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Abstract

An analysis of temperature-modulated differential scanning calorimetry (TMDSC) in the glass transition region is
presented. It extends an earlier and simpler model by introducing a distribution of relaxation times, characterised by a
Kohlrausch-Williams—-Watts (KWW) stretched exponential parameter f, in addition to the usual kinetic parameters of
relaxation, namely the Tool-Narayanaswamy—Moynihan (TNM) non-linearity parameter x and the apparent activation energy
Ah*. The present model describes, more realistically than did its predecessor, all the characteristic features of TMDSC in the
glass transition region, and it has been used to examine the effects of the important experimental variables, namely the period
of modulation and the underlying cooling rate. It is shown that, for typical experimental conditions in practice, it is likely that
there well be an interaction between the vitrification process, due to the underlying cooling rate, and the dynamic glass
transition whereby the complex heat capacity C; shows a sigmoidal decrease in a temperature range dependent on the
modulation frequency. Accordingly, care must be exercised in the quantitative evaluation of TMDSC data in the glass
transition region, and suggestions are made regarding the optimum procedures in this respect. Also, by comparing the cooling
rate and modulation period required to define the same transition temperature for conventional DSC and C;, respectively, a
correspondence between them is obtained which allows the magnitude of temperature fluctuations in Donth’s fluctuation
dissipation theorem to be evaluated. Finally, it is shown that  and x have similar effects on conventional DSC cooling curves,
but have very different effects on C,, whereby there is little effect of x but a significant broadening of the transition as f8
decreases. It is argued that the breadth of the C; transition therefore provides a measurement of f§ independent of the value of

P
x, thus resolving a problem that has existed for some years. (© 2001 Elsevier Science B.V. All rights reserved.
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Alternating DSC (ADSC) from Mettler—Toledo, and
Dynamic DSC (DDSC) from Perkin-Elmer. The
fundamental principle of TMDSC is to superpose a
periodically modulated temperature profile on top of
the linear temperature ramp with time (which may be
either heating or cooling) that is characteristic of
conventional differential scanning calorimetry (DSC).

The main differences between each of the various
implementations of this principle mentioned above lie
in (i) the type of periodic modulation that is utilised,
and (ii) the way in which the modulated heat flow
signal is analysed. In many ways the most convenient
modulation to use is sinusoidal, and this is adopted in
both MDSC and ADSC, the two techniques that are
most commonly used. On the other hand, there has
been considerable discussion about the relative merits
of the two principal methods of analysis, namely that
of “reversing” and ‘‘non-reversing” heat flows and
that of the complex heat capacity [5]. We believe there
is greater merit in the latter approach, and conse-
quently we develop the analysis here in terms of
the complex heat capacity and its in-phase and out-
of-phase components. As an illustration, we have
shown for both polycarbonate [6] and an epoxy resin
[7] that, contrary to what has been suggested by
others [8], the non-reversing heat flow does not in
general provide a good measure of the enthalpy loss
on ageing a glassy polymer below its glass transition
temperature (7).

In fact, the analysis of TMDSC in the glass transi-
tion region is rather appealing as the glass transition is
a kinetic effect, with a response that depends on the
thermal history, and the thermal history in TMDSC is
both complex and precisely defined. In earlier work
[9-11], we used a simple, single relaxation time
kinetic model to predict the response of a glassy
material to TMDSC in the glass transition region,
and we were able to model semi-quantitatively all
of the characteristic features of the response that are
observed experimentally. These features may be sum-
marised as follows:

1. the “total” or ‘“‘average” heat capacity, C,, ave, 18
essentially the same as that obtained by conven-
tional DSC at the same underlying heating rate;

2. the “complex” and ‘““in-phase’ heat capacities are
very similar, and display a sigmoidal change from
glassy to liquid-like values at a temperature that is

often referred to as a “dynamic™ glass transition
temperature, and that is dependent on the
modulation period;

3. the “out-of-phase” heat capacity and the phase
angle between heat flow and heating rate are very
similar in appearance, both displaying a (negative)
peak at a temperature essentially equal to the
dynamic glass transition temperature.

In addition to these features, it is also common to
observe ripples on the experimental TMDSC output
traces [6,7,12,13]. These ripples have also been
described by this simple model, and are shown to
be a consequence of the windowing technique used
for the Fourier transformation of the modulated heat
flow signal.

Besides describing these important features of the
TMDSC response, the simple model also has predic-
tive capabilities, and can be used to determine the
effects both of experimental variables, such as fre-
quency and amplitude of temperature modulation, and
the underlying heating or cooling rate, and also of
material variables, such as the enthalpic state of the
sample, or material parameters such as the activation
energy or non-linearity parameter [11]. This has been
useful in furthering our understanding of, for example,
the relationship between the dynamic glass transition
temperature and that measured in cooling experiments
in conventional DSC, or of the interpretation of the
physical meaning of the out-of-phase heat capacity.

Despite these successes of this simple model, it was
recognised at the time that is was unrealistic in two
principal aspects. First, the model assumed that the
sample could follow exactly the prescribed tempera-
ture programme, whereas in practice this will not be
the case as a result of heat transfer effects; and second,
the assumption of only a single relaxation time delib-
erately overlooked, for reasons of simplicity, the
known existence of a distribution of relaxation times
which governs the response of the sample.

The first aspect, that of heat transfer, has, in the time
since our earliest application of the simple model,
been addressed by a number of workers [14—16], most
commonly in connection with the accurate measure-
ment of heat capacity. With respect to the application
of TMDSC to the glass transition region, the effect of
heat transfer on the phase angle has received particular
attention [17-19], and has led to a procedure for
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correcting the phase angle for heat transfer effects in
the T region [17,18] which has now been incorporated
into the software for ADSC analysis [20]. Neglecting
the effects of heat transfer in our present theoretical
model for the response of glasses in TMDSC may,
therefore, be justified on the basis of there being a
satisfactory procedure for correcting experimental
data to allow for such effects.

The second aspect, that of a distribution of relaxa-
tion times, has recently been treated by several work-
ers [21-25]. As noted above, the single relaxation time
model was able to reproduce semi-quantitatively all of
the important features of the TMDSC response, but the
changes in, for example, the complex heat capacity
and the phase angle at the glass transition were much
sharper than those observed experimentally [9-11].
This is just one of the quantitative aspects of TMDSC
that will be examined here in the light of a more
realistic model in which a distribution of relaxation
times is incorporated.

2. Theoretical analysis
2.1. Basic model

In our earlier single relaxation time model, we made
use of a constitutive equation which had previously
been successfully applied to the analysis of the
response of glasses in conventional DSC experiments
[26], and which described the enthalpy (H) changes
with time (f) of a sample subjected to a constant
heating or cooling rate (g):

@ _

B
= AGa- 1

(T, 9)

where 6 = H — H is the excess enthalpy relative to
its equilibrium value (H,,) at a given temperature (7),
AC, = Cp — Cpg the heat capacity (C,) increment
between its values in the glassy (C,,) and liquid-like
(C,) states, and t the single relaxation time. The
relaxation time is known to be both temperature
and structure (here characterised by J) dependent,
and was earlier taken to be described by the following
equation:

T = 1,exp[—0(T — T;)] exp [(1 —X) AQ—S‘J )

where 1, is the value of 7 in equilibrium at an arbitrary
reference temperature 7,, the parameter 0 is approxi-
mately related to an apparent activation energy Ah™
(0 =~ Ah/RT,?), and x (0 < x < 1) is the non-linearity
parameter describing the relative contributions of
temperature and structure to the relaxation time
[27], with smaller values of x implying greater
non-linearity.

