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Abstract

Well-crystallized macromolecules melt irreversibly due to the need of molecular nucleation, while small molecules melt
reversibly as long as crystal nuclei are present to assist crystallization. Furthermore, imperfect crystals of low-molar-mass
polymers may have a sufficiently small region of metastability between crystallization and melting to show a reversing heat-
flow component due to melting of poor crystals followed by crystallization of imperfect crystals which have insufficient time
to perfect before the modulation switches to heating and melts the imperfect crystals. Many metals, in turn, melt sharply and
reversibly as long as nuclei remain after melting for subsequent crystallization during the cooling cycle. Their analysis is
complicated, however, due to thermal conductivity limitations of the calorimeters. Polymers of sufficiently high molar mass,
finally, show a small amount of reversible, local melting that may be linked to partial melting of individual molecules.
Experiments by temperature-modulated calorimetry and model calculations are presented. The samples measured included
poly(ethylene terephthalate), poly(ethylene oxide)s, and indium. Two unsolved problems that arose from this research involve
the origin of a high, seemingly stable, reversible heat capacity of polymers in the melting region, and a smoothing of melting
and crystallization into a close-to-elliptical Lissajous figure in a heat-flow versus sample-temperature plot. © 1998 Elsevier
Science B.V. All rights reserved.

Keywords: Crystallization; Crystal nucleation; Irreversible melting; Locally reversible melting; Melting; Molecular
nucleation; Temperature-modulated calorimetry

1. Introduction

For quantitative analysis of melting or crystalliza-
tion with standard differential scanning calorimetry
(DSC), one can identify four temperature regions of
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analysis. (1) The region of small changes in heat
capacity before melting. This region is characterized
by continued steady state, negligible temperature gra-
dient within the sample, and a small, constant tem-
perature gradient between sample and sample-
temperature sensor. (2) The region of constant sample
temperature where the transition is sharp and of
sufficiently high heat of transition. On crystallization
with supercooling of the sample, the heat of crystal-
lization may raise the sample temperature to the
melting temperature. If a constant-temperature region
is reached, this second region is also close to steady
state, but the sensor temperature may deviate more
from the sample temperature due to the increase in
heat flow. The amount of deviation depends on the
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calorimeter construction and the control circuit gov-
erning the calorimeter. (3) This actual transition
region 2 is followed by an approach to the new steady
state that removes the larger difference between sam-
ple temperature and sensor. (4) The region of the melt
or crystal when steady state similar to region 1 has
been reached after the transition. The heat of transition
absorbed or evolved over these four regions can be
assessed by the baseline method [1].

In this paper, an analysis will be given of the
analysis of melting and crystallization by tempera-
ture-modulated differential scanning calorimetry
(TMDSC). In the first and fourth regions of the
transition one can determine the ‘reversing’ heat
capacity as the first harmonic of a Fourier series of
the heat flow versus time; in the second and third, one
must analyze the heat flow in the time-domain, i.e. plot
the raw heat-flow signal HF(¢) and correct for the
sinusoidal heat-capacity baseline. If the transition
covers more than one modulation cycle, the transition
regions 1-4 overlap and complicate the quantitative
analysis. If the transition is fully irreversible and not
affected by the modulation, i.e. it has a rate practically
constant over the temperature range +Ar, the reversing
heat flow may be entirely due to the reversible heat
capacity.

The TMDSC used in this research is modulated at
the block temperature Ty,(f) with a sinusoidally chan-
ging amplitude which is governed, as in standard DSC,
by adjusting the temperature of heater input at the
sample position:

Ty (1) = Ty + {(g)t + Az, sin wt (1)

where (g) is the underlying, constant heating rate and
T\, the initial isotherm at the beginning of the scanning
experiment. The modulation amplitude at the block,
Ar, is adjusted by the control circuit so that the
modulation amplitude of the sample sensor is Az as
chosen by the operator. The modulation frequency wis
equal to 27/p with p representing the duration of one
cycle (in s). At steady state the sample is modulated
with the same frequency, but with a phase lag of e.
Temperature-modulated calorimeters (TMC) con-
structed and/or controlled differently may deviate
somewhat from the calorimetric responses described
in this paper.

