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Abstract

Indium was analyzed with both, standard differential scanning calorimetry (DSC) and
temperature-modulated DSC (TMDSC) using sinusoidal and saw-tooth modulation. Instru-
ment and sample effects were separated during nucleated, reversible melting and crystal-
lization transitions, and irreversible crystallization with supercooling. The changes in heat
flow, time, and sample and reference temperatures were correlated as functions of heating rate,
mass, and modulation parameters. The transitions involve three regions of steady state (an in-
itial and a final region before and after melting/crystallization, a region while melting/crystal-
lization is in progress) and one region of approach to stcady statc (mclting peak to final steady
state region). Analyses in the time domain show promise when instrument lags, known from
DSC, are used for correction of TMDSC. A new method of integral analysis is introduced for
quantitative analysis even when irreversible processes occur in addition to reversible transi-
tions. The information was derived from heat-flux calorimeters with control at the heater block
or at the reference temperature sensor.

Keywords: frequency domain, heat-flux calorimeter, indium, integral analysis, melting transi-
tion, pseudo-isothermal analysis, quasi-isothermal measurement, reversible melting,
saw-tooth modulation, sinusoidal modulation, temperature-modulated calorimetry,
time-domain

Introduction

The temperature calibration of a differential scanning calorimeter (DSC) re-
lies on the analysis of sharp first-order transitions. On heating, indium and other
suitable metals, as well as small-molecule crystals, can be used for such calibra-
tions [1-6]. On cooling, melts supercool before crystallization because of the
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need to nucleate, and one often uses the reversible isotropization of liquid crys-
tals for calibration [7—11]. For macromolecules, crystallization involves mo-
lecular nucleation in addition to crystal nucleation [12]. The heating- and cool-
ing-rate dependence of recordings of these melting and isotropization transitions
has been used to determine calibration equations and to correct for instrument
lags in standard DSC [11, 13]. The instrument lag is caused by the temperature
gradient between sample and temperature sensor. It is customary to extrapolate
the leading edge of the transition peak to the base-line caused by the heat capac-
ity, or even better, to the base-line defined by zero heat-flow in the asymmetry-
corrected DSC. The onset temperatures of melting and crystallization of In will
be compared in this paper to other characteristic transition temperatures. It will
be shown that a detailed check of the performance of calorimetry is possible by
inspection of all temperature, time, and heat-flow signals when considering the
construction features of the instrument,

The new temperature-modilated DSC (TMDSC) is in need of further investi-
gation due to the periodically changing heating rates, going in many cases from
heating to cooling. This is of importance, particularly after it could be verified
with TMDSC that polymer melting is, indeed, irreversible [14], as suggested by
earlier experimentation [12], and that irreversible melting effects can be linked
to the crystal morphology [15] and time effects due to crystallization, reorgani-
zation, and melting [ 16—18]. It will be shown that TMDSC can use the same cali-
bration as standard DSC when the data are analyzed in the time domain, using in-
stantancous heating and cooling rales g(r). Problems arise when the different ar-
eas of steady state and approach to steady state, described next, overlap within
the modulation cycles [19]. Furthermore, it will be shown that the methods de-
veloped to separate reversing and non-reversing effects [20] cannot be applied
when the reversing heat flow deviates significantly from a sinusoidal response.

The heat of transition of sharp melting transitions is analyzed by standard
DSC using the ‘base-line method’ [1]. The steady state ‘A’ that is characteristic
of the heat capacity of the crystals, is replaced during melting by steady state ‘B’
in which the sample temperature is constant at 7y, and the reference temperature
of the calorimeter continues to increase with time (Fig. 2, below). When the peak
in temperature-difference (A7, proportional to heat flow, HF) is reached at the
end of melting, a time period ‘C’ of renewed exponential approach to steady state
occurs until a new steady-state base-line ‘D’, similar to ‘A’, is reached which is
now characteristic of the heat capacity of the liquid. In heat-flux calorimetry, the
sum of the heat-flux areas B and C above a base-line, defined by a proper appor-
tionment between A and D, accounts for the heat of fusion. The progress of melt-
ing (at constant temperature) can be derived from the developing area B [1, 18].
This base-line analysis will be done by DSC and extended to time-domain stud-
ies of TMDSC.