Eq. (2) is equivalent, within a narrow temperature
interval around T, (which may be taken as 7)), to the
(slightly modified) Tool-Narayanaswamy—Moynihan
(TNM) [28-30] equation:

AR (1= x) AR A
RT RT; RT,

T = Tg€Xp 3)
where 1, is the relaxation time in equilibrium at 7.
The structure of the glass is now defined by the fictive
temperature Ty, and the last term inside the brackets
has been incorporated into the usual TNM equation in
order to eliminate the unphysical values of the pre-
exponential factor that otherwise result.

2.2. Distribution of relaxation times

We turn now to the way in which a distribution
of relaxation times is incorporated into the model.
In common with most workers, we make use of a
non-exponential response function:

B(1) = exp {— ®) ﬁJ )

which is formally equivalent to a continuous spec-
trum of relaxation times whose width is inversely
related to the exponent f§ (0 < f# < 1). This response
function is associated with the names of Kohlrausch
[31] and of Williams and Watts [32], and hence is
often referred to as the KWW equation or stretched
exponential.

Contrary to the simplistic, and erroneous, applica-
tion of this response function by numerous authors, in
which ¢(r) is associated with a normalised excess
enthalpy [(H(f) — Hx)/Hw] and Eq. (6) is fitted to
isothermal enthalpy recovery data with a constant
value of 7, the use of this response function is com-
plicated by the need to allow for both a temperature
and a structure dependence of the relaxation time
(e.g. through Egs. (2) and (3)) even for the simplest
of thermal histories such as a quench from equilibrium
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to an isothermal annealing temperature. This problem
was overcome by the introduction by Narayanaswamy
[29] of the concept of a reduced time, which serves to
linearise the response.

The importance of the linearisation introduced by
the reduced time is that it allows the response to any
thermal history to be derived by the application of the
Boltzmann superposition principle. Thus, when the
response function is written in terms of the reduced
time (:

B(0) = exp {— (E) ﬁJ )

where 7, is a characteristic relaxation time in equili-
brium at a reference temperature 7,, any general
thermal history, which may be considered to be com-
posed of successive instantaneous 7-jumps of magni-
tude dT followed by isothermal periods of duration dz,
such that ¢ = dT'/dr, will result in an excess enthalpy
given by

19 d
a<c>:—Acp/0 qs(c—&)d—;

The convolution integral in Eq. (6) is the fundamental
constitutive equation of the system, in which a dis-
tribution of relaxation times is introduced by means of
the stretching exponent f§ in Eq. (5). It is worth noting
that this approach is fundamentally different from that
utilised earlier for the single relaxation time model.
The single relaxation time model approach does not
make use of any response function; instead, the time
(or temperature) dependence of the excess enthalpy is
obtained directly from Eq. (1), which relates the rate of
change of 4 to its instantaneous value, and hence does
not predict any memory effects. In order to introduce
memory effects by this approach, it is necessary to
include a distribution of relaxation times, as was done
in the KAHR model [27]. On the other hand, the
approach immediately above in which the response
is obtained from the convolution integral in Eq. (6)
necessarily introduces memory effects, in the same
way as does the Boltzmann superposition principle in
linear viscoelasticity. Furthermore, memory effects
will be included even when the stretching exponent
f is unity, and the stretched exponential becomes a
simple exponential, equivalent to the decay for a
single relaxation time.

d¢’ (6)

2.3. Application to TMDSC

The model described above is applied to TMDSC
by defining the temperature modulations as

T =Ty + gyt + A7 sin(wt) @)
and hence the heating rate modulations as

dr
q="g =9 + Arow cos(wt) 8)

where Ty, is the initial temperature, g,, the underlying
heating (g,y > 0) or cooling (g.y < 0) rate, Ay the
amplitude of the temperature modulations, and w is
the modulation frequency, related to the period of
modulations f, = 271/w.

These temperature and heating rate modulations are
superimposed on a standard three-step thermal cycle,
which includes the following stages:(i) cooling at
constant underlying rate from equilibrium at a tem-
perature above T, to an annealing temperature 7T, in the
glassy region; (ii) isothermal annealing at T, for a time
t, such that the excess enthalpy reduces by an amount
o; (iii) reheating from T, at constant underlying rate
until equilibrium is again established above T,. This
complete three-step cycle defines the thermal history
from which the time evolution of the excess enthalpy
is obtained.

For the implementation of the present model, we
make use of the following values for the material
constants: C, = 1.6,Cps = 1.3, and AC, =0.3 in
Jg 'K, T, =373K,;, = 100s, Ah*/R = 80kK
(AR* =~ 665 kImol !).

The other material constants (x and f) and the
values of the experimental parameters (g.,, Ar and
o (or t,) for the definition of the heating rate modula-
tions, together with the initial temperature 7, and the
annealing temperature and time, 7, and ?,, respec-
tively) are inputs for each solution of the model.

The constitutive equation is evaluated using a step-
wise integration procedure using Matlab software,
with a time step of 2 s typically. The temperature step
will depend upon the underlying rate, but is typically
of the order of 0.05-0.1 K. For any given simulation,
the final choice of these steps is constrained also by the
choice of the period of the modulations, with the
requirement that there be at least 12 points within
any modulation period.

Relative to an arbitrary value of the enthalpy in
equilibrium at the reference temperature 7, the
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enthalpy in equilibrium at any other temperature 7 is
given by

Hoo(T) = — pl(Tr —-T) 9

and the instantaneous enthalpy at any temperature is
then given as

H(T) = Ho(T) + 8(T) (10)

where O(7) is found from the evaluation of the con-
stitutive equation. Of course, during the isothermal
annealing step (stage (ii) of the three-step thermal
cycle) both H and 6 will be functions of both tem-
perature and time.

Finally, the heat flow (HF) is evaluated as

_dH
A

by a stepwise differentiation of the enthalpy. The heat
flow modulations obtained in this way show quite
clearly the typical features of TMDSC in the glass
transition region, namely a change in the average heat
flow between the glassy and equilibrium liquid-like
states, and a change in the amplitude of the modula-
tions. In addition, some more complicated features
also appear, dependent upon the specific conditions
(for example, the amount of annealing at 7,) of the
experiment. The quantitative analysis of these mod-
ulations therefore requires a Fourier transformation of
the data, as described immediately below.

HF (1D

2.4. Fourier transformation

A sliding Fourier transformation is made, using the
“fft’ routine in the Matlab software, of a single cycle of
the heating rate and of the corresponding data for the
heat flow modulations. The sliding transform is made
point by point over the whole time span corresponding
to the temperature change from T, to T, during cooling
(stage (i) of the three-step thermal cycle) and that from
T, to T, during heating (stage (iii) of the three-step
thermal cycle).

During the isothermal annealing process at T,
(stage (ii) of the three-step thermal cycle), the tem-
perature modulations are not imposed continuously
throughout the duration of the annealing time ¢,, since
this can typically be very long and would involve an
excessive amount of computation. Instead, the anneal-
ing process is allowed to proceed with equal intervals

of logarithmic time, usually 10 steps per decade, with
short bursts of four cycles of modulations at each of
these steps. A sliding Fourier transformation of single
cycles of the heating rate and of the corresponding
heat flow data is made in the same way as described
immediately above for the cooling and heating stages.
Four possibilities are available for this isothermal
stage: (i) to anneal for a specified time t,; (ii) to
reduce the excess enthalpy by a specified amount 0;
(iii) to reduce the excess enthalpy to a specified value
0; and (iv) to anneal to equilibrium (6 = 0) at that
temperature 7T;,.

This Fourier transformation procedure gives the
following quantities {(g) is the average value of the
heating rate (=g,,), (HF) the average value of heat
flow, A, the amplitude of the heating rate (=A;w), Ayg
the amplitude of heat flow, ¢ the phase angle between
heating rate and heat flow.

