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Abstract

The response of a differential scanning calorimeter (DSC) to sawtooth-type temperature modulation
has been analyzed in the time domain using a standard treatment of the DSC data without Fourier trans-
formation into the frequency domain. This method has some of the advantages of a tempera-
ture-modulated DSC (TMDSC) and may achieve a reasonable accuracy with more transparent and less
time-consuming data analysis than the current TMDSC. The limits of linearity and stationarity of the
thermal response, a prerequisite for the validity of the calculation of the reversing heat capacity by Fou-
rier transformation, can be easily recognized in standard DSC. In contrast to the common handling of
TMDSC, where the non-reversing contributions are calculated as difference between the total and re-
versing parts, we define a new, directly measured quantity, called the imbalance in heat capacity. It rep-
resents the difference between heating and cooling due to the non-reversing thermal process. This
quantity is also of value for the representation of irreversible contributions in quasi-isothermal pro-
cesses, such as cold crystallization and the annealing of crystallites in the melting range.

Keywords: imbalance in heat capacities, reversing and non-reversing heat capacities, sawtooth
modulation, standard DSC, TMDSC

Introduction

Temperature-modulated differential scanning calorimetry (TMDSC) [1-3] is an im-
portant development beyond conventional DSC. The common sinusoidal mode of
temperature modulation as a scanning program is usually coupled with a discrete
Fourier transformation for the data analysis in the frequency domain, which leads to a
deconvolution of the reversing and the total heat-flow rate from which then the corre-
sponding heat capacities are calculated and by difference the non-reversing quantity
is assessed [4].

The reversing heat capacity, however, is only properly calculated under the con-
ditions of linearity and stationarity of the thermal response [5]. Furthermore, some
thermal processes lead to a heat-flow rate response such, that its first harmonic of the
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Fourier series is not a correct representation of the reversing contribution [6, 7]. The
TMDSC of samples undergoing a glass transition, for example, has been modelled
using different methods [8—12]. The first harmonic represents the sample response
only approximately [13—16]. It is necessary to fit the experimental data to such a
model to assess the reversing and non-reversing contributions properly and to make a
connection to the earlier data gained by standard dynamic differential thermal analy-
sis (DDTA) [17]. The complete reversing thermal response to a sinusoidal modula-
tion superimposed on a constant underlying heating rate contains not only a first, but
also a second harmonic component, as well as a constant contribution, and its fre-
quency is shifted depending on the underlying heating rate [11, 15].

For melting, crystal growth and annealing of polymers, the kinetics and irrevers-
ibility were studied over the last 70 years [18]. The processes are largely irreversible
and should thus appear only in the total response to modulation and by difference in
the non-reversing contribution. A TMDSC trace, thus, should be an effective tool to
separate any remaining reversible processes from the irreversible ones. A model to
analyze the crystallization rate at different frequencies is available [19], and the cate-
gories of reversible and irreversible effects observed in the melting range have been
established [20, 21]. The analysis, however, has been proven difficult because of seri-
ous lack of linearity and stationarity, often coupled with instrument lags [6].

Heat capacity can be calculated in the standard DSC method under conditions of
steady state and negligible temperature gradient within the sample. The same is true
in case of sawtooth modulation where the heating and cooling segments are long
enough to reach steady state before switching from heating to cooling and vice versa.
The data taken during the approach to steady state must in this case be discarded, just
as in standard DSC where one does not use the initial approach to standard state on
start-up. If needed, it is also possible to insert occasional isotherm segments between
the sawtooth modulation to monitor the baseline drift of the calorimeter. If there ex-
ists an irreversible or slow thermal process, it can be analyzed in detail in the time do-
main, without the previously mentioned errors in the Fourier-transform of a distorted
thermal response. The precision of this simple method of modulation and its analysis
is somewhat less than using detailed Fourier analyses of temperatures and heat-flow
rates including the time interval before reaching steady state, but can achieve the
same level as possible with the standard DSC [22]. The additional information which
is generated about kinetics and irreversibility is of value and is gained without costly
special instrumentation and software, and often the measurements require consider-
ably less time.

The switching of the rate of temperature-change from one value to another in
sawtooth modulation is easily realized in most of modern calorimeters, as was shown
recently for the generation of high precision data for three different calorimeters
[23-26]. Standard DSC analysis for this type of temperature modulation was pro-
posed earlier [27, 28]. The recently proposed step-scan DSC [29] (alternative heating
and isothermal steps) may yield similar data and was earlier proposed and applied to
the standard DSC [22, 30, 31]. Quantitative comparisons of analysis by Fourier trans-
formation to analysis by standard DSC have proved their coincidence by utilizing the
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whole time interval of data with and without being in steady state by TMDSC and the
much smaller time interval of being in steady state by standard DSC [24].

A final note concerns nomenclature. We will use, as customary, the term revers-
ing when a heat effect can apparently be reversed in the time interval of the modula-
tion period, while the term reversible is reserved for a proven thermodynamically re-
versible effect. The latter designation needs most often a quasi-isothermal test that
proves successive cycles can be superimposed indefinitely.

In this paper, after a simple introduction of the data analysis in standard DSC
and TMDSC, the advantages of sawtooth modulation evaluated by a standard DSC
method are elucidated by a case analysis and measurements on poly(ethylene
terephthalate). The data were compared to the recommended data in the Athas Data
Bank [32].