A check of the melting and crystallization of In by TMDSC was made earlier
using the Modulated DSC, MDSC™ of TA Instruments in which the sample-
temperature sensor controls the temperature modulation [18]. In these experi-
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ments the MDSC™ response is to increase the heating rate at the block to com-
pensate for the larger heat flow needed for the transition. Although this shortens
the time for transition, it forces the sample-temperature sensor to follow the
modulation instead of recording the actual temperature of the sample. It was
found that for an underlying heating rate of 0.2 K min~' and a modulation ampli-
tude of 0.5-1.5 K at periods of 60-90 s, the averages of the extrapolated onsets
of melting and crystallization were within 0.1 K of the known melting tempera-
ture of indium when crystal nuclei were left after melting for subsequent crystal-
lization [18]. The often given recommendation for quantitative analysis to cover
the transition range with 56 periods of modulation can obviously not be ful-
filled with such sharp-melting substances. This has led to the insinuation that
TMDSC can give little information for first-order transitions. It will be shown in
the following that the information gained from TMDSC studies can not enly du-
plicate standard DSC, but also develop new fields of analysis [13-18].

Sampie Reference

Lid Silver
Siiver furnace
furnace = v body
body

Heat leak
disk

Furnace
temperature

Differencer—{

temperature Thermal resistor
tPurge to heat sink
gas (coeling)

Fig. 1 Schematic drawing of the Mettler-Toledo DSC furnace

To better control steady state, a Mettler-Toledo Alternating DSC, ADSC™
820, as shown schematically in Fig. 1, was chosen. Its modulation is controlled
at a position far from the sample. Similar results can be obtained from the
MDSCTM, controllcd at the reference temperature instead, as in the normal op-
eration, at the sample temperature. This can easily be achieved by switching
sample and reference. The observed effects are also evident in the power-com-
pensated Perkin-Elmer Dynamic DSC, DDSC™, but need to be separately ana-
lyzed with full cognisance of the changed modulation and control mechanism
relative to the heat-flux calorimeters. Standard DSC, sinusoidal modulation, and
saw-tooth modulation have been done with the same calorimeter.

Experimental

In the Mettler-Toledo DSC 820 the modulation is little affected by fusion in
the sample pan since the controlled variable is the furnace temperature, as seen
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in Fig. 1. The reference temperature, 7T}, is calibrated in reference to the furnace
temperature, Ty, and the temperature difference, AT (=T,—7), is determined by
the sensor plates with multiple-junction thermocouples. Dry nitrogen gas with a
flow rate of 10 ml min™" was purged through the cell. The cell base was purged
with N, at 150 ml min~". The gas flow rates were monitored and adjusted with a
gas controller. The samples were weighed on a Cahn C-33 electro-balance to an
accuracy of £0.001% of the total load (50 mg).

Temperature calibration in the DSC mode was done with In (429.75 K), naph-
thalene (353.42 K), n-octane (116.4 K), acetone (177.9 K), cyclohexane (s/s
186.09 and s/1297.7 K}, cycloheptane (265.1 K}, and Sn (505.05 K). The onsets
of melting were determined by extrapolation of the melting peaks to the base-
line. The samples were encapsulated in 40 uL standard aluminium crucibles
without center pin and with a cold welded cover lid. Sample masses were varied
from 49 g to 19 mg. The reference pan was the same for all measurements.

The following experiments were carried out:

1) Linear heating and cooling with variable sample masses and heating rates
(standard DSC).

2) Sinusoidal TMDSC with modulation amplitude A=1.5 K, period p=90s
and an undcrlying heating ratc <g>=1.0 K min~' with 5.871 mg In to demonstrate
complete melting and crystallization within separate cycles. This modulation
option is not available at present for the commercial ADSC which uses a saw-
tooth modulation.

3) Saw-tooth modulation with heating and cooling rates of 2 K min ", forcing
an underlying heating rate <g> of 0.29 K min~' by heating periods of 2 min, fol-
lowed by cooling for 1.5 min. The operation of temperature-modulated calo-
rimeters as well as the data treatment are discussed in the following references:
DSC[1, 2], and TMDSC [2, 19-21].

Results and discussion

Standard DSC

In standard heat-flux DSC the temperature at the furnace is raised linearly
with a selected heating rate g. The resulting temperature changes are shown in
Fig. 2 for a heating rate of 10 K min~'. When steady state is reached in the Sys-
tem, all points increase in temperature with close to the same heating rate. Un-
avoidable differences in heating rate arise from changes in heat capacity with
temperature. After correction for asymmetries in the calorimeter, the tempera-
ture difference, AT, is proportional to the heat capacity difference between sam-
ple and reference (regions A and D) [1]. This AT is recorded as a function of time,
and in Fig. 2 displayed as heat flow, HF in mW or mJ s, vs. reference tempera-
ture, Ty, sample temperature, T, and time, ¢.

