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Abstract

Temperature modulated differential scanning calorimetry (TMDSC) data are simulated through the glass transition region
using the Tool-Narayanaswamy—Moynihan (TNM) model of structural recovery. The simulated data are analyzed using a fast
Fourier transform similar to conventional Temperature-modulated differential scanning calorimetry techniques. The glass
transition temperature (7,) and enthalpy of aging (AH,) were calculated from the simulated data and compared with the values
expected based on linear isothermal simulations for the case of the glass temperature and based on the input simulated data for
AH,. The errors associated with the TMDSC data analysis were thus quantified. © 2000 Elsevier Science B.V. All rights

reserved.
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1. Introduction

Temperature-modulated  differential ~ scanning
calorimetry (TMDSC) is a new thermal analysis tech-
nique in which the normal temperature scan used in
DSC is overlaid generally by a sinusoidal temperature
perturbation having a frequency ranging from
approximately 0.01 to 0.1 Hz [1]. The sinusoidal heat
flow required to maintain the desired sinusoidal tem-
perature history is the quantity measured in the
TMDSC experiment. The purported advantages of
TMDSC include improved resolution and sensitivity
and the ability to separate overlapping phenomena [2].
The focus of this work is on the use of TMDSC to
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separate the endothermic step change observed at the
glass temperature from the endothermic excess
enthalpy annealing peak observed in aged glasses.
Before we discuss the assumptions behind the
TMDSC data analysis, we review the glass transition
and the enthlapy (H) vs. temperature (7) behavior
shown in Fig. 1a. At high temperatures the material is
at equilibrium. During cooling from equilibrium, the
molecular mobility of the material decreases, and at
the glass temperature (7,), the material is no longer
able to maintain equilibrium in the timescale of cool-
ing and the enthlapy departs from the equilibrium line
and moves onto the glass line. The solid curve shows
this behavior schematically. It is important to under-
stand that this departure from the equilibrium line
depends on the rate of cooling. A faster cooling rate
results in departure from equilibrium at a higher
temperature. This also means that T, is frequency
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Fig. 1. (a) Schematic representation of enthalpy vs. temperature for cooling, heating, and aging treatments. Solid line represents the response
on cooling at a rate q. Dashed line represents response on heating at a rate q immediately after cooling. Dashed-dot line represents the response
on heating of an aged glass. (b) Schematic representation of the heat capacity or the heat flow vs. temperature for cooling, heating, and aging
treatments. Solid line represents the response on cooling at a rate q. Dashed line represents the response on heating at a rate q immediately
after cooling. Dashed-dot line represents the response on heating of an aged glass. Note the large excess enthalpy peak for the aged curve and

the shifting of the apparent position of the glass transition.

dependent and, thus, is expected to depend on the
modulation period in TMDSC.

Still referring to Fig. la, we now look at what
happens to the enthalpy during heating (without mod-
ulation). For an unaged glass, i.e., if no relaxation
occurs isothermally in the glassy state or during
heating, the dashed curve is observed during heating.
Some small hysteresis in the vicinity of 7, is observed
between the cooling and heating scans. On the other
hand, the dashed-dot line shows the behavior on
heating of an aged glass. Since the aged glass has
lower molecular mobility (corresponding to its
increased density), the enthalpy often overshoots
the equilibrium line during heating such that the rapid
increase to equilibrium occurs at a temperature con-
siderably above the glass temperature as shown. The
corresponding heat flow (P) or apparent heat capacity
(C,) for the aged and unaged glasses is shown in
Fig. 1b. For the unaged material, there is simply an
endothermic step change in the heat flow at T,. For
the aged glass, an annealing peak is observed. The
difference between the area under the ideal curve and
that of the aged glass is the difference in enthalpy
between the glass lines for the unaged and aged
glasses (AH,) [3]. In traditional DSC, AH, is obtained

by performing a temperature scan for an aged glass to
obtain the aged response, then quenching the material
at a given rate, and performing a second temperature
scan without aging the material to obtain the unaged
response. A purported advantage of TMDSC is the
ability to obtain the same information with only one
temperature scan.