From these transformed quantities it is possible to
evaluate a number of different heat capacities. As
explained in Section 1, we adopt the complex heat
capacity approach originally proposed by Schawe [5],
and use this to define an “average” ((C,) or C,, 5ve) and
a complex (C;) heat capacity, the latter being sepa-
rated into in-phase (CI’)) and out-of-phase (C;,’ ) com-
ponents, as follows:

(HF)
Cp) =Cphave = —— 12
< p> P, <q> ( )
« _ Aur
G =% (13)
CI/7 = Cycos (14)
C/ = C:sing (15)

It transpires that the phase angle ¢ is nearly always
rather small (typically |¢| < 0.1rad) in the glass
transition interval, and hence C; and C, are approxi-
mately equal, while C]’, ~ P C;. In most cases, there-
fore, it suffices to evaluate C; and ¢.

3. Results and discussion

3.1. Response to three-step cycles

In previous work with the single relaxation time
model [11], we showed how it was possible to predict
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Fig. 1. Average heat capacity (a), complex heat capacity (b), and phase angle (c) during cooling and heating stages (as indicated) of a three-
step thermal cycle. Cooling stage: gy = —1.5 Kmin~!, Ay = 0.5K, Ip = 24 s. Heating stage: ¢ay = 0.6 K min~', Ay =0.5K, t, = 60s.
Material parameters: f = 0.4, x = 0.4. Annealing stage at T, = 353 K defined by 6 = 2.015J g~ ".

the characteristic features of TMDSC in the glass
transition region, which were listed in Section 1.
Our starting point for discussing the predictions of
the model with a distribution of relaxation times is to
show that the same features are recovered here also.
Fig. la—c show, respectively, the average heat capa-
city, complex heat capacity and the phase angle for the
cooling and heating stages of a three-step cycle in
which the sample, initially in equilibrium (6 = 0) at
temperature Ty = 7T + 20 K (=393 K), was cooled at
an underlying rate of 1.5 K min~' down to the anneal-
ing temperature T, = T, — 20 K (=353 K), annealed
for a time ¢, such that the excess enthalpy reduced by
an amount 6 = 2.015 J g~ ! before being reheated at an

underlying rate of 0.6 K min~' back to the tempera-
ture Tp. During the cooling stage, the modulation
period was 24 s, whereas it was 60 s during the heating
stage, both with a temperature amplitude of 0.5 K. The
non-exponentiality and non-linearity of the response
of the sample were characterised, respectively, by
p =04 and x =0.4. We can identify from these
curves a number of characteristic features, as for
the single relaxation time model.

The average heat capacity shows a sigmoidal
change from liquid to glass on cooling, whereas on
heating there is the characteristic endothermic peak. In
fact, on cooling it is evident that the asymptotic glassy
state is never achieved, since the heat capacity is
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always greater than the glassy value of 1.3 T g~ ' K™;
this is a direct consequence of the broadening of the
transition interval by the introduction of the stretching
exponent § = 0.4. Likewise, for the same reason, the
endothermic peak on heating is broader than its coun-
terpart for the single relaxation time model (Fig. 1a in
[11]) even though the sample in the present work has
been substantially annealed (6 = 2.015J g~') before
reheating.

Ripples are also evident on both the cooling and
heating curves, occurring most markedly on the high
temperature side of the relaxation in both cases,
though slightly smaller in amplitude than the ripples
observed from the response of the single relaxation
time model [11]. By considering, for example, the
temperature interval between 375 and 385K, it is a
simple matter to verify that these ripples have a
frequency equal to that of the imposed temperature
modulations for both cooling and heating, as has been
observed experimentally [6].

Apart from the ripples, these curves for the average
heat capacity are, of course, essentially the same as
those that would be obtained by conventional DSC at
the same underlying cooling and heating rates, and for
the same amount of annealing at 7,. In fact, the
difference in area between the heating and cooling
curves in Fig. la is 2.0351] g_l, which is almost
identical to the input value of 6 =2.015J g '. The
small difference is due to the truncation error at low
temperature which is exacerbated by the cooling
curve’s not reaching an asymptotic glassy state; the
Fourier transformed curves do not end exactly at
353 K on cooling or begin at 353 K on heating, but
half a cycle from this temperature in each case, and the
effect is, therefore, to overestimate 6 from the area
difference since the cooling curve lies above the
heating curve.

Turning now to the complex heat capacity, it can be
seen that this displays a sigmoidal change both on
cooling and on heating, a feature that is well known
from experimental observations. Again, as for the
average heat capacity, the change is less abrupt than
for the earlier single relaxation time model [11], even
though the initial glassy state prior to heating has a
lower excess enthalpy in the present case, and this is
a direct result of the inclusion of a distribution
of relaxation times. The crossing over of the two
curves can be attributed to the combination of two

effects: first, the shorter period (24 s) for the cooling
curve means that the mid-point of the sigmoid for
cooling occurs at higher temperature than it would for
the period (60s) used for the heating curve; and
second, the effect of annealing prior to heating is to
shift the onset part of the heating sigmoid to higher
temperatures while leaving the endset part relatively
unaffected [6,11]. Ripples are also evident on both
cooling and heating traces, most noticeably in the
onset region of the heating trace, a feature that was
noted earlier for the single relaxation time model
[11] as well as in experimental data for polycarbonate
[6] and epoxy resin [7].

The final set of data in Fig. 1 relates to the phase
angle. As for the single relaxation time model, a
negative peak is apparent, here both on cooling and
on heating, but the magnitude of the peak at about
0.04 rad is considerably smaller than that for the single
relaxation time model, as well as being correspond-
ingly broader. In fact, comparing the shape of the
heating trace with experimental data for polycarbonate
[6] we note that the experimental results for well
annealed samples, with 7, ~ 1000 h, have maximum
departures of about 0.08 rad and half-widths of about
2 K, indicative of a much sharper peak than that shown
here. The implication is that the value of =04
selected here is too small to represent the relaxation
spectrum for polycarbonate.

In general, therefore, it is clear that this analysis
reproduces the characteristic features of TMDSC in
the glass transition region, and that the response is
broader than that obtained by the single relaxation
time model. This is, in fact, just what would have been
anticipated intuitively, and therefore affords a pleasing
confirmation of the validity of the present approach. It
is interesting now to examine independently the
effects of the various parameters, both experimental
and material, on the detailed characteristics of the
response, and this is reported in the separate sections
that follow.

3.2. Effect of period of modulation during
heating when t,q,, = constant

The effect of the period of modulation is most
clearly seen in the complex heat capacity, such as
the family of heating curves shown in Fig. 2. For each
curve, the state of the glass prior to heating in the
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Fig. 2. Complex heat capacity during heating in TMDSC following
cooling at —1.5 Kmin~' from 393 to 353 K, and annealing at
353 K until & = 2.015J g~ '. Periods of modulation are 6, 12, 24,
60, 120 and 240 s from right to left, and the underlying heating rate
was varied for each curve such that f,q,y = 0.6 K. The other
parameter values are: Ay =05K, =04 and x=0.4. The
dashed line shows C; on cooling, with #, = 24 s, while the dash-
dotted line indicates the value of C; which is AC,/e below C,.

TMDSC was always the same, namely annealed at
T, =353 K for sufficient time (f, = 78 h) for the
enthalpy to decrease by 2.015 J g~ following cooling
at ¢o = —1.5Kmin~', with Az =0.5K and ¢, =
24 s, from equilibrium at 393 K (the complex heat
capacity on cooling is shown by the dashed line in
Fig. 2). It can be seen that reducing the period of
modulation shifts the curves to higher temperature,
and by an amount that should be determined by the
activation energy. On closer inspection, though, it is
evident that, overlooking in this respect the ripples, the
curves will not superpose by means of a horizontal
shift. Rather, there is a subtle change in shape in which
the curves shift more rapidly in the onset region than
they do in the endset region. The onset region is that
part that is most influenced by prior annealing [6], as
was noted earlier, and the curves in Fig. 2 certainly
involve an annealed sample, with 7, ~ 78 h. What is
interesting, though, is that the same annealed state is
manifest as slightly differently shaped curves when
the heating scan involves different periods.