J. Thermal Anal., 54, 1998



BOLLER et al.: FIRST ORDER TRANSITION 549

Tg or TrinK
428 430 432 434 436
T T T T T T T T
base line T
1o ...baseline 0
4386 E T
« 4344 HFvs. TsT sr® =
= m
£ S-10 7
L 4321 1,vs. time 2 g
. Gt Yias
5 4301 /Tsvs time g
¥ 428" \ HF vs. TrTor timel --20 é
426+ . / . F-25
A B iy C i D
0.4 06 0.8 10 1.2
Time (min)

Fig. 2 Plot of heat flow (AT ) and temperatures (7, and 7,) vs. temperatures and time for in-
dium. Standard DSC at a heating rate of 10 K min . The different regions of melting
are drawn for the recording vs. reference temperature or time

The transition of In occurs in region B of Fig. 2. Since In is a sharply melting
substance of high melting rate [22], T is constant at 7y, while 7} continues to in
crease linearly with rate ¢g. The heat flow HF (<AT) plotted vs. ¢ or T; increases
thus also with a slope equal to g as long as the new steady state is maintained
(10 K min™"). The sharpness of the beginning and end of region B for In is a
measure of the time for response of the calorimeter for the given heat flow (and
sample heat conductivity). Broader melting substances can be judged against
this calibration standard. The heat flow plotted vs. T should increase vertically
during melting, indicating the constant sample temperature, making easy to de-
tect deviations from steady state in B from the T recording.

In region C of Fig. 2 the sample temperature approaches exponentially the
steady state of region D. In regions A and D the sample temperature lags slightly
behind the reference, allowing calculation of the heat capacity C; from AT
(=C.q/K, where K is the Newton’s law calibration constant [1, 21). Throughout
the melting range the heat capacity of In is practically constant, giving a practi-
cally horizontal base-line. Note that a small correction is necessary for the A7-to-
heat-capacity conversion if the base-line is not horizontal [1, 2].

To extract melting and crystallization temperatures in standard DSC, one
finds the onset temperature at the intersection of the extrapolated base-line be-
fore the transition and the linear, low-temperature side of the peak [1]. A more
precise ‘zero onset’ can be defined using the zero heat flow base-line. The zero
heat-tflow base-line is the asymmetry-corrected isotherm at the given tempera-
ture. With small samples (and/or low heating rates) the observed AT is suffi-
ciently small in regions A and D to make the difference between the two onset
temperatures negligible (Fig. 2).
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The heat of fusion is, as indicated in the Introduction, proportional to the area
of the melting peak of HF or AT vs. time or 7T} over the regions B and C above a
base-line defined by regions A and D. A detailed derivation of this co-called
‘base-line method’ can be found, for example, in reference [1]. Since AT(¢) per-
mits the transformation of the 7 scale to T; or time, and is also a measure of the
heat-flow amplitude, the two peak areas in Fig. 2 are equal. The integral of AT(¢)
over T; or time in region B [=g(1~1;)*] is equal (o the difference between the inte-
grals of the return to equilibrium from the peaks of AT(?) vs. T and T;.

The effect of sample mass on the melting peak of In is shown in Fig. 3 for
DSC at 5 K min™". The constant melting temperature is reached by 7, under the
given conditions only from 0.049-5 mg. The onset and peak temperatures agree
in this mass-range within 0.3 K. The remaining difference is due to a small tem-
perature gradient between sensor and sample and seems unavoidable, even for
small masses (see also [11]). For the 19 mg sample the recorded 7, shows a
steady increase during melting, proof of a significant temperature gradient be-
tween sensor and sample. The slope of the meltmg peak is in this case only
3.9 Kmin ' instead of the expected 5.0 K min~ Thxs means that the sensor tem-
perature increases in this case at a rate of 1.1 K min "' during melting. The time to
regain steady state after melting is approximately the same for the three smallcst
samples. For the 5 and 19 mg samples, it is much longer. The base-line method
for the heat of fusion applies as before since the actual heat flow into the sample
is governed largely by the sample-sensor temperature, not the actual sample tem-
perature. The slower increase in AT is compensated since the heat of fusion is ab-
sorbed over a longer time. For smaller masses, the heat of fusion measurcment is
less precise due to the smaller area when plotting HF in W instead of W g, For
larger masses, the base-line may become uncertain because of the wider melting
range.