Data analysis in standard DSC and TMDSC
Standard DSC

Fast heat capacity measurement is a characteristic of the DSC. Basic to any DSC
measurement is a linear response of the heat-flow rate (P=dQ/dr) to the rate of
change in temperature g=T=d7/dz. The value of ® is proportional to the temperature
difference AT(=7—T,) between the reference and the sample calorimeter. For the
standard DSC, if a steady state with only negligible temperature gradients within the
sample holds, one can derive the following equation [33]:

AT LIAT O @
me, =K—+C| H=f
g 0T, O ¢

S

(M

where m is the sample mass, c, represents the specific heat capacity of the sample, K
is the Newton’s law constant ¢g=T stands for the constant rate of temperature change
at steady state which is positive for heating (¢, ) and negative for cooling (¢,), C, is the
heat capacity of the complete sample calorimeter consisting of sample and pan, and 7,
represents the sample temperature.

With a negligible temperature gradient within the sample and no thermal resis-
tance between sample sensor and sample pan, 7, is also the temperature of the sample
sensor. The second term in the center part of the equations corrects for the larger
change of C, with temperature relative to C, the heat capacity of the usually empty
reference calorimeter. As long as the change in difference between reference and
sample temperature is negligible, dA7/d7,=0, and the heat capacity is directly propor-
tional to ®, as shown in the far right-hand side of Eq. (1).

The key details of the measuring procedures are to maintain the validity of the
discussed conditions and to carry out sufficiently accurate calibrations, to establish
the actual temperature of the sample, and to evaluate K or ® [34]. The sample temper-
ature is usually calibrated with the onset of the melting peak of two or more melt-
ing-point standards. The values of K or ® must be established as a function of temper-
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ature by performing a calibration run, usually with sapphire as sample [35]. The
asymmetry of two calorimeters must be evaluated from a baseline run of two identi-
cal empty pans and subtracted from the sample and calibration runs, as is described in
standard texts [33]. The stability of the baseline during the measurement can be
checked by the coincidence of the initial and final isotherm for all three runs that con-
stitute a single measurement (sample, asymmetry and calibration). A short scanning
range was suggested early [30], but is frequently disregarded and runs of several hun-
dred kelvins have been published. When attempting to make quality heat capacity
measurements, short-segment analysis is of major importance [29, 31].

Temperature-modulated DSC

In TMDSC the experiment is carried out with an underlying change of temperature,
<g>, which is represented by the sliding average over one modulation period. The
sample temperature and heat-flow rate are changing with time, as dictated by the un-
derlying heating rate and the modulation, and are written as 7(¢) and ®(z), respec-
tively. The measurement of ¢, remains simple, as long as the condition of steady state
and negligible temperature gradients within the sample can be maintained. If the sam-
ple response is linear, the sliding averages over one modulation period of 7, and ®,
written as <7 >, and <®>, yield identical curves as for the standard DSC given by
Eq. (1). Next, a simple subtraction of these averages from their instantaneous values
T'(¢) and ®(?), yields the pseudo-isothermal ‘reversing’ signals. For sinusoidal modu-
lation of the sample temperature, the quasi-isothermal analysis has been described in
detail. It yields for the heat capacity the following expression which also holds for the
pseudo-isothermal analysis with an underlying rate of temperature change <g> [4]:

C.wl
(C,-CH)=—— 4, 1+B?H 2)
where 4, is the modulation amplitude of the heat-flow rate and 4, that of the heating
rate (= A W)

The frequency wis given inrad s (w=2TUp, where p is the modulation period in
seconds). For other than sinusoidal modulations, Eq. (2) applies independently to A4,
and 4, for the various harmonics n with frequencies of nw. The similarity of the
Egs (1) and (2) becomes obvious if the reference calorimeter is an empty pan. Then,
C~C=mc,, and 4, represents the maximum amplitude of the modulation of the rate of
temperature change without the effect of the underlying rate, 7'(1)-<I">. If calibra-
tions and measurement are made at frequency w with the same reference pan, the
square root in Eq. (2) is constant and can be made part of a calibration constant.

The conditions of steady state and negligible temperature gradient within the
calorimeters are more stringent for TMDSC than for the standard DSC, because if
even a small temperature gradient is set up within the sample during the modulation,
each modulation cycle has a smaller amplitude of heat-flow rate which depends on
the unknown thermal conductivities and resistances. A negligible temperature gradi-
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ent within the sample requires, thus, that the sample calorimeter oscillates in its en-
tirety. It also requires a negligible thermal resistance between thermometer and pan,
and the pan and sample calorimeter. The phase lag between heater and sample must
in this case be entirely due to the thermal diffusivity of the path to the sample. As
soon as anywhere between temperature sensor and sample and/or within the sample a
phase shift and a change in maximum amplitude develop during the modulation, it is
impossible to handle the analysis with Eq. (2). The analysis becomes then much more
complicated. Progress was made recently by studying TMDSC with sawtooth modu-
lations [6, 36]. As long as the Fourier equation of heat flow holds, the solutions for
different events in the DSC are additive. Steady state, however, is lost each time a
sharp change of T, . occurs. An empirical solution to this problem was to modify
Eq. (2), as is indicated in Eq. (3) [24]:

(€.-¢)=22 (o) 3)

q

where T is determined by measurements at different frequencies.

The value of T does not only depend on the heat capacity of the reference calo-
rimeter and the Newton’s-law constant, as one would expect from Eq. (2), but also on
the mass and thermal conductivity of the sample and on all involved thermal contact
resistances. Furthermore, the nature of T depends also on the calorimeter type, and
naturally also on any possible cross-flow between the sample and reference calorime-
ters. The empirical Eq. (3) can be assessed by a plot of the inverse of the uncorrected
heat capacity in Eq. (3) vs. the square of the frequency. Only with periods longer than
250 s did the square root term in Eq. (3) become negligible for the analysis of heat ca-
pacities in typical commercial calorimeters. For shorter periods, reaching down to
about 5 s, T remained however a continuous function of the frequency w, approaching
at longer periods a value that is independent of w. Naturally, to conduct a series of
measurements at many frequencies at every temperature is a considerable increase in
effort to establish the heat capacity. This difficulty led to a more extensive effort to
make the required measurements at different frequencies in a single run [36]. In this
paper, it will be shown how similar data on heat capacity, as well as the reversing and
non-reversing components of an apparent heat capacity, can be established using the
simple analysis method of the standard DSC of Eq. (1).

