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Abstract

This paper provides an analysis of contributions to the apparent, reversing heat capacity when measured by temperature-
modulated differential scanning analysis (TMDSC) with an underlying heating rate in the temperature range where irreversible
transitions with latent heats occur. To deconvolute the data of a TMDSC scan into a total and reversing part, it is common
practice to use the sliding averages and the first harmonics of the Fourier series of temperature and heat-flow rate. Under certain
conditions, this procedure produces erroneous reversing contributions which are detailed by experiment and simulation. Unless
the response to the temperature modulation s linear, the total heat-flow rate is stationary, and the transition is truly reversible and
occurs only once during the temperature scan, one cannot expect a true deconvolution of total and reversible effects. In the pres-
ence of multiple, irreversible transitions within a modulation period, however, each process involving latent heat can increase
the modulation amplitude, as demonstrated by computer-simulation of polymer melting. As a result, the multiple transitions
may give erroneously high latent heats when integrating the apparent reversing heat capacity with respect to temperature.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction (0H/9T) ], and during a transition [the latent heat,
L = (0AH/on)p 1]
Differential scanning calorimetry (DSC) measures 9H IAH
the enthalpy (H) of a given sample by monitoring its dH = (5) d ( 3 > dn 1)
p.n n p,T

changes with temperature (T) [the heat capacify=
wherep is the pressure amdthe number of moles in-
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because it contains a latent heat contribution, and athe odd harmonics (s 1, 3,5, etc.). The same holds
separation of the baseline (or thermodynamic) heat for the heat-flow rate in case of linear response of the
capacity and latent heat effects must be undertakenDSC to a sawtooth modulation of the sample tem-
by comparing the measured, values with thermo- perature. Furthermore, representing the Fourier trans-
dynamic data gained from measurements outside theform by the first harmonic only, limits the series of
transition region and extrapolation to the temperature Eqg. (2)to the single amplitudé 7, = Az, ;. The error
in question considering the correspondm].t introduced by approximating a sawtooth modulation
A more recent modification of DSC, temperature- by the first harmonic only is of the order of 20-25%.
modulated DSC or TMDSC, permits to superimpose It cancels when calculating the heat capacity with
a periodic variation to the standard, linear scan of Eg. (3)because, with a linear response, the numerator
the temperature and may allow to separate processesand denominator dEg. (3) have the same percentage
that are reversible during the temperature modula- changes in amplitudgt,5]. When, however, the mea-
tion [2]. The periodic variation of the temperature can surements are not conducted under linear conditions,
be purely sinusoidal, which on linear response yields deconvolution of the modulated signal leads to errors
a heat-flow rate consisting of a phase-shifted, single in the evaluation of the heat capacity as will be shown
cosine curve. Complex modulations, such as step or below. Similarly, the sliding averages ¢fs(r)) and
sawtooth changes of temperature contain multiple fre- (®(r)) must change linearly or be constant over the
guencies. In fact, the temperature variation of any pe- modulation cycle (stationarity condition) to be able to
riodic modulation of the sample temperatdigr) can calculate a valid, apparent reversi@g [6-8]. When
be described by a Fourier series: true reversibility has not been established, the indi-
cated heat-flow rates and heat capacity modulation are
called “reversing2]. It will be shown in this paper,

o
Ts(t) = (Ts(0) + Z[A 7., SIN(veor) that much or even all of the “reversing heat capacity”

v=1 . .
may be irreversible.
+ Br, , cos(ver)] (2) Erroneous deconvolution of the modulated signal
where the underlying sample temperatu(s)), is occurs frequently when transitions with high latent
the Slldlng average over the modulation pem — heats are analyzed in TMDSC with an Underlying heat-

27/w, with  representing the base frequency), while ~ ing rate(q). If irreversible endotherms and exotherms
is an integer. The amplitudesy, , and By, , represent ~ Overlap, as is often the case in the analysis of the
the vth Fourier harmonics. The heat-flow rate,can ~ Melting of polymers, the reversing heat capacities may
be represented by an anaiogous Fourier series. Theeven giVe |al’ger contributions than the total latent heat,
reversing heat Capacity is given by the ratio of the as will be discussed in this paper. Excessive latent
smoothed modulation amplitudes of the heat-flow rate, heats, however, are also observed in the analysis of the