Heat Flow (W g'1)

" Time (mm)

l4éOI o l4321 o I434'
Sample Temperature (K)

Fig. 3 Mass dependence of the melting of indium. Standard DSC at a heating rate of
5.0 K min~
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Fig. 4 Mass dependence of the crystallization of indium. Standard DSC at a cooling rate of
5.0 K min™'

Temperature calibration on cooling can normally not be done with In by using
the onset temperatures of crystallization because of supercooling due to the need
of crystal nucleation. Once crystallization is nucleated, however, the exothermic
heat of crystallization may heat the sample to the equilibrium melting tempera-
ture. For In, supercoolings of 1 to 1.5 K are typical [13]. Figure 4 illustrates the
crystallization of In at a cooling rate of 5 K min~' for the same samples as in
Fig. 3. Although the onset temperatures are far from the equilibrium and not re-
producible due to the variation in nucleation, one can see in Fig. 4 that a sample
of about 5 mg In has a heat of crystallization just big enough to increase the sam-
ple temperature to 429.9 K, the equilibrium melting temperature as determined
in this set of experiments. The literature melting temperature is 429.75 K. The
difference of 0.135 K is the correction that must be applied to all measurements in
this paper. For the largest mass of 19 mg the sample temperature is almost con-
stant during much of the crystallization, but due to the temperature gradient be-
tween sample and sensor, which is, as on heating, a function of the temperature
difference between furnace and sample, the sensor temperature shows a linear
decrease with time. The cooling rate of the sensor temperature is, as on heating,
about 1 K min™". This steady state HF during crystallization can be extrapolated
to zero HF and one reaches again 429.9 K, as expected. The double-peak of the
smallest sample may be due to an uneven sample distribution within the pan.
This sample is so minute that a major portion may not have contacted the bottom
of the pan.

Sinusoidal TMDSC
Single melting peak

Figure 5 illustrates the sinusoidal temperature modulation at a sufficiently
fast underlying heating rate <g> so that only one melting occurs. The extrapo-
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Fig. 5 Single melting peak of 5.87 mg of indium on TMDSC at an underlying heating rate

<g>of 5.0K min~", Modulation parameters: A=1.0 K, p=60 s. Peak temperature at

430.5 K, onset of melting at g(1)=11 K min™’

lated onset of melting is close to the maximum heating rate (2n(+<g>) and indi-
cates 430.5 K, as one would expect for an 11 K min™" heating rate [11, 13]. Over-
all, the curve corresponds closely to standard DSC and when analyzed in the time
domain, as shown in Fig. 5, the only difference is in the sinusoidal base-line that
may take a greater effort to generate. Note, that the sample temperature has a
horizontal portion of constant 7T, as also seen in the standard DSC trace of Fig. 2.
The extrapolated peak temperature, obtained by linear extension of the two sides
of the peak, is 430.55 K, indicating the close to vertical increase of heat flow
when plotted vs. T;. No advantage can be gained in such analysis by TMDSC over
DSC.

Two melting peaks

Two melting peaks and one crystallization arc produced in Fig. 6 from an ex-
periment where <g> was lowered to 1.0 K min~' and A and p were increased to
1.5 K and 90 s, respectively. The melting and intervening crystallization peaks
are well separated and steady states are reached between the three transitions.
During the first melting, marked in the figure by the letter A, the temperature of
the sample drops slightly after the onset of melting at430.3 K to a temperature of
430.2 K. Since the first melting was complete, as judged from the heat of fusion,
it causes the sample to supercool in the subsequent half-cycle for crystallization,
marked B. The onset temperature of crystallization B is 428.9 K, a supercooling
of 1.2 K. Only when the melting is incomplete can crystallization occur without
supercooling [13]. The peak temperature in the crystallization, however, reaches
430.1 K, which is within 0.1 K of the minimum 75 in the first melting (sensor
temperature). In this.case of supercooling before crystallization it would be inac-
curate to use the onset temperature for calibration. Only the peak temperature
can be used to fix the equilibrium temperature of the transition after one has
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made certain that sufficient heat of crystallization was generated to raise the sen-
sor temperature to Ty, as shown in Fig. 4 for standard DSC.
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Fig. 6 Two melting peaks and one crystallization peak of 5.87 mg of indium on TMDSC at
an underlying heating rate <g> of 1.0 K min™". The dotted lines mark the undistorted
sinusoidal sample temperatures. Modulation parameters: A=1.5 K, p=90 s

