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Abstract

The melting and crystallization of indium has been reinvestigated with the heater-controlled Mettler—Toledo differential
scanning calorimeter DSC 820. The heat-flow rate during melting and crystallization is largely determined by instrumental
characteristics and often does not permit the evaluation of kinetic parameters of the phase transition. We found that the
observed reversing character of the melting depends strongly on the modulation parameters. For quasi-isothermal,
temperature-modulated calorimetry with a symmetric sawtooth, the degree of reversibility decreases with increasing
amplitude of temperature modulation. At a lower average temperature of modulation relative to the melting temperature, the
partial melting process can be fully reversing, while at higher average temperatures, the melting becomes less reversing due to
instrumental time restrictions for the completion of melting. With an appropriately modified, nonsymmetric sawtooth,
however, the phase transition can be made fully reversing, even in the later stages of the melting process (as long as crystal
nuclei remain). The influence of sample mass, sample position within the pan, and type of pan are analyzed, and the conditions
for the study of the kinetics of crystallization of nucleated crystals close to the melting temperature, and by implication, also
the melting kinetics, are suggested. Published by Elsevier Science B.V.
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1. Introduction ture-modulated DSC (TMDSC) are frequently used
methods for the study of the kinetics and reversibility
of first order transitions' [1]. According to the laws of
equilibrium thermodynamics, the temperature of a
one-component sample must remain constant until
the crystallization or melting is completed, i.e. as
long as two phases coexist (Gibb’s phase rule) [1].
The measured heat-flow rate during melting and

Standard differential scanning calorimetry (DSC)
and the recently introduced extensions to the tempera-
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crystallization, however, is governed by sample and
instrument properties, i.e. the total latent heat, the
thermal resistance within the sample, and the paths
between sensor, heater, and sample, as well as the
experimental parameters such as the heating rate and
modulation amplitude [2,3]. Hence, the DSC data
during a first-order transition represent never an infi-
nitely sharp peak, as required by the phase rule, but
vary for different types of calorimeters and experi-
mental parameters. A shorter heat conduction path, i.e.
a lower thermal resistance between heater and sample,
reduces the time constant of the instrument and short-
ens the necessary time for the sample to complete the
transition. Furthermore, a DSC can be controlled by
sensors either close to the heater or close to the
sample. In the latter case, the power of the heater is
increased or decreased substantially during transi-
tions, shortening the time the calorimeter is out of
control during the transition.

The influence of the thermal resistances between
the heater, sensor, and sample on the heat-flow rate
during first-order transitions is well established for the
standard DSC and TMDSC. Equations have been
derived to extract correct heat capacities considering
the behavior of the instrument [4-7]. In the present
study, we attempt to explore the melting and crystal-
lization behavior of indium by quasi-isothermal
TMDSC, using a calorimeter with small thermal
resistance between the heater and the sensor, but a
large thermal resistance between heater and sample, as
found in the Mettler—Toledo heat flux DSC 820. We
try to show the influence of the modulation parameters
on the reversing response to the crystallization and
melting transition, in particular, as affected by the
shape and the symmetry of the applied sawtooth
modulation. Later, we plan to compare the results
obtained with the heater-controlled heat-flux instru-
ment with data obtained with a sample-temperature
controlled power-compensation calorimeter. With
these studies, we continue our broad effort to under-
stand the complex nature of a TMDSC experiment
during first-order transitions.

In the present research, we used indium, to be able
to compare the results with earlier studies with the
same calorimeter [8] and related ones with a sample-
temperature controlled heat-flux DSC [9]. In the
present paper, which deals with the attenuation
of the modulation amplitude and the phase lag

caused by sample thickness, we present proof which
supports the recently performed surface temperature
measurements using infrared thermography [10] and
calculations [11,12] indicating a considerable smear-
ing of the heat-flow data during the crystal-melt
transition.