Analysis of a sawtooth modulation using standard DSC methods

During each segment of heating or cooling in a sawtooth modulated run, the thermal
response will need 30 s or more to approach steady state. For an analysis with the
standard DSC method, the initial data after each change in the rate of change of tem-
perature must be discarded until steady state is reached [37]. After the baseline sub-
traction, only the data close to the upper and lower limits of ®(¢), just before the heat-
ing rate will be switched, give the steady state data to be inserted into Eq. (1). If the
heating or cooling segments are too short to attain steady state and minimal tempera-
ture gradients within the sample, Eq. (1) does not give useable results. A careful in-
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spection of the heat-flow rate can usually identify the point where the standard DSC
analysis becomes possible. Furthermore, it may be possible during transitions to ex-
trapolate the sample temperatures and heat-flow rates to steady state or to modify the
modulation mode to find the steady state experimentally.

The constant rate of temperature change on heating or cooling for Eq. (1), g, or ¢, is
given by the slope of the sample temperature along the points which are in steady state.

According to Eq. (1), the reversing specific heat capacity, mc, ., is then given by:
P, D,
e =2 (4)
qh qc

Note that under the linearity condition of thermal response, @ is positive (endo-
thermic) on heating and negative (exothermic) on cooling. Analogously, the rates of
temperature change ¢, and g, change their sign on going from heating to cooling.

In current TMDSC the non-reversible contribution of the latent heat can only be
assessed indirectly by subtracting the reversing heat capacity from the total heat ca-
pacity or by an analysis in the time domain. Any error in the reversing as well as total
heat capacity will then be transferred to the non-reversing heat capacity. The analysis
using standard DSC methods allows a direct measurement of the non-reversing heat
capacity by determining the difference in the heat capacities at their steady state. We
call this quantity the imbalance in heat capacity and write, using Eq. (1):

_P, @,

mcp,imba]ance - (5)
qh qc

The advantage of the imbalance in heat capacity over the non-reversing heat ca-
pacity is that it is a directly measurable quantity of the non-reversible contribution
and avoids, as long as the conditions of standard DSC are fulfilled, the potential er-
rors of the non-reversing heat capacity.

The irreversible heat-flow rate can be calculated from Eq. (5) by separating ®,

and @ into its reversible, underlying, and irreversible contributions (®, ..., ®, .., and
®, .rer» and the respective cooling heat-flow rates):
q)h rev +¢)h und +q)h irrev CDC rev +¢c und +q)c irrev
mcp,imba]ance = , ’ 7 - : : : (6)
qh qc

Assuming linear response among the heat-flow rates caused by the true heat ca-
pacity, the following equality holds:

CD h,rev +¢) h,und - CD crev +q) c,und (7)
q h q c
and:
CD h,irrev CD c,irrev
mcp,imba]ancc = - (8)
q h q c
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Under conditions of stationarity ®, ; . =® . .=®P, ., so that one can write:
mc, imbalance
o, = 9
rev 1 1 ( )
qh qc

Data-treatment examples

The analysis of the sawtooth modulation with the standard DSC methods, described
in the previous section, makes use of Eqs (1) and (4) for ¢, and ¢, .., respectively,
and the imbalance is the third measured quantity [, ;. O EQ- (5)]. Figure la illus-
trates the deconvolution of the sample temperature by standard DSC analysis for a
sawtooth of heating rates of 4.0 K min ' (1/15 K s™), alternating with cooling rates of
2.0 Kmin" (1/30 K s ™). A modulation period of 60 s yields then an underlying heat-
ing rate of 1.0 K min'. The first cycle of the sawtooth starts at T}, the next at T}, etc.
The reversing pseudo-isothermal modulation has an amplitude of 1.5 K with the rates
of temperature-change alternating between ¢,=3.0 and ¢.=—3.0 K min"', as indicated
in the figure.
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g L AN // N\
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Fig. 1a Schematic drawing of sawtooth-type modulation (solid line) and its
deconvoluted underlying heating rate <7'>and reversing rate of temperature
change of #3 K min ' (dashed lines). The temperatures listed on the right indi-
cate the beginnings and ends of the cycles

Assuming an instantaneous, linear response, the changes in the heat-flow rate
are seen in Fig. 1b. The measured response ®(7) is represented by the heavy line
which has a meander-like shape, jumping from zero to the heating response in
heat-flow rate, ®,, to the cooling response @, and vice versa. If the responses were
not instantaneous, one would have had to wait until the steady states are reached and
then extrapolate the steady state response back to the beginnings of the heating and
cooling segments. This extrapolation produces a result similar to the one shown in
Fig. 1b. For a heat capacity that changes linearly with temperature, the same analysis
would still be possible, but a sudden or non-linear change during the modulation may
destroy the stationarity [5, 38, 39].
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Fig. 1b Schematic drawing of the linear thermal response (solid lines) for the tempera-
ture program of Fig. 1a. The effects of the underlying (lightly dotted boxes) and
reversing responses (heavily dotted boxes) are indicated. The heavy line repre-
sents ®(7), and the pseudo-isothermal level (PS), the zero level and the value of
@, and @, are marked

Assuming the heat capacity of the sample in Fig. lais C (in J K), the value of
the heat-flow rates can be calculated from Eq. (1) to be ®,=Cq,=C/15 W and
® =Cq,=C/30 W (note that for these calculations the values of ¢ are in K's™). The to-
tal heat flow, AQ, is the integral (sum) of the heat-flow rates over one period of time,
AQ=30C/15+30(—C/30)=CJ. The value of AQ is also equal to the integral of C over
the change in temperature, AO=C(7\-1,)=C J, as expected in the absence of latent
heats. The total heat-flow rate, <®(¢)>, is then equal to AQ/60.

