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Abstract

The practical applicability and the relevance of a classification of processes into three different regimes is examined based
on some typical TMDSC experiments. It is demonstrated that this classification, simply based on the presence and temperature
susceptibility of an excess process, is very useful to identify and understand phenomena observed with TMDSC.

The ability to separate the base-line heat capacity from excess phenomena is undoubtedly the most valuable feature of
TMDSC. Nonetheless, one has to realize that this feature is restricted to excess processes that are not susceptible to the
temperature modulation such as for instance curing and enthalpy recovery. Crystallization and melting processes, on the other
hand, are susceptible to the temperature modulation and thus the complex heat capacity is in that case not uniquely determined
by the base-line heat capacity. In addition, the strong temperature dependence of the kinetics in combination with the generally
large heat flow, imply that the conditions applied are very critical to obtain a reliable complex heat capacity. In spite of these
serious limitations it is demonstrated that TMDSC can provide additional insight in the crystallization and melting behaviour
using (step-wise) quasi-isothermal measurements (i.e. 5,=0). © 1999 Published by Elsevier Science B.V. All rights reserved.
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1. Introduction particular advantageous in the case of overlapping

processes. Unfortunately, its applicability is generally

Since the introduction of temperature modulated not very straightforward and dependent on a number
differential scanning calorimetry (TMDSC) in 1993, of important aspects such as [41]:

an impressive number of papers have appeared

o . L . . 1. Material invariance on the time-scale of modula-
describing its potential applicability in a wide variety

of fields such as absolute heat capacity determination ) E?rrllearit of the process (input ax;+bxy — output
[1,2], thermal conductivity [3,4], glass transition ’ ay Jray); p put ax;bx; P
1+ayz

region [5-16], curing [17-23], miscibility [24-27]
as well as crystallization and melting [28—40]. From
this viewpoint, TMDSC can undoubtedly be regarded
as a valuable extension of conventional DSC, that is in

3. The time-scale of a process and its susceptibility to
the temperature modulation
4. Instrument performance (linearity, steady state)

Moreover, the experimental conditions and data
*Corresponding author. E-mail: evaluation are, apart from its limited frequency range,
rolf.scherrenberg @dsm-group.com more critical as compared to other dynamical techni-
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ques such as dynamical mechanical thermal analysis
(DMTA) and dielectric thermal analysis (DETA). In
TMDSC the temperature plays not only a role in the
dynamic input but is also used in the underlying linear
temperature variation and the corresponding heat flow
response. In that respect, a mechanical equivalent of a
TMDSC experiment with an underlying scanning rate
(o would be a DMTA measurement on top of a stress—
strain measurement.

The above respects have been outlined in more
detail in a recent paper [41]. Based on a theoretical
description of the heat flow response using the full
heat capacity concept, it was demonstrated that pro-
cesses studied with TMDSC can be classified into
three distinct regimes, depending on the time-scale
and the susceptibility of the process to the temperature
modulation. In this paper, the relevance of these
different regimes will be validated on the basis of
some typical TMDSC experiments. Furthermore, the
applicability of TMDSC in the melting and crystal-
lization region will be discussed in more detail.

2. Experimental

The (TM)DSC experiments were carried out with
three different DSC instruments, namely Perkin-
Elmer Pyris-1, TA Instruments DSC 2920 and Mettler
DSC-821. The instrument used for a particular experi-
ment will be denoted in the caption of the correspond-
ing figure. The TA Instruments heat flux DSC 2920
was equipped with a refrigerated cooling system.
Helium was used as purge gas (25 ml/min). The
temperature was calibrated using cyclohexane and
indium. The latter was also used for enthalpy calibra-
tion. The heat capacity was calibrated with a linear
polyethylene material NIST SRM 1475 [42] at 150°C
(cp, =2.57J/(g°C) [43]). For the calibrations, the
same pan type and period of modulation were used
as in the corresponding experiments. For each experi-
ment, a modulation period of 60 s was applied. Per-
forated aluminium pans (50 pul Perkin-Elmer) were
used.