It should be pointed out, however, that it is not only
the period of modulation that has been changed for
the different curves in Fig. 2. In addition, as the period

was changed so also was the underlying heating rate.
The reason for this is that it is necessary to include at
least, say, ten modulations within the transition inter-
val in order that the Fourier transformation procedure
be valid, which implies that the product of 7, and g, be
less than one tenth of the width (in K) of the transition.
If we consider the transition to be 10 K wide (it will
depend on both f and x), then the requirement is
tpgav < 1 K, and we choose here #,g., = 0.6 K. The
alternative is to use the slowest underlying heating rate
(i.e. that appropriate to the longest period modula-
tions) for all the modulation periods, but this is not
convenient in practice as it would involve very long
experimental times.

As a consequence of the subtle change of shape, the
evaluation of the shifts of the curves in Fig. 2 as the
period changes will depend upon the region of the
curves that is used. For example, if the curves are
shifted at their mid-points, which define temperatures
Tmia (w), then it can be seen that this already enters the
distorted region, at least for the higher frequencies,
such that the shift is greater than it should be, and that
the activation energy is thereby reduced. This is shown
in Fig. 3, where the open circles represent the plot
of In(z,) versus 1/Tq; the slope of the line drawn
gives areduced activation energy of Ah*/R = 73.7 kK
in comparison with the input value of 80 kK, while

21,61 2.162 2.(;3 2.l64 2.%5 2.f;36 2.{157 2,68

103K/ T, or 107K T,y
Fig. 3. Plots of In(#,)in seconds versus reciprocal temperature for
both T4 (open circles) and Tl*/e (open squares) evaluated from the
curves in Fig. 2. The slopes of the lines give the reduced apparent
activation energy Ah/R.
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there is a marked deviation from this line for the
shortest period.

A better location in which to evaluate the shifts may
instead be at that value of C; which is a fraction 1/e of
AC; less than C,,; and which we denote here by C;,1 Je
The reason for this is not only that it thereby includes a
wider range of periods for which this value of C; lies
within an undistorted region of the curves, but also
because C ;1 Je has a significance in another context, to
be considered further below. In fact, a hint about this
significance is provided by a comparison of the curves
for t, =24 s on heating and on cooling, the latter
shown by the dashed line in Fig. 2. This comparison
shows clearly the shape change of the heating curves
due to the annealing, but also shows that the cooling
and heating curves intersect at C;_l Je* This value of
complex heat capacity, therefore, appears as one
which is independent of the amount of annealing,
and also of whether one considers the cooling or
heating curves, and hence represents the optimum
part of the curve for the purposes of superposition.
If we denote by T} Je the temperature at which C;l Je
occurs, then the plot of In(z,) versus 1/TY,, shown by
open squares in Fig. 3, gives a linear relationship with
a slope of Ah*/R = 79.5 kK over the whole range of
periods, thus recovering almost exactly the input value
of the activation energy.

Considering now the average heat capacity, there
should theoretically be no effect of the period of the
modulations since C, v should be essentially the
same as C, obtained by conventional DSC. However,
since the underlying heating rate was modified to suit
the period in order to accommodate sufficient mod-
ulations in the transition interval, the C, .. curves
corresponding to the C, curves in Fig. 2 do in fact
show a dependence, but on g,, and not on #,. Fig. 4
shows the C, .. curves, where the usual shift of the
endothermic peak to higher temperatures and greater
magnitude of peak height is observed. It is interesting
to note that for the slowest heating rates there appear
two peaks, or a peak and a shoulder, which is a direct
result of the distribution of relaxation times, and which
has been discussed before in respect of its appearance
in conventional DSC [27,33,34]. Such effects in the
glass transition region are more likely to appear when
the heating rate is slower than the previous cooling
rate, which tends to be the condition under which
many TMDSC experiments are run.

[ T T T T T T
24

q,[KsTIts)

22r

Cpave/JgK?

I L I n L L L
350 355 360 365 370 375 380 385 380 385

Temperature /K

Fig. 4. Family of C,,. curves for heating in TMDSC with the
rates (in K s7!) and period (in seconds) shown against each curve.
Previous history was cooling, indicated by dashed line (which has
been smoothed), at —1.5 K min~! and annealing at 353 K until
5 =12.015J g ' Other parameters: A7 = 0.5K, f = 0.4, x = 0.4.

The effect of the modulation period on the phase
angle is shown in Fig. 5. It can be seen that the main
effect is to shift the negative peak in the phase angle to
higher temperatures as the period decreases. In addi-
tion, though, the peaks become sharper (as measured,
for example by peak width at half height) and with an
increasingly large maximum departure from zero as

«’7 /

-0.02+ 1
decreasing
-0.03 period k

4
-0.041 {
[ — L L L L I L
7350 355 360 365 370 375 380 385 390 395
Temperature /K

Phase Angle/rad

Fig. 5. Family of phase angle curves for heating in TMDSC with
modulation periods of 6, 12, 24, 60, 120 and 240s, and the
underlying heating rate varied such that #,¢., = 0.6 K. Previous
history and other parameter values are the same as for Fig. 2.
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the frequency increases. This corresponds to the dis-
tortion of the C; curves, shown in Fig. 2, in the onset
region, and means that the activation energy calcu-
lated from, for example, the temperatures at which the
negative peaks in phase angle occur as a function of
the period of modulation, will be slightly small than
the correct value for the same reason as was discussed
above in respect of Fig. 3.

3.3. Effect of period of modulation during cooling
when q,, = constant

On cooling at a given rate q,,, the average heat
capacity displays a sigmoidal change from C, to C,,
from which a glass transition temperature or fictive
temperature may be found. Sometimes, for conveni-
ence, this is taken as the temperature 7,,;q at which
Cpave 1s midway between C,; and C,,. For the pur-
poses of comparison with a transition temperature
derived from the complex heat capacity, however,
there would be a certain logic in making use of a
temperature 737, at which the average heat capacity
has fallen by AC, /e from its liquid-like value C,;, by
analogy with the equivalent temperature T;‘/e dis-
cussed above but now defined with respect to the
average heat capacity obtained on cooling. In this
way, it is possible to determine the cooling rate g,
and the modulation period #, such that they define the
same transition temperatures, Tf}’e and T{‘/g, respec-
tively, thus obtaining a kind of correspondence
between the cooling rate and the period (or frequency).

Before proceeding to develop this correspondence,
however, it is necessary to note some experimental/
computational problems. For a given cooling rate,
increasing the modulation period leads to a greater
change in temperature and C;, during any one period,
and to a reduction in the number of periods within the
transition interval. For this reason, it is necessary to
use a cooling rate sufficiently slow to accommodate
the longest period, with the experimental problem that
this involves long experimental times and the compu-
tational problem that, for the shorter periods, long
computational times are involved since it is always
necessary to include a minimum number (say 12) of
points per cycle for the Fourier transformation proce-
dure, and hence short periods will involve a large
number of computation steps. These effects are illu-
strated in Fig. 6a—c, where the average heat capacity,

complex heat capacity and phase angle, respectively,
are shown for cooling with ¢,y = —0.3 K min~' and
with periods between 30 and 300 s.

As expected, the average heat capacity (Fig. 6a) is
unaffected by the change of modulation period, apart
from the ripples which appear principally at the start of
the sigmoidal change, and which are dominated by
those at the highest frequency. Thus, as for conven-
tional DSC, the average heat capacity depends only on
the underlying cooling rate, which is constant for this
series of simulations. On the other hand, the complex
heat capacity (Fig. 6b) is shifted to higher tempera-
tures as the frequency increases (period decreases).
Besides this shift, however, the quality of the curve
rapidly deteriorates as the period increases because of
the significant structural changes that occur during
such cycles. A close examination of Fig. 6b also
reveals a lack of superposability in the lower tem-
perature region of each curve, analogous to the shape
changes observed in Fig. 2. These effects are reflected
also in the phase angle (Fig. 6¢), which becomes more
noisy as the period increases, as well as shifting on the
temperature scale similar to the shift of C; and redu-
cing in the magnitude of the negative peak height.