In commercial instruments, the results of the
TMDSC experiment are reported in terms of reversing
and non-reversing heat flows [1,4]. The reversing
component is obtained from the amplitude of the first
harmonic of the heat flow using a Fourier transform of
the data (or an approximation thereof), and the non-
reversing heat flow is the difference between the
average heat flow and the reversing heat flow. In what
follows we show that the average heat flow approx-
imates the heat flow from a conventional DSC experi-
ment when the modulation does not cause significant
distortions. In the standard TMDSC analysis, it is
assumed that the reversing heat flow is due to changes
in the sensible heat (C,, dT term) and that all kinetic
events are reflected in the non-reversing heat flow. If
this were the case, then the reversing heat flow would
show an endothermic step change at the glass transi-
tion, and the non-reversing heat flow would give a
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peak whose area would be the enthalpy difference
between the aged and unaged glasses (AH, in Fig. 1).
The assumption implies not only that the step change
at the glass transition contributes only to the first
harmonic in the heat flow and that the structural
recovery leading to the annealing peak does not,
but also that the kinetics associated with structural
recovery near the glass transition are a linear process,
which they are not.

A second important issue is the interaction between
the heating rate and the measurement frequency. This
effect has been reported by various researchers,
including the commercial TMDSC manufacturers.
The latter suggested that at least four cycles need to
be present during the transition of interest in order to
get meaningful reversing and non-reversing heat flows
[1]. More recently, Snyder and Mopsik [5] have shown
that the results of dynamic measurements made during
a temperature ramp can be dubious, particularly for
the combination of a low frequency probe with a high
scanning rate because an anomalous dynamically
induced loss will be present.

We note that a dynamic heat capacity data analysis
technique has been suggested by Schawe [6] yielding
a storage heat capacity (CI’,) and a loss heat capacity
(C,’,’ ). The approach is similar to that used in the
dynamic heat spectroscopy measurements pioneered
by Birge and Nagel [7,8]. However, as Schawe notes,
this approach is valid only if the response is linear, and
we have shown that the TMDSC response is non-
linear for structural relaxation at the glass transition
due to the kinetics of the processes coupled with the
ramping temperature [3]. Furthermore, because of this
non-linearity, the phase angle obtained in a linear
analysis is not expected to give meaningful informa-
tion concerning the aged glass. In fact, Hutchinson and
Montserrat [9] have recently shown, using simulated
data from a model using one relaxation time, that CI’J’
was small and unrelated to the enthalpic state of the
glass, i.e., AH,.

In a previous work, we used the Tool-Narayanas-
wamy—Moynihan (TNM) model [10,11,13] to simu-
late TMDSC data through the glass transition region
[12]. A qualitative Lissajous loop analysis showed that
the data was not linear through the glass transition, and
that the degree of non-linearity increased as the mag-
nitude of the excess enthalpy annealing peak
increased. In this work, we use fast Fourier transforms

to perform a quantitative analysis of the simulated
TMDSC data for glasses obtained with various ther-
mal histories and modulation frequencies. Our results
show that the above-described TMDSC data analysis
method provides estimates for the glass transition
temperature within 1-2°C of the correct value. At
the same time, the equivalence made between the
non-reversing heat flow (AH,,,) and AH, can lead
to substantial errors.

We divide our simulated experiments into three
cases. The first case is one in which there are enthalpy
overshoots, as shown schematically by the dashed-
lines in Fig. 1a and b; such behavior is observed when
the cooling rate is considerably less than the heating
rate. The second case is for enthalpy undershoots. An
enthalpy undershoot is observed when the cooling rate
is considerably greater than the heating rate and
relaxation occurs during heating; such behavior is
shown schematically in Fig. 2a and b for enthalpy
and heat flow, respectively. The third situation deals
with the interaction of the modulation period and the
heating rate rather than specifically with the thermal
history of the glass; in particular, we examine the
response when the heating rate is such that there are
relatively few cycles through the transition region. In
all cases, we compare the glass transition temperature
determined from the reversing heat flow to that
expected based on linear simulations. We also com-
pare the values of AH, determined from the non-
reversing heat flows to the values expected from the
simulated data. In this way we are able to quantify the
errors in the analysis methodology.