Ag.,, and the temperaturelr, , [3]: reversible melting. For example, the reversible melt-
’ ing range of indium is less than 0.10K, but with a

Cpt) = (Ao, (1) K(v, @) 3) sufficiently high underlying heating ratég), and low
(A1, (D) v modulation amplitude, melting is incomplete within

the heating segment of the modulation cycle and re-
crystallization occurs in the following cooling segment
as long as the temperature decreases below the melting
temperature. The remaining crystals serve then as nu-
clei for this recrystallization. The next heating segment
melts somewhat more of the indium and under ap-
propriate conditions, several consecutive melting and
crystallization peaks can be produced before melting
mtail see: B. Wunderlich, Heat capacity of polymers, in: is complete and reCySta”i_zation cannot occur any ”_‘Qre
S.Z.D. Cheng (Ed.), Handbook of Thermal Analysis and Calorime- P€cause of lack of nuclei. The sum of these transition
try, vol. 3, Elsevier, Amsterdam, 2002. peaks yields a latent heat which is much larger than

whereK (v, w) is the frequency-dependent calibration
constant. As long as the modulation starts at time
t = 0 and is symmetric abouf)t, the modulation

is centro-symmetric and alBz, , are zero, i.e., their
Fourier series contains only sinusoidal harmonics. A
centro-symmetric sawtooth modulation simplifies the
Fourier representation even further, as it shows only
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expected for a single melting and crystallization pro- deconvolution of total and reversible effect is accom-
cess, and the total melting peak is broadefded]. plished, the difference allowing a calculation of the
The melting of macromolecules on heating in irreversible effect. This well-understood example will
a DSC is generally represented in the apparent not be further discussed in this paper.
heat-capacity curve by a much broader endotherm More detailed analyses of the melting of polymers
than seen for small molecules. The melting is by quasi-isothermal TMDSC revealed, however, that
thought to be irreversible, although the measured in most polymers studied to date a very small por-
temperatures can correspond under proper condi-tion of the sample melts truly reversib[{t3]. This
tions to a “zero-entropy-production process”. The reversible melting occurs at the interface between
zero-entropy-production melting may be either at the crystal and melt, involving possibly the fold surfaces
equilibrium temperature (in case the crystals are of [12-18], the side surfacefl9-21], or both[13].
equilibrium perfection) or at the temperature where a The fraction of sample that can melt and recrystal-
defect crystal transforms to a supercooled melt of iden- lize reversibly has been quantified to be of the order
tical thermodynamic stabilitf10]. The irreversible of 0.03-0.3% of total crystallinity per temperature
nature is seen when on reversing the temperature inchange of 1K[12,14,19,22,23], but may be a much
the melting range there is no immediate regrowth of larger fraction of the crystal that melts at the same
the just melted crystals until much lower temperatures temperature range (specific, reversible crystallinity
have been reached (commonly at least 5-10K, evenchange)[24]. This creates the problem that the re-
in the presence of crystal nuclei). For such polymers versing latent heat to be derived from the apparent,
it has been reported by non-isothermal TMDSC, that reversing heat capacity measured by non-isothermal
there is not only an apparent, reversing heat capacity TMDSC may be attributed to irreversible as well as
in the melting range, but that its magnitude can even reversible effects. In this paper, several irreversible
be higher than the total heat capaditi—13]. The lat- latent heat contributions are identified. Before quan-
ter contains the sum of all reversible and irreversible titative analysis, these must be separated from the
contributions and can be easily determined from the reversible effects. A common, but time-consuming
sliding average over the modulation peri@]. It will method uses extended, quasi-isothermal experiments.
be shown in this paper that such high reversing sig- In such quasi-isothermal TMDSC with an underlying
nals may be due to irreversible recrystallization and heating ratelg) = 0, one measures the reversing re-
perfection after initial melting, followed by additional sponse over a long time span, so that all irreversible
melting at higher temperature, rather than the multiple processes can decay and leave the reversible latent
reversible melting described above for[ih9]. heat effect that can then be separated from the heat
The crystallization of polymers on cooling from capacity.
the melt is irreversible and continues, in contrast to
the melting, on reversing the temperature as long as
the crystallization is incomplete. Such continuing irre- 2. Experimental
versible, exothermic latent heat effect during cooling
and heating can easily be separated from the heat-flow A poly(ether-co-amide) multiblock copolymer (PE-
rate if the sliding average of one modulation period BA) containing 80 wt.% of oligoimino(1-oxododeca-
can be approximated by linear segments (stationar- methylene) and 20 wt.% of oligo(oxytetramethylene)
ity [6-8]). For example, it was shown in the early was kindly supplied by ATOFINA Chemicals, Inc.
publications on TMDSC that the cold crystallization The oligomer blocks are immiscible and form a
in poly(ethylene terephthalate) shows no latent heat microphase-separated structure in which both com-
contribution in the reversing heat capac[B8]. The ponents can crystallize and melt. Measurements were
progress of crystallization can be gauged from the de- performed with a Mettler DSC 8#0heat-flux differ-
crease in reversible, thermodynamic heat capacity asential scanning calorimeter from Mettler-Toledo, Inc.,
the crystallinity builds ug13]. All of the exothermic equipped with a liquid-nitrogen cooling-accessory.
latent heat appears in the total, apparent heat capacDry N, gas was purged through the DSC cell using
ity, together with the heat capacity effect, i.e., a full a flow rate of 20mL minl. The temperature of the
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calorimeter was calibrated using the onsets of the other copolymer concentrationN26] and TMDSC