Heat Flow

Fig. 7 Lissajous figure of the melting of indium as shown in Fig. 6 with the same markings
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Fig. 8 Lissajous figure of the melting of indium as shown in Fig. 6 with the same markings,
as in Fig. 7, but with changed scales for quantitative evaluation
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The second, and last melting, C, occurs during the almost linear increase in
the sinusoidal temperature program (at maximum heating rate, 7.3 K min~') The
temperature of the isothermal segment shows a T, of the sensor of 430.5 K, which )
indicates a (heating-rate dependent) increase of the sensor temperature of about
0.25 K, in agreement with the calibration by standard DSC [11, 13].

The integration of the heat flow for the individual melting and crystallization
transitions in sinusoidal TMDSC is more difficult than the integration in stand-
ard DSC or saw-tooth TMDSC because a sinusoidal base-line has to be gener-
ated. Programs to do so have been developed in our laboratory [13, 23], but are
not yet included in any of the commercial softwares.

The interpretation of TMDSC experiments is helped by inspecting Lissajous
tigures of the instantaneous heat (low, HF(1), plotted against the corresponding
sample temperature, Ty(), as shown in with different scales in Figs 7 and 8 for the
same run as in Fig. 6. Additional modulation cycles before and after melting and
crystallization are reproduced (a—b, g-h). The lower-case letters mark the min-
ima and maxima of the sample temperature, the capical letters, the transition
peaks. The letters in Figs 6—-8 mark the same points of the experiment. Figure 7
is drawn to be able to follow the progress of the measurement, Fig. 8. more
clearly reveals the temperature changes of the sample-temperature sensor. First
melting starts with peak A (following point ¢), decreasing the sample tempera-
ture to 430.19 K (Fig. 6). The decrease in sensor temperature goes parallel with
the decrease in heating rate to 0 K min~' and the temperature lowering observed
in Fig. 3. As melting is completed, steady state is approached again during seg-
ment d of the curve, and normal modulation resumes. With peak B, the crystal-
lization starts and heats the sample (despite the cooling attempted by the modu-
lation), reaching 430.12 K, close to the equilibrium melting temperature. This is
quickly followed by segment e, that reestablishes steady state. Final melting oc-
curs at peak C with a higher heating rate, now at an indicated temperature of
430.19 K. Segment f reestablishes steady state modulation.

434

4324 exotherm

430+

4284 endotherm

Sample Temperature (K)

426 T T T
426 428 430 432 434

Reference Temperature (K)

Fig. 9 Plot of sample temperature vs. reference temperature for the run of Fig. 6
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A final display is given in Fig. 9. It shows the temperature changes of Tsvs. 7;
for the run of Fig. 6. The events are labelled with the same lower-case and capital
letters to show the correspondence to Figs 6—8. The exothermic and endothermic
directions are also indicated. The fusion (A) is completed at close-to-zero heat-
ing rate, reaching the recovery of the melting temperature on crystallization (B).
Both are marked as being close to the equilibrium melting temperature Ty,. The
melting at faster heating (C) is clearly occurring at the higher sample sensor tem-
perature.

This detailed study of TMDSC of a substance that is known to melt and crys-
tallize fast shows that under properly chosen conditions the modulation does not
change the behaviour of the scanning calorimetry. The key condition for the easy
analysis is that steady state is recovered in every case before the reversal of the
transition begins.