The paper is organized as follows. We review the
TNM model of structural recovery and its application
to simulate the TMDSC experiment. We then discuss
how the Fourier analysis is used to obtain information
relevant to the reversing and non-reversing heat flows.
Subsequently we present and discuss the results. We
end with a brief conclusion.

2. Modeling TMDSC response in glass-forming
materials
2.1. Material response equations

The output of TMDSC is heat flow as a function of
time and/or temperature. We calculate the heat flow by
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Fig. 2. (a) Schematic representation of enthalpy vs. temperature for DSC heating scans after cooling at a high rate for heating at the same rate
(solid line). The dashed line represents the response during heating after cooling at a much slower rate. (b) Schematic representation of heat
capacity or the heat flow vs. temperature during DSC heating scans for different conditions. The solid line is for heating at a rate ¢ after
cooling at the same rate. The dashed line is for heating at a rate which is much slower than the cooling rate. (Note the undershoot in the DSC

trace when the heating rate is much slower than the cooling rate.)

noting that it is the time derivative of the enthalpy,
which is in turn a function only of temperature in the
equilibrium state (at constant pressure). In the glassy
state, however, enthalpy is dependent on the tempera-
ture and on the structure of the glass. A convenient
measure of the structure of the glass is the fictive
temperature, 77, originally defined by Tool [13]. (T} is
defined as the temperature at which the enthalpy
extrapolated along the glassy line would equal the
equilibrium value as shown in Fig. 1 for the aged
glass.) Assuming that the enthalpy of the equilibrium
liquid at 0 K is zero and the heat capacity in the liquid
and glass are independent of temperature, the enthalpy
(H) of an amorphous material can be written as
follows:

H = AC,(T; = T) 4+ CuT = AC, Ty + CpT
ey

where AC,, is the difference in heat capacity between
the equilibrium (liquid) and glassy states:
AC,=C,—C,,, where C,,; and C,, are the heat capa-
cities of the liquid and glass, respectively. The heat
flow (P) is simply the time derivative of the enthalpy:

dT;
P =—=AC
dt P

dr

dT

+ Cpga

2

This equation is equivalent to that derived by Hutch-
inson and Montserrat [9].

For an ideal experiment in which there is no thermal
lag in the sample and no thermal resistance between
the sample and the furnace, the instantaneous heating
rate in the sample (d7/df) is equal to that of the
program temperature. For this case, the problem of
modeling the heat flow during a DSC temperature
ramp is one of modeling the structural evolution of the
material, i.e., dT/dr=(dTy/dT) (dT/dr). It is noted that
in a real TMDSC experiment, there is thermal lag in
the sample and that this contributes to the phase lag
measured; we have addressed this problem in our
previous work [2] but do not address it here.

The Tool-Narayanaswamy—Moynihan = model
[10,11,13] accounts for the non-linear behavior of
glassy materials by including terms for the depen-
dence of molecular mobility on the structure of the
glass and for the non-exponential nature of structural
(in this case enthalpy) recovery. This model is suc-
cessful not only in predicting quantitatively the mate-
rial response to complex thermal histories, but also in
providing a physical picture of the reasons for the
behavior. A full description of the TNM formulation is
given elsewhere [11] and reviews have been written
[14—-18]; only a brief description follows. According
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to the TNM model, the structural recovery process is
represented by the generalized Kohlrausch [19]-Wil-
liam—Watts [20] (KWW) function

% =1- exp{— [/Oi(dt/fo)]ﬁ} 3)

The non-exponentiality of the recovery process is
described by f; the non-linearity is incorporated
into the model by allowing the retardation time
7o to be a function not only of temperature but
also of structure (77) (and hence a function of time).
Eq. (3) can be solved numerically for the fictive
temperature. To model the sinusoidal temperature
history in TMDSC, we found that temperature steps
of 0.05 K or less gave convergent results in all cases
examined [12]. The results presented here meet this
criterion.