The TMDSC is a useful thermal-analysis tool to
separate processes of different kinetics by exposing a
sample simultaneously to different heating rates, g: (1)
an underlying heating rate in the range between 0 and
5K min~' and (2) a periodically changing heating
rate, corresponding to a modulation amplitude in the
range between 0.1 and 5 K and a modulation period
between 10 and several hundred seconds [13—15]. The
resultant heat-flow rates usually are separated by a
discrete Fourier transformation into total, reversing,
and nonreversing components. The total component is
the average of one period and is given by the Oth
Fourier coefficient, and the reversing component of
the heat-flow rate is defined as the amplitude of the 1st
harmonic of the Fourier series, i.e. the reversing
component filters the events which are able to be
completely or partially modulated at the selected
frequency. The term reversing is used instead of the
term reversible to mark the frequent difference of the
observed data from the truly thermodynamically
reversible events. While a reversible process must
be reversing, the reverse is often not true. The total
and reversing components of the heat-flow rate are
recalculated in terms of apparent heat capacities via
division with the underlying heating rate and ampli-
tude of the first harmonic of the modulated heating
rate, respectively. In addition to the temperature- and
heat-flow-rate calibration, as customary for a standard
DSC, the calculation of the reversing heat capacity
requires a frequency calibration [6,7]. In case of quasi-
isothermal TMDSC, total as well as nonreversing
apparent heat capacities cannot be calculated from
an irreversible heat-flow because of the constant base
temperature, T.

The thermodynamic reversibility of the crystal to
melt transition is controlled by the chemical structure
of the material studied and the crystal nucleation
barriers. In case of flexible polymers, the transition
is additionally irreversible due to the need of mole-
cular nucleation, which is expressed by an additional
supercooling of usually 10-20 K [1,16,17]. Conse-
quently, in TMDSC, the heat-flow rate associated with
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the latent heat of the crystal-melt transition is inher-
ently irreversible, but may become partially reversing
on appropriate nucleation. A small amount of truly
reversible crystallization and melting in polymers has
been observed by TMDSC and by small-angle X-ray
scattering [18-21] (<1% crystallinity-change per kel-
vin), however, it is probably restricted to the existence
of a specific morphology of the crystal surface. Liquid
crystals, in contrast, exhibit often a thermodynami-
cally reversible isotropization transition [18]. In case
of metals like indium, the focus of the present study,
crystallization is irreversible in the absence of nuclei,
but with a much smaller super-cooling than for poly-
mers, and may become reversible in the presence of
nuclei and at sufficiently small rates of temperature
change so that the crystallization and melting kinetics
are not limiting [8,9].

In prior DSC and TMDSC experiments with a
sample-temperature-controlled heat-flux calorimeter
[9], it was shown that (1) the required supercooling
after complete melting is 1-2 K, and (2) that the onset
of crystallization and melting can be reversible as long
as crystal nuclei remain. Similar measurements were
performed using the same heater-controlled heat-flux
calorimeter as in the present study [8]. The present
data are in agreement with the formerly gathered
results about the supercooling of completely melted
indium and the reversibility of the phase transition as
long as nuclei remain. In the present research, we
extent these studies and present detailed information
on the apparent time dependence of the phase transi-
tion. It will be shown that the apparent degree of
reversibility of a phase transformation strongly
depends on the modulation parameters which cause
instrumental restrictions, and the true melting and
crystallization rates.

2. Experimental

TMDSC experiments were performed using a Met-
tler-Toledo DSC 820 with the ceramic sensor FRS 5,
controlled at the heater. The instrument was operated
with the liquid nitrogen accessory. The furnace and the
DSC cell were purged with dry nitrogen and air,
respectively, both at a flow rate of 80 mlmin .
The temperature was calibrated using indium and

