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Abstract

The glass transition temperature of thermosets is determined by alternating differential scanning cal-
orimetry (ADSC), which is a temperature modulated DSC technique. The different values of the
glass transition obtained from heat flow measurements (total and reversible) and heat capacity
(modulus of the complex heat capacity) are analysed and compared with the values obtained by con-
ventional DSC. The effect of the sample mass on the values of Ty, heat capacity and phase angle has
been analysed. The effect of the thermal contact between sample and pan has been studied using
samples cured directly inside the pan and disc-shaped samples of different thickness. The results ob-
tained for the thermal properties and the phase angle are compared and analysed. The modulus of the
complex heat capacity enables the determination of the dynamic glass transition, Tyq, Which is fre-
quency dependent. The apparent activation energy of the relaxation process associated with the glass
transition has been evaluated from the dependence of Ty on the period of the modulation.
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Introduction

The study of the glass transition of polymers is of great importance in the character-
ization of their thermal properties. One of the most widely used techniques to deter-
mine the glass transition is differential scanning