The reversible heat-flow rate is deconvoluted by subtracting <®(¢)> from ®(). Dur-
ing the heating segment <®(f)>, the lightly and vertically dotted area, is part of the posi-
tive heat-flow rate ®,. During the cooling segment, <®P(¢)> marked as the lightly and di-
agonally dotted area, is opposite in direction of the negative heat-flow rate and must be
added to ®_ and defines the pseudo-isothermal baseline level (Ps). In this case the posi-
tion of Ps is raised above zero, as indicated in Fig. 1b. Above and below Ps the reversible
heat-flow rate can be visualized as ®_=+C/20 W (¢,.,=+3/60 s, Fig. 1a). The reversible
heat capacity can be calculated from Eqs (1) or (4). Both give, as expected, the same re-
sult: €, .=CJ K. Equation (2) leads, naturally, also to the same value 4,=C/20 W and
A=1/20 K s”'. The amplitudes are taken as half the difference between the upper and
lower limits of the heating and cooling segments. Under the conditions of linear re-
sponse, these two sawtooth amplitudes must be multiplied with the same factor to yield
the amplitudes of their first harmonic of the Fourier series [6]. Finally, the imbalance and
the irreversible heat-flow rate are zero for this reversible system, as seen from Eqs (5) and
(9). Table 1 gives a summary of the results.

Next, one can add a constant, irreversible thermal process with a latent heat, as is
found for instance on cold crystallization of poly(ethylene terephthalate) or the cur-
ing of a thermoset [33]. A latent heat does not change the temperature changes of
Fig. la, but the heat-flow rates need to be modified, as is shown in Fig. 1c. The
heat-flow rate due to the exotherm was given the constant value of —C/60 W and com-
pensates then the heat-flow rate of the underlying heating rate. Linearity of the ther-
mal response with the temperature change has now been lost, but the stationarity still
exists. The additional heat-flow rates are indicated by the two types of vertically
shaded boxes. The observed heat-flow rates are marked by the heavy-line meander
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and marked ®, and ®_, as before. The heat-flow rates, due to the underlying heating
rate and the exothermic reaction cancel each other, leading to values of zero for the
total heat flow, AQ, and tctal hea -flow rate, <®(¢)>. The reversible hea. flow rate
about Ps, which has moved to the zero level because of the latent heat, is the same as
in Fig. 1b. Equation (5) gives a heat capacity imbalance of -3C/4 J K™', and ®, __, ac-
cording to Eq. (9), is equal to —C/60 W, as was chosen as the value for the latent heat
effect.

Table 1 Parameters derived from Figs 1b to le

(Dha q)ca AQb <(D(t) > CI)revd Cp reve Cn imh']lan(‘e‘f (Dixrevg

Example o

W J \\4 JK \\4
Fig. 1b Cc/15 —C/30 C C/60 +C/20 C 0 0
Fig. 1c Ccr0  -C/20 0 0 +C/20 C -3C/4 -C/60
Fig. 1d c/12 - —C/60 2C /30 +C/20 C +3C/4 +C/60

Fig. le c12 - —C/30 1.5C C/40 +7C/120  7C/6 +C/4 (+C/180)"

*Calculated from Eq. (1)

®Integration of ®(f) over one modulation cycle with respect to ¢

‘From pseudo-isothermal analysis by averaging ®(7) over one modulation cycle

9By subtraction of <®(r)> from d(7)

‘From Eqs (2) or (4)

From Eq. (5)

fFrom Eq. (9). The non-reversing heat-flow rates give identical values and can be calculated using
q)nonrev:<q)(t)>_cp,rev<q>

"Value from Eq. (9) which does not apply because non-stationarity

The meaning of the imbalance in heat capacity can be gathered from this example.
During the heating segment with 4 K min ™', for 0.5 min, the measured heat capacity is not
the true heat capacity of C J K', but an apparent heat capacity, increased by the exotherm
to 3C/4 J K'. Analogously, the apparent heat capacity on cooling at 2 K min™ is
3C/2 J K, increased by the exotherm, but by more than on heating because of the
smaller temperature decrease on cooling. The imbalance of the two apparent heat capaci-
ties is —3C/4 J K™ as given by Eq. (5). Equation (5) represents the difference between the
apparent heat capacities on heating and cooling, as changed by the constant, irreversible
latent heat, and Eq. (9) gives the constant, irreversible heat-flow rate, as set.

Heat flow rate/a.u.
Endotherm —»

Time/min

Fig. 1¢ Schematic drawing of the thermal response as in Fig. 1b, but with the addition
of an irreversible, exothermic latent heat represented by the vertically shaded
areas (non-linear but stationary)
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Heat flow rate/a.u.
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Fig. 1d Schematic drawing of the thermal response as in Fig. 1b, but with the addition
of an irreversible, endothermic latent heat represented by the vertically shaded
areas (non-linear but stationary)

The case with an endothermic, constant, irreversible latent heat is illustrated in
Fig. 1d. Such endotherm may occur in the presence of slow pyrolysis, sublimation, or
melting which are not affected by the modulation. The normal melting of macro-
molecules also shows endotherms, but the heat of fusion absorbed is usually not con-
stant on modulation of temperature [18]. Crystallization, shown in the example of
Fig. 1b, occurs on cold crystallization with so much supercooling that the changes in
temperature due to modulation do not change the rate of crystallization significantly.
The equivalent melting rates of crystals without effect of modulation due to super-
heating do not exist. On melting, superheating is usually small, so that substantial
changes of melting-rate occur on modulation [18]. The heat-flow rate due to the
endotherm was assumed to be fixed to +C/60 W, at the same value as the heat-flow
rate due to the underlying heating rate. The heat-flow rate due to the endotherm is in-
dicated by the vertically shaded boxes. The observed heat-flow rates on heating and
cooling, ®, and @, are changed as marked in Fig. 1d. The level of Ps about which the
pseudo-isothermal oscillation occurs, is raised even further than in Fig. 1b. The total
heat-flow rate due to the underlying heating rate and the endothermic reaction is indi-
cated by the difference between Ps and zero as C/30 W, leading to a total heat flow of
2.0 C J per cycle. The reversible heat-flow rate about Ps is the same as in Figs 1b
and lc. With ®,=5C/60 W and ® =C/60 W, Eq. (5) gives a heat capacity imbalance
of 3/4C J K" and @, , is equal to +C/60 W according to Eq. (9), as was assumed in
the design of the example.