zinc, including the so-called tau-lag calibration which

corrects lags due to the heating rate. The heat-flow rate
was calibrated with the enthalpy of fusion of indium.
The TMDSC was used in the quasi-isothermal saw-
tooth-modulation mode. Preferred modulation para-
meters were set at 0.05 K modulation amplitude and
0.25 Kmin ™' heating and cooling rates within the
sawtooth, which result in a modulation period of
48 s. The temperature-step between successive aver-
age temperatures was 0.1 K, and before the modula-
tion, the sample was kept isothermally for a period of
3min at the initial, minimum-temperature (see
Fig. 2a). This symmetry of the sawtooth was modified
(a) by insertion of isotherms of different lengths at the
end of the cooling segment (see Fig. 4b), (b) by
variation of the maximum temperature of the heating
segment, or (c) by insertion of isotherms of different
length at the end of the heating segment (see Fig. 5).
We have used samples of 0.59, 1.04,2.77, and 6.55 mg
to explore the influence of the amount of enthalpy of
fusion. In every case the sample was flattened to
optimize the heat conduction. In all measurements
closed, 40 pl aluminium pans of about 48 mg with a
center pin were used. Supplemental experiments to
check the reproducibility of the data were performed
with the smaller pan of aluminium and with a volume
of 20 pl, covered and uncovered (/28 mg). The sam-
ple was located at different positions within the pan.
The data were not baseline-corrected since a conver-
sion into heat capacities is not necessary for the
discussion of the reversibility of the transition. Any
instrumental drift during the experiments is corrected
by subtraction of a virtual baseline. The indium used
in this study has a purity of 99.999% and a melting
temperature of 429.75 + 0.1 K. Note, that in the fol-
lowing discussion we use the widely applied term
sample temperature for the temperature which is
measured by the sensor in close proximity to the
sample, and which is not necessarily the true tem-
perature within the sample, as was shown even for
samples not undergoing transitions by measuring the
sample temperature externally [10]. We follow in this
aspect, the nomenclature of all major instrument
providers (although it is not precise). The legends
within the figures contain all necessary experimental
parameters in abbreviated form, i.e. amp: amplitude in
K, rate: modulated heating-rate in K min~', per:
modulation-period in s, and (#x): the number of
repetitions.
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Fig. 1. Melting of indium as a function of mass at 1.00 and
0.25 Kmin~'. Note that the specific heat-flow rate is given in
W g~ '. For the heat-flow rate given in W, the leading edges of all
curves would all have close to the same slope.

3. Results and initial discussion

Fig. 1 presents an overview of the standard DSC
traces of the melting behavior of indium samples of
different mass using heating rates, g, of 1.00 and
0.25 K min~' (upper and lower curves, respectively).
The measurements demonstrate the mass and heating-
rate dependence of the melting process, as described
and analyzed in standard text books [1-3]. For a given
heating rate, the rate of maximum heat-flow caused by
the constant melting temperature of the sample is
fixed, as was also demonstrated in [8]. As a result,
the slope of the specific heat-flow rate (per gram of the
sample) decreases with sample mass due to the
increased total latent heat absorbed by the sample
as a whole. The result is a longer time for complete
melting of heavier samples. Increasing the heating rate
increases the temperature range for melting, while the
slope of the melting peak remains the same, as
expected (see Section 4.4.2 of [1]). The abscissa in
Fig. 1 represents the program temperature which is
also the reference temperature and keeps increasing
linearly, unaffected by the phase transition. The sam-
ple temperature, in contrast, should remain constant as
long as the transition is not completed, i.e. crystal and
melt coexist. The double arrow at the bottom of the

figure marks the applied modulation amplitude in the
following TMDSC experiments.

The same experiments carried out with a heat-flux
DSC which is governed by the sample temperature, in
contrast, would increase the heat-flow rate as soon as
melting begins, in an effort to keep the heating rate of
the sample constant. This instrument-caused change
results in a higher heating rate in the reference calori-
meter. Naturally, the thermodynamics of the transition
does not permit a true achievement of this goal, and
the temperature gradient between the sample, melting
at T,,, and the sample-temperature sensor is in this
case limiting the heat-flow rate as long as the heater
has not reached its maximum power.

Fig. 2a and b show the melting and crystallization
process of indium during quasi-isothermal modulation
at step-wise increasing temperatures. Fig. 2b magni-
fies the final melting range which is indicated by the
rectangle in Fig. 2a. The lower curves are the modu-
lated heat-flow rates (use the left ordinate) and the
upper curves (use the right ordinate) represent the
reference temperatures (programmed temperatures,
represented by the thin line) and the sample tempera-
tures (given by the thick line). The quasi-isothermal
modulation at each average temperature was per-
formed for 15 cycles and is followed by a 3-min
isotherm at the maximum temperature, before initiat-
ing the next modulation cycles at a 0.1 K higher
average temperature. The isotherms prior to the mod-
ulation, shown in the plot, are at 429.26, 429.36,
429.46, and 429.56 K. The modulation is symmetric,
ie. the heating and cooling rates both are
0.25 Kmin~'. The first 15 cycles at about 429.31 K
reveal a small heat-flow-rate amplitude which results
from the heat capacity and the asymmetry of the
instrument (baseline).