The Perkin-Elmer Pyris-1 power-compensating
DSC was equipped with a Cryofil™ cooling system
operating at liquid nitrogen temperature. A 90/10
mixture of neon/helium was used as purge gas
(25 ml/min). The temperature was calibrated using

adamantane, indium and lead. Indium was also used
for energy calibration. An empty pan measurement
(50 pl perforated aluminium Perkin-Elmer pan) was
subtracted for all measurements.

Conventional heat capacity experiments were per-
formed on a Mettler DSC-821 heat flux DSC equipped
with a refrigerated cooling system. Nitrogen was used
as purge gas (80 ml/min). The temperature and energy
was calibrated with indium, lead and zinc using a
standard procedure in the Mettler software. The abso-
lute heat capacity was determined according to DIN
51007 using a sapphire and an empty pan measure-
ment. Perforated aluminium 40 pul Mettler pans were
used.

3. Results and discussion
3.1. The base-line heat flow ®,, (regime I)

Regime I is representative for the thermal behaviour
of materials in the absence of any excess heat flow
response (i.e. .=0) such as enthalpy recovery, che-
mical reactions (e.g. curing) and crystallization and
melting. A typical example of regime I is the thermal
behaviour of an amorphous polymer around the glass-
transition region during cooling (i.e. absence of
enthalpy recovery) as in illustrated in Fig. 1 for an
amorphous styrene—maleic acid (SMA) copolymer.

The heat flow response in regime I is uniquely
determined by the base-line heat capacity c,, of the
material studied which is connected with the torsional
vibrations and segmental motions. In the glassy state,
relaxation processes are related to kinetically simple,
quasi-independent motional events with relaxation
times in the order of 10~'? s. These motional events
are commonly denoted as non-cooperative motions,
although several atoms participate.

The glass transition region, on the other hand,
corresponds with motions of molecular segments.
The relaxations times 7(7) corresponding to these
so called cooperative motions are considerably larger
as compared with the non-cooperative motions and
can be, depending on the temperature, on the time-
scale of TMDSC (10-100 s) or even larger.

The time-scales of the cooperative and non-coop-
erative motions are represented schematically in
Fig. 2 by time distributions of the heat flow response.
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Fig. 1. The magnitude of the complex heat capacity \c;\ versus the temperature for styrene—maleic acid (SMA) in the glass-transition region
during cooling. A saw-tooth-modulation was applied with (a) p=168 s; Ar=2.1°C; [By=1°C/min; (b) p=60s; Ay=1°C; 5,=2°C/min; (c)

p=24s; Ar=0.5°C; 5y=3°C/min (Perkin-Elmer Pyris-1).

For illustrative purposes, these time distributions are
represented by a Gaussian distribution. Although such
a distribution is most probably not a correct repre-
sentation of the time-scales involved, its exact shape is
not critical for the concept described. The time-scales
related to the temperature modulation (i.e. p=27/wy)
and [, are also illustrated in Fig. 2. The time-scale
corresponding to 3, has been positioned to the right of
that of the temperature modulation because in view of
the requirement of material invariance, the tempera-
ture variation due to the underlying scanning rate
has to be in principle smaller than the temperature
amplitude At and preferably zero within a modulation
period (i.e. Bo/(Atwp)<l. In practice, however, this
precondition in regime I is not as critical as for
instance during crystallization and melting (regime
IIT). This is related to the fact that the temperature
dependence of the base-line heat capacity is substan-
tially smaller in comparison with the temperature

dependence of the excess heat flow connected with
crystallization and melting. The position of (3, on the
time-scale (Fig. 2) has been chosen somewhat arbi-
trary and can shift to a certain extent with the tem-
perature, depending on the activation energy of the
process studied. As illustrated in Fig. 2, the distribu-
tion corresponding to the non-cooperative motions is
always situated completely left of the time-scale
probed with (TM)DSC (10-100 s) because the time-
scale of this type of motions is considerably shorter.
The heat flow corresponding to these motions can
therefore be regarded as time independent (i.e. instan-
taneous response). On the other hand, the time-scale of
the cooperative motions can, due to the time—tem-
perature interrelationship, be in the order of the time-
scales probed with (TM)DSC and hence can overlap at
certain temperatures with the time-scale of modula-
tion. Accordingly, three subregimes can be identified
(Figs. 1 and 2).
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Fig. 2. Schematic representation of regime I. (a) and (c) are representative for a material below and above the glass-transition region,

respectively. (b) is illustrative for the glass-transition region.