A phenomenological equation relating the retarda-
tion time 7y to temperature and structure (7y) is
needed to perform the model calculations. The
Tool-Narayanaswamy [10,13] equation is an Arrhe-
nius-like equation and can be used as a good
approximation when a small temperature range is
considered

xAh (1 —x)Ah
Inty = InA + ot L~ 0)A%
Nt =A+t Hr TR

“4)
The parameter x, introduced by Moynihan et al. [11],
partitions the material dependences between tempera-
ture and structure (), and Ak and In A are assumed to
be constants.

2.2. Simulated TMDSC experiment

The evolution of the fictive temperature during a
given thermal history is given by the solution of Eq.
(4) coupled with an appropriate expression for the
relaxation time. The thermal history used for model-
ing a TMDSC experiment includes the cooling leg
from above T, to a point below 7, and the subsequent
heating leg to above T,. The sinusoidal temperature
modulation is generally applied only in the heating
leg. We assume an experiment in which no thermal lag
is present; therefore, the temperature of the sample is
equal to the temperature of the furnace. The thermal
history is then

T=Ty—qt, t<n (5

T =Ty—qt) + m(tftl)
+ Asinfo(t—1)], t>t (6)

where #; is the time at which the cooling leg is
completed, g the cooling rate, m the heating rate, A
the amplitude of the temperature modulation and o is
the radian frequency of the modulation. For the heat-
ing leg, the instantaneous heating rate, which is used in
Eq. (2) to compute the heat flow, is given by

dr

T + Awcos[o(t —1)], t>1 (7

3. Description of simulated experiments and data
analysis

Here we used model parameters for polystyrene in
our calculations, and these are reported in Table 1. The
values were taken from the literature [12,21,22] with
the exception of the heat capacity data for polystyrene
which was obtained in one of our laboratories [23].

The calculations were performed for cooling rates
ranging from 0.01 to 30.0°C/min and for heating rates
of 1.0, 2.0, and 5.0°C/min. The modulation amplitude
during heating was 1.0°C in all cases. The modulation
period (=2n/w) varied from 16 to 256 s. 64 data points
were recorded per cycle. For comparison purposes,
calculations were also performed to simulate DSC
results using the same cooling and heating rates but
without modulation.

The fast Fourier transforms [24] were performed on
the TMDSC simulated data over one modulation cycle
(64 points) for the sinusoidal temperature, sinusoidal

Table 1
Parameters used in model calculations

Material Polystyrene
T, (K) 373.2%
AR/R (K) 80000°
x 0.46°
B 0.71°
In(A/s) —216°
Cpe J/gK) at T, 1.52°
Cp (J/gK) at T, 1.77°

* From [21].

® From [14].

¢ From [23].
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heat flow, and sinusoidal heating rate. We performed
sliding transforms, and hence a transform is made for
every point. The average temperature was obtained
from the DC component of the temperature and the
average (or total) heat capacity was obtained from the
DC value (or average) of the heat flow (P) divided by
the average or underlying heating rate m:
(P)

Cp.ave = ? (8)

The reversing heat capacity was obtained from the first
harmonics of the heat flow and heating rate, A, and A,
respectively:
A A
C =2 =2 9
e = T oA )
where A is still the amplitude of the temperature
perturbation. The non-reversing heat capacity is the
difference between the two:

Cp,non = Cp,ave - Cpﬁrev (10)

The midpoint in the step change of the reversing
heat flow is defined by us as T ... This TMDSC value
of the glass transition temperature as a function of the
modulation period is compared with the value of 7,
obtained from isothermal linear calculations which are
described below. We also examine the change in heat
capacity at Ty, AC,, for both the total heat flow and
from the reversing heat flow. We are interested both in
the value of AC, and in the apparent temperature
dependence which arises when C,; and C,, do not
have or appear to have the same temperature depen-
dence.