An increase of the average temperature by 0.1 K-
429.41 K, shows a slightly increased amplitude of the
specific heat-flow rate. The increase of the amplitude
of the heat-flow rate is due to a small amount of
reversing melting and crystallization with a latent heat
of less than 0.1 J g~ '

The next modulation between 429.46 and 429.56 K
results in a considerably larger amplitude of reversing,
specific heat-flow rates with a latent heat of about
0.5J g '. After the last modulation segment, the
sample continues to melt with an enthalpy of fusion
of about 0.5Jg~' during the first minute of the
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Fig. 2. (a) Plot of the modulated specific heat-flow rate (left ordinate, lower curve) and modulated reference and sample temperatures (right
ordinate, upper curves), both vs. time during melting of indium of mass 6.55 mg. (b) Expansion of part of the final melting range of indium
seen in Fig. 2a. (c) Sample temperature vs. reference temperature. Standard DSC curve during the melting of indium of mass 6.55 mg at
0.25 K min~'. The double arrow marks the quasi-isothermal modulation range for TMDSC at 429.61 K (see Fig. 2a and b).

isotherm (see Fig. 2b). This increases the total
enthalpy of fusion absorbed up to 429.56 K to about
1.0 J g '. Half of this melting was not occurring
during modulation because of the time limitation
during the modulation.

The last modulation in Fig. 2b is between 429.56
and 429. 66 K. It illustrates the final melting event.
The amplitude of the specific heat-flow rate is initially
considerably larger than at 429.51 K, and decreases
continually with time. Ultimately, it abruptly recovers
the value caused by heat-capacity and asymmetry
before the 15-cycle modulation is finished.

Fig. 2b contains the integral heat-flow as a func-
tion of time, which illustrates the course of melting
and the limited reversing during the modulation
about the average temperature of 429.61 K. As
expected, the measured sample temperature does
not follow the programmed modulation as long
as melting and crystallization continues. Note that
almost the entire modulation cycle has an endother-
mic heat-flow response and crystallization occurs
only at the very end of each cooling segment. The
process is, thus, almost fully non-reversing, making
the customary data-evaluation process to extract
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reversing events by Fourier transformation meaning-
less [8].

Furthermore, we need to point to the relatively
small, but distinct modulation recorded by the sample
temperature sensor. Albeit, the sample temperature,
should remain constant during entire transition, some
of the modulation of the heater temperature clearly is
forwarded to the sample. The apparent modulation of
the sample temperature must be caused by setting up
of a temperature gradient within the melted layer that
separates the remaining crystals of indium from the
sample pan [10]. The double arrow in Fig. 2c¢ marks
the modulation range of the recorded sample tempera-
ture generated by standard DSC at the same heating
rate and sample mass as used for the TMDSC. On
TMDSC, the sample sensor barely reaches the
(almost) constant level within the modulation of
0.05 K and modulates this temperature region due
to the repeated interruption and re-start of the melting
process by superheating and supercooling of the
already melted outer layer of indium. The thickness
of the liquid indium layer may be estimated from the
slight deviation from a horizontal of the thin line of the
sample temperature in Fig. 2c. The gradual approach
of the sample sensor temperature on the standard DSC
from steady state of heating of the crystal (up to about
429.45 K) to the steady state of melting with slowly
increasing amounts of liquid indium (at about
429.55 K) can be caused to some degree by impurity
of the sample, as well as by poorly grown crystals, but
in this case of pure indium, most must be due the
exponential approach to the new steady state, gov-
erned by the time constant of the calorimeter. The
slowly changing steady state of melting was seen
before [8], but only now are the chosen conditions
precise enough to suggest that a quantitative analysis
in terms of the layer thickness of the liquid indium
separating the crystal might be possible.

