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Abstract

Complex heat capacity in equilibrium can be considered as a compliance in the scheme of linear response. Nevertheless, often
the Tool-Narayanaswamy—Moynihan (TNM) or the Kovacs—Aklonis—Hutchinson—Ramos (KAHR) models are used to describe
complex as well as total heat capacity in the glass transition region. This is attractive because the TNM-KAHR models take into
account the dependence of the relaxation time on temperature as well as fictive temperature and are able to handle non-
equilibrium situations. A TNM-model extended by a non-Arrhenius temperature dependence of the relaxation time is applied to
describe results from temperature-modulated DSC (TMDSC) measurements. The temperature dependence of the relaxation time,
as introduced in the model, is independently determined by a VFTH-fit to heat capacity spectroscopic data in a wide frequency
range. Finally, only the stretched exponential factor § and the non-linearity parameter x of the TNM-model must be adjusted to
describe the measured curves reasonable well. The model is capable to describe all features of the heat capacities measured in
TMDSC scan experiments in the glass transition region of polystyrene. This includes the curve shape, the frequency dependence
of Ty(w), the cooling rate dependence of Tg(go) and possible interference between vitrification and dynamic glass transition. For
the complex heat capacity in equilibrium, above vitrification, no influence of fictive temperature on the relaxation time was
observed. Consequently, it can be considered as an equilibrium quantity. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction are often used to study vitrification and relaxation
processes in the glassy state [1]. Vitrification and

Calorimetry is one of the most often applied devitrification means the change from the meta-stable
experimental techniques to study the glass transition. liquid to the non-equilibrium glassy state and vice
Adiabatic and differential scanning calorimetry (DSC) versa. The Tool-Narayanaswamy—Moynihan (TNM)

and the Kovacs—Aklonis—Hutchinson—-Ramos (KAHR)

models are known as powerful tools to describe mea-
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is available. Also with these techniques glass transi-
tion was studied first. Gobrecht et al. used temperature
modulated DSC (TMDSC) as early as in 1971 to
measure frequency dependence of complex heat capa-
city at the glass transition of selenium [3]. With
introduction of the 3w technique by Birge in 1986
complex heat capacity was available in a wide fre-
quency range [4]. The results obtained by the 3w
technique are often described as a compliance in
the framework of linear response [5].

While the TNM-KAHR models take into account
the acceleration of the relaxation due to the deviation
from the equilibrium, complex heat capacity is often
considered as an equilibrium quantity. Nevertheless,
there are several attempts to describe complex heat
capacity by means of the TNM-KAHR [6-10] or
similar models [11-14]. The basic features of complex
heat capacity, step in real and peak in imaginary part as
well as a shift with frequency, are well reproduced by
these approaches. But a detailed comparison with
experimental data especially in the region near vitri-
fication temperature (conventional, thermal glass tran-
sition) is still missing. In the first part of this paper,
we will present such a comparison based on the
TNM-model including non-Arrhenius (VFTH) tem-
perature dependence of the equilibrium relaxation
time [15—17]. The model will not be used to determine
the relevant parameters applying a fitting procedure.
The parameters will be determined, as far as possible,
by independent measurements like heat capacity
spectroscopy in a wide frequency range [18]. Finally,
a single set of parameters is used to describe measure-
ments of total (conventional, measured by DSC) heat
capacity as well as real and imaginary part of complex
heat capacity on cooling and heating through the glass
transition of polystyrene (PS). In the second part of
this paper [19], we will compare predictions of the
model with experimental results for more complex
quantities, like modulus and phase of higher harmo-
nics in the measured heat flow rate [20].