From the non-reversing heat flow, we calculated the
area of the peak in the non-reversing heat flow, AH,,,
using a sloping baseline (line drawn between the
temperatures at the beginning and end of the peak).
This enthalpy change is compared to that expected,
AH,, based on the value of the fictive temperature of
the glass after cooling, T%,:

AH, = AC,(T, — Tro) an

The value of T, in Eq. (11) is taken to be the linear or
theoretical value and the value of AC,, is that used to
perform the calculations.

As alluded to above, we also carried out isothermal
linear calculations at temperatures ranging from 91 to
102°C using modulation amplitudes of 0.1°C and

periods ranging from 0.1 to 800 s to determine the
theoretical dependence of the glass temperature on the
modulation period. Because of the small modulation
amplitude, in such calculations Ty=T and Eq. (4)
becomes

Ah

Intg = 1HA+E (12)

This results in a linear response and the calculations
are the same as those used to simulate dynamic heat
spectroscopy data and are similarly analyzed in terms
of a storage and a loss heat capacity, C;, and C;) [25]:

C, = Cycosd (13)
! = Gysind (14)

where 0 is the phase lag between the heat flow P and
the rate of temperature change d77/dz.

4. Results

We first discuss the results of the linear isothermal
calculations since these are compared to the TMDSC
results. Fig. 3 shows C, and C;) vs. the logarithm of the
modulation period for temperatures of 91, 93, and
95°C. At a given temperature, C; increases from the
value of the glass heat capacity at short periods to the
value of the liquid heat capacity at long periods.
Correspondingly, CZ goes through a maximum. The
glass transition at a given temperature is defined to
occur at the modulation period (frequency) where the
maximum in the loss heat capacity occurs. As
expected based on Eq. (4), there is a linear relationship
between the glass temperature and the logarithm of the
modulation period:

A/ 1 1
In(period) = In(period 3 T,
n(perlO ) n(peno )Tg,rcf + R <Tgyref Tg>

15)

This relationship will be shown in graphical form later
where it is compared to the T, obtained from TMDSC
simulations. First we describe the TMDSC results in a
more qualitative way.

Fig. 4 shows the results for the simulated TMDSC
response of polystyrene to an underlying heating rate
of 1°C/min after being cooled at 0.1°C/min. The
modulation period was 64 s. The reversing, non-rever-
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Fig. 3. Dynamic heat capacity quantities C;) and C!’,’ vs. logarithm of modulation period for polystyrene calculated from the Tool—
Narayanaswamy equation of structural recovery. Temperature: ([J) 95°C; (O) 93°C; (@) 91°C.

sing, and average (or total) heat flows are shown in
units of heat capacity J/g K; the heat flow can be
obtained by multiplying the heat capacities by the
underlying heating rate. Both the reversing and non-
reversing curves are smoothed. The simulated DSC
response using the same experimental conditions but
no modulation is also shown as a dotted line. Compar-

3.0

ing the TMDSC average heat capacity with the ana-
logous DSC result demonstrates that the modulation
did not significantly distort the material response for a
heating rate of 1°C/min.

For the case presented in Fig. 4, the material shows
an enthalpic overshoot of moderate size in the vicinity
of the glass temperature. From the reversing heat

; q=0.1°C/min Total 7:
[ m=10°C/min <, solid: TMDSC ]
25k P=64s dotted: DSC ]
Total, ; ;
Reversing 20 =
Cp (J/g/K) - L
1.5 }:_W— —_— Reversing { 1.0
- , o5
" Non-reversing ] .
B ] Nonreversing
RS - 100 Cp WK
| L L by | T B -0.5
75 80 85 90 95 100 105
T (°C)

Fig. 4. Total, reversing, and non-reversing heat flow, in heat capacity units, for simulated polystyrene data for an enthalpy overshoot. The total
heat flow is offset by 0.5 J/g K for clarity. The results of the analogous unmodulated DSC simulation are also shown.
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Fig. 5. Total, reversing, and non-reversing heat flow, in heat capacity units, for simulated polystyrene data for an enthalpy undershoot. The
total heat flow is offset by 0.5 J/g K for clarity. The results of the analogous unmodulated DSC simulation are also shown.

capacity in Fig. 4, a value of 93.5°C is obtained for
Ty rev from the midpoint of the step change. This is
similar to the value of T, of 93.4°C that we expect
based on our isothermal linear simulations. From the
non-reversing heat capacity, we obtain the enthalpy
change due to relaxation during cooling, AH,,, of
2.7 J/g. The value of AH, expected was 2.8 J/g. The
agreement between the values of T, and T, ., and
between AH, and AH,,,, indicate that for this case the
assumptions in the TMDSC data analysis described
previously lead to no significant errors.