Fig. 3 summarizes the influence of the sample mass
on the final melting step when expressed as specific
heat-flow rate. The insert shows the specific enthalpy
of transition as function of time. As expected from the
general functional relations governing the heat-flow
into the sample, AH; o g(Ar)?, where At is the time
from beginning to end of melting, an increasing
sample mass broadens the transition [1]. As discussed
on the basis of Fig. 2a and b, the melting process is
almost completely nonreversing and the total heat-

-
T

endo®| ——0.59mg indium, quasi-iso sawtooth 429.56..66 K
——1.04mg  amp0.05 / rate0.25 / per48 / 15x
2L —277mg,
—6.55 mg ‘ "o 30}»
s
T
2
/ B 20 (
(=4
‘ 2
.- |
\ 2
@
£}
f~4
w

=
o =)

Time / min

Specific Heat-Flow Rate / W g"

o
T

80 85

Time / min

Fig. 3. Modulated specific heat-flow rate vs. time in the final
melting range of indium of different masses. The insert shows the
change in enthalpy of transition as function of time.

flow rate (the specific heat-flow rate multiplied by
mass) has practically constant slopes for all masses.

Next, a similar symmetric modulation experiment
as in Fig. 2 is modified by the insertion of isotherms in
the last melting sequence. Fig. 4a shows the result with
inserted isotherms of lengths from 0 to 5 min at the
end of each cooling segment. Fig. 4b, again, is the
enlargement covering the end and beginning of the last
two modulation sequences, respectively. The top of
the five curves is similar to the one of Fig. 2a. If an
isotherm is inserted between the modulation cycles,
the length of the overall melting process extends over
many more cycles. In case the isotherm is shorter than
3 min, an incomplete crystallization component is
evident in each modulation cycle, and by accumula-
tion of the larger enthalpies of fusion, the melting
process is completed before the end of the 15 mod-
ulations. In case, the isotherm is 3 min or longer, as in
the lower two curves in Fig. 4, the melting process is
fully reversed by the slow subsequent crystallization
process. A small amount of the crystallization occurs
at the end of the cooling segment, but most of it is seen
during the isotherms. In Fig. 4c, the progress of the
melting process is shown by an integral analysis of the
enthalpy of transition as suggested in [8]. The rate of
melting at 429.56 K in Fig. 4c, which is controlled by
the true melting rate and instrumental restrictions
(thermal resistance of the instrument and the sample),
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Fig. 4. (a) Plot of the modulated heat-flow rate vs. time obtained during melting of indium of mass 6.55 mg. The temperature program, which
was used in the experiments of Fig. 2a and b was modified by insertion of isothermal segments during quasi-isothermal modulation between
429.55 and 429.65 K at the end of each cooling branch. The length of the isotherm changes from 0 min (upper curve) to 5 min (lowest curve).
(b) Plot of the modulated heat-flow rate vs. time obtained during melting of indium. Enlarged part of Fig. 4a. (c) Enthalpy of transition as
function of time during modulation between 429.56 and 429.66 K, calculated on basis of data as shown in Fig. 4a and b.

is constant for the four cases (0-3 min isotherms). The
crystallization rates are similarly equal. The positive
and negative slopes, however, are different, causing
also a non-reversing character of the experiment if
time for completion of the crystallization is not suffi-
cient. If the isotherm is long enough, crystallization
can be completed, i.e. the total enthalpy of transition
becomes zero at the end of each modulation-plus-
isotherm cycle.