From the shift of C; with period it is possible to
evaluate the reduced apparent activation energy. Fig. 7
shows these shifts evaluated for both 77, and T} ;4 as
well as the equivalent temperatures from the average
heat capacity curves (Fig. 6a), Ti‘}’e and T3, First, it
can be seen that the average heat capacity curves are
unaffected by the period, as mentioned above. Second,
it can be seen that the shift of T, is slightly greater
than that of 77 Je> with slopes giving AA™/R as 73 and
80 kK, respectively. Thus, as before, the shift of the C;
curves at the point where the value of C;, is reduced by
AC, /e from C,, recovers the input value of activation
energy, whereas a certain error is incurred by the use of
the mid-point.

3.4. Effect of underlying cooling rate q,,

Analogous to the observed independence of C,, ave
on the modulation period, the complex heat capacity
is essentially independent of the underlying cooling
rate for a given period. The range of g,, is limited,
however, as was the range of periods discussed above,
by the need to retain sufficient cycles within the
transition interval, and by the need to limit the amount
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Fig. 6. Average heat capacity (a),

complex heat capacity (b), and phase angle (c) during cooling from equilibrium at 393 K with

gy = —03K min~! and modulation periods of 30, 60, 120 and 300 s, as indicated. Other parameters are: A7 = 0.5 K, f = 0.4 and x = 0.4.

of structural change that occurs during any one period.
Fig. 8 shows this independence of C;) on g,,, as well as
the dependence of C,, 5., for arange of g, of 1 decade
and for a modulation period of 30 s. It can be seen that
all the curves for C,, 5. are displaced as the cooling
rate is changed (Fig. 8a), whereas they all approxi-
mately superpose for C; (Fig. 8b), if the effect of the
ripples is ignored. The phase angle shows the same
independence on modulation period as does C,.

An additional feature is also shown in Fig. 8, for the
faster cooling rate, i.e. for the curves with the fewest
modulations. Although the period was kept constant at
30 s, the analysis was done first with only 12 points per
cycle, and was then repeated with 30 points per cycle

by using a time step 2.5 times shorter. The effect is
hardly noticeable in Fig. 8a for the average heat
capacity, but is more so for the complex heat capacity,
and even more so for the phase angle, though this is not
shown here. The effect is a small displacement of the
C; trace to higher values in the transition interval, and
a displacement of the phase angle to slightly smaller
negative values as the number of points per cycle
decreases. This serves to emphasise the need to main-
tain a sufficient number of points per cycle, though this
does not affect the conclusions that we draw from the
present analysis. It also shows that the ripples are
indeed an artefact of the windowing process that is
used for the Fourier transformation.
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Fig. 7. Plot of log (period) versus reciprocal temperature for the
various characteristic temperatures: TT/(» open circles; Tpy, open
squares; Tf‘;e, filled circles; Ty, filled squares. Data obtained from
curves in Fig. 6a and b.

3.5. Effect of period of modulation during
cooling when t,q,, = constant

From the foregoing discussion we may draw the
following conclusions as regards obtaining the corre-
spondence between cooling rate and frequency of
modulation: (i) since the average heat capacity is
essentially the same as C, obtained by conventional
DSC, the dependence on cooling rate is best obtai-
ned from the latter because it does not involve any
ripples; (ii) since the complex heat capacity is inde-
pendent of the cooling rate, the cooling rate should
be changed with the changing period such that suffi-
cient modulations are included in the transition and
a reasonable experimental timescale is involved (here
we take guvt, = —0.6 K, as was done for Fig. 2); and
(iii) the transition temperatures for both C, and C;
should be evaluated at the point at which C, or C;
has fallen by an amount C,/e from the equilibrium
liquid-like value.

Under these circumstances, the dependence of C;
on f, can easily be obtained by simulation, and is
shown together with that of the phase angle in Fig. 9a
and b, respectively. Here we can immediately see,
particularly with respect to the phase angle in Fig. 9b,
that the curves are entirely superposable by a shift
along the temperature scale, and it is a simple matter to
show that one recovers the input reduced activation

1.65 T T T T T T

1.6

1.25 L L L I 4 L L L
350 355 360 365 370 375 380 385 390 395

(a) Temperature/K

1865 T — T T

1.25 L 1 ) I L o L o
350 355 360 365 370 375 380 385 390 395

(b) Temperature /K

Fig. 8. Average heat capacity (a) and complex heat capacity (b)
during cooling at rates —0.6, —1.2, —3 and —6Kmin~! from
equilibrium at 393 K, with a modulation period of 30s. Other
parameters are: A7 = 0.5 K, f = 0.4 and x = 0.4. The two curves
in both (a) and (b) with the same number of modulations were
obtained using a computation with a different number of points per
cycle (see text).

energy of 80 kK from this shift, making use of either

1 /¢ OF Thyia- Not only do these results indicate that the
best method for the evaluation of the activation energy
using TMDSC experiments is from the dependence of
either 77, or Ty in the C; curves on cooling at an
underlying rate such that 7,g,, is constant, but also
this gives a clue as to why the activation energies
found from the shifts of 77, or T\, are slightly diffe-
rent (cf. Fig. 7) if the condition #,g,y = constant is
not maintained.
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Fig. 9. Family of complex heat capacity (a) and phase angle (b)
curves for cooling at rates g, given by #,g,, = —0.6 K min~" from
equilibrium at 393 K, and for periods #, = 12, 30, 60, 120 and
300 s. Other parameters are: A7 = 0.5 K, f = 0.4 and x = 0.4.

The reason is that the liquid-to-glass transition is
occurring simultaneously by two paths, both of them
controlled by the underlying cooling rate but mea-
sured on different timescales: the average heat capa-
city gives the “conventional” (or called ‘“‘thermal’’ by
some authors [17]) glass transition at a temperature
determined by the timescale of the underlying cool-
ing rate, while the complex heat capacity gives a
“dynamic” glass transition at a temperature deter-
mined by the timescale of the modulations. What is
important in the present context is that these time-
scales overlap for typical experimental values of g,y
and t,, which means that the dynamic glass transition
observed experimentally will not, in general, occur

independently of the conventional glass transforma-
tion process. This can be seen, in fact, by comparing
the temperature ranges over which the transition
occurs in C, 4. and C[*, in Fig. 6a and b, or in
Fig. 8a and b. It is clear in both cases that, for the
ranges of underlying cooling rates and modulation
frequencies selected here, the major part of the transi-
tion in C; occurs simultaneously with that in C,, 5ye. In
order to avoid this overlap of the two transitions, it
would be necessary either to increase the modulation
frequency and/or reduce the underlying heating rate.
This will usually not be wholly possible, as it would
involve either experimentally inaccessible frequencies
or inordinately slow cooling rates. Similar ideas to
these have been presented by Weyer and Schick [35].