transition peaks for indium (429.75K), naphthalene data have also been publishd@].

(353.42K), n-octane (116.4K), acetone (177.9K),

cyclohexane (s/s 186.09 and s/l 297.7 K), cyclohep-

tane (265.1K), and tin (505.05K) at a scanning rate 3. Results and discussion

of 10K min~1. The heat-flow rate was initially cali-

brated with the heat of fusion of indium (28.45J4, 3.1. Deconvolution of the experimental data

then refined with a baseline run of two empty alu-

minum pans, and a calibration run with sapphire as a The total apparent specific heat capacity by standard

standard?25]. DSC and the reversing apparent specific heat capac-
Before analysis, the received sample chips were ity by TMDSC of the 80/20 PEBA copolymer, mea-

heated to 490K, kept at this temperature for 10 min sured over the temperature range where the oligoamide

to erase any prior crystallization history, and then blocks melt are exhibited ifig. 1 as the heavy and

cooled with a rate of 10 Kmin! to 140K. Standard  thin lines, respectively. The reversir@, was calcu-

DSC measurements were conducted at a heating ratdated using the first harmonics of the heat-flow rate

of 10K min—1. The TMDSC was done with sawtooth and temperature iq. (3). The thermodynamic heat

modulation. The underlying heating rate, which is capacity of the solid is given by the dotted line, that

represented by the sliding average over one modu- of the liquid, by the dashed line, both are calculated

lation cycle, was set to 2 Kmirt. One modulation from the ATHAS Data Bankl] (see Footnote 1). The

period lasted 60s. The heating segments had ratesdetailed analyses of the thermal properties of PEBA

of 6Kmin~1 for 30s and were followed by cooling  copolymers as a function of composition and block

segments at rates of 2Kmih for 30s. Subtrac-  length, as well as of reversibility of their melting pro-

tion of the underlying heating rate[q), yields a cess are not repeated h¢i@,26].

pseudo-isothermal sawtooth with a rate of change of The major observations of the 80/20 PEBA copoly-

+4Kmin—1. A detailed calorimetric analysis of a mer is that the reversing contributions to the heat ca-

series of PEBA has been presented earlier on this andpacity shown inFig. 1 increase beyond the total heat

......... ATHAS (Crystalline)
_____ ATHAS (Amorphous)
—— St-DSC

61 |— TMDSC

Cp [J(Kg)]

380 400 420 440 460
Temperature (K)