In regime Ia (Fig. 2(a)), the time-scale of the heat
flow response @, corresponding to the cooperative
motions are located completely right of the modula-
tion window, signifying that, in contrast to the non-
cooperative motions, the cooperative motions are slow
in comparison with the time-scale of the experiment
and will therefore not contribute to the heat flow
response Py, This regime is useful to describe the
thermal properties of an amorphous polymer below
the glass transition region (Fig. 1).

In regime Ic (Fig. 2(c)), the time-scales of the heat
flow response corresponding to both the cooperative
and non-cooperative motions are situated completely
left of the modulation window. Hence, the heat flow
response, comprising both type of motions, will follow
the applied temperature program instantaneously and
can be regarded as time independent of the time-scale
of the modulation (Fig. 1).

The time-independence of the heat flow response in
regime la and Ic implies that the phase shift is by
definition zero. Therefore, the use of the full decon-
volution method (i.e. separation into an in- and out-of-
phase heat capacity) in these regimes has no relevance.
For the same reason, the base-line heat capacity based
on both the underlying and modulated temperature
variation has to be identical in these regimes, as is
illustrated in Fig. 1. This also implies that any devia-
tion of the phase angle ¢ from zero in regime Ia and Ic
has to be related to artefacts originating from the
sample (e.g. thermal transfer) and/or instrument.

The above arguments no longer hold in the glass-
transition region (regime Ib). In the glass-transition
region, the time-scale of the heat flow response cor-
responding to the cooperative motions overlaps with
the time-scale of the temperature modulation
(Fig. 2(b)); i.e. the heat flow response comprises a
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time-dependent contribution and therefore the phase
angle is no longer zero. In this case, the use of the full
deconvolution method is in principle relevant,
although in practice the phase angles are generally
so small that in most cases the use of the simple
deconvolution (i.e. phase information neglected
(6=0)) can still be justified.

The dependence of the glass-transition temperature
on the time-scale of the experiment, as schematically
represented in Fig. 2, is also found experimentally for
a styrenic—maleic acid (SMA) copolymer (Fig. 1).
The glass-transition region shifts towards higher tem-
peratures on increasing the temperature modulation wy
which is in good agreement with earlier studies on
polystyrene [14,15]. This phenomenon can simply be
explained by the fact that the relaxation time distribu-
tion corresponding to the cooperative motions will
overlap with the time-scale of modulation at relatively
higher temperatures on increasing wy.

2.5

3.2. The heat flow in the presence of excess
phenomena (regimes Il and III)

Additional to the heat flow response @, connected
with the baseline heat capacity, excess phenomena
such as enthalpy recovery, crystallization and
melting, and chemical reactions can contribute to
the total heat flow response. The evaluation of the
(TM)DSC heat flow response in the presence of such
excess phenomena is less straightforward in compar-
ison with regime I because the magnitude as well as
the temperature dependence of the excess heat flow
response . are generally considerably larger than
that of &y,

In case of an excess process, both the variation of
the mass fraction w; with temperature (Ow,/0T) and
time (Ow,/0t) are of importance. Firstly, the time-scale
(i.e. kinetics) of the excess process (Ow;/0t) has in all
cases to be significantly longer than the time-scale of
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Fig. 3. (a) Quasi-isothermal curing of an epoxy-amine thermosetting system at 40°C. A sinusoidal modulation was applied with At=0.5°C
and p=60 s (TA Instruments); (b) residual cure after the quasi-isothermal curing. The experimental conditions applied were Ar=0.3°C, p=60 s

and an underlying heating rate 3 of 2.5°C/min.
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Fig. 3. (Continued)

modulation because otherwise the material properties
vary during a modulation period and thus the require-
ment of material invariance is violated. For the same
reason, the variation of the mass fraction w; during a
modulation as a result of the underlying scanning rate
Bo has to be negligible, Ow;/0T3=0, implying that
quasi-isothermal conditions (i.e. 3y=0) are preferable.
Moreover, the susceptibility of the mass fraction w; to
the temperature modulation T, is of significance. In
this respect, two different regimes, namely regimes II
and III, can be distinguished.