3.6. Correspondence between cooling rate
Gav and period t,

In the light of the above considerations, we can
compare the timescales for C, 5y, and C; by determin-
ing the corresponding underlying cooling rate and
frequency (or period), respectively, that will give equal
values for their respective transition temperatures,

f‘y@ and 77 Je* In fact this is more conveniently done
for Ty 1/, the equivalent to 777, but obtained from a
conventional DSC cooling curve, and Tl* Je* For exam-
ple, Fig. 10 shows the cooling curves for conventional
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Fig. 10. Cooling curves for conventional DSC, with cooling rate of
—13.06 Kmin~', and C; from TMDSC with g,y = —0.3 K min ™"
and #, = 120 s. Other parameters are as follows: AR*/R = 80 kKK,
Ar =05K, f =04, and x = 0.4.
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DSC, at a rate of g = —13.06 Kminfl, and for C;
from TMDSC with g,y = —0.3 K min~' and a period
of 120 s. The latter is clearly sharper and displays
ripples, and the two curves cross at a value of C, or
C, that is AC,/e less than Cp. It is convenient to
compare the conventional DSC cooling rate ¢ and
the TMDSC period £, in terms of a logarithmic
difference, 4, defined by

A= A(e,Ks™',s) = log,[lq]] + log,[1;] (16)

where Igl is in Ks~' and f, in seconds. Clearly
this difference in general depends on the choice of
units for each of ¢ and ¢, and on whether natural or
decimal logarithms are used; in addition one can
define the difference with respect to the angular
frequency of modulation w rather than the period
tp. An alternative definition of the logarithmic diffe-
rence which has been used by Schick and co-workers
[36-38] is

A(10,Ks ™!, rad s) = logo[|q|] — log,o[]
A

=——-0.7 17
2.303 0.798 a7

where Igl is in K's ™' and o in rad s~'. Here we make
use of the definition of 4 in Eq. (16), but note that
other differences may be related simply to 4, for
example by Eq. (17). In the present case, for the
results shown in Fig. 10, for which = 0.4 and
x = 0.4, we find 4 = 3.263, very close to the value
of A =3.25 obtained for x = 0.4 with the earlier
single relaxation time model (see Table 1 in [11]).
The same procedure can be used to determine A for
any combination of values of f§ and x, and the full set
of results is presented in Table 1.

It has been argued, principally by Schick and co-
workers [36-38], and based upon the fluctuation dis-
sipation theorem for the glass transition [39—41], that
the angular frequency of modulation, w (rad s™') in
TMDSC and the cooling rate Igl (K s~ 1) in conven-
tional DSC can be related by an equation:

w - 4l
adT

where a is a constant and 67 is the mean temperature
fluctuation of the cooperatively rearranging regions.
It has commonly been found by these workers that
a is of the order of 6 £2 and 0T ~ 2.5 K, giving

(18)

aoT ~ 15 £ 5 K. We can likewise evaluate a 6T from
the results in Table 1 by writing

adT = M = % (19)
w 2n

which, since #, = 120 s in these simulations, gives

adT = |q|/n, when lgl has units of Kmin~'. The

resulting values of a 0T are included in Table 1. A

number of observations can be made from these

tabulated results.

First, we note that, for any given value of x, as f§
decreases from unity, i.e. as the distribution of relaxa-
tion times broadens, the cooling rate required to
achieve the same transition temperature as that found
from TMDSC increases, and hence the logarithmic
difference 4 also increases. This effect can be under-
stood quite simply. As f decreases, the response
broadens, and this can be seen clearly in the C, 4.
curves. Hence, whatever temperature is used (e.g. Tiniq
or Ty.) to define a transition temperature, it will
decrease relative to the onset of the transition as the
distribution broadens. Therefore, in order to maintain
the DSC transition temperature at the same value as
that from TMDSC, it is necessary continuously to
increase the cooling rate for DSC in order to com-
pensate for this broadening effect.

The range of cooling rates that emerges from these
simulations, for a typical experimental modulation
period of 120 s, is from about —5 to about —25 K
min~", which is a typical range that might be used in
conventional DSC. The underlying cooling rate in the
TMDSC simulations was —0.3 Kminfl, and hence
between 1 and 2 decades slower than the DSC range.
With the reduced apparent activation energy of 80 kK,
again typical of experimental values for polymers, this
difference in rates is equivalent to a shift of between
about 4 and 8 K (for example, refer to Fig. 8a). Since
the DSC rates in Table 1 give the same transition
temperature as for TMDSC with #, = 120 s, the impli-
cation is that the average heat capacity curve from
TMDSC will be shifted by only approximately 4-8 K
from the complex heat capacity curve, the shift
depending on the values of f§ and x. Thus, as we
observed earlier, there will inevitably be an interaction
between the underlying response and the dynamic
response since the transition interval will surely be
significantly greater than these shifts of 4-8 K, typical
values being 15 K or more.
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Table 1

Correspondence between cooling rate ¢ in conventional DSC and period #, = 120 s in TMDSC (with ¢,, = —0.3 K min~") to give the same

transition temperature T, for full ranges of values of f§ and x*

B x Ty (K) Ig (K min™") 4 a 8T (K)
0.2 0.2 375.73 24.51 3.892 7.80
0.3 375.86 20.68 3.722 6.58
0.4 375.92 16.98 3.525 5.40
0.6 376.16 12.88 3.249 4.10
1.0 376.50 7.72 2.737 2.46
0.3 0.2 376.10 21.00 3.738 6.68
0.3 376.14 17.72 3.568 5.64
0.4 376.16 14.97 3.399 4.77
0.6 376.21 11.13 3.103 3.54
1.0 376.48 7.46 2.703 2.37
0.4 0.2 376.14 17.85 3.575 5.68
0.3 376.16 15.19 3414 4.84
0.4 376.18 13.06 3.263 4.16
0.6 376.22 10.11 3.007 322
1.0 376.45 7.13 2.658 2.27
0.6 0.2 376.11 14.41 3.361 4.59
0.3 376.13 12.60 3.227 4.01
0.4 376.15 11.09 3.099 3.53
0.6 376.18 8.79 2727 2.80
1.0 376.26 6.05 2.493 1.93
0.8 0.2 375.92 11.62 3.146 3.70
0.3 375.93 10.17 3.013 3.24
0.4 375.95 9.03 2.894 2.87
0.6 376.10 7.78 2.745 2.48
1.0 376.18 5.50 2.398 175
1.0 0.2 375.85 1039 3.034 331
0.3 375.87 9.18 2.910 2.92
0.4 375.88 8.15 2.791 2.59
0.6 375.90 6.57 2.576 2.09
1.0 375.98 4.70 2.241 1.50

# The logarithmic difference 4 is defined by Eq. (16), and a 0T is evaluated from Eq. (19).

The effect of x is similar to that of f in that the
logarithmic difference 4 decreases as the relaxation
process becomes sharper, either through f or x tend-
ing towards unity. The overall range of values of 4 is
from 2.24 to 3.89, encompassing typical values that
are observed experimentally in our laboratories
[42,43]. For example, Jiang [42] finds logarithmic
differences of A4 =3.4+0.2 for polystyrene and
3.2+ 0.2 for polycarbonate, while Montserrat [43]
obtains 4 = 2.9 + 0.2 for a fully cured and stoichio-
metric epoxy-amine resin. This range of values is also
very similar to that found earlier for the single relaxa-
tion time model simulations [11], which was from

2.40 to 3.70 for the same values of x as used here, from
0.2 to 1.0.

However, these differences A listed in Table 1, and
the corresponding values of a J7T, are significantly
different from those found by Schick and co-workers
[36-38] and Donth and co-workers [41]. These
authors report logarithmic differences 4 in the range
4.37-5.98 for a variety of glass forming systems, both
polymeric and inorganic. One possible reason for this
is that these authors compare frequency and cooling
rate at the mid-point transition temperature which, for
the reason discussed above, would lead to larger
values of A than those evaluated for T/. The present
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Table 2

Correspondence between cooling rate g in conventional DSC and period 7, = 120 s in TMDSC (with ¢,, = —0.3 K min~") to give the same

transition temperature Tp;q, for selected values of f§ and x*

B X Tmia (K) Igl (K min~") 4 a dT (K)
0.2 0.2 371.95 68.79 4.924 21.9
0.4 372.30 33.24 4.197 10.6
1.0 373.32 8.54 2.838 2.72
0.4 0.2 374.40 43.94 4.476 14.0
0.4 374.57 26.14 3.957 8.32
1.0 374.94 8.98 2.888 2.86
1.0 0.2 375.27 25.72 3.940 8.19
0.4 375.31 16.43 3.492 5.23
1.0 375.55 7.27 2.677 231

? The logarithmic difference 4 is defined by Eq. (16), and a 0T is evaluated from Eq. (19).

model has, therefore, also been used to compare
cooling rate and frequency for the same value of T};q,
and the results are presented in Table 2.