Fig. 1. Specific heat capacity of the 80/20 PEBA copolymer as a function of temperature. The thick line represents measurements by standarc
DSC, the thin line illustrates the reversing measurement by TMDSC with an underlying heating rate of 2K i dotted and dashed
lines are the specific heat capacities of the solid and liquid, respectively, as calculated from the ATHAS ddfg (sae Footnote 1).
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capacity in the temperature region where the smaller capacity, an unreasonable answer for a polymer that
and/or less perfect oligoamide crystals melt and then should melt largely irreversibly.

recrystallize to structures of higher thermodynamic  Above the melting region, the different harmonics
stability. The integral over the baseline should result of the Fourier series of the heat-flow rate and tem-
in the latent heat of the transition, but the reversing perature are reported iRig. 2a and b, respectively.
heat capacity yields a larger value than the total heat In this temperature range the copolymer is liquid and

Modulated ® (mW)

T T T T

467.5 468.0 468.5 469.0
Temperature (K)

o

Modulated Temperature (K)

-1.0 A

467.0 467.5 468.0 468.5
(b) Temperature (K)
Fig. 2. (a) Modulated heat-flow rate and (b) temperature of the 80/20 PEBA copolymer measured above the melting temperature.

Experimental data, deconvoluted to the pseudo-isothermal response, are represented by the dashed line. The thick line is the first harmonic,
the thin lines are the higher (odd) harmonics of the Fourier series, up to the ninth. Even harmonics are negligible.
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no transitions occur. One can see that there are nothermal history. It avoids the occurrence of different
even-numbered harmonics, as expected for a sawtoothdegrees of reorganization that could otherwise be in-
modulation when conditions of linearity and station- duced by comparing separate runs with different mod-
arity are fulfilled. Truncating the Fourier series after ulation frequencies and complicates the analysis of
the first term produces only an approximation of the the true frequency-dependence. It must be underlined,
experimental data, but the overly large amplitude of however, that the application &g. (3)requires linear
the first harmonic is fully compensated by the higher response and stationar{8]. The linear response of
terms of the series. It must be underlined that, for all the heat-flow rate applies not only to the input of tem-
harmonics shown irFig. 2, the ratios of the ampli-  perature modulation as altered by the sum of all distor-
tudes give the same heat capacity when inserted intions, but also to the thermal events governed byndn
Eqg. (3) [4]. A non-linearity ofK (v, w) is expected at  Eq. (1), i.e., the change in n over a given temperature
higher frequencies. Detailed methods for its empirical change must be reversible in the different time inter-
calibration have been worked of&7]. vals. This is not the case Ifig. 4. When the tempera-

In the temperature range where melting occurs, an ture modulation is centro-symmetric, as programmed
approximation of the experimental data with the first in the present experiment and seen outside the transi-
harmonic of the Fourier series is not possible, espe- tion region illustrated irFig. 2, the appearance of even
cially for the heat-flow-rate curve, as is displayed in harmonics in the heat-flow-rate response is an indi-
Fig. 3a and b. The endotherms are larger than the cation of a non-linear response, although its absence
exotherms, indicating a possible partial reversibility, is not a proof of linearity. Unfortunately, during the
but not full reversibility with multiple melting as dis- main melting transition the temperature modulation
cussed for In, above. Large distortions of both, the itself does not follow the programmed true sawtooth
heat-flow rate and the temperature, cause the appearand also has even harmonics, both due to calorimeter
ance of even terms of the Fourier series. In spite of lags caused by the irreversible and reversing heats of
these distortions, we used the first three odd terms transition.
of the Fourier series to calculate the reversing appar- The experiments have revealed three major points
ent heat capacity witheq. (3), as done frequently. in the analysis of transitions with TMDSC in terms
Obviously, for the even harmonics this is not possi- of reversing heat capacity. First, the values of the ap-
ble since their temperature amplitudes are zero out- parent, reversing heat capacitykig. 1 are much too
side the transition region, as shown king. 2b. The large. Second, outside the transition region, reversible
apparent heat capacities are displayeéim 4. Very heat capacities can be measured in terms of the total,
clearly, the apparent reversing heat capacity decreasesas well as the reversing heat-flow rate, as displayed
rapidly with frequency[11,28]. In addition, one can in Figs. 1 and 2. Third, the frequency-dependence of
observe sharp, small extraneous peaks at the melt-endhe latent heat effect seems to indicate a decrease to
of the third and fifth harmonic due to a rapid change the reversible level for high frequency, but does not
in the stationarity, as was shown before whenever a approach the total heat capacity at low frequency as
sharp change in heat-flow rate occurs at the beginningillustrated withFigs. 1-4. The following simulations
and/or end of a transitiof29]. Furthermore, there is  are designed to understand the effect of overlapping,
an increase with frequency in errors outside the tran- irreversible melting and crystallization and are mainly
sition region. This limitation is based on the smaller concerned with the magnitude of the reversigg.
temperature-amplitudes of the higher harmonics of a The frequency-dependence will be addressed in a later
centro-symmetric sawtooth. They are inversely pro- publication.
portional to the square of the number of the harmonic
[30]. 3.2. Smulation of the transitions