If an irreversible process changes abruptly within the modulation cycle, an error
occurs in the estimation of the reversing heat capacity due to a loss in stationarity [5].
Furthermore, the time to the approach to steady state may be lengthened due to the ir-
reversible process and exceed the time of modulation. In reality, thus, a heat-flow rate
curve with an irreversible process may look much more complicated than shown in
Figs 1c and d, and then needs to be studied in more detail. Using the standard DSC
method, however, this study is much simpler than sorting the various contributions to
the higher harmonics in distorted apparent heat capacities in TMDSC.

Figure le illustrates the case of an irreversible latent heat endotherm of a
heat-flow rate of C/60 W on heating only (compare to Figs 1d and 1b). This corre-
sponds to a melting process that does not continue and is not followed by re-
crystallization on cooling, as is common in polymers. Such combination is non-linear
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and non-stationary since it changes abruptly within the modulation cycle. The latent
heat contributions marked by the vertically shaded boxes increasing @, to 5C/60 W
and @, remains at —2C/60 W, so that AQ is equal to 1.5C J and the total heat-flow rate
is C/40 W. The pseudo-isothermal level is raised to 1.5 C/60 W, as shown, so that ®_,
is £3.5C/60 W. Equation (4) results in an apparent reversible heat capacity of
7C/6 J K', and the imbalance in heat capacities is +1/4C J K™ according to Eq. (5).
During the heating segment with 4 K min™' for 0.5 min, the measurement does not
give the true heat capacity C J K™', but an apparent heat capacity of 1.25C J K. The
heat capacity on cooling at 2 K min™' is, as assumed, C J K™' and accounts for the re-
maining imbalance. The irreversible heat-flow rate cannot be calculated from Eq. (9)
because of the loss of stationarity. From the assumption made for the drawing of
Figs 1d and 1b and Eq. (6), it is obvious that @, ; = C/60 W and ®_;  is zero, and
@, . cannot be the C/180 W shown in parentheses in Table 1.

irrev

o

Heat flow rate/a.u.
Endotherm —»

0 0.5 1.0 1.5 2.0
Time/min

Fig. 1e Schematic drawing of the thermal response as in Fig. 1b, but with the addition
of an irreversible, endothermic latent heat during the first half of each cycle as
represented by the vertically shaded areas (non-linear and non-stationary)

In comparison to the analysis based on standard DSC, the TMDSC analysis
leads with Eq. (2) to the correct reversing heat capacity of 7C/6 J K, as also shown in
Table 1. With the total heat capacity as calculated from Eq. (1) of 1.5C J K, this
yields because of the non-stationarity to an erroneous non-revering heat capacity
(C/3 J K') and the same wrong non-reversing heat-flow rate as shown in Table 1
(+C/180 W). The imbalance of heat capacity calculated with Eq. (5), in contrast, is a
correct quantity and the source of error for the incorrect irreversible heat-flow rate
can be traced easily, as shown above.

Experimental details

The heat capacity measurements were performed with a Perkin-Elmer Pyris-1
TMDSC with a CryoFill™ liquid nitrogen cooler. The calorimeter was calibrated
with the melting points of ice (273.15 K), indium (429.75 K) and tin (505.03 K) for
the sample temperature and with the heat of fusion of indium (28.45 J g ') for the pre-
liminary value of ® during 10 K min"' scanning. The purge gas was pure helium,
flowing with a rate of 25 mL min .
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Granular poly(ethylene terephthalate) (PET) from Scientific Polymer Product
Inc. (#57) was used as the only sample and weighed with a Cahn-28 electrobalance.
Before measurement the samples were treated as follows: The granular sample (about
20 mg) was lightly pressed at 563 K to get a good contact with the pan bottom, fol-
lowed by quenching on a surface of ice, then crimped.

Three parallel runs were performed for an empty pan, the sample pan, and the refer-
ence material pan to be able to use Eq. (4) with the calibrations described above. The ref-
erence material was sapphire (26.026 mg) in a flat piece, supplied by the Perkin-Elmer
Instruments Co. The data of the heat capacity of sapphire for the point-to-point calibra-
tion were taken from the critical survey available in the literature [35].

The program of temperature modulation consisted of heating at 4.0 K min™' for
2.0 K followed by cooling at 2.0 K min™' for 1.0 K, so that the period is 60 s, as illus-
trated in Fig. 1a. Within each cycle, the upper and lower limits of the heat-flow rate
®, and P, respectively, are read from the baseline-subtracted curve. The correspond-
ing rate of temperature change ¢, is read from the slope of the sample temperature be-
tween 0.3 and 0.5 min into the modulation cycle, while the corresponding ¢, is read
from the slope of the sample temperature between 0.8 and 1.0 min. The reversing heat
capacity is then calculated from Eq. (4), and the imbalance in heat capacity from
Eq. (5). The total heat flow AQ is the integral of the heat-flow rate over this cycle, and
the total heat capacity is the total heat-flow rate divided by the underlying heating
rate <¢> according to Eq. (1) (<®(1)>=AQ/60). The non-reversing heat capacity is the
difference between the total heat capacity and the reversing heat capacity which is
calculated from Eq. (4).