In regime II, the existing mass fraction w; is
not influenced by the temperature modulation (i.e.
Ow;/0T_=0). In other words, there is no contribution
of the excess process to the modulated heat flow
response P, as a result of the temperature modulation
(i.e. ¢p, = 0).

In regime III, on the other hand, the existing mass
fraction w; is varied by the temperature modulation
(i.e. Ow;/O0T_#0).

3.2.1. Regime II (Ow;/0T_=0)

A very important feature of regime II is that, due to
the insensitivity of the excess process to the tempera-
ture modulation (i.e. Ow;/0T,=0), the modulated heat
flow response @, is uniquely determined by the base-
line heat capacity c,,. This enables the separation
between the base-line heat capacity and an excess
heat flow contribution which proves to be very useful
in the case of overlapping processes involving excess
processes such as enthalpy recovery, cold crystalliza-
tion and heat of reaction superimposed on a vitrifica-
tion process.

A typical example of regime II is the curing of a
resin [17-23], as is illustrated in Fig. 3 for an epoxy-
amine thermosetting system. The heat flow curve in
Fig. 3(a) represents the heat flow @ generated by the
quasi-isothermal curing and is in principle similar to
that obtained with conventional isothermal DSC
experiments. The modulated heat flow response @,
on the other hand, comprises no contribution from the



R. Scherrenberg et al. / Thermochimica Acta 330 (1999) 3—19 9

instantaneous response to T,

Regime Il wOvAT |
0=0 I
D, (TT=t,)=0 I
\I
W,
N opm e ws
| —-
/\ l
non-coop coop | (I)e (Tiso! 't)
|
1 ,

| . |
14 12 10 8 6 4 -2 0 2 4 6 8 10 12 14
— log time (s}

— w, T

instantaneous response to T,

Regime Il Wy, AT |
Boko 0~ T ! Bo
D, (TTt) =0, | @ep(TT=t)20
N
@ NG B -
wy | pun
PN | w/
non-coop coop : BT Tt
‘ D A ,

. . !
-14 12 10 8 6 4 -2 0 2 4 6 8 10 12 14
— log time (s)

— w, T

Fig. 4. Schematic representation of regime II. (a) and (b) are illustrative for a curing process under quasi-thermal (3p=0) conditions and with

an underlying linear temperature variation Ty (8,70), respectively.

excess process because the process is not susceptible
to the temperature modulation. Consequently, the
observed gradual decrease of the magnitude of the
complex heat capacity |c;| in Fig. 3(a) is uniquely
determined by the decrease of the base-line heat
capacity during vitrification process.

The quasi-isothermal curing process is illustrated
schematically in Fig. 4(a) by a shift of the relaxation
time distribution towards longer time-scales on
increasing conversion w;, as a result of the correspond-
ing reducing molecular mobility. At a certain point,
the relaxation time distribution representing the coop-
erative motions shifts through the time-scale of the
temperature modulation which is accompanied by a
decrease of the base-line heat capacity (i.e. vitrifica-
tion). The modulated heat flow response comprises a
time-dependent contribution as the time-scales of the
relaxation process and the temperature modulation
overlap and consequently the phase angle ¢ is no
longer zero (cf. regime Ib). For this reason, the phase
angle ¢ gives additional information about the vitri-
fication process, as already found experimentally by
van Assche et al. [22,23].