Fig. 5 shows the second case in which a small
enthalpy undershoot below the glass temperature is
present. In this case, the simulated experiment
involved cooling at a higher rate, 30°C/min, followed
by heating at an underlying rate of 1.0°C/min. The
modulation period is 64 s. Again, the average, rever-
sing, and non-reversing heat capacities are shown
along with the heat capacity from a simulated DSC
experiment using the same experimental conditions.
Similar to the data for an underlying heating rate of
1°C/min, the average heat capacity from TMDSC for a
heating rate of 0.1°C/min is undistorted compared to
the DSC response.

From the reversing heat capacity in Fig. 5, the value
of Ty rey is 93.1°C compared to the expected value of
93.4°C. The area under the non-reversing heat flow,
AH, ., is 1.4 J/g, whereas the expected area is 0.5 J/g.
The difference is attributed to the fact that the enthalpy

undershoot results in a broad exothermic relaxation
peak at temperatures below T,; in Fig. 5, this is
observed as the area below the dashed line at 0.0 J/
g K. Using a sloping baseline, thus, overestimates the
non-reversing heat flow because it neglects the broad
exotherm which should be subtracted from the total
area. In the simulation, we can obtain results much
closer to the correct answer (0.3 J/g) by integrating
from zero over the entire temperature range rather than
using a sloping baseline. In a real experiment, how-
ever, the value of the non-reversing heat flow is not
zero in the absence of kinetic events; rather its value
depends on the heat capacity calibration and the
stability and curvature of the baseline. Consequently,
it is not possible in a real experiment to obtain the
correct value for AH, for this case where there is a
small enthalpy undershoot.

The situation is worse for larger undershoots as we
show a little later. Fortunately, however, there are
characteristic features present in the TMDSC scans
that indicate that an undershoot is present and that the
value of AH,,, may have substantial error. These
features include (1) the need to use a sigmoidal base-
line in order to have the baseline tangent to the non-
reversing heat flow on either side of the peak, and (2) a
difference in the apparent temperature dependence of
AC, measured from the total and reversing heat flows.
For example, for the case shown in Fig. 5, AC,
determined from the reversing heat flow is constant
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Fig. 6. Total, reversing, and non-reversing heat flow, in heat capacity units, for simulated polystyrene TMDSC data for a case with less than
four cycles through the transition. The total heat flow is offset by 0.5 J/g K for clarity. The results of the analogous unmodulated DSC

simulation are also shown.

and equal to the correct value of 0.25 J/g K. AC,, from
the total heat flow is somewhat ambiguous, but if the
tangent is taken far from 7, in the region where the
glass heat capacity appears to be constant, a value of
0.32J/g K is obtained for AC, at Ty, which is sig-
nificantly higher than the correct value of 0.25 J/g K.
The third case we examine is that in which the
heating rate is high relative to the modulation period.
Fig. 6 shows the results for simulated TMDSC data for
polystyrene cooled at a slow rate, 0.1°C/min, but now
having an underlying heating rate of 5°C/min. The
period is 64 s. The average, reversing, and non-rever-
sing heat capacities are shown, along with the simu-
lated DSC response using the same experimental
conditions. An enthalpy overshoot is observed as
expected since the cooling rate is significantly lower
than the heating rate. However, unlike the data shown
in Figs. 4 and 5, calculated for an underlying heating
rate of 1°C/min, the average heat capacity is substan-
tially distorted compared to the DSC response. This
might be expected because the glass transition is
approximately 10°C wide and for a modulation period
of 64 s and a heating rate of 5°C/min, less than two
modulation cycles occur in the transition region.
Even though the heat flow is distorted by the
modulation, we still obtain a value of 93.9°C for
the midpoint of the reversing heat flow compared to
the expected value of 93.4°C. On the other hand, the