With Fig. 5, we continue the discussion of the
experiments by identifying the apparent melting and
crystallization rates of indium. In the new experi-
ments, a variable isotherm of 0-2 min was inserted
at the upper temperature of the sawtooth at 429.66 K.
This isotherm is then followed by completion of the
sawtooth cycle by the decrease in temperature back to
429.56 K, and completion of the experiment with an
unlimited isotherm at 429.56 K. In Fig. 5a, it is shown
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Fig. 5. (a) Plot of the modulated specific heat-flow rate as a
function of time obtained during melting of indium of mass
6.55 mg. The temperature program, which was used in the
experiments of Fig. 2a and b was modified by insertion of an
isothermal segment of different lengths at the end of the first
heating cycle at 429.66 K (0, 0.5, 0.75, and 2 min). (b) Enthalpy of
transition as a function of time, integration of the data of Fig. 5a.

that the melting process extends over a period of
almost 2 min if the reference temperature stays well
above the almost constant sample temperature
between 429.58 and 429.60 K (see sample tempera-
ture in Fig. 2b). As long as the melting process is not
completed, as for the inserted upper isotherms of
lengths 0, 0.5, and 0.75 min, cooling below the melt-
ing temperature permits renewed crystallization and,

if the time for crystallization is sufficient, the process
reverses fully. If the entire sample was melted, the
subsequent cooling branch and isotherm cannot
reverse the melting process due to the absence of
nuclei. Fig. 5b is the integral of the data of Fig. 5a
as a function of time. The increase of the enthalpy of
transition is contiguous and independent of the tem-
perature program, i.e. melting during the heating
segment and the inserted isotherm is virtually indis-
tinguishable. The temperature of 429.66 K is reached
at the position of the arrow, and the increase of
enthalpy of transition continues without break and
discontinuity during the upper isotherm. As already
mentioned in the discussion of Figs. 2b and 4c, the
apparent melting and crystallization rates, as given by
the positive and negative slope of the heat-flow curves,
are different.

In a further experiment, which is not shown in the
figures, we extended the heating branch which was
beginning at 429.5 to 429.62, 429.68 and 429.72 K in
the final melting range and followed the heating
immediately by the cooling part of the sawtooth down
to 429.56 K and an isotherm to allow for completion
of the crystallization. The melting process is also
similar to Fig. 5, i.e. once the true melting temperature
is exceeded, melting is independent of the further
temperature program.

Since the reversing of the melting and crystalliza-
tion is dependent on the modulation parameters and
the thermal resistance of instrument and sample, we
tried to further explore the influence of instrumental
parameters on the melting and crystallization beha-
vior. As can be seen from Figs. 2-5, as soon as the true
melting temperature is exceeded, the sample melts
with a fixed, apparent rate which is almost indepen-
dent of all further experimental parameters. The avail-
able total heat flux increases with decreasing thermal
resistance of the instrument and sample, but, as can be
seen from Figs. 1 and 3, is almost independent of
variation of sample mass. The thermal resistance of
the instrument may be altered by the choice of the pan
type, by covering the pan, and by changing the posi-
tion of the pan. In Fig. 6, the results are summarized
that were obtained by changing these parameters. It
clearly shows that (1) in case of the used heat-flux
calorimeter with circularly arranged 56 thermocou-
ples, the position of the sample (at the center or on the
margin) seems unimportant, (2) the sample starts to
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Fig. 6. Plot of the modulated heat-flow rate as a function of time:
(A) heavy pan (48 mg), mass 6.55 mg, covered, sample centered;
(B) heavy pan (48 mg), mass 0.56 mg, covered sample centered;
(C) heavy pan (48 mg), mass 2 x 0.5 = 1.0 mg, covered, samples
at margin of heat-flow sensor; (D) light pan (27 mg), mass
1.684 mg, covered; (E) light pan (27 mg), mass 1.684 mg,
uncovered.

melt at a slightly lower temperature (0.05-0.1 K) if the
light pan of 28 mg is used, and that (3) the highly
conductive cover does not influence the melting beha-
vior.

From these data, we conclude that the width of the
melting process, (somewhat more than 0.1 K) prob-
ably is not determined by temperature gradients within
the sample, but rather by the thermal resistance of the
instrument. The smaller aluminium pan obviously
contributes to a reduction of thermal resistance of
the instrument, which results in a slightly decreased
final melting temperature, and supports the recently
quantified instrumental-time constant which is about
2srad ' less than that of the heavy aluminium pan
[22].