Both the helium purge gas and liquid nitrogen cooler facilitate the fast approach
to a steady state, but do not favour long-term stability of the thermal response be-
tween different runs, especially when the heating rate is slow [40]. The baseline sub-
traction, therefore, needed further correction with intermittent isotherms. In the tran-
sition regions, longer baseline extrapolations were necessary since the sample would
undergo changes during isotherms.

The cold crystallization and the annealing of crystallites in the melting range of
PET were also analyzed by quasi-isothermal modulation (<¢g>=0). The rate of tem-
perature change was in this case 2.0 K min"'. The modulation period of 1.0 min gave
an amplitude of 1.0 K.

Results

The total heat capacity of the TMDSC run for PET is shown in Fig. 2. It covers the
glass transition, cold crystallization, and a wide melting range and was generated
with the temperature modulation depicted in Fig. 1a. Despite the rather large shift of
the baseline and long-term instability which led to a lesser precision of the total heat
capacity, a quantitatively acceptable, apparent reversing heat capacity could be ex-
tracted due to the new evaluations once every kelvin of temperature change. The re-
sults are shown in Fig. 3, together with calculations of the imbalance and
non-reversing heat capacities, based on the above described analysis of the sawtooth
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modulation. For comparison, the Athas Data Bank information for amorphous PET is
also plotted as the points °.

v aof FPET
L
g orsf
- -
<
2 0sof Cold
8 1 crystallization
S o028t Melting range
&
e Glass
o) | transition
c 00
©
2 -0.25}
| i L 1 n 1 . 1 . 1
300 350 400 450 500 550
Temperature/K

Fig. 2 Total heat capacity of PET deconvoluted from a run as given in Fig. 1a from 315
to 555 K (240 sawtooth modulation cycles)

The cold crystallization in the temperature range (380—420 K) was analyzed in
more detail by running quasi-isothermal experiments with a sawtooth modulation of
rates of temperature change of +2 K min™' and periods of 1.0 min. The results are
shown in Fig. 4. The reversing heat capacity (+) decreases on cold crystallization as
expected from the lower heat capacity of the crystalline sample, but shows no latent
heat contribution as could be seen already from Fig. 3. The same decrease in true heat
capacity can be calculated from the integral of the total heat-flow rate over time in
terms of the latent heat evolved which was then converted to crystallinity, and used
for the estimation of the heat capacity as sum of contribution of amorphous and crys-
talline fractions to the heat capacity and is indicated in Fig. 4 as (). Both amorphous
and crystalline heat capacities are known from the Athas Data Bank. The imbalance
in heat capacity (a) is calculated from Eq. (5) and illustrates the kinetics of the cold
crystallization.

Figure 5 illustrates a similar quasi-isothermal analysis in the melting range at
520 K. The decrease of the reversing heat capacity, as calculated with Eq. (4), and the
imbalance in heat capacity, as evaluated by Eq. (5), is plotted as a function of time in-
dicated by the symbols (+) and (a), respectively. The chosen temperature is close to
the peak of melting with an underlying heating rate of 1.0 K min™' as shown in Fig. 3.
Both, the reversing heat capacity and the imbalance decrease with time. These results
on PET should be compared with the much more extensive work carried out with si-
nusoidal modulation and analysis by Fourier analysis [41-43].
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e ATHAS Data for amorphous PET

- 129 Reversing Cp

E A Total Cp
T_O 0.8 Non-reversing Cp

e A Imbalance in Cp

g 0.4 0 0-9-0-0-0-9.0-0-0-0"¢"0 0 o '0/0 vee
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Fig. 3 Analysis of the data from Fig. 2 with the standard DSC method. Reversing heat ca-
pacity from Eq. (4), total heat capacity from Eq. (1) with the total heat-flow rate
and underlying heating rate, non-reversing heat capacity from the difference be-
tween reversing and total heat capacity, and imbalance of heat capacity from
Eq. (5). Also listed are the data bank data for the heat capacity of amorphous PET
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Fig. 4 Reversing heat capacities and the imbalance in heat capacities (triangles) of PET
during cold crystallization at 388 K in a quasi-isothermal measurement with a
sawtooth modulation with rates of temperature change of 2 K min ' and a period
of 1.0 min (amplitude 1.0 K). The data for the crosses are calculated from the
upper and lower limits of the heat flow rates [Eq. (2)], and the data for the filled
circles are calculated from the integral of the total heat-flow rate over the an-
nealing time
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PET at 520 K - 2500
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Fig. 5 Reversing heat capacities (crosses) and the imbalance in heat capacities (trian-

gles) of PET during a quasi-isothermal measurement at 520 K, using the
quasi-isothermal analysis under conditions as in Fig. 4

Discussion

The analysis method described with help of Fig. 1 permits the study of reversible and re-
versing processes in a similar and possibly even more detailed manner than the com-
monly carried out TMDSC based on the Fourier analysis of the temperature modulation
and the sample response, as given by Eqs (2) and (3). As seen in the various forms of car-
rying out the standard DSC based on sawtooth, step-isotherm, or step-scan methods
[23-31], a multitude of analyses of the obtained results are possible. As a typical example
of the discussion of the modulation cycles of PET in the melting range, the base-
line-subtracted data are displayed in Fig. 6 for the temperatures of 450.8 K (before major
melting starts) and 512.2 K (within the major melting peak).