2. Experimental

2.1. DSC measurements

The technique of TMDSC and the necessary data
treatments are described elsewhere [21-25]. The 168N

polystyrene (PS) was from BASF (p = 1.047 g/cm’;
M, = 95,000 g/mol; Mw = 270,000 g/mol). DSC
measurements were performed to determine conven-
tional or C,, (o1 and TMDSC to determine complex
heat capacity. Perkin-Elmer Instruments DSC2 and
Setaram DSC121 were used. The sample masses were
mps = 14 and 230 mg, respectively. The temperature
scale of the calorimeters was calibrated in DSC
mode at zero heating rate according to the recom-
mendations of GEFTA [26] by indium and lead,
and was checked in the TMDSC mode by the smec-
tic-to-nematic transition of 8OCB [27,28]. The deter-
mination of complex heat capacity, especially the
correction of the measured phase angle, was per-
formed as described in [29]. The TMDSC experiments
were carried out with sinusoidal modulation with
temperature amplitude Ar = 0.5 K and modulation
period t, = 60s. The underlying cooling rate was
varied between gy = 1K/min and gy = 0.001 K/min.

2.2. Definition of experimental conditions

From shear spectroscopy [30] it is well known
that vitrification of the sample during the dynamic
measurement has some impact on the measured com-
pliance or modulus. The problem arises when the
dynamic measurement is performed at low frequen-
cies (mHz) and the sample is cooled fast. In case
of TMDSC, we have always to consider this inter-
ference because measurements are performed at low
frequencies (mHz) and cooling is relatively fast
(K/min). From TMDSC measurements we Yyield
simultaneous information about the two aspects of
glass transition — thermal glass transition (vitrifica-
tion) and dynamic glass transition (relaxation pro-
cess). They are the responses of the sample on two
independent perturbations — thermal glass transition
due to underlying cooling rate and dynamic glass
transition due to temperature modulation (frequency
dependent), see Fig. 1.

Under measuring conditions as in Fig. 1, which are
typical for TMDSC, the step and the peak in complex
heat capacity (dynamic glass transition) are not well
separated from vitrification (step in C,, ¢ora1). To study
the dynamic glass transition in equilibrium the differ-
ence between both has to be enlarged.

To shift the dynamic glass transition with respect to
vitrification, cooling rate and/or frequency can be
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Fig. 1. Specific heat capacity for polystyrene measured by

TMDSC (f, =60s, Ar =0.5K, go= —0.25 K/min). Perkin-
Elmer Instruments DSC2 and Setaram DSC121.

PS168N

varied [18,31-34]. We have fixed the dynamic glass
transition temperature using a fixed frequency of
f=0.017Hz (period f, = 60s). Vitrification was
shifted by varying underlying cooling rate, see
Figs. 2 and 3. This way we define the experimental
conditions were the dynamic glass transition is not or
only little influenced by vitrification in the TMDSC
measurements discussed here.

The measurements show the expected interference
between vitrification and dynamic glass transition. For
decreasing cooling rates, vitrification is shifted to
lower temperatures, the step in real part of complex
heat capacity becomes sharper and more symmetric.
This can also be seen in the phase angle dg. For
decreasing cooling rate Jg fits better to a symmetric
Gaussian (Fig. 3).

For an underlying cooling rate of gy = —0.001
K/min vitrification is reasonable well separated from
the dynamic glass transition. Only at temperatures
below T = 372 K, what is practically outside the step
in modulus and the peak in phase of complex
heat capacity, vitrification overlaps with the dynamic
glass transition. Under these measuring conditions the

1 * 1 ' I '
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Fig. 2. Modulus of complex specific heat capacity (dynamic glass transition) and total heat capacity (vitrification) from TMDSC
measurements at fixed modulation frequency and different underlying cooling rates (f, = 60 s, A7 = 0.5 K, g0 = —1, —0.06, —0.001 K/min).
The arrows indicate decreasing cooling rate. Vitrification at gy = —0.001 K/min was not measured. The curve shown is the curve measured at
¢o = —0.06 K/min and shifted according to the activation diagram [32]. Vertical lines indicate the beginning of vitrification. Perkin-Elmer