Seven melting peaks

Figures 10—13 repeat the prior analysis for an even slower underlying heating
rate of 0.1 K min' so that seven melting and six recrystallization peaks can be
observed. The modulation amplitude A and period p were also reduced to cause
partial melting when initially reaching the melting temperature. Figure 10 re-
veals that the melting peaks numbered 1 to 6 are incomplete, i.e. after the tem-
perature drops below the melting temperature, crystal nuclei remain. As aresult,
the corresponding crystallization peaks I to 6" are continuous with the comple-
tion of melting because sufficient nuclei are present to reverse the crystal-
lization. Only after crystallization is completed is steady state regained. The
cross-over from endothermic melting to exothermic crystallization occurs close
to the equilibrium melting temperature Tn. For peak 2 the enlarged Lissajous fig-

20+

104

Heat Flow (mW)
o
LUSYIOXT ——»

Temperature (K)

06 98 _ 100 102 104
Time (min)

Fig. 10 Multiple melting peaks and crystallization peaks of 5.87 mg of indium on TMDSC at an
underlying heating rate <¢> of 0.1 K min™". The undistorted sinusoidal sample tempera-
tures are also indicated. Modulation parameters: A=1.0 K, p=60 s
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ure is given in Fig. 11. Figure 12 displays the temperature profile on close to
complete melting and crystallization of peaks 6 and 6.

1.0
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Fig. 11 Lissajous figure of segment 2 of the TMDSC of Fig. 10. The trace free of crystallization
and melting effects was generated making use of the recorded reference temperature
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Fig. 12 Expanded plot of the sample temperature vs. time of segment 6 of the TMDSC of

Fig. 10. The trace free of crystallization and melting effects was generated making use
of the recorded reference temperature

To resolve the effect of partial melting and complete melting one can compare
Figs 13 and 9. The peaks, 7, 8 and 7’ of Fig. 13 are analogous to A, C, and B of
Fig. 9 and illustrate melting followed by supercooling during which sieady state
can be recovered and renewed crystallization with heating of the sample due to
crystallization exotherm. The detailed shapes depend on the position in the
modulation cycle (phase angle). Melting peaks 1 to 0, in contrast, change con-
tinuously from melting to crystallization with the crossover through AT=0 occur-
ring close to Tm. The final melting peak 8 in Fig. 13 is unique by going from a
high heating rate at the beginning of melting which causes a lag in 7; of about
0.2 K through g(#)=0 to end at an equally high cooling rate and an advance in 7
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Fig. 13 Plot of sample temperature vs. reference temperature for the run of Fig. 10. Check
Fig. 9 for study of the supercooling effect

of about 0.2 K, i.e. it leaves and enters the diagonal of AT~0 at the same 7. Fig-
ure 13 illustrates that the position in the modulation cycle, its phase angle, is an
important variable in the appearance of the melting and crystallization peaks.
Using a quasi-isothermal analysis [24], any position along the changing phase
angle can be frozen and analyzed as done before for the melting of In [13].

Integral analysis

A new type of analysis is illustrated in Fig. 14. It traces the change in enthalpy
during modulation in the temperature region where continued melting and crys-
tallization occurs. The upper curve gives an estimate of the enthalpy change as a
function of sample temperature as one traverses the various melting and crystal-
lization cycles of the experiment in Fig. 10. The lower curve represents the same
as a function of time. The heat-flow curves HF(7), were integrated to enthalpy af-
ter multiplication with the appropriate calibration constant [1, 2].

melt

20Jg"
—12
>‘ I
£
© -
E= g = Tin
0 £ Sampie Temperature ——»
z2
1e]
20Jg"

crystal Time —

Fig. 14 Integral analysis of the enthalpy in the melting and crystallization region for the
TMDSC run of Fig. 10
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The upper curve of Fig. 14 shows particularly clearly on its lower right how
the onset of melting, indicated by the sample-temperature sensor, is displaced
continually to higher temperature as one goes from segment 3 to 8 (0.03 K for
each increase in g(¢) by one K min~ [13]). The increase in heating rate results
from the 0.1 K earlier start per cycle of the melting due to the underlying heating
rate. Assuming cycle 3 (Fig. 11) is at a heating rate of about g(1)=0.1 K min~, i.e.
at the modulation maximum, cycle 6 (Fig. 12), in turn, is moved backwards by
about 30° in phase angle, accounting for a heating rate of g()=3.2 K min~ and
about 0.1 K increase in onset temperature. Considering the uncertainty of the on-
set of melting at zero heating rate of 20.1 K [11], places the equilibrium melting
point in the marked region of Fig. 14 (compare also with Fig. 6). All deviations
from vertical approaches between crystal and melt are due to instrument lag.