Measurements can be made as soon as steady state
is reached, either under quasi-isothermal conditions

({¢)=0) at T, [2], or with the linear temperature ramp
(g)t. The former method is equivalent to the classical
AC calorimetry, the latter case corresponds to true
temperature-modulated DSC. A detailed mathemati-
cal description [3] and a modeling scheme of the
software used for data analysis [4] have been
given. More extended discussions of the melting of
poly(ethylene terephthalate) (PET) [5,6], poly(oxy-
ethylene) (POE) [7,8] and indium (In) [9] discussed
in this paper are available for further details and data
on a larger number of samples. Work on paraffins and
liquid crystals is in progress and will be submitted for
publication in the near future.

2. Experimental details

A commercial Thermal Analyst 2920 MDSC sys-
tem from TA Instruments was used for all measure-
ments (modulated differential scanning calorimeter,
MDSC™). Dry N, gas with a flow rate of 10-30 ml/
min was purged through the sample. Cooling was
accomplished by a mechanical refrigerator (RCS).
For heat-flow-amplitude calibration ca. 25 mg of sap-
phire were used. The pan weights were ca. 23 mg and
corrected for asymmetry [10]. The temperature cali-
bration was carried out using the onsets of transition
peaks for several standards. The PET was of industrial
grade with a M, of 18 000 Da with different thermal
histories. The POEs had molar masses of 1500 and
4540 Da (POE1500, and POES000, respectively). The
In was of melting-point-standard grade. A modulation
period, p, of 60 s was used at various amplitudes and
underlying heating rates (g). The standard DSC was
used with a heating rate of 10 K/min. Sample masses
were chosen to maintain steady state for the regions of
quantitative measurement of heat capacity (1-10 mg,
depending on experiment design).

3. Results and discussion
3.1. Melting and crystallization rates

Fig. 1 shows a schematic diagram of the linear
melting and crystallization rates of crystals of rigid,
small monomer molecules and flexible, linear oligo-
mers and polymers in the presence of crystal nuclei.
This diagram is based on experiments on supercooling
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Fig. 1. Schematic of melting and crystallization rates of polymers,
oligomers, and monomers. The rates are measured as rates of
change of the linear crystal dimensions. (Typical polymer:
poly(oxyethylene) of 35000 Da, typical oligomer poly(oxyethy-
lene) of <10000 Da, typical monomer metals like In or Se,).

and superheating, and comparisons of the kinetics of
melting and crystallization over the last 100 years on
materials like SiO,, felspars, GeO,, P,Os, Se,, Se,,
POE, polyethylene, polyoxymethylene, polytetra-
fluoroethylene, polycaprolactam, and In (for Refs.
see [5,11]). Obvious is the metastable range of tem-
perature for the melt of flexible molecules which
increases with molar mass and is characterized by
negligible melting and crystallization rates, even in
the presence of crystal nuclei. In this temperature
region no polymer crystals can grow from the melt.
The region of metastability is caused by the need of
molecular nucleation for the crystallization of flexible
molecules [11]. Modulation of the indicated magni-
tude cannot produce reversing melting/crystallization
processes since the melting and crystallization regions
can not be covered by the modulation amplitude of the
temperature. When analyzing crystals on heating with
(q) and a modulation of +1.0 K, melting will occur on
the heating cycle when reaching temperature close to
T2, but at such temperatures no crystallization can
occur on the cooling cycle. This leads to a very
asymmetric response in TMDSC close to T with a
melting peak in one or more of the modulation cycles.
A reversing contribution to the heat flow can be seen in
this case, but is based on an erroneous assignment of
the amplitude of the first harmonic similar to the
reversible In melting, discussed below with the help
of Fig. 4.

For monomers, as well as polymers, melting is often
(but not always) so fast, to be limited only by thermal

conductivity [11]. Both, DSC and TMDSC give under
such conditions only limited information on the
kinetics of melting, but can be used for measurement
of the heat of fusion. The heat of fusion is separated
from the heat-capacity effect by the well-known base-
line method [12]. In TMDSC the total heat flow can be
analyzed similarly, but may be less precise because of
the lower heating rates commonly used in TMDSC. In
sharp-melting substances, an analysis of the reversing
signal in the time-domain is also possible, as described
below.

Crystallization can be slowed sufficiently by experi-
menting close to the melting (high-temperature crys-
tallization) or glass transition (cold crystallization).
The crystallization is then measured by quick cooling
or heating to the crystallization temperature and fol-
lowed by isothermal measurement of the evolved heat.