value of the area under the non-reversing heat flow,
AH,on, 1s 1.8 J/g compared to the expected value of
2.8 J/g. Simply changing the period to 16 s resolves
this problem: Ty, is 96.6°C comparable to the
expected value of 95.7°C, and AH,, is 3.4 J/g and
is equal to the expected value.

5. Discussion

In the above, we described three cases that are
encountered in TMDSC experiments: that of an
enthalpy overshoot, an enthalpy undershoot, and a
case in which the heating rate distorts the heat flow.
In all cases discussed, the value of T, obtained from
the reversing heat flow was comparable to that
expected from the linear simulations. The results from
all of our simulations are shown in Fig. 7 in a plot of T
and Ty, vs. modulation period. In the figure, we
differentiate the simulations in which there were more
than four cycles through the transition and those in
which there were not. The expected trend of a decreas-
ing glass transition temperature with increasing period
(decreasing frequency) is observed for both the linear
isothermal calculations and for the TMDSC simulated
data. T, is within 1.0°C of 7, for experimental
conditions where there are at least four cycles through
the transition. Larger errors can be observed when
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expected frequency dependence of the measured 7.

there are not adequate cycles through the transition as
shown.

Errors of 1°C or less in the measurement of the glass
transition temperature are not significant in many
applications. More important than the fact that T rey
approximates T is that since the reversing value does
not have enthalpy overshoots or undershoots asso-
ciated with it, it is actually more representative of
the material than if a glass transition temperature were
erroneously obtained from a scan that contained an
enthalpy overshoot or undershoot. For example, if the
peak temperature or the midpoint from the total heat
capacity in Fig. 4 were used erroneously to calculate
T, the value would be off by considerably more than
1°. For the case shown in Fig. 4, the value would be
low. However, annealing peaks can occur up to 20 or
30°C above T, giving erroneously high values of T,.
Thus, we suggest that TMDSC is a practical and useful
tool for obtaining T,. Our conclusions are consistent
with the experimental work of Boller et al. [26]. These
researchers reported that the glass transition tempera-
ture of polystyrene could be measured on heating in
TMDSC and that it depended on the modulation
period and only weakly on the thermal history or
degree of aging of the sample.

In the three cases described in the current work, the
error in the area of the non-reversing heat flow is
insignificant for the enthalpy overshoot when ade-

quate cycles through the glass transition are present
and when there is no significant enthalpy undershoot.
When an enthalpy undershoot is present, on the other
hand, the magnitude of error depends on the ratio of
the cooling rate to the heating rate (g/m) because that
governs the magnitude of undershoot. However,
examination of Eq. (11) shows that the absolute value
of AH, should only depend on the logarithm of the
cooling rate and on the period in TMDSC. The cooling
rate fixes T, and the period fixes 7. The relationship
between AH, and log g for data simulated using a
period of 64 s are shown in Fig. 8 along with the
expected value based on Eq. (11). For low g where
enthalpy overshoots occur, the values of AH, are
nearly the same as the theoretical values; above a
cooling rate of approximately 10°C/min, the error
progressively increases as the degree of undershoot
increases.

The trend of increasing error in AH, with the ratio of
the cooling to heating rates (g/m) is shown more
clearly as a function of the g/m in Fig. 9 for all the
simulated data. Also shown in the figure is the error
range for AH, obtained from repeat experiments in
conventional DSC using two sequential heating scans.
The typical error in conventional DSC is on the order
of 0.1J/g (0.05 cal/g); see for example [27] for the
scatter in AH, obtained in conventional DSC. For data
in which there are less than four cycles in the transition
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the error is generally substantially greater than this
value. At low g/m, errors in AH, from TMDSC are
relatively small but the scatter is greater than 0.1 J/g
even when sufficient cycles are present through the
transition. On the other hand, at high g/m, the error
increases linearly with log(g/m).