4. Final discussion and conclusions

The primary scope of the presented study was the
investigation of the relation between the symmetry of
the temperature-modulation on the total and reversing
parts of the heat-flow rate during the crystallization
and melting of indium. The experiments, discussed on

the basis of Figs. 2-5, have shown that the reversing
nature of the crystal-melt transition of indium is
strongly determined by the modulation parameters.
The modulation parameters must affect any first-order
transition due to the inherent thermodynamic charac-
teristic of the transition, namely the constancy of the
sample temperature during the transition. This, in
particular, is true if the transition occurs over several
modulation cycles, as is often suggested to be a
condition for the measurement of a meaningful rever-
sing and nonreversing component of the total heat-
flow rate in experiments with an underlying heating
rate. As soon as the temperature of the sample reaches
the melting point, the sample temperature is main-
tained (see Fig. 2, neglecting the minor modulation of
sample temperature with an amplitude of about
0.01 K). The reference or program temperature is
found, furthermore, not to affect the melting kinetics,
as long it is above the melting temperature. Melting
only gets reversed if the temperature falls below the
melting point and if there are remaining nuclei. Even if
the heating rate is negative, melting will continue
without change until the melting point is reached.

Assuming that both melting and crystallization
rates are controlled by the total thermal resistance
of the system and are equal and independent of
temperature, the reversing of the transition depends
mainly on the amplitude of the quasi-isothermal mod-
ulation and the position of the melting temperature
between the minimum and maximum of the modula-
tion. Fig. 7 summarizes the two cases of reaching
partial (lower curve) and full reversing (upper curve).
If the transition occurs above the average of the
modulated temperature, crystallization can reverse
the melting as long as the melting is not complete
and nuclei remain. If the transition occurs below the
average temperature, almost the entire modulation
cycle permits melting, and crystallization is largely
suppressed. Needless to say that similar considera-
tions hold for TMDSC experiments with an under-
lying heating rate. If the symmetry of the modulation
is altered, as shown in Figs. 3-5, the ratio of melting to
crystallization is distorted.

The Heat-flow-rate data on modulation about
To = 429.51 K on the left side of Fig. 2b, and also
the results in [8], show that apparent crystallization is
faster than the melting, as proven by the larger slope of
the cooling cycle. The isothermal crystallization with
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Fig. 7. Schematic of the reference (thin line) and sample
temperature (bold line) as function of time during quasi-isothermal
modulation with a symmetric sawtooth covering the true melting
temperature.

a small supercooling, in addition, can be much slower
than the instrument-limited heat flux. These effects are
explained by the different limits of heat-flow rates on
heating and cooling during the transition. On heating,
the latent heat must be conducted into the sample
through its surface at almost constant temperature. On
cooling, in contrast, the latent heat is generated
throughout the melt, at a rate limited only when
reaching the melting temperature, i.e. when the heat
generated in the sample reverses the programmed
temperature decrease. It was shown, however, in [8]
that only under special conditions, and even then only
for short periods of time, can such crystallization
generate a sufficient temperature increase to keep
the sample at the melting temperature. The increasing
supercooling, thus, speeds up the crystallization, while
the melting is governed by a fixed local temperature
gradient.

Figs. 4 and 5, in contrast, present isothermal crystal-
lization experiments and one should be able to extract
experimental rates of crystallization at very small
amounts of supercooling within the limits of setting
the isothermal temperatures as shown in Fig. 4b. Once,
having established the value of the asymmetric saw-
tooth modulation, consisting of constant rates of tem-
perature change and isotherms, it should be possible to
limit the sample size for melting, so that the limiting
heat-flow rate into the total sample is not exceeded.

Under such conditions, it should also be possible to
measure true melting rates. The study of superheating
and of melting rates is of considerable interest in the
polymer field where strained samples may show large
temporary changes in superheating [17]. A series of
earlier experiments in this area has established the
value of superheating analyses for the characterization
of polymers [23,24]. In the future, we hope to attempt
to extract the kinetics of crystallization and melting
based on the present analysis for polymers and non-
polymeric samples. Although in the present investiga-
tion we have used a heater-controlled heat-flux DSC,
the derived conclusions also should hold for other type
of calorimeters, such as the sample-temperature-con-
trolled heat-flux and power-compensated instruments.
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