Instruments DSC2 and Setaram DSC121.
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Fig. 3. Phase angle of complex heat capacity for a fixed
modulation frequency and different underlying cooling rates
(t, =60s, Ar =0.5K, go =—1, —0.06, —0.001 K/min). The
short vertical lines indicate the beginning of vitrification, same as
in Fig. 2. A Gaussian was fitted on curve c in the temperature range
above the dotted line. The same Gaussian is shown in the other
graphs, thick dotted curve, to make the changes in curve shape
visible. The dashed line marks the maximum of curve c. Perkin-
Elmer Instruments DSC2.

dynamic glass transition appears in equilibrium and
it can be checked whether or not it can be described
as an equilibrium process.

3. Extended Tool-Narayanaswamy—Moynihan
model

An extended TNM-model, discussed in detail by
Donth and coworkers [17,35], was used to describe
vitrification and dynamic glass transition as well as

possible interferences between both [6,36]. Not only
the normalised heat capacities were determined but
the corresponding heat flow rates for the different
experimental conditions were calculated to be able
to compare the results from the model calculations
with experimental results. For both, the measured and
the calculated heat flow rates, the same data treatment
algorithm, as usual in TMDSC, was applied to obtain
total and complex heat capacity. The whole scheme,
briefly described below [2], was implemented in a
Mathlab™ program.

In order to characterise the actual thermodynamic
state Tool introduced the fictive temperature Ty, which
supplies information about free volume or structure
[37-39]:

Te(r) = Tp + /th’ x {1— (A}, T =T(7).

o

ey

One starts in equilibrium at Ty = T'(#y) and integrates
over the whole thermal history. According to Moyni-
han et al. [40,41] the Kohlrausch—Williams—Watt
(KWW) function [42,43] can be chosen as response
function:

¢ = exp{—(AL)"},

where f§ describes the non-exponential character of the
relaxation process. The so-called Kohlrausch expo-
nent is considered in a first approximation to be
temperature independent, see also [14]. One intro-
duces a dimensionless material time difference A in
order to linearize the relaxation process and to be able
to apply linear response approach:

0<p<I, @

t dt/
A=t -t = [ S G)
¢ TTNM
where the relaxation time Tpny counts the time of
an internal clock. The structural relaxation in terms
of Trnm is controlled by both the actual temperature
T and the fictive temperature T;. Narayanaswamy
weighted their influence in a mixing approach with
the non-linearity parameter x [44], and Scherer
[15] replaced the Arrhenius-like temperature depen-
dence of the relaxation time by a more realistic
non-linear function. In the following, we use the
well-known Vogel-Fulcher-Tamman—Hesse (VFTH)
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equation [45-47] to take into account the non-linear
behaviour:

1 =A+ B __1
B = AT T T, T 23026
—Ah*
-1 — . 4
X{ nTO+R><(T—TOO)} @
Then, we get for the relaxation time
In 7o+ AR* X x AR* x (1 —x)
TrNM = eXp4 Inz
TNM= XY 0T R (T —Tog) T Rx(T; — To) )
0<x<1. )

Finally, the calculation of fictive temperature takes
place recursive in steps of time/temperature, where
time/temperature history is broken into suitable
intervals:

n
Trn =To+ Y AT
i=1

" A ¢
l.
X |1 —exp{ — < E TTN;/{J) . (6)

J=1

Like mentioned above, our aim is the comparison of
TNM-model calculations and results from TMDSC
measurements. That is why we consider a temperature-
time profile as commonly used in TMDSC:

T(t) =To+qo x t+Ar x sin(w x t). @)

In Fig. 4, the temperature profile and the evolution of
the fictive temperature on cooling is shown.

At high temperatures fictive temperature and
temperature coincide. For sake of clarity, both curves
are shifted vertically as indicated in Fig. 4. With
decreasing temperature the amplitude of oscillations
in fictive temperature decreases, indication of the
dynamic glass transition, and disappear before fictive
temperature becomes constant as common for vitrifi-
cation.