The use of higher harmonics of the Fourier series
to analyze the frequency-dependence of transitions, Melting of polymers is known to be largely irre-
instead of performing several separate measurementsversible[10], only a very small reversible contribution
at different modulation periods, has the advantage of has been identified by quasi-isothermal TMDSC in the
subjecting the material under analysis to the same melting range for polymers of sufficiently high molar



M.L. Di Lorenzo, B. Wunderlich/ Thermochimica Acta 405 (2003) 255-268 261

A exo ’~

Modulated ® (mW)

438 440 442 444
Temperature (K)

—_—
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Modulated Temperature (K)

438 440 442 444
(b) Temperature (K)

Fig. 3. (a) Modulated heat-flow rate and (b) temperature of the 80/20 PEBA copolymer measured during melting of the oligoamide blocks.
The experimental data, deconvoluted to the pseudo-isothermal response, are represented by the heavy line, the dashed line is the first
harmonic, the thin lines are the higher harmonics of the Fourier series, up to the fifth. Even as well as odd harmonics are present.

mass[13]. For the oligoamide blocks of the 80/20 quasi-isothermal analysis with a modulation amplitude
PEBA copolymer used in this research, the amount of £0.5K and a period of 60s. The reversing heat
of sample that melts truly reversibly at the maximum capacity obtained with an underlying heating rate of
of the endothermic peak (440.2K) over a tempera- 2Kmin~! is much larger, as shown ffigs. 1 and 4.
ture range of 1K was quantified to be 0.3% of the The reasons for the overly large apparent rever€ing
total crystallinity[12]. This value was determined by are to be clarified next by the simulations.
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—— 1st Harmonic
3rd Harmonic
---- 5th Harmonic

Cp (J/K g)

T T T T T

380 400 420 440 460
Temperature (K)

Fig. 4. Apparent reversing heat capacity of the 80/20 PEBA copolymer calculated Egin@) for the first, third and fifth harmonics of
the Fourier series.

In linear polymers, large amounts of reorganization heat-flow rates which were measured at temperatures
take place during fusion of the crystallites, including where no transitions occur, as illustratedrig. 2. Pos-
partial or complete disordering of polymer chains, sible choices of irreversible melting and crystallization
recrystallization, crystal thickening and perfection, curves were taken from the upper and lower envelopes
all processes that involve evolution or absorption of of the experimental modulated heat-flow ratd-aj. 5
latent hea{10]. Such processes occur also to a large after separation from the reversible heat capacity ef-
extent in the poly(ether-amide) multiblock copoly- fect. Typical for polymers, the low-temperature parts
mers[12,26], and may contribute to the high apparent of the endotherms are assumed to result from crystals
reversingC,. Repeated fusions and recrystallizations that were grown at even lower temperature and may
with decreasing irreversibility may be induced by the recrystallize at the melting temperature, but then only
temperature modulation coupled with an underlying into crystals which melt at somewhat higher temper-
change in temperature and increase the reversingatures in overall irreversible processes. The recrystal-
latent heat. To substantiate this hypothesis, various lized material gives rise to the so-called “annealing
modulated heat-flow rate curves were constructed to peaks” that are seen by DSC some 5-15K above the
simulate fusion-recrystallization-annealing processes. crystallization temperaturd 0]. Even though parts of
The computer-designed modulated curves contain the endotherms and exotherms overlap and appear re-
controlled amounts of reversible heat-flow rates and versible by non-isothermal TMDSC, quasi-isothermal
irreversible processes involving latent heat contribu- TMDSC would reveal their irreversibility.
tions. The aim is to correlate the apparent, reversing The envelopes are chosen to keep the total heat
C, obtained from deconvolution of the simulated capacity during the modulation at a level retaining
curves to the different amounts of latent heats added approximate stationarity. Full linearity is guaranteed
to the modulated signal. by the simulation condition which uses a constant