A TMDSC experiment with an underlying heating
rate [3, after the quasi-isothermal curing (Fig. 3(a)) is
depicted in Fig. 3(b). In analogy with the quasi-iso-
thermal experiments, the variation of the base-line
heat capacity can be separated from the excess heat
flow &, connected with the residual cure due to the
insensitivity of the curing process to the temperature
modulation. The heat flow curve in Fig. 3(b) also
exhibits a large enthalpy recovery effect which is

frequently observed after isothermal curing. This
excess process is also insensitive to the temperature
modulation and therefore does not contribute to the
variation of the complex heat capacity in the glass-
transition region. The ability of TMDSC to separate
enthalpy recovery effects from the variation of the
base-line heat capacity in the glass-transition region is
a real added value as compared with conventional
DSC in studying the glass-transition region of poly-
meric materials in general.

A schematic representation of regime II with an
underlying scanning rate 3, is shown in Fig. 4(b). The
position of the relaxation time distributions is much
more arbitrary as compared with Fig. 4(a) because of
the complex and generally counteracting influence of
the temperature and the degree of conversion on the
molecular mobility. Increasing the temperature
increases the molecular mobility but also increases
the conversion rate (Ow,/0t) of the curing process. The
latter, on the other hand, will result in a lower mole-
cular mobility. For these reasons, the time-scales
corresponding to @, and P, as illustrated in Fig. 4(b),
are chosen arbitrarily and can be very dependent on
the temperature and process studied.

3.2.2. Regime III (Ow;/0T_#0)

In contrast to regime II, the excess process is
influenced by the temperature modulation in regime
I (i.e. Ow;/0T_#0). An illustrative example of such
an excess process in the quasi-isothermal crystalliza-
tion of a linear polyethylene NIST SRM1484 [42]
(Fig. 5). The heat flow curve in Fig. 5 is representative
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Fig. 5. Quasi-isothermal crystallization of linear polyethylene (NIST SRM1484) at 128.5°C. A sinusoidal temperature modulation was
applied with Ar=0.1°C and p=60s (TA Instruments). The base-line heat capacity c,, has been calculated on the basis of the variation of
degree crystallinity with time, based on the ratio between the integrated heat flow with time and the literature value for the heat of fusion
of 100% crystalline polyethylene, and the literature values for the amorphous and crystalline heat capacity (c,, and c, ) and 128.5°C

[43-45].

for the heat flow generated during the quasi-isothermal
crystallization. From that viewpoint, the crystalliza-
tion process at this quasi-isothermal temperature is
apparently completed after about 300 min. The mag-
nitude of the complex heat capacity |c;|, on the other
hand, shows a gradual increase with time and finally
reaches a constant value which remains constant up to
the end of the experiment (i.e. 1400 min). Toda et al.
[32,33] have reported a similar increase of |c;| for a
comparable linear polyethylene sample (NIST SRM
1483) [42]. Quasi-isothermal crystallization experi-
ments have also been described for other polymers
such as polyethylene terephthalate [38,39], PEEK
[35], polypropylene [46] and polycaprolacton [47].
However, the absolute variation of |c,*,\ during quasi-
isothermal crystallization for these polymers is notice-
ably smaller in comparison with polyethylene and in

the case of polycaprolacton [47] even a small decrease
of \c;| is observed on crystallization. Simply based on
the change of the base-line heat capacity c,, one
should expect a decrease of the base-line heat capacity
on crystallization because the heat capacity of the
crystalline phase is smaller than that of the amorphous
phase [43-45]" as illustrated in Fig. 5 for the linear
polyethylene studied (NIST SRM 1484). This implies
that |c;| during the quasi-isothermal crystallization is
not uniquely determined by the base-line heat capacity
but also comprises an additional excess heat flow
contribution &, that instantaneously follows the
temperature modulation (i.e. Ow;/0T,#0). In that
respect, the difference between |c;\ and the base-line

'WWW (Internet), URL: http://funnelweb.utcc.utk.edu/~athas.
For a general description see also [45].
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Fig. 6. Schematic representation of a quasi-isothermal crystal-
lization (regime III).

heat capacity is representative for the so called excess
heat capacity c,,. The time-independent heat flow
contribution is represented schematically in Fig. 6
by an additional relaxation time distribution for &, ,
near the time-scale of modulation. A plausible expla-
nation of the instantaneous excess heat flow contribu-
tion is, as already suggested by Wunderlich et al.
[39,40], that a fraction of the crystalline material
present at a specific time and temperature reversibly
melts and crystallizes as a result of the temperature
modulation. From that viewpoint, the variation of the
excess heat capacity with time will most probably
correlate with the fraction of crystallized material
present (Fig. 7). The analogy between the variation
of the excess heat capacity and the integrated heat
flow with time at different quasi-isothermal tem-
peratures (Fig. 7) seems to be in line with this
view.