The low-temperature measurement is drawn in dashed lines. It is a standard
analysis and can easily be related to Fig. 1b with results analogous to the ones listed
in Table 1. The approaches to steady state from 0 to 0.3 and 0.5 to 0.8 min are re-
placed by extrapolation to a horizontal (or slightly sloping) steady-state heat-flow
rate and used as values for @, and @, as indicated. The zero level and level Ps had to
be established from occasional zero baselines included in the sawtooth modulation,
or derived from a baseline measurement. In the present attempt the baseline was in-
sufficiently constant to display these details. A slight change in heat capacity with
time is noticeable. A detailed comparison reveals that the change in heat capacity
with temperature is slightly asymmetric, indicating some irreversible behavior. This
is expected, since the level of heat capacity is above that given by the data bank [32]
for the level of crystallinity and small reversible and non-reversible effects have been
identified in this temperature region [41, 42]. Even at this lower level of precision, it
is thus possible to undertake further data refinement.
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Fig. 6 Baseline-subtracted heat-flow rates of PET for a single sawtooth at 450 and
512 K from the experiment of Fig. 2

Much more obvious deviations from a reversible behavior are seen in the data
taken at 512.2 K. The first observation is that on heating, a large latent heat is ab-
sorbed and steady state is not reached. On cooling, however, steady state is ap-
proached with only a very small indication of an exotherm at about 0.9 min into the
modulation cycle. At 0.5 min into the modulation, the melting is interrupted by begin-
ning of the cooling cycle, but further latent heat of fusion is contributed as seen up to
0.8 min. The analysis is now similar to the analysis of Fig. le, except that the melting
contribution changes throughout the modulation cycle and is even further from sta-
tionary than in Fig. le. Comparing the heat-flow rate to the data taken at 450.8 K al-
lows, however, an approximate separation of the melting, as marked by the vertical
shading in the heating segment and the diagonal shading in the cooling segment of the
modulation cycle. Comparing the diagonally shaded areas in the heating and cooling
segments suggests a rough equivalence, so that the marked ®, accounts for practi-
cally all the irreversible melting in the heating segment. The cooling segment, how-
ever, when represented by ®_, contains no latent heat, and similarly, the heat-flow
rate @} is a measure of the heat-flow rate on heating without latent heat. Further anal-
ysis is now possible using the basic analysis for Fig. 1e with results similar to the ones
displayed in Table 1.

The limits of the analysis with non-stationary latent heat effects can also be seen.
At 0.5 min into the modulation cycle, the melting up to the corresponding tempera-
ture is not complete, i.e., it will be added on continuing the analysis to the next cycle,
distorting the overall observed melting peak. Once noticed, more experimental de-
tails can, naturally, be generated by designing and testing a sawtooth that avoids the
melting peak distortion by insertion of an isothermal segment after the time of
0.5 min, for example. This method was applied in the detailed analysis of the melting
of In as affected by instrument parameters [44, 45]. In such analyses it must naturally
be considered that the polymer crystals are not fixed entities. They can anneal (with a
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small exotherm), and for different heating protocols different results are expected, as
was studied in detail when analyzing crystallization and melting of polyethylene co-
polymers by DSC and TMDSC [20, 21]. For the study of reversible melting, all irre-
versible melting must be removed as is attempted with the assignment of ®', but
quasi-isothermal experiments without an underlying heating rate are more suitable
for such analysis, as will be shown below.

To analyze reversible specific heat capacities without latent heat effects one can
turn to Fig. 3 and study the temperature regions below the glass transition and after
melting. The data are in agreement with the data bank within the precision of the stan-
dard DSC method. The analysis is carried out as discussed in connection with Figs 1a
and 1b. This calculation is not affected by the long-term shift of asymmetry between
the different runs since each separate cycle is analyzed independently over a suffi-
ciently small temperature range so that the change in asymmetry is minor and can be
neglected, providing one of the basic advantages of temperature modulation.

Due to the neglect of the data during the approach to steady state, and uncertain-
ties of temperature gradients within the sample, the analysis by standard DSC is not
as precise as possible by the full Fourier analysis [23—26]. But, one can see from
Fig. 3, as in sinusoidally-modulated TMDSC [1-3], that the glass transition is almost
reversible and occurs prominently in the total and reversing signals [8—16], while
cold crystallization is almost irreversible and occurs only in the total and
non-reversing signals [1-3].

The cold crystallization in the temperature range of 380—420 K is a nucleated, ir-
reversible process [18, 33] with an exothermic latent heat without reversal on cool-
ing, as described in with Fig. lc, above. Stationarity of the thermal response is ap-
proximated for each cycle. As observed in Fig. 3, the reversing heat capacity remains
at the vibrational heat capacity. More details of the heat capacity and enthalpy of
crystallization are given below by analyzing the quasi-isothermal experiment of
Fig. 4. The imbalance in heat capacity of Eq. (5) is sensitive to a small enthalpy relax-
ation at the glass transition, the irreversible exotherm of cold crystallization, a small
exotherm at about 475 K, and the melting endotherm, with some differences from the
non-reversing signal of TMDSC. The main difference occurs at the melting endo-
therm, where the exotherm disappears.

In the melting range, a gradual increase in total and reversing apparent heat ca-
pacity is followed by the main melting peak. This apparent heat capacity is not indi-
cated mainly as irreversible, as expected, but has both contributions from the revers-
ing and imbalance as given by Eqs (4) and (5). Clearly these are artifacts when ana-
lyzed without an effort to separate the latent heat effects properly as indicated in the
discussion of Fig. 6. The heat capacity imbalance starts to indicate a shallow
exotherm at about 425 K suggestive of annealing of the crystals during heating, as
can also be seen on TMDSC with modulation ‘without cooling’, a method that
matches underlying heating rate and modulation so that the lowest rate of temperature
change is zero [46]. The same exotherm appears in the non-reversing signal of Fig. 3.
While the non-reversing heat capacity in the peak region between 500 and 525 K re-
veals only the difference between the total and reversing signals, the imbalance heat
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capacity shows clearly the positive effect of the melting in the heating as well as in
the cooling segments of the modulation cycle, as derived from Figs 1e and 1d, respec-
tively, and listed in Table 1. The discussion of Fig. 6, above, illustrates how informa-
tion can be extracted even in this region of extreme non-stationarity. The imbalance
in heat capacity as a directly measured quantity may be more advantageous in the
analysis than the non-reversing heat capacity which is an indirect quantity.