With TMDSC new methods can be added to the
analysis of crystallization. For example, one can gain
kinetic information if the change of heat-capacity
during crystallization is sufficiently large and rever-
sible and the evolution of the latent heat is completely
irreversible, as is expected for flexible molecules (see
Fig. 1). Quasi-isothermal TMDSC can in this case
separate the non-modulatable heat of transition from
the reversible heat capacity and derive kinetic data
from the changes in heat capacity with time which
occurs during the phase transition. The lower limit of
time for such experiment is about two modulation
periods, and there is no limit to longer times since the
heat capacity is continuously determined anew.

3.2. Melting of perfect polymer crystals

Fig. 2 shows DSC and quasi-isothermal TMDSC
traces for a well-crystallized, low-molar-mass poly
(oxyethylene), a flexible macromolecule [(O-CH,—
CH,-),]. As expected from the schematic of Fig. 1,
the well-crystallized POES000 shows no crystalliza-
tion, and accordingly, no renewed melting after the
initial heating to T [7]. To assure steady state in the
evaluation of quasi-isothermal experiments, only data
after the first 10 min (10xp) are included in the
analysis. Analysis of this sample by TMDSC with
an underlying heating rate (¢) by deconvolution of the
reversing heat flow would not be possible because of
loss of steady state, as will be described below. In the
time-domain, one or more melting contribution would
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Fig. 2. Standard DSC and quasi-isothermal TMDSC of well-
crystallized POES5000. Standard DSC at 10 K min; TMDSC at
p=60s, A7=0.5 K, data collection during the last 10 min of a
20 min run.

occur in the high-temperature parts of the modulation
cycles when traversing the melting region. The ana-
lysis of these time-dependent responses would require
information about the heat conductivity of the calori-
meter and change with (g).

The change from steady state before melting (1)
into the new steady state in the sharp melting range
with constant sample temperature (2) is handled easily
by standard DSC (see Fig. 2). The return from the
melting peak at the end of melting (3) to the baseline
(4) is governed by the thermal conductivity of the
calorimeter. The four different segments of the melt-
ing peak have been described using the linear Fourier
differential equation describing thermal conductivity
and lead to the common base-line analysis of the heat
of fusion by DSC [12]. In TMDSC such abrupt
changes in heat flow must similarly be analyzed in
the time-domain, as will be shown next on the example
of In. A deconvolution of the total heat flow from the
reversing portion is not possible under the given
conditions because of an overlap of the three regions
of steady state and the approach to steady state,
described above and in Section 1. Only if the heat-
flow response to the modulation is close to sinusoidal
does a deconvolution of the type used in TMDSC give
quantitative information on a reversing heat flow or
heat capacity.

3.3. Melting and crystallization of Indium

Fig. 3 illustrates the practically reversible melting
of In, a sharp-melting metal, on traversing the melting
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Fig. 3. Time-domain recording of the melting of In by TMDSC.
Even numbers indicate crystallization peaks, odd ones, melting.
Peaks 5-15 correspond closely to the heat of melting/crystal-
lization (+28.6 ] g’l). Run parameters: p=60 s, A7=1.0 K, mass of
In, m=1.085 mg, {¢)=0.2K min~ .

temperature (429.75 K) with TMDSC in the presence
of crystal nuclei [9]. Note the enormous increase in
heat flow in the melting/crystallization range. The
temperature modulation recorded by the sample ther-
mocouple is affected much less, but regions of devia-
tion exist during melting and crystallization. Still, the
four regions of analysis overlap as shown by the time-
domain plot. Analysis can be attempted with the
baseline method. In TMDSC the baseline is the shal-
low, sinusoidal recording as it is seen before and after
melting and crystallization. Fortunately crystalline
and melted In have the same heat capacity, i.e. no
adjustment of the base-line amplitude is needed.

Fig. 4 shows the analysis of a melting peak fol-
lowed by crystallization within one modulation period
using the modeling software of Ref. [4]. It shows that
the reversing heat-flow amplitude, (Axg), and its
smoothed output show unrealistic features and are
largely broadened. Both of them have no relation to
the true amplitude of the heat of fusion or crystal-
lization that was given as the input, HF(#). The ana-
lysis of the maximum amplitude makes no distinction
between endotherm and exotherm, i.e. one could not
distinguish between excess melting or crystallization.
This figure shows clearly the limitations of the decon-
volution software that makes use of the first harmonic
only. All information must be extracted from the time-
domain recording shown in Fig. 3.