Even more interesting is the bottom plot of Fig. 14. It clearly reveals that
melting of segments 1 to 6 does not reach the enthalpy of the melt. It also shows
that approximate steady state crystals are reached on subsequent crystallizations
' to 6 (bottom area of the curve). Melting 7 reaches a steady state melt for a short
time (top area of the curve), then crystallizes (7°) to reach steady state crystals
again, and finally, melts with segment 8 completely. The enthalpy peaks describe
subsequent meltings and crystallizations. Although their exact shapes are dis-
torted, mainly due to the overlap of the return to steady state from melting (re-
gion C, above, Fig. 2) with crystallization region, it is possible to approximate
the progress of melting and crystallization. This type of analysis should be of use
to follow the melting of macromolecules where crystallization is inhibited, but
reorganization, crystal perfection and local recrystallization are commeon and the
melting range is broad {12—18].

Reversing heat flow

The final point to be addressed is the question if the TMDSC traces in Figs 5,
6 and 10, which appear to be reversible can also be studied using the common
Fourier transformation into the frequency domain. The analysis can be done, for
example, by {inding the modulation amplitudes of the observed heat flow,
<Anr(2)>, and sample temperature, <A(2)>, and deriving heat capacity from the
ratio <Aur(1)>/(<A(1)>®). In this ratio <A(?)> should also be equal to the tem-
perature-modulation amplitude A, set at the beginning of the experiment, and ®
is the modulation frequency (=2n/p) [20]. The analysis is usually carried out by
finding the contributions of frequency ® to heat flow and sample temperature
(the first harmonic) to the instantaneous heat flow H7(¢) and sample temperature
T (r). This is a pseudo-isothermal analysis and can make use of the same formal-
ism [20] as for the quasi-isothermal method of measurement with <g>=0 [24].
This analysis is, however, only correct if the reversing calorimeter response to
modulation is sinusoidal. Strictly this is true only if the sliding averages over one
period p, <HF(£)>, the total heat flow, and <7(r)>, the average temperature, are
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constant over two, or better three modulation cycles. In this case the Lissajous
figure as in Figs 7 and 11 are ellipses when corrected for the underlying tempera-
ture increase (by subtraction of <g>t or plotting vs. d7y/d¢). In the melting region
of In this is obviously not the case.

Figure 15 shows the actual heat-flow plot of Fig. [0 [HF(#)] and the derived
total heat flow <HF(f)> which involves averaging over one modulation cycle,
and the ‘reversing heat-flow amplitude’ which involves for its caleulation aver-
aging of some components over two modulation cycles [20]. The deviations of
<A(1)>, obvious from Fig. 10, are much smaller. Neither the peak positions, nor
the amplitudes have any easily discernible relation to the actual data. Note, that
even the total heat flow is quite different from the HF of standard DSC, which it
is often assumed to be equal to (compare with Fig. 2). Figure 16 shows a com-

Temperature (K)
S 4206 4208 4300 4302 4304 4306

= HF ()
-
E 10
3 _-j o
£ 0] 5
—— ~ - Q
S <HF(t)> <HI> 13
T 10
] HF (1)

96 98 100 102 104 108
Time (min)
Fig. 15 First harmonic contribution to the heat flow amplitude <A > of the Fourier transforma-
tion of HF(t) of the data of Fig. 10. Also shown is the total heat flow <HF(r)> that is
often considered equal to the standard DSC heat flow as in Fig. 2
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Fig. 16 Model calculation of a single melting, followed by crystallization using the software
generated in ref. [21] and available through [2]. Parameters p=100 s, arbitrary units of
amplitudes of modulation and melting and crystallization peaks
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parison to a modeling of melting [18], done with a simple spread-sheet program,
available through our WWW site [2]. The appearance of <Aur(f)> is quite similar
to the last modulation cycle with crystallization and melting in Fig. 15 (77, 8).
The smoothed <Apr(#)> is the output of the common commercial software [20].
It uses elements of three modulation cycles and is even further removed from giv-
ing a realistic picture of the actual reversible crystallization and melting.