Next, in order to obtain the heat flow rates from the
model calculations, which equal the time derivative of
enthalpy, fictive temperature was transferred into
enthalpy. As common, enthalpy as function of tem-
perature H(T) can be defined as [48-50]

H(T) = Hyo(T) + 0(T), )

with equilibrium enthalpy H..(7T) and excess enthalpy
o(7). Like illustrated in Fig. 4 fictive temperature can

PS168N
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Fig. 4. Temperature, 7(¢), and fictive temperature, Ti(f), vs. time
on cooling (t, =60s, Ar =0.5K, go = —0.06 K/min); TNM-
parameters: In(to/s) = —28.02, Ah*/R =1305K, T, =333K,
x =022, f=0.56.

be expressed similar way as
Ti(t) = T (1) + AT¢(2). )

Assuming temperature independent heat capacities in

the liquid, C,, and in the glassy state, Cp,, with AC, as
the difference between both yields [6,36]
H(T,Tt) = Cp x T+ AC, x (Ty — T). (10)

Finally, the heat flow rate HF is defined as the time
derivative of enthalpy and given by Eq. (11):

dH(T, T;) dr a1y dT
T Oy X — 4 AC, x [ = =),
dr gt ”x(dt dt)

(1)

We define d7/dr = ¢(¢) and dT¢/dt = g¢(r). With
Cpi — AC, = Cy, Eq. (11) results in

HF =

HF = Cy x ¢+ AC, X g;. (12)
Eq. (12) is given in time domain. After Fourier
transformation we get

Afp(@) = Cpg x A(*](co) +AC, x A(’;f(a)), (13)

where A* means complex amplitudes, see below. From

*

the complex heat flow amplitude Af, which is
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available from the TNM-model, Eq. (13), as well as
for real measurements, complex heat capacity, C; (w),
can be obtained from

@) =% 0) (14)

and total heat capacity from

(HF) (gr)
Coiotal = —— = Cpg + AC, X —=
Pl T gy T T T )
(dTt)
- Cpg + ACp X W, (15)

where o is the angular frequency; A the Fourier
image of heat flow rate which includes amplitude and
phase. Therefore, this is like A and A;f a complex
value; A(’; the Fourier image of heating rate, the time
derivative of temperature; A; the Fourier image of the
time derivative of fictive temperature; ACP the incre-
ment in heat capacity between glassy and liquid state;
C, the heat capacity of the glass; (-) the average over
one modulation period.

Basically, the complex heat flow rate amplitude
consists of two components as shown in Fig. 5.
Namely, Cpy x Aj and AC, x Ay, In case the phase
of the heating rate equals zero the first term becomes
real valued, see Fig. 5. The second term originate from
the TNM-model and includes all time dependence of
the heat capacity. This yields the phase 5A3f' The
complex heat flow rate amplitude Ajj: equals the
sum of both contributions in complex plane.

Now one can compare measured complex heat
capacity with that from Eq. (14) either in terms of

imaginary and real part or in terms of modulus and
argument of complex heat capacity. We will present
our results in the last form because often the so called
reversing heat capacity [21] is available from the
instruments which equals the modulus of complex

heat capacity
(A—HF*((U)> ‘ (16)
Aj(w)
and

Os(w) = arg </:%F((ww))> . (17

q

|C,(w)| = abs

In order to obtain heat flow rate curves HF(7) from the
model calculations suitable for data evaluation in
terms of complex heat capacity one has to take care
not to violate the conditions of linearity and statio-
narity of the response [13,14,51,52]. Therefore, tem-
perature amplitude and cooling rate must be small
enough. To limit the uncertainties due to the Fourier
transform we need a certain number of points per
modulation period, ca. 30. Consequently, for low
cooling rates a large number of points must be calcu-
lated at a given frequency. The following calculations
were performed.