Quasi-isothermal TMDSC measurements can trace the evolution of the phase
transitions by following the reversing heat capacity in case of slow processes. Fig-
ure 4 illustrates the continuous decrease in reversing heat capacity calculated from
Eq. (4) during cold crystallization at 388 K. Since it agrees well with the increase in
crystallinity calculated from the integral of the total heat-flow rate as derived in the
example of Fig. 1c for an underlying heating rate of zero, it is clear that the measured
reversing heat capacity is truly reversible and measures the kinetics of transformation
of the amorphous polymer to crystals. If we assume that the exotherm does not
change much during each individual one-minute modulations, the imbalance in heat
capacity calculated from Eq. (5) is initially a measure of the self-acceleration of the
crystallization. As the nucleated crystals form with a constant linear growth rate, the
surface area increases and with it the volume of crystals builds faster than the linear
dimensions and ¢, ; ... DECOMeEs more negative. As the crystals impinge or are hin-
dered in further growth by restrictions from the amorphous phase, the growth rate de-
creases and finally approaches zero, as shown in Fig. 4. Such decrease in crystalliza-
tion rate due to impingement is often described by the Avrami equation [18]. The link
to quantitative data can be made using Eqs (5) and (9) and typical data can be seen in
Table 1 for the example of Fig. 1c.

Quasi-isothermal TMDSC measurements can also extract information on an un-
derlying truly reversible transition by extrapolating the data of a slowly decaying re-
versing processes to infinite time. In the case of melting of polymers a truly reversible
melting could be proven. Some of such reversible crystallization processes on
quasi-isothermal TMDSC curve have been discussed and may be linked to models of
polymer structure [20, 21, 42, 46]. The same effect can be seen in Fig. 5 for a quasi-
isothermal analysis at 520 K. The parallel, slow decrease of the imbalance in heat ca-
pacity towards zero at a heat capacity still larger than expected for the remaining
crystallinity indicates the presence of a small amount of reversible latent heat that
must be added to the true heat capacity. The irreversible annealing exists over quite a
long time and negates any quantitative interpretation of an analysis with an underly-
ing heating rate. The sample changes continuously during analysis. Overall, the im-
balance of heat capacity is positive, a sign that the endothermic effect is overwhelm-
ing and ultimately disappears (Figs 1d and 1e and Table 1). The interpretation of this
fact is that on each modulation cycle some more melting occurs than recrystallization
(compare data of Fig. 1d and Ic in Table 1). Initially, at less than 10 min in Fig. 5, the
imbalance is less and was shown to be connected to some exothermic process [41].
The explanation of these observations is simple. An exothermic process can account
for either recrystallization or annealing to more stable crystals which melt suffi-
ciently higher not to be melted again in the next quasi-isothermal cycle. An endother-
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mic excess, in contrast, shows that some molecules that underwent partial melting be-
fore where now melted completely and can then not recrystallize because of a lack of
molecular nucleation. After a sufficient number of cycles have occurred, a steady
state has been reached at the crystal surfaces with truly reversible partial melting of
molecules without the need of molecular nucleation [18]. More details about revers-
ible endotherms in the melting range of polyethylene are given in [20, 21, 46].

Conclusions

Data of the sawtooth-type, temperature-modulated DSC can be produced and ana-
lyzed with the standard DSC method as expressed in Eqs (1), (4) and (5). The calcula-
tions are carried out without Fourier transformation as needed for typical TMDSC
and are simpler, and often even more transparent (Fig. 6). The overall calorimetric
precision is limited to that of the standard DSC, but the times for measurement and
data analysis may be significantly less. The linearity and stationarity conditions of the
thermal response can be demonstrated to be a prerequisite of the validity of reversing
heat capacity as well as of the non-reversing heat capacity in the same way as they are
in TMDSC with Fourier analysis (Fig. 1 and Table 1). A third, directly measurable
quantity, the imbalance in heat capacity, is defined with Eq. (5). As an example, PET
is analyzed by the method of temperature modulation with the standard DSC. Most of
the large reversing and non-reversing heat capacities in the melting range are shown
to be artifacts due to non-linearity seen in Figs 3 and 5 coupled with the non-sta-
tionarity illustrated in Fig. 6. Quasi-isothermal measurements, however, can be ap-
plied to the study of the decay of the irreversible processes and reveal the reversible
melting as illustrated in Fig. 5. If stationarity is approximately preserved, as in the
cold-crystallization region of Fig. 3, quantitative deconvolution is possible and the
kinetics of the transition can be followed by either the change in reversible heat ca-
pacity or the change in imbalance in heat capacity [Fig. 4, and Eqs (4) and (5)]. The
heat capacity in transition-free regions can be analyzed. In this case linearity and
stationarity hold (<330 K and >530 K in Fig. 3). In the ‘irreversible’ glass-transition
region, linearity and stationarity are sufficiently preserved at a fixed frequency, to
permit a separation of enthalpy relaxation and perhaps even permit a study of the
change of the glass transition with frequency. More detailed studies are necessary to
reveal in this case the irreversible nature of the glass transition as was shown earlier
[8—17]. The sawtooth modulation may be particularly suited for this analysis, since it
can be deconvoluted into the sample response to several simultaneously acting fre-
quencies of temperature change [47]. For such analysis, however the various Fourier
components must be isolated [6, 24, 36] complicating the here presented simple anal-
ysis method.
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