The above results show that TMDSC offers added
value to study the melting and crystallization beha-
viour of polymeric materials. However, one has to
realize that the experimental conditions for a mean-
ingful TMDSC experiment in regime III are very
critical and generally implying very long measure-
ment times. Already in the most simple case, the
quasi-isothermal crystallization, the isothermal crys-
tallization temperature has to be chosen such that the
variation of the degree of crystallinity (i.e. Ow;/0f)
during a modulation period is negligible, otherwise the
requirement of material invariance is violated. Sec-
ondly, the crystallization kinetics should not be influ-
enced by the temperature amplitude applied. The latter

precondition is not very obvious because of the com-
monly large temperature dependence of the crystal-
lization kinetics. Fig. 8 shows a profound dependence
of the crystallization kinetics on the temperature
amplitude for linear polyethylene (NIST SRM
1484). Both |c, | and the heat flow curve shift towards
smaller time-scales on increasing the temperature
amplitude from 0.1°C to 1.6°C. This phenomenon
is of course related to the larger temperature window
(Ty£Ar) on increasing the temperature amplitude Ar.
The crystallization rate will be significantly slower for
Ty—0.1°C as compared with Tp—1.6°C. The simulta-
neous increase of |c,| (Fig. 8) with the temperature
amplitude applied can be explained along the same
line, namely the larger the temperature window, the
larger fraction of crystalline material that is suscep-
tible to the temperature modulation.

The observed variation of the crystallization
kinetics Ow;/Ot with the temperature amplitude
applied combined with the intrinsic violation of mate-
rial invariance (i.e. Ow,;/0T,7#0) imply that the use of
the linear response theory and consequently the phase
angle ¢ is disputable. Moreover, the amplitude of the
first harmonic obtained from Fourier analysis contains
only part of the information and therefore the complex
heat capacity is more or less meaningless. The rele-
vance of the complex heat capacity becomes even
more questionable in case an underlying scanning rate
By is applied to study the whole melting and crystal-
lization region. Apart from the question of material
invariance and linearity, one also has to realize that the
excess heat flow generated during melting and espe-
cially crystallization is generally large. In combination
with the intrinsic poor heat conductivity, maintenance
of steady state in the melting and crystallization region
is not evident. The latter can be easily checked by a
plot of the heat flow response versus the temperature
for a certain period of time [10]. Such so called
Lissajous representations (Fig. 9) for the linear poly-
ethylene sample studies (NIST SRM 1484) show large
distortions in the crystallization and melting region,
indicating that the sample for this temperature pro-
gram is far from steady state. Consequently, any
evaluation of the modulated heat flow response in this
temperature range, including the determination of |c; l,
is meaningless. This signifies the importance of check-
ing maintenance of steady state prior to evaluation of
the data.
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Fig. 7. Quasi-isothermal crystallization of linear polyethylene (NIST SRM1484) at different temperatures. A sinusoidal temperature
modulation was applied with Ay=0.4°C and p=60 s (TA Instruments). (a) The magnitude of the compled heat capacity \c;\ versus time; the
initial deviation of \c;\ at the lower quasi-isothermal temperatures is related to the fact that, due to the relatively fast crystallization, the first
modulation cycles are not very reliable; (b) heat flow response ¢ versus time; the apparent decrease of the heat flow response with the
crystallization temperature is misleading and is caused by the logarithmic time-scale applied; (c) integrated heat flow response versus time.

