (n

with ¢ crysial Specific heat capacity for the crystal and ¢y ey, that for the melt, both avail-
able from ATHAS data bank [15]. With this data 1L is possible to calculate the expected
phonon heat capacity for the sample with w{cr)=0.5 at 328 K (cpsemicrystaltine)- The
heat capacity calculated from the heat flow rate amplitude does not reach this value
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Fig. 4 Comparison of the ¢, value from the measured heat flow rate (curve a) during quasi-
isothermal crystallisation at T,=328 K (see Fig. 3} with expected phonon heat capacity
(curve b), see text

at the end of the experiment where crystallinity reaches 0.5. From the difference an
excess heat capacity of about 0.17 J g”'K™! can be obtained. To determine the excess
heat capacity during crystallisation as a function of (e it is necessary (o estimaie
the curve for the expected phonon heat capacity. This was done with the time de-
pendence of crystallinity and Eq. (1). Crystallinity was estimated from the enthalpy
change during crystallisation. The normally used integration of the mcasured hcat
[low rate is not appropriate here because the maximum of the exothermic effect is
only (.05 mW and the total measuring time was three days. Therefore a sophisti-
cated method to estimate the change in crystallinity from the measured phase angle
[16] was used. The result for crystallinity is shown in Fig. 5, curve a and that for ex-
pected phonon heat capacity in Fig. 4, curve b. The difference between curves a and
b in Fig. 4 represents the excess heat capacity related 10 a reversible pracess, present
also at the end of crystallisation. The excess heat capacity is shown in curve b in
Fig. 5. As for the amplitude of the shear modulus in Fig, 2 it reaches a constant value
much flaster than crystailinity.
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Fig. 5 Comparison of the time evolution of the crystallinity (curve a) and the cxcess heat ca-
pacity (curve b), see text, during quasi-isothermal crystallisation, T,=328 K (Fig. 3}
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Discussion

Figure 4 shows that the measured heat capacity decieases less than the expected
phonon heat capacity with increasing crystallinity. The difference results in an ex-
cess heat capacity which stays constant after the end of main crystallisation. It can
be related to reversing melting during crystallisation. This excess heat capacity
(curve b in Fig. 5) behaves similar to the amplitude of the storage modulus (curve b
in Fig. 2). So the same reversible process will be tested with both independent meth-
ods. From the excess heat capacity the amount of material taking part in the revers-
ible process was estimated to about 0.2% cf the crystalline material.

As shown in Figs 2 and § time dependence of the quantities detcrmined from the
periodic part of shear madulug and heat flow rate Ag: and €p excecs. respectively, are
different from that of crystallinity, Therefore the reason for the increase of the am-
plitude is not the increase of the fraction of crystalline material. One possible expla-
nation is that with the temperature modulation effects on the surface of the crystals
are tested.

In Strobl's four-state scheme for polymer crystallisation and melting [10] an
equilibrium between the melt and the just developed native crystal is assumed. Con-
sider a polymer molecule of which a fraction is part of the crystal and another frac-
tion is part of the surrounding melt, A small temperature increase will allow to re-
move another fraction of the molecule from the growth front of the crystal and to at-
tach it again if temperature is decreasing. For such a process no nucleation, also no
molecular nucleation [17], is necessary as long as a fraction of the molccule is part
of the crystal. During main crystallisation the number of crystals and their surface in
growth direction as well as the number of molecules in such a situation is increasing
faster than crystallinity. At the end of main crystallisation the whole sample is filled
with crystals and remaining amorphous parts in-between. From this time (about
200 000 s in Fig. 2 and 100 000 s in Fig. 5) thc number of crystals and their surface
remains practically constant. The observed behaviour of amplitudes and crystal-
linity, Figs 2 and 5, supports such a picture if one consider that reversible melling
happens ot the surface of all crystals not only at the actual growth front Conse-
quently all crystals stay during the whole crystallisation process for more than
6 days in a state of something like a ‘living’ crystal. From temperature modulated ex-
periments it seams ta be possible to study such small changes in crystallinity of
about 0.2% related to the surface of the crystals.
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