It should be clear from examination of Fig. 5 and
from the discussion, that the error at high g/m is due to
the presence of an undershoot and hence AH,,,, is not
correctly calculated. The origin of the error at low g/m,
although not as large, is also of interest. This error may
in part be due to ringing in the first harmonic of the
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Fig. 9. Error in non-reversing heat flow as a function of the logarithm of the ratio of the cooling and heating rates. The typical error obtained

in conventional DSC using two sequential scans is +0.1 J/g.
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Fig. 10. Systematic change in reversing heat flow as a function of the magnitude of the enthalpic overshoot.

Fourier transform which has been attributed by Wun-
derlich et al. to a Doppler-like effect due to the
temperature ramp [28]. The primary source of error,
however, arises from the erroneous assumption that
the reversing heat flow can be represented by the first
harmonic; in other words, the step change at the glass
transition contributes only to the first harmonic in the
heat flow and that the structural recovery leading to the
annealing peak does not. If this assumption were valid,
we would expect to obtain the same reversing heat
flow for a given period independent of the magnitude
of the enthalpy recovery peak. In Fig. 10, we show that
the reversing heat flow depends in a systematic way on
the value of g/m (or the magnitude of AH,) with a shift
in the step change in T to higher temperatures as g/m
decreases. A similar trend was observed but not dis-
cussed by Boller et al. [26]. Also consistent with our
results, Wunderlich et al. have noted in subsequent
publications that there is a contribution from the
second harmonic to the reversing heat flow which
results in an error in the reversing heat flow [28,29].

We showed in our earlier work [11] that the degree
of non-linearity in the TMDSC data was related to the
magnitude of the excess enthalpy annealing peak
while comparing simulated data for the same scan
rate and different cooling rates and indicated that
caution needed to be used when interpreting TMDSC
data due to the non-linearity. Here we have quantified
the errors and have shown that the T, is within

1.0°C of the expected value for experimental condi-
tions where there are more than four cycles through
the transition. On the other hand, the error in AH,
arises from three sources: enthalpy undershoots, con-
tributions of structural recovery to the first harmonic,
and interactions between the dynamic measurements
made during a temperature ramp when the a low
frequency probe is coupled with a high scanning rate.

6. Conclusions

Structural recovery in polymeric glass formers
gives rise to the rich behavior observed during heating
through the glass transition. For example, heating after
slow cooling leads to an annealing peak or enthalpy
overshoot in DSC heating experiments. Similarly,
enthalpy undershoots are observed when the material
relaxes during heating after fast cooling. One common
model for describing these phenomena is the TNM
equation. Here we used the TNM equation to simulate
typical TMDSC data for various cooling and heating
rates and modulation periods. We analyze the data
using a fast Fourier transform to obtain the average,
reversing, and non-reversing heat flows. The non-
reversing heat flow is used to compute the fictive
temperature of the aged glass and the enthalpy of
aging and these are compared to the values expected
from the input simulated data. The errors associated
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with the data analysis were thus quantified and were
used to test the primary assumption underlying ana-
lysis of TMDSC data — that the kinetics associated
with a heat flow event show up only in the non-linear
component of the heat flow signal and that the under-
lying change in the heat capacity is reflected only in
the linear portion, i.e., the first harmonic of the heat
flow signal. The assumption was found to break down
in the glass transition region when there are enthalpy
overshoots or enthalpy undershoots. In all cases,
however, the glass temperature approximated from
the reversing heat flow is a function of the modulation
period and is independent of the cooling and heating
rates giving a value for the glass temperature to within
1°C for a given period as long as four cycles are
present in the transition region.

Although different instrument manufacturers use
different methods of controlling or measuring the heat
flow or different waveforms in their temperature
modulation,. . ., we suggest that our analysis relevant
to all TMDSC type instruments whenever the data
analysis assumes that the reversing heat flow can be
represented by the first harmonic in the heat flow
response.
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