As a result of the criticality of the temperature
program used, so called step-wise quasi-isothermal
temperature programs nowadays become more popu-
lar to study the melting and crystallization region. The
magnitude of the complex heat capacity |c;| for the
linear polyethylene studied (NIST SRM 1484) during
both step-wise quasi-isothermal heating and cooling is
depicted in Fig. 10. This figure shows a significant
variation of |c;| during both melting and crystalliza-
tion. Comparison of |c[*,\ and the absolute heat capacity
as measured with conventional DSC reveals that the

variation of the heat capacity connected with tem-
perature reversible melting and crystallization is in the
order of a few percent (1-5%) of the total heat
capacity variation during melting and crystallization
(Fig. 11).

Analogous to the quasi-isothermal crystallization
(Fig. 5), the magnitude of the complex heat capacity
|c;| (Fig. 10(a)) initially increases around the crystal-
lization temperature (+128°C). On further lowering of
the temperature, |c;§| decreases step-wise. This
decrease is most probably related to an increasing
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Fig. 8. The effect of the modulation amplitude (0.1°C<Ar<1.6°C) on the quasi-isothermal crystallization of linear polyethylene (NIST
SRM1484) at 128.5°C. A sinusoidal temperature modulation was applied with p=60 s (TA Instruments).

fraction of crystalline material with a certain perfec-
tion and size that it is no longer susceptible to the
temperature modulation on further lowering of the
temperature. Noteworthy is that 30°C below the initial
crystallization temperature of linear polyethylene
there is still a detectable fraction of reversible melting
and crystallization, as indicated by the fact that |c}| is
still notably larger than the heat capacity correspond-
ing to the amorphous phase. In analogy with crystal-
lization, the increase of |c,| in the melting region
(Fig. 10(b)) can be explained by an increasing sus-
ceptibility of the crystalline material to the tempera-
ture modulation on increasing the temperature. In
contrast to step-wise quasi-isothermal cooling
(Fig. 10(a)), however, the step-wise quasi-isothermal
heating experiment (Fig. 10(b)) exhibits a significant
decrease |c;| during the quasi-isothermal waiting time.
At higher temperatures, the quasi-isothermal waiting
time of 60 min is clearly insufficient to reach an
equilibrium state. This phenomenon could be attrib-

uted to reorganization. Similar to annealing, the crys-
tal size and perfection will be enhanced during the
quasi-isothermal waiting time, resulting in a smaller
fraction that is susceptible to the temperature modula-
tion.

Above reasoning suggest that the variation of |c;
during the quasi-isothermal waiting time is very
dependent on the thermal history. This is confirmed
in Fig. 12(a) for a linear low density polyethylene
(LLDPE). The double melting behaviour of this mate-
rial, connected with the heterogeneous intra- and
intermolecular distribution of the comonomer, is
known to be very dependent on the thermal history
[48]. A sample that previously has been cooled down
with 20°C/min shows a considerable decrease of |c, |
during the quasi-isothermal waiting time while the
same sample after a step-wise quasi-isothermal cool-
ing experiment with an average cooling rate of
0.033°C/min exhibits only a relatively small variation
(Fig. 12(a)). Nevertheless, |cI’;\ in the latter case is still
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Fig. 9. Lissajous figures in the crystallization (a) and melting (b) region of linear polyethylene (NIST SRM1484). A so called iso-scan
modulation was applied with a temperature step of 1°C (1°C/min) followed by an isothermal waiting time of 60 s. For the preparation of the
Lissajous figure a linear temperature variation of 0.5°C/min has been subtracted.
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Fig. 10. Step-wise quasi-isothermal cooling (a) and heating (b) experiments of linear polyethylene (NIST SRM1484). Prior to the step-wise
quasi-isothermal heating experiment (b), the sample was cooled down with 5°C/min. A repetitive temperature program was applied consisting
of a temperature step of 2°C followed by a quasi-isothermal waiting time of 60 min. During the quasi-isothermal waiting time a sinusoidal
temperature modulation was applied with Ar=0.4°C and p=60 s (TA Instruments).
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Fig. 10. (Continued)

significantly higher than the base-line capacity, imply-
ing that still a fraction of the crystalline material is
susceptible to the temperature modulation even for
such slow cooling rates. In analogy with the linear
polyethylene (Fig. 10(b)), the reorganization during
the quasi-isothermal waiting time proves to be appre-
ciably smaller during cooling as compared with heat-
ing (Fig. 12(b)). The step-wise quasi-isothermal
cooling experiment (Fig. 12(b)) also nicely manifests
the crystallization at lower temperatures (80—100°C)
of the fraction with a relatively higher comonomer
content.