It can be seen that, as expected, the values of 4 are
increased over the whole range, now increasing from
2.68 to 4.92 as both f§ and x decrease. However, the
majority of values of 4 remain smaller than those
found by Schick and co-workers and Donth and co-
workers, and in fact there are still several values of
these authors that are greater than any values in Table 2.
It is, therefore, difficult to reconcile the present model
with these authors’ results, though it is well known that
the TNM equation suffers from some inadequacies,
and hence that some of the basic assumptions of this
model, such as the use of a constant apparent activation
energy, may need to be re-assessed. On the other hand,
there is also a certain discrepancy in the trend of A as
well as in its absolute value. In the present model, the
results in Tables 1 and 2 show that the logarithmic
difference 4 increases as f§ and/or x decrease, which
usually relates to an increase in the fragility of the
glass-former. Thus, one might anticipate the inorganic
glass DGG and the sodium-silicate glass in Hensel and
Schick’s work [38], which are strong glass-formers
with an approximately Arrhenius temperature depen-
dence, to have relatively small values of 4, while the
polymers, which are generally fragile glass-formers,
would be expected to have higher values of 4. The
main trend of the results of Hensel and Schick [38] is
the opposite, however. There is clearly a need for a
further examination of the relationship between the
conventional and dynamic glass transitions.

3.7. Comparison of conventional and dynamic
glass transitions

At this point it is perhaps worth considering why the
transitions in C, on cooling are so different in respect
of the average and complex heat capacities; in the
former the transition (conventional) is much broader
than in the latter (dynamic). As discussed earlier, the
timescales are quite different for the two transitions,
but this in itself does not explain the observation. The
real explanation lies in whether or not the measure-
ments are made in equilibrium. For the average heat
capacity, the state of the sample begins to depart from
equilibrium as the transition begins on cooling, which
has the effect of reducing the rate at which the
relaxation time increases. This effect occurs by virtue
of the non-linearity of the system, and is determined
by the parameter x, being a stronger effect the smaller
is x, or the greater is the non-linearity (refer to Eq. (3)).
This departure from equilibrium, and the associated
relative increase of the relaxation time, means that the
temperature must be reduced further in order to
achieve a relaxation time sufficiently long that the
response becomes completely glassy for the rate of
cooling imposed. Of course, the continued reduction
of temperature drives the system further away from
equilibrium, and hence, the transition is spread over a
temperature range that is broader the smaller is the
value of x.

As an illustration, the relaxation time is plotted, on a
logarithmic scale, as a function of reciprocal tempera-
ture in Fig. 11, for the choice of f = 1.0 and x = 0.4
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Fig. 11. Theoretical dependence of log (relaxation time) as a
function of reciprocal temperature during cooling through glass
transition region. Full line shows dependence for conventional DSC
with ¢ = —0.125 K min~"', and AT indicates the temperature range
over which C,, decreases from 1.57 to 1.33J g’l K’l, a decrease of
80% of AC,, centred on its midpoint value. The points represent the
values of t and 1/T at which C; in TMDSC experiments, with
g = —0.125 K min~', likewise takes values of 1.57 and
1.337 g ' K™, while the insets are expanded views of the regions
around these points. The parameters are ff = 1.0, x =0.4 and
Ah* /R = 80KK, and for the TMDSC simulation t, =60s and
Ar=05K.

and for a cooling rate of —0.125 K min~'. The con-
ventional glass transition temperature is found as the
intersection of the extrapolated liquid and glassy
lines, as shown. The breadth of the transition is
measured here (arbitrarily) by AT, the temperature
interval over which C, falls from 10% of AC, less
than C,; (1.57J g ' K™") to 10% of AC, more than
Cpe (13377 'K,

For the complex heat capacity, on the other hand,
the time scale is (generally) shorter than that equiva-
lent to the underlying cooling rate, so that the transi-
tion occurs at a higher temperature. If this transition
temperature is sufficiently far above that which cor-
responds to the cooling rate (i.e. if the period is
sufficiently short or the underlying cooling rate is
sufficiently slow), then the transition will occur when
the relaxation time, in equilibrium, becomes longer
than the modulation period. There is no non-linear
broadening of the transition as there is for the cooling
rate transition, since the system is continuously in
quasi-equilibrium until the transition is reached. It is,

therefore, just the temperature dependence of the
relaxation time in equilibrium which determines
when this dynamic transition will occur. In Fig. 11,
the start (C; = 1.57J g~ ' K~ ') and finish (C; = 1.33
Jg 'K™!) of the dynamic transition are shown as
dots on the high temperature, equilibrium, portion of
the conventional DSC curve for logarithmic relaxation
time. The insets show, for the temperature interval
indicated by each box, the cyclic dependence of log t
as a function of reciprocal temperature. It is clear that
the higher temperature box shows a dynamic response
that is liquid-like and closely follows the equilibrium
line, whereas the lower temperature box shows a
dynamic response that is glassy but still moves along
the equilibrium line. The temperature interval between
the dynamic liquid-like and dynamic glassy response
is clearly significantly less than AT for the conven-
tional DSC, or average C, response.

Of course, this argument must be modified slightly
for the situation in which the dynamic glass transition
overlaps some part of the underlying glass transition.
Under these circumstances, the departure of the sys-
tem from equilibrium implies a relative increase in the
relaxation time, and hence a broadening of the
dynamic glass transition in just the same way as
discussed above for the average heat capacity. In fact,
for reasons considered earlier and evident from the
correspondence between cooling rate and modulation
period, the usual experimental condition is such that
the two transitions do indeed overlap. In this case, the
dynamic transition will not represent simply the equi-
librium frequency response of the heat capacity, and
care should, therefore, be exercised in the interpreta-
tion of the complex heat capacity or phase angle
curves. This broadening effect due to the overlap
of the two transitions may contribute to the large
values of A observed by Hensel and Schick [38],
and may also be the reason why activation energies
measured by TMDSC are often much smaller than
those measured by conventional DSC techniques.

3.8. Effects of non-linearity parameter x and
non-exponentiality parameter 5

The smaller is the non-linearity parameter x, the
greater is the contribution of structure, either defined
by the excess enthalpy 6 (Eq. (2)) or by the fictive
temperature Ty (Eq. (3)), to the relaxation time, and
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Fig. 12. Cooling curves for TMDSC with ¢,y = —3 K min~’, tp =24s,Ar =0.5.K,f=0.6and x = 0.2,0.3,0.4,0.6, 0.8 and 1.0. (a) C, avc;

(b) C*; and (c) ¢.

hence the glass transition observed in conventional
DSC will occur at lower temperature the smaller is
the value of x. At the same time, the increased non-
linearity means that the transition is broadened, and
the overall effect is as illustrated by the average heat
capacity curves shown for a range of values of x in
Fig. 12a.

In contrast, this significant broadening as x
decreases is not evident in either the complex heat
capacity (Fig. 12b) or the phase angle (Fig. 12c). Here
we see instead only a rather small effect when x is
varied over essentially its full range. This, as will be
seen shortly, has an important implication in respect of
the experimental evaluation of the non-exponentiality
parameter f5.