For the simulation of the transitions, different en- K(v, w). This also eliminates any frequency-de-
dotherms and exotherms of the amide blocks were pendence of the simulation data. Fusion and recrys-
added to experimental, fully reversible, modulated tallization were assumed to occur only during heating
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Fig. 5. Experimental, modulated heat-flow rate for the 80/20 PEBA copolymer. The upper and lower envelopes are shifted by 0.1 mW for

clarity.

and cooling, respectively, the endotherm was added,

thus, only to the heating portions of the sawtooth, and

stationarity is approximated for most of the modulated
data of Fig. 6a, as well as for all other modulated

the exotherm to the cooling segments. This choice of heat-flow rates oFig. 6.

addition of latent heat is observed on melting under
zero-entropy-production conditions, but may not fully
represent the crystallization during cooling, as was
discussed for cold crystallization iSection 1. The
simulated heat-flow-rate curves are showrFig. 6.
They were obtained by accounting for melting peaks
(endotherm M) and crystallization or annealing peaks
(exotherm C). These simulations which model fusion
of smaller and/or less perfect crystals and their an-
nealing or recrystallization into structures of higher
stability are ultimately to be compared Fg. 1. In
order to provide stationary conditions, the modulated
heat-flow rate measured in a temperature region with-
out transitions, as well as the envelopesFHg. 5,
were properly corrected to pseudo-isothermal.

To check the stationarity, the first four harmonics of

The reversing heat capacities for the simulated
curves ofFig. 6were calculated witlkq. (3), using the
first harmonics of the modulated heat-flow rate and
temperature. The results are presentedim 8 and
compared to the experimental TMDSC datdj. 1.

For all simulations, a sizeable, reversing endother-
mic peak is observable. The addition of 0, 1, and 2
crystallization exotherms to a modulated heat-flow
rate which contains a large irreversible endothermic
transition produces an increase in the reversipgas
shown by comparison of the “1M 0C”, “1M + 1C”

and “1M + 2C” plots. The extent of the increase
depends on the amount of exotherm added to the
modulated signal. A good representation of the ex-
perimental, reversing heat capacity represented by the
heavy line can be obtained by arbitrarily shifting half

the simulated heat-flow rate curves were determined in of the exotherm by 6 K (Fig. 6d).

Fig. 7for the data irFig. 6a (“1M+ 1C"). Outside the

The first observation irFig. 8 is that adding an

melting range the even harmonics are zero, suggestingirreversible latent heat to the heating cycle leads to

stationarity[8]. Only at the end of the melting peak
are the even harmonics non-zero for a few kelvins,
but remain small relative to the odd harmonics, i.e.,

a strong reversing signal under the given conditions
(“1M + 0C,” Fig. 6¢). Even though only the heat ca-
pacity was chosen to be reversible, the irreversible
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Fig. 6. Simulated heat-flow rates, obtained by adding latent heats to a reversible, modulated heat-flow rate, taken from an area without
transitions and corrected to pseudo-isothermal conditions. (a) One melting and one crystallization curyel C1Mquivalent toFig. 5);

(b) one melting and two crystallization curves (“1M2C"); (c) one melting and no crystallization curve (“140C"); (d) one melting,

0.5 crystallization curve, and an additional 0.5 crystallization curve shifted by 6 K to lower temperature-(©I3C + 0.5A”").