Saw-tooth TMDSC

A saw-tooth modulation is often available as an option for modulation. Fig-
ure 17 illustrates conditions that lead to three melting steps, separated by two
crystallizations. The figure shows elements of both, the standard DSC (B, C, F)
and the changes in heating rate of TMDSC (A, D). The transitions B, C, and E are
easily analyzed as outlined in the Section of Standard DSC. For A and D the
abrupt change from heating to cooling and vice versa need to be considered as in

the Section of Sinuseoidal TMDSC.
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Fig. 17 Saw-tooth modulation for TMDSC showing the melting of In, similar to Fig. 6.
The abscissa shows a continuous time scale and an interrupted reference-temperature
scale which follows the saw-tooth modulation. Heating and cooling segments of
2.0 K min™, two minute heating segments, followed by 1.5 min cooling to give an un-
derlying heating rate of 0.29 K min™"

The analysis of the saw-tooth experiment in the time-domain is possible, as
shown above. One advantage over sinusoidal modulation is that the four regions
of melting and crystallization are easily identified and the detection of steady
state is elementary. At steady state the temperature increases linearly and the
heat-flow response is horizontal for strict steady state or changing slightly in
case the heat capacity is temperature dependent. As mentioned in the Section of
Standard DSC, in the latter case a correction of the quantitative analysis of DSC
is needed because of the difference in heating rate of reference and sample tem-
perature [1, 2].
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The analysis in the frequency domain is even harder than in the case of
sinusoidal modulation. The description of a saw-tooth in itself needs to consider
already many higher harmonics.

Conclusions

Indium is an ideal calibration substance because of its sharp and rapid melting
and fast crystallization after nucleation (no superheating, easy availability of
pure samples, quick crystallization to sufficiently perfect crystals, and relatively
small supercooling (1-1.5 K)). It can be used for calibration of both, DSC and
TMDSC. The onset of melting and crystallization of In in standard DSC experi-
ments needs to be corrected for heating and cooling rates because of a tempera-
ture gradient between sample and temperature sensor in regions A and D, deline-
ated in Fig. 2 (lag=0.03%g [11]). During melting (region B), the temperature of
In is largely constant. On cooling with sufficient sample mass, the sample tem-
perature rises up to the melting temperature and can also be used to calibrate the
calorimeter (Fig. 4). With sufficient mass of In, the sensor temperature shows a
small increase during melting after reaching the equilibrium temperature of the
transition (Fig. 3) and decrease during crystallization (Fig. 4, =1 K min™' in both
cases). The cause is the changing temperature gradient between sample and sensor.

Temperature-modulated DSC shows quantitatively the same effects when
analyzed in the time domain and if the melting and crystallization peaks are suf-
ficiently separated to in-between achieve steady state (Figs 5~9). The need to de-
velop a sinusoidal base-line makes the evaluation of heats of transition more
cumbersome than standard DSC. Lissajous figures (Figs 7 and 8) help in the
analysis, and a plot of 7 vs. T; (Fig. 9) permits to check in one experiment the
various kinetics effects (lag of T; with heating rate and change of the temperature
gradient between sample and sensor on melting and crystallization). On choos-
ing the modulation parameters so that melting is incomplete when the tempera-
ture drops below the melting temperature, the reversible melting of In can be
studied (Fig, 10). The Lissajous figures reveal that the cross-over from melting
to crystallization occurs close to the equilibrium melting temperature (Figs 11
and 12). The plot of s vs. T, (Fig. 13) is largely different for incomplete and com-
plete melting. A new integral analysis results in plots of the change of enthalpy
with sample temperature or time (Fig. 14). It indicates the progress of partial
melting and may become an important tool to follow irreversible processes in
broad melting ranges, such as in the melting of semicrystalline macromolecules.

Attempts to analyze the melting in the frequency domain by evaluation of the
amplitude (or phase shift) of the reversing heat flow of the first harmonic of a
lourier transformation leads to little useful information (Figs 15 and 16). Higher
harmonics are necessary to properly reproduce the heat-flow shape, even in re-
versible melting. It is noteworthy that the total heat flow calculated in such fash-
ion is also not representing the actual heat flow necessary for fusion since it re-
tains all higher harmonic terms of the reversible melting as shown in Fig. 15.
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The melting and crystallization during a saw-tooth TMDSC are segments of
a series of standard DSC experiments (Fig. 17). It is an advantageous method of
analysis of the easy recognition of steady state and its loss. The change of heating
to cooling during incomplete melting is a possible method to determine the melt-
ing temperature of a pure, sharp melting substance and calibrate the TMDSC on
cooling. It avoids the use of fully reversible transitions of liquid crystals.

All three methods of DSC, standard (Fig. 2), sinusoidal modulation (Fig. 10),
and saw-tooth modulation (Fig. 11) have advantages for special applications in
the analysis of melting and crystallization transition. The analysis of In can serve
as a proving ground of the equipment on hand and be used for fine-tuning and
calibration. The thermal analysis of materials may require in different situation
a different DSC method.
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