As can be seen from Table 1 computation time
increases quadratic with decreasing cooling rate. To
keep computation time in a reasonable limit at cooling
rate go = —0.001 K/min the temperature profile was
divided in two parts. First, down to 7 = 378 K the
cooling rate was gop = —0.06 K/min. Above this tem-
perature the sample is still in equilibrium because no

) 4 =0
A
Im 4, AC, %4, "
AHF
\
S, -
5AH[-“ | A"/
/ ~
Ce x4,

N,
>

Re AHF*

Fig. 5. Schematic diagram of vector addition of Fourier images contributing to the complex amplitude of heat flow rate Agr* in a polar plot.
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Table 1

91

Cooling rate, qo, temperature range, AT, and number of points per period for the model calculations®

qo (K/min) AT (K) Points per period Number of points Calculation time
—1 40 30 1200 ~1 min

—0.06 40 30 20000 ~4.5h

—0.06, —0.001 7,13 30, 20 3500, 263500 ~32 days

? The resulting total number of points and the corresponding computation time (Pentium II 350 MHz with 128 M bytes RAM) are given in

the last two columns, respectively.

vitrification occurs. Therefore, the cooling rate gy =
—0.06 K/min had no influence on complex heat capa-
city. Next, the cooling rate of gy = —0.001 K/min was
used for the temperature region of the glass transition,
T =378-365 K.

4. Results

In order to obtain complex heat capacity from the
extended TNM-model, Eqgs. (1)—(17), one has to
determine 1y, Ah*/R, T, B and x. The first three
are independently available from heat capacity spec-
troscopy, see below, while the last two will be deter-
mined by a fitting procedure.

The parameters 7y, Ah*/R and T,, can be obtained
from a VFTH-fit to dynamic glass transition tempera-
tures in a wide frequency range. The combination
of 3w, photo-acoustic (PA), AC-calorimetric (AC),
and TMDSC measurements allows for heat capacity
spectroscopy in a frequency range of seven orders of
magnitudes for PS [18], see Fig. 6.

The data are fitted with the VFTH-equation, Eq. (4).
The parameters given in Fig. 6 equal In(to/s) =
—28.02, AR/R =1305K, T, =333K. By using
these parameters and varying f and x we adjusted
the heat capacities from the model calculation to the
measured C,, a1 (DSC) curves on cooling and heating
with go = £1 K/min. For the calculation we assume
temperature independent heat capacities of the glassy

Temperature in K
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ST 71— 71— —+ Tt v T ' T 7
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sl T=(333%4)K ]
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Fig. 6. Activation diagram for polystyrene obtained from different calorimetric methods: (4 ) — photo-acoustic [53]; (O) — 3w [18,54]; (H)
— AC-calorimetry [55]; (\7) — TMDSC multi frequency analysis [56]; (A) — TMDSC [18,54]. Solid line is VFTH-curve with parameters

A=12+1,B=(-570+90)K and T, = (333 £ 4)K.
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and the liquid state. Because this assumption is not
valid for the measurements we use, as common, a
reduced heat capacity for comparison

CP(T) - Cpg(T)
Cpl(T) - Cpg(T) '

The phase dg was calculated with Eq. (17) for the
actual values of heat capacity as shown in Fig. 5.

Using the parameters obtained from the VFTH-fit
and x = 0.22 and § = 0.56 results in the curves shown
in Fig. 7. The agreement between the measured and
calculated heat capacities, Cpoal, |C; , as well as
between the phase angles, dg, is reasonable. Only at
heating around 365 K an significant deviation between
measured and calculated C, (a1 can be seen. This
seems to be an intrinsic problem of the TNM-model
and is reported several times [9,50,57].

Cp red = (18)
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Fig. 7. Reduced heat capacity and phase angle of TMDSC —
measurements (f, = 60s, Ay =0.5K, go = &1 K/min), Perkin-
Elmer Instruments DSC2 and Setaram DSCI121. (A) — TMDSC
on cooling; (O) — TMDSC on heating, solid line — TNM-model;
TNM-parameters: In(zo/s) =—28.02, Ah* /JR=1305 K, T, =333 K,
x=0.22, f=0.56.