melting peak causes a large reversing peak. Its pres-deduced by comparing the modulated heat-flow rates
ence is caused by the erroneous deconvolution of theof Fig. 6a—c (all plots ofig. 6 are presented on the
heat-flow rated(r)—(®(¢)) which, when expressed as same scale). The reversing heat capacityeqf (3)
a Fourier series, develops a large first harmonic, of depends, as before, on the magnitude of the heat-flow
which only the positive amplitudéy 1 enters into rate caused by the reversible heat capacity and the
Eq. (3). The respons@(r) to the modulated sample transitions, diminished by the sliding averagg(z))
temperature is strongly non-linear. from —p/2 to +p/2, expressed as the proper fraction
Next, the addition of exothermic heat-flow rates at of the amplitudeAg 1 of the first harmonic of the
somewhat lower temperature causes even higher en-fitted Fourier series. In other words, it is the abso-
dothermic peaks in the reversirig), that can easily lute value of each latent heat contribution in the sep-
exceed the total heat capacity and move the peak fur- arate heating and cooling cycles that determines the
ther to lower temperature, as is seerrig. 8. This is erroneous increase in the apparent revergipg as
due to an increase of the amplitude of the heat-flow both, endothermic and exothermic processes, are non-
rate upon addition of any latent heat, as can also be linear.
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.......... 2nd Harmonic
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Fig. 7. Amplitudes of the first four harmonics of the modulated heat-flow rateigf6a (“1M+ 1C” curve).

In order to clarify this point further, a modulated

lated heat-flow rate is displayed ig. 9a. As be-

curve was constructed by adding one melting and sub- fore with single endotherms, in this simulation both

tracting one crystallization curve (“1M 1C"), so that

endotherms are added only to the heating portions of

both M and C are endothermic. The resulting simu- the modulated signal. The modulated heat-flow rate of

Cp (VK g)

—e— 1M+1C
—— 1M+2C
————— 1M+0C
—— 1M+0.5C+0.5A
—o— St-DSC (Exp)
—— TMDSC (Exp)

400 420 440
Temperature (K)

Fig. 8. Reversing apparent heat capacity calculated from the simulated raw daig 6f to be compared to the apparent heat capacity
obtained from the experimental data reportedrig. 1.
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A exo

: A

2

Modulated ® (mW)

-4 -

420 440 460

Temperature (K)

380 400

Cp (VK g)

380 400 420 440 460
(b) Temperature (K)

Fig. 9. (a) Simulated heat-flow rate obtained by adding one melting
curve and subtracting one crystallization curve (“3NIC”) to the
same modulated heat-flow rate without transition used to build the
curves ofFig. 6. (b) Reversing apparent heat capacity calculated
from the heat-flux-rate data of (a) (curé®). The reversingC,
obtained form the raw data dfig. 6a, also reported ifig. 8, is
shown for comparison (curva). The solid lines that connect the

calculated reversing€, points for the two curves overlap.

Fig. 9a is plotted to the same scale a&ig. 6, so that
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versing latent heat may exceed the total latent heat as
is known from the analysis of the reversible melting
of In. Neither the latent heat evolved nor absorbed in
each process can be determined by a simple decon-
volution of the experimental data. The mere analysis
of the first harmonic (or of the higher harmonics) of
the Fourier series leads to misleading interpretations
of the reversing contributions. The matching of the
experiment inFig. 8 by the heat-flow rate ofig. 6d,
instead of the actually measurEd). 6a indicates that
the simulation is not following the experiment. Most
likely the distortion of the temperature modulation,
seen inFig. 3b is at fault (compare t&ig. 2b). To
analyze such complex processes, it is necessary to ex-
amine heat-flow-rate data in the time domain without
an underlying heating rate (quasi-isothermally) and
compare them to the modulated heat-flow rate mea-
sured in areas where no transitions odq@dr;32]. After
proper corrections are made to account for the varia-
tion of heat capacity with temperature, the latent heat
evolved and absorbed in each cycle can be quanti-
fied. Analysis of the upper and lower envelopes of the
modulated heat-flow rate, as reportedFig. 5, can
also permit to separate and quantify the latent heat
evolved and absorbed by the sample, as will be shown
in a forthcoming papd33]. Only with these methods,
may it become possible to study the various processes
that occur on polymer melting. Coupling these analy-
ses with quasi-isothermal measurements for extended
times, that allow to extract truly reversible effects, it
becomes possible to fully separate all the contribu-
tions that derive from the simultaneous effects of the
underlying scanning rate and the temperature modula-
tion, and from the continuous changes of the transition
rates with temperature.