With Fig. 5 a similar melting experiment with
In is illustrated [9], but in the quasi-isothermal
mode ((¢)=0) and with a much smaller modulation
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Fig. 4. Modeling of the pseudo-isothermal heat flow with a
melting and crystallization peak using the Lotus 1-2-3"" software
described in [4]. The final output, the smoothed (Ayg) is shifted by
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Fig. 5. Quasi-isothermal melting of In at 429.345 K. Run
parameters: p=60 s, A7=0.05 K, mass of In, m=1.085 mg, {g)=
0.0 Kmin~'. The numbers next to the transition peaks give the
approximate heat of transition.

amplitude (£0.05 K). Before 22 min, one can see the
end of the previous experiment at 7,=429.245 K, and
after 32 min, the beginning of the experiment at
Ty=426.445 K. Both, the earlier and later recordings
show no trace of melting or crystallization and have
the normal, low-amplitude, sinusoidal heat flow due to
heat capacity only. In the melting region (T,=
429.345+0.05 K) clearly the time for melting is insuf-
ficient to supply all heat of fusion, only ca. 1/3 of the In
melts. Such quasi-isothermal experiments can be used
for calibration of the calorimeter. In the present case a
correction of +0.4 K must be applied to the data. A

detailed inspection of the melting and crystallization
peaks shows practically no supercooling. Since melt-
ing is never complete, there is always a steep reversal
of the melting endotherm to the crystallization
exotherm as soon as the temperature of the sample
reverses. Note that despite constant temperature of
large parts of the sample, the sample-sensor is con-
tinuously modulated with only minor deviation from
the sinusoidal change. Much can be learned about the
loss and partial attainment of steady state from these
graphs. The small crystallization peak in Fig. 5 at
23 min, for example, shows clearly the first part of an
approach to steady state after complete crystallization
as can be seen better for the large-amplitude modul-
ation of Fig. 3. To reach repeatability of the quasi-
isothermal melting and crystallization is seen to take
somewhat more than 2 min. With the limits of fully
irreversible and close to reversible melting established
in Sections 3.2 and 3.3, intermediate cases can be
treated next.

3.4. Locally reversible melting of polymers

Figs. 6 and 7 display an initial study of the melting
and crystallization of melt-crystallized and melt-
quenched poly(ethylene terephthalate) (PET) [(O-
CH,—-CH,-O-CO-C¢H4—CO-),]. The data were gen-
erated with standard DSC and quasi-isothermal
TMDSC for Fig. 6 and quasi-isothermal TMDSC
only, for Fig. 7 [5]. The reversing component in the
melting region of the TMDSC traces was quite sur-
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Fig. 6. Reversible melting of poly(ethylene terephthalate). Melt-
crystallized sample of 44% crystallinity. Standard DSC
10 K min~—!. TMDSC run parameters: p=60 s, A7=1.0 K, mass of
PET, m=5.00 mg, (g)=0.0 K min~'. Recorded data are the last
10 min of a 20 min experiment.
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Fig. 7. Reversible melting of poly(ethylene terephthalate). Melt-
quenched, amorphous sample (filled circles). TMDSC run para-
meters: p=60s, Ar=1.0K, mass of PET, m=5.00 mg, (¢)=
0.0 Kmin~'. For comparison the quasi-isothermal data for the
44% crystalline sample are shown as open circles (note the
difference in scale). Recorded data are the last 10 min of a 20 min
experiment.

prising, since one would have expected from Fig. 1
that there is not latent heat contribution to the rever-
sing signal, as was also demonstrated with Fig. 2. In
the meantime, similar small endothermic responses to
modulation in the melting region have been found in
several other polymers, like high molar mass poly-
(oxyethlene) [7], poly(trimethylene terephthalate)
[13], and poly(ether ether ketone) (PEEK) [14]. This
observation seems, thus, generally true for high-
molar-mass polymers.