In Fig. 7, we used experimental conditions where
dynamic glass transition and vitrification interferes.
Especially for the heating curve the well-known shar-
pening of the dynamic glass transition [12,31,33,58]
can be seen. The calculation nicely reproduce this
effect in modulus and phase of complex heat capacity.

To show the effect of non-Arrhenius behaviour of 7
on the results of the model, calculations assuming
Arrhenius like behaviour of 73, which means
T = 0 K, were performed. The results are compared
with the measured data in Fig. 8. As can be seen the
agreement between calculated and measured curves,
especially for the phase angle, is not as good as in
Fig. 7. The situation becomes much worse if the same
values as in Fig. 7 are used for x and f3. To be able to
describe the measured heat capacities in a wider
frequency and cooling rate range we continue with

PS168N
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Fig. 8. Reduced heat capacity and phase angle of TMDSC —
measurements (t, = 60s, Ar =0.5K, go = &1 K/min), Perkin-
Elmer Instruments DSC2 and Setaram DSC121. (A) — TMDSC
on cooling; (O) — TMDSC on heating, solid line — TNM-model;
TNM-parameters: In(to/s) =—243.3, Ah* /R = 92500 K, To,. =0 K,
x=0.44, f =0.63.
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the extended TNM-model, Eq. (5), taking into account
the non-Arrhenius behavior of 7.

As shown in Fig. 7 the model is capable to repro-
duce the influence of partial vitrification and devitri-
fication. In Fig. 9, calculated data for different cooling
rates are shown and compared with the measured data,
same as in Figs. 2 and 3.

With decreasing cooling rate vitrification is shifted
towards lower temperatures and vitrification and
dynamic glass transition are better separated, see also
Figs. 2 and 3. Again the sharpening of complex heat
capacity on decreasing cooling rate is nicely repro-
duced by the model calculation. For cooling rates of
qo = —0.001 K/min no significant overlap of dynamic
glass transition and vitrification occurs. This allows us

PS168N
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Fig. 9. Reduced heat capacity and phase angle of TMDSC —
measurements at different cooling rates (t, = 60's, A7 = 0.5 K),
Perkin-Elmer Instruments DSC2 and Setaram DSCI121. (A) —
qgo=—1K/min; (O) — ¢go=—-0.06K/min; () —
¢qo = —0.001 K/min, solid line — TNM-model. For the sake of
clarity all calculated curves are smoothed over one modulation
period. TNM-parameters: In(to/s) = —28.02, Ah*/R = 1305K,
T, =333K, x=0.22, f =0.56.

to address the question whether or not complex heat
capacity can be described as an equilibrium quantity
[14]. Therefore, we performed model calculations
using the whole set of parameters as in all other
calculations and we calculated complex heat capacity
setting x = 1. Doing so we assume that there is no
influence of the non-equilibrium on the relaxation
time. In other words, we try to describe the dynamic
glass transition as an equilibrium relaxation process.
The results of these calculations for cooling rates
qgo = —1 and —0.001 K/min are shown in Fig. 10.
With x = 0.22 all measured curves are described
reasonable well, see Fig. 7. Assuming x = 1 yields, of
course, totally wrong curves for vitrification. For the
dynamic glass transition, seen in the complex heat

PS168N
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Fig. 10. Reduced heat capacity and phase angle of TMDSC —
measurements and model calculations (f, = 60s, A7 = 0.5 K) at
cooling rates (A) — ¢go = —1 K/min; (V) — go = —0.001 K/min,
Perkin-Elmer Instruments DSC2, and line — TNM-model. For the
sake of clarity, all calculated curves are smoothed over one
modulation  period.  TNM-parameters:  In(to/s) = —28.02,
AR*/R =1305K, T, =333K, f=0.56, x =0.22 (solid line)
and x = 1.00 (dashed line).
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capacity, the situation is different. For the cooling rate
go = —0.001 K/min there is no difference for the
calculation with x = (0.22 and that with x =1 and
both equal the measured heat capacity. As shown
above the measurement at go = —0.001 K/min is per-
formed in the equilibrium state of the super-cooled
melt. Therefore, we do not expect an influence of the
non-equilibrium which is taken into account in the
TNM-model and weighted by the parameter x.