4. Conclusions

The experimental examples described in this paper
nicely illustrate that the classification in three different
regimes [41], simply based on the presence and tem-
perature susceptibility of an excess process (i.e. Ow;/
0T,,), proves to be very useful to identify and under-
stand phenomena observed with TMDSC. These

experiments also clearly demonstrate that TMDSC
has added value in comparison with conventional
DSC. However, this added value has to be put into
the right perspective and differs between the regimes.

The determination of the absolute base-line capa-
city in regime I is, due to the intrinsic higher sensi-
tivity of the technique, a potential advantage of
TMDSC. Apart from the considerable larger measure-
ment time involved with TMDSC, the accuracy proves
to be in practice not significantly better as compared
with conventional DSC [43]. Consequently, the only
remaining advantage of TMDSC in regime I is its
capability to study the frequency dependence of pro-
cesses, although, the frequency range is often very
limited in comparison with other dynamical techni-
ques such as DMTA and DETA.

The ability to separate the base-line capacity from
excess phenomena is undoubtedly a very valuable
feature of TMDSC (regime II). Nonetheless, one
has to realize that this feature is restricted to excess
processes that are not susceptible to the temperature
modulation such as for instance curing and enthalpy
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recovery. Semi-crystalline polymers, on the other
hand, exhibit an instantaneous excess heat flow
response which can be ascribed to the reversible
melting and crystallization of a few percent of crystal-
line material (regime III). This fraction proves to be
dependent on the thermal history during heating.
Although the base-line heat capacity can no longer
be determined uniquely from || in regime III, the
latter provides in principle valuable information with
respect to crystallization and melting. The question of
linearity, the intrinsic violation of the required mate-
rial invariance (i.e. Ow;/0T,#0) and the strong tem-
perature dependence of the kinetics in combination
with the generally large heat flow, imply that the
conditions applied are very critical to obtain a reliable
|c;;|. In that respect, the determination of an in- and
out-of-phase heat capacity using the linear response is
very critical in regime III. In spite of these serious
limitations it has been demonstrated that TMDSC can
provide additional insight in the crystallization and
melting behaviour in case of (step-wise) quasi-iso-
thermal measurements (i.e. 5y=0). Although this type
of measurement is very time-consuming and can
hardly be regarded as routine experiments, it contri-
butes to a better understanding of the melting and
crystallization mechanism. A more detailed study on
the possible mechanism (e.g. surface melting [49,50])
connected with the observed reversible melting and
crystallization phenomena will be presented in a sub-
sequent paper [51].

5. Nomenclature

t time

T characteristic time-scale of process

T temperature

Ty initial temperature; isothermal tempera-
ture

I} d7/dt=scanning rate

Bo linear scanning rate

At temperature amplitude

T, modulated temperature variation
(AT sin WOI)

T linear temperature variation (To+(of)

p period

wo 27/p

Cp heat capacity

Cp, baseline heat capacity

Cp, excess heat capacity

w; mass fraction of phase i

h; enthalpy of phase i

Ow;/0T,,  variation of the mass fraction w; due to
the modulated temperature variation T,

Ow;/10T3  variation of the mass fraction w; due to
the conventional temperature variation T

ow; 10t variation of the mass fraction w; with
time

7 total heat flow response

Dy conventional heat flow response with
linear scanning rate (3

L modulated heat flow response

Disor conventional heat flow response at the
isothermal temperature T

by base-line heat flow response connected
with base-line heat capacity

L excess heat flow response connected with
excess heat capacity

Dy conventional base-line heat flow response

Dep conventional excess heat flow response

Dy modulated base-line heat flow response

L modulated excess heat flow response

c% in-phase heat capacity .

e out-of-phase heat capacity

e magnitude of the complex heat capacity
phase angle

Ig characteristic time-scale of linear under-
lying scanning rate (3

t, characteristic time-scale of temperature
modulation
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