Fig. 7 reveals that the contribution to the apparent
reversing heat capacity from melting and crystalliza-
tion is dependent on the degree of perfection of the
crystals. The poorer melt-quenched crystals have a
higher reversing ‘melting peak’. This reversing melt-
ing can thus be used to characterize a polymeric
material. Poorer crystallized molecules have higher
reversing melting contributions and perfect crystals
show none. The origin of this reversing melting was
linked to a small amount of melted polymer that could
not be extracted with solvents [5]. It fits also into the
general concept of molecular nucleation as the cause

of the metastable region between melting and crystal-
lization in Fig. 1 [11]. One assumes that at the moment
of stoppage of melting due to the decrease in tem-
perature at the appropriate modulation phase, a small
number of molecules remain partially crystallized, i.e.
they do not have to undergo renewed molecular
nucleation for crystallization. This permits these par-
tially melted molecules to be close to (locally) rever-
sible, i.e. recrystallize during the cooling cycle and
remelt during the next heating cycle.

The cold-crystallization region in Fig. 7 illustrated
the possible measurement of crystallization kinetics
mentioned in Section 3.1. by following the decrease in
heat capacity on going from the supercooled melt to
the crystalline state as described in Section 3.1.
Because of the large degree of supercooling, the
evolution of the heat of crystallization is irreversible
and does not change in rate over the modulation
amplitude. In this case all heat of crystallization
appears in the total heat flow and only the reversible
heat capacity is recorded as the reversing heat capa-
city.

Fig. 8 shows that the apparent, reversing heat capa-
city in the melting region grows smaller with time [6].
After 6 h at the marked temperature, the level of the
liquid heat capacity is reached. Even when extrapolat-
ing to infinite time, using an exponential fit of the
changing reversing heat capacity, the sample does not
reach the semicrystalline heat capacity level, but only
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Fig. 8. Change of reversible melting of poly(ethylene terephtha-
late) with time. Melt-crystallized sample of 44% crystallinity and
conditions as in Fig. 6. The measurement at the indicated filled
circle was extended from 20 min to 6 h and then extrapolated to
infinity.
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the point marked by the filled triangle. These long-
time experiments show that the local structures that
give rise to the extra reversing heat capacity contribu-
tion are not stable, but disappear in time. It is inter-
esting to note that this disappearance may have two
opposite reasons. First, the molecules that show the
locally reversible melting may perfect in time and thus
their melting temperature will fall outside the mod-
ulation limit. Second, their melting may, in time,
progress to a sufficiently large degree so that an
insufficient attachment to the crystal exists to over-
come the nucleation barrier. In this case, the subse-
quent supercooling in the low-temperature cycle is
insufficient to cause crystallization. Further experi-
ments with different temperature-modulation periods
and amplitudes may give additional information if one
or both of the proposed mechanisms are active and
permit considerable progress in the understanding and
analysis of the defect structure of polymer crystals.

The higher-than-expected heat capacity after long-
time experiments has not found an explanation as yet.
It also seems a general observation in high-molar-
mass polymers and may go beyond the heat-capacity
contribution due to the introduction of thermal point-
defects, as documented with gauche defects in glassy
and crystalline polyethylene [15].

3.5. Reversible melting of defect polymer crystals of
low molar mass

Fig. 9 illustrates another case of apparent, reversi-
ble melting and crystallization [7]. Standard DSC and
quasi-isothermal TMDSC data are shown for a melt-
quenched, poorly crystallized POE of low molar mass
(oligomer). The small reversing heat-capacity contri-
bution is this time at the low-temperature side of the
melting peak and can be made to disappear by more
careful crystallization before melting, as shown for the
higher molar mass sample of Fig. 2. The interpretation
of the data points to a small amount of poorly crystal-
lised POE of even lower than the 1500 Da of the main
portion of the sample [8].