For cooling rate gp = —1 K/min and x =1 the
measured curves are also adequately described as
long as the measurement is performed in equilibrium
above 378 K, indicated by the vertical line. At lower
temperatures, when vitrification starts, deviations
from the measured curves can be observed. The
modulus of heat capacity then follows the curve for
the go = —0.001 K/min measurement indistinguish-
ably. The differences are more pronounced in the
phase angle. Down to 378 K there is no difference
between the curves for x =0.22 and x =1, as
expected for a measurement in equilibrium. Below
this temperature, when vitrification starts, the peak in
the phase for gy = —1 K/min and x =1 becomes
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smaller than the measured and that calculated with
x = 0.22. The change in the peak shape of the phase
angle may be partly due to the violation of the con-
dition of stationarity at this relatively high cooling
rate [13,51,52]. This will be studied in more detail
in the second part of this paper. Interestingly, the
extended TNM-model is capable to describe such
complex situations accurately.

Next, we compare the frequency and cooling rate
dependence of dynamic glass transition and vitrification
[32], respectively, for measured and calculated curves.

The frequency dependence of the dynamic glass
transition for both measured and calculated points is
obviously described by the VFTH-curve which was
derived from the measured points in a wider frequency
range, see Fig. 6, and used for the model calculations.
The cooling rate dependence of vitrification can, as
discussed in [32,34], also be described by a VFTH-
curve with the same temperature asymptote 7, but
vertically shifted by log ¥ = 1.5 as can be seen in
Fig. 11. The shift for the model calculation is within
experimental uncertainties a little higher than that for
the measured data, log Y = 1.3 [32].

Temperature in K

383 377 371 365 359 353 347 341 335
12 T T T T T T T T T T T T T T 12
380 376 372 368 364 {
8 1 y ) 418
PS168N oF )}
4t 1f 14
—_ 2| 1
IU) 0 -3 [ 40 g
B 4 1.3
- 4 5} {4 2
: .2 63 266 269 272 275 ] ?
8 8 . 8 : : : 18 .
2 VFTH-parameter: | -
O 1ok 4.
20 A= 122 | 12
B = (570 +90)K
O | 7= (33324)K T _'16
20| y oy Ny -20
262 267 272 277 282 287 292 297
1000K / Temperature

Fig. 11. Activation diagram for polystyrene from TMDSC (A) and DSC (@) measurements as well as TNM-model calculations (A, O).
Triangles lie on VFTH-curve with parameters A = 124+ 1, B = (=570 £ 90) K and T, = (333 = 4) K. Circles lie on VFTH-curve with the
same parameters but shifted in vertical direction by log ¥ = 1.5 indicated by the vertical double-arrow.
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5. Conclusion

The TNM-model extend by a non-Arrhenius tem-
perature dependence of the relaxation time describes
reasonable well all features of the heat capacities
measured in TMDSC scan experiments in the glass
transition range of polystyrene. This includes the
curve shape, the frequency dependence of T,(w),
the cooling rate dependence of Ty(go) and possible
interference between vitrification and dynamic glass
transition. The ratio between frequency and cooling
rate, experimentally determined previously [32], is
confirmed by the model. The parameters of the
VFTH-equation, to describe the temperature depen-
dence of the relaxation time, 7, can be independently
determined from heat capacity spectroscopy in a wide
frequency range. Consequently, only the stretched
exponential parameter f§ and the non-linearity para-
meter x in the TNM-model have to be determined by
a fitting procedure. Complex heat capacity in equili-
brium, above vitrification, can be considered as an
equilibrium quantity.
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