Turning now to the effect of f#, shown in Fig. 13, we
see that the effect on the average heat capacity, seen in
Fig. 13a, is very similar to that of the non-linearity
parameter, involving a broadening of the transition as
the value of f§ decreases. This is to be anticipated
intuitively, since one would expect a broader response
from a wider distribution of relaxation times. Whereas
the dependence on x is seen in Fig. 12a as a fanning out
of the curves from a unique value of C, at a tem-
perature of approximately 385 K, however, the depen-
dence on f in Fig. 13a displays a cross-over of all the
curves at a unique value of C, ,.c; this value is AC, /e
less than C,,;, and again emphasises the importance of
this point, as mentioned earlier. Defining the glass
transition temperature with respect to this point,
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namely as Tg /., therefore, implies no dependence
of the transition temperature on f, with reducing f
simply broadening the transition in the temperature
range above and below T, .. On the other hand,
defining the glass transition temperature with respect
to the mid-point temperature, namely as Ty iq, would
imply a reduction in the transition temperature as
f decreased, i.e. as the distribution of relaxation
times broadened.

Whereas the effects of x and f§ on the average heat
capacity are somewhat similar, however, their effect
on C;, and the phase angle are fundamentally different.
Both €} and ¢ were shown to be essentially indepen-
dent of x in Fig. 12b and c, but it can be seen from
Fig. 13b and c that this is certainly not the case in

respect of the effect of f§; varying f between 0.2 and
1.0 leads to a dramatic sharpening of the transition in
C, and an approximately seven-fold reduction in the
maximum negative phase angle.

This has an important implication, since it means
that C; and ¢ are experimentally measurable para-
meters that are essentially independent of x but sensi-
tive to f, thus affording a possible procedure for the
independent evaluation of § from experimental data.
The determination of f has in the past usually been
made either by curve-fitting (e.g. see [44]), in which
heat capacity data are fitted by simultaneously adjust-
ing several parameters, including x and f, or by
examining the height of the endothermic peak, on
heating, as a function of the prior cooling rate [34],
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Table 3
Values of § (Eq. (20)) from Fig. 13b and of S/0 where
0 = Ah* /RT; as a function of f

B S(K™h 5/0

0.2 0.0363 0.063
0.3 0.0553 0.096
0.4 0.0743 0.129
0.6 0.1150 0.200
0.8 0.1550 0.270
1.0 0.2023 0.352

when the value of x is already known from the peak-
shift method [26,27]. Since the phase angle ¢ is
subject to substantial ripples, and furthermore appears
to have a more complicated dependence than does C,
the procedure suggested here would be to evaluate the
inflectional slope of C; as a function of temperature,
normalised with respect to AC,:

1 dC,
AC, dT'
This quantity has been found from Fig. 13b and is
given in Table 3 as a function of f. It can be seen that

S= (20)
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S is very sensitive to the values of . However, it
transpires also that S depends linearly on the apparent
activation energy, implying that it should be normal-
ised also with respect to this. A similar correlation was
found by Moynihan [45], who observed a constancy of
Ah*(1/T, — 1/T,), where T, and T, mark the begin-
ning and end, respectively, of the transition region.
Writing this as a constancy of Ah* AT /AT?, where AT
is the width of the transition region, it can easily be
seen that this implies 6 AT is constant, equivalent to a
linear dependence of S on 0, where 0 is the KAHR
equivalent of the apparent activation energy (see
Eq. (2)). Hence an appropriate way of normalising
S is to consider the dimensionless quantity S/0, which
would be a suitable quantity for the evaluation of f3,
and which has been included in Table 3. The suggested
procedure would, therefore, be to evaluate the normal-
ised and dimensionless inflectional slope S/0 experi-
mentally by TMDSC, for any given polymer during
cooling through the glass transition interval, and then
to compare this with the values given in Table 3 in
order to determine f.

As an illustration, we have evaluated S for poly-
carbonate using Mettler—Toledo’s ADSC with cooling

€y g K™

1 1 1 1
120 125 130 135 140

1
145
T/eC

L 1 1 1
150 155 160 165 170

Fig. 14. Experimental complex heat capacity obtained by ADSC from cooling curves using polycarbonate, over the temperature range from
175 to 115°C. Cooling rates are 0.5, 1.0, 1.5, 2.0, and 3.0K min~! with an amplitude Ar = 0.5 K and period adjusted such that
tp|gav| = 1.5 K. Note that the heat capacity scale is relative, and that curves are shifted vertically for clarity.
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rates lg,,l in the range from 0.5 to 3.0 K min~' and

period 7, such that #,|g,,| = 1.5 K. The amplitude of
temperature modulations was 0.5 K, and the curves of
complex heat capacity as a function of temperature are
shown in Fig. 14. The inflectional tangent from these
curve gives S ~ 0.11 K™, essentially independent of
the underlying cooling rate. For this same polycarbo-
nate we previously determined Ah*/R = 140 kK [46],
which for T, =418 K gives 6 = 0.80 K~ '. Hence
from the value of S/0 = 0.14 we find from Table 3
a value of f§ for polycarbonate slightly greater than 0.4.
This is in satisfactory agreement with the value
obtained for the same polycarbonate using enthalpy
relaxation analysis [46], which estimated f to lie
within the range 0.456 < f§ < 0.6.

Finally, in respect of the simulation curves shown in
Fig. 13a and b for the effect of f3, it can be seen once
again that all the curves for C,, ,,. and C; pass through
a unique point at a value of heat capacity which is
ACp/e less than the liquid-like value, C,,;. This once
more reinforces our suggestion that this is the impor-
tant point on the complex or average heat capacity
curves which should be used for the quantitative
analysis of the data.

4. Conclusions

An analysis of TMDSC in the glass transition region
has been presented, in which a distribution of relaxa-
tion times has been incorporated into an earlier single
relaxation time model. The parameters of the present
analysis are the non-exponentially parameter f§ of the
KWW distribution function, the non-linearity para-
meter x, and the apparent activation energy Ah*. It is
shown that the model describes, more realistically
than its predecessor, all of the characteristic features
of TMDSC in the glass transition region.

The effect of the period of modulation during
heating and/or cooling through the transition region
and the effect of the underlying cooling rate have
been studied, and it is shown that some distortion of
the complex heat capacity trace can result from an
interaction with the underlying glass transformation
process during cooling. In particular, under typical
experimental conditions this is likely to be the case for
polymeric systems, and for a quantitative interpreta-
tion of the data it is recommended that experiments be

conducted such that the product of period and under-
lying cooling rate remains constant.

A comparison of conventional DSC and TMDSC
responses has been used to identify the correspon-
dence between cooling rate in the former and period
in the latter such that the same transition temperature
is obtained. For this comparison, it is recommended
that the temperature 7,,, at which the heat capacity,
in either conventional or TMDSC experiments, is
reduced by AC, /e from its liquid-like value, to give
a value of C, /., should be used as the measure of
the transition temperature. This correspondence is
used to identify the mean temperature fluctuations
of Donth’s fluctuation dissipation theorem as a func-
tion of the parameters f and x. It is found that
the magnitude of the fluctuation increases the wider
is the distribution of relaxation times (small ) and
the greater is the non-linearity of the relaxation
kinetics (small x).

Finally, the effects of the parameters f and x are
examined in respect of the average and complex heat
capacities on cooling. For C,, ,., both ff and x have the
effect of broadening the transition as they are reduced
in value, with all curves for different f§ passing through
aunique point at C;,1 Je* In contrast, for C}, the effect of
reducing x is insignificant in comparison with that of
reducing f, which greatly broadens the transition and
increases the magnitude of the maximum phase angle.
Thus the breadth of the transition in C; is identified
as a measure of § which is essentially independent of
the non-linearity parameter x. In practice, since this
breadth depends also on the value of AC, and on the
apparent activation energy, or its equivalent 0 in the
KAHR model, it is suggested that a normalised and
dimensionless quantity S/0 be used for the evaluation
of f by comparison of experimental and theoretical
values, where S is the inflectional slope of C, versus
T (evaluated at C;_ . /e) normalised by dividing by
AC,. Experimental data for polycarbonate are used
to illustrate the evaluation of f by this procedure.
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