Fig. 10 shows the Lissajous figure of a plot of heat
flow HF(?) versus the modulated sample temperature
T4(t). If both quantities are sinusoidal at the same
frequency, elliptical Lissajous figures should arise.
The POE 1500 has, however, some distortions due
to a small amount of melting and crystallization. The
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Fig. 9. Standard DSC and quasi-isothermal TMDSC of quickly
cooled POE1500. Standard DSC at 10 K/min; TMDSC at p=60 s,
A7=0.5 K, data collection during the last 10 min of a 20 min run.
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Fig. 10. Lissajous figures of the sample of Fig. 9 as a function of
time at 315.7 K; TMDSC at p=60 s, A7=0.5 K, data collection at
the time indicated in the figure, mass of POE, m=1.00 mg,
{(¢)=0.0 K min~".

positions of the distortions indicate that there is a
metastable region between the oligomer melting and
crystallization. In contrast to the high-molar-mass
reversing melting, Fig. 10 shows that in this case
the heat-flow amplitude increases with analysis time,
rather then decreases. It was suggested [8] that diffu-
sion of the proper species of the crystallization sites
may cause the slow increase. It is not fully resolved
why the indication of melting and crystallization in the
Lissajous figures are not more obvious. A frequent
observation is that in the early figures, before reaching
steady state much clearer deviations occur from the
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Fig. 11. Lissajous figures of the sample of Fig. 9 as a function of
modulation amplitude at 315.76; TMDSC at p=60s, Ar as
indicated in the figure, data collection during the last 10 min of a
20 min run.

ellipse. In time, an ellipse is approached, but the heat-
flow amplitude is not decreased.

Fig. 11 illustrates the change in the Lissajous fig-
ures for a sample as in Fig. 10 for different modulation
amplitudes Ar. By increasing Ar beyond 0.5 K for the
chosen temperature, increasing melting and crystal-
lization can be seen distorting the ellipse. The posi-
tions of the melting and crystallization during
the modulation pointing to the growth of metastable
crystals with a lower melting temperature. Fig. 12
indicates the magnitude of shift that has been accom-
plished relative to the melting temperatures of the
perfect crystal. The melting curve in Fig. 12 was
chosen to match the observed data with the known
growth rates [8]. The region of metastability of the
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Fig. 12. Schematic lowering of the melting rate of a poor oligomer
crystal to explain the observation of some reversing melting
(compare to Fig. 1).

melt has been narrowed because the crystals that grow
under the given conditions are poor and do not have
sufficient time to perfect before melting. As in the case
of In melting, the distortion of the sinusoidal response
to temperature modulation invalidates equating of the
reversing heat capacity to the first harmonic of the
Fourier analysis, but quantitative data can be gained in
the time-domain. The use of TMDSC has in this case
an application for the discovery of low molar mass,
crystallizable impurities in the sample. Furthermore,
TMDSC with different modulation amplitude and
frequency can be used to probe the melting/crystal-
lization diagram of Figs. 1 and 12. It is useful for the
study of Figs. 1 and 12 to be able to extend the
amplitude to as high as £10 K with an appropriately
chosen low modulation frequency (>100 s).

4. Conclusions

This work has shown, just as the analysis of the
glass transition presented at last year’s ICTAC meet-
ing [16], that TMDSC can produce important new and
different quantitative information relative to standard
DSC. It makes it particularly clear that for some
analyses standard DSC is faster and/or more suitable,
but for others, only TMDSC can give sufficient infor-
mation by using one or more of its various measure-
ment and analysis methods. In TMDSC as well as
DSC, care must be taken that the basic conditions for
quantitative measurements and data analyses are
known and satisfied [1]. In particular, one cannot
use instrumentation or software that is not fully
described or disclosed by the manufacturer.

A fully equipped thermal analysis laboratory should
have DSC as well as TMDSC available, and a decision
must be made for every sample whether one, the other,
or both methods are needed for best and quickest
results [17]. Most efficient seems a fast DSC trace
at 10-20 K min~'. On inspection of this trace, further
decisions can be made about introduction of various
thermal or mechanical histories and regions of interest
for slow TMDSC (often <1.0 K min™) or quasi-iso-
thermal TMDSC at selected temperatures.

The basic diagram of melting/crystallization could
be verified and the limits of TMDSC were established
by comparing the melting of a broad range of materi-
als using time-domain and Fourier transforms to heat-
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flow amplitudes. Direct observation of partial melting
of polymer molecules is possible and gives informa-
tion about the crystal-melt interface. Low-molar-mass
crystals of poor crystal perfection could be seen in the
presence of a large volume of more perfect crystals.
Both of these analyses can give new information about
crystal and molecular morphology, not available
before. A number of unexplained observations involve
seemingly high reversible heat capacities in the melt-
ing region and smoothing of the Lissajous figures on
long-time modulation in the presence of phase transi-
tions.
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