In general, the fraction of the sample that under-
goes reversing melting depends on the experimental

the latent heat effects present in the simulated curvesconditions chosen, being function of both the modula-

can be easily compared. The revers@gwas calcu-
lated using the common deconvolution with the first
harmonic of the Fourier series, and is showFig. 9b.
The plot ofC,, vs.T of “1M — 1C” is identical to the
“1M + 1C” case offig. 8, also redrawn iffrig. 9b.

tion amplitude and the frequency. Increasing the mod-
ulation amplitude or lowering the frequency, a higher
apparent reversing heat capacity has been reported in
all the studies conducted to ddiel,13,34-40]. A de-
crease in the frequency of modulation permits a larger

These results show that measurements conductedpercentage of crystalline material to follow the mod-

by TMDSC with an underlying scanning rate do not
permit proper separation of transitions that occur irre-
versibly and independently in the heating and cooling

cycle. They appear as partially reversing and the re-

ulation within a single temperature cycle. Similarly,
an increase in modulation amplitude implies that a
higher fraction of the crystallites is involved in the
melting process that is added to the reversing signal.
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According to the results of our simulation, if a higher sawtooth-modulated temperature wilq. (3) shown
fraction of the sample can follow the modulation, a in Fig. 8 (“1M + 1C”) does not duplicate the experi-
larger amount of latent heat is absorbed or evolved ment inFig. 1.
per modulation segment, contributing to an increased This paper has extended the earlier simulation that
apparent reversing heat capacity. dealt mainly with the loss of stationarit)29] and
shown the pitfalls that arise from the special irre-
versibility that is typical for polymer crystallization
and melting, i.e., that polymers melt close to their
zero-entropy-production temperature, but crystallize
The investigation of polymer melting by TMDSC mainly with a supercooling that is larger than can be
shows that the high apparent reversi@g that is explained by crystal nucleation. The additional reor-
observed when using an underlying heating rate is ganization, recrystallization, annealing, and remelting
attributed to errors in the deconvolution of the modu- must naturally also be avoided for quantitative data.
lated data, linked to the approximations of the Fourier Most of the presently available data by non-isothermal
analysis. Three causes for the inclusion of excessive TMDSC are qualitative, but as such can be understood
contributions in the reversing signal must be recog- in the frame of the present simulation. The separate

4. Conclusions

nized when inspectingig. 8.

First, multiple reversible melting and crystalliza-
tion are known to magnify the reversing melting peak,
as shown first on the melting of If4]. The same
is true for partially irreversible recrystallization with
remelting at higher temperature, as shown with the
heat-flow rates ofFig. 6a—c. For quantitative anal-

yses, these effects must be eliminated by long-time

quasi-isothermal analysis to eliminate all irreversible
and multiple processes.

Second, a large reversing contribution is already
seen for the melting of polymers without reorgani-
zation or recrystallization, as simulated witig. 6c.

Its large reversing effect arises from the special
melting behavior of polymers. Polymers show a
“zero-entropy-production melting” on heating, i.e.,
once melting starts on heating, it does not continue
on cooling during the modulation. The crystallization,
in contrast, may continue once it started on cooling
after the modulation changes to the heating cycle.
Finding the proper conditions of linearity and sta-
tionarity, crystallization can be properly deconvoluted
from the reversible heat capacity, but melting cannot.
The Fourier series dfig. 3a matches during melting
the endotherm with contributions in the heating and
cooling segment to the first harmonic.

Third, an effort to match experiment and simula-
tion in Fig. 8leads to different heat-flow rates as seen
in Figs. 5 and 6d. This result indicates that during

the melting experiment, both the sample temperature

and the heat-flow rate are distorted. The combina-
tion of the experimental heat-flow rate with the true

problems that arise from changes of frequency and
amplitude of modulation are to be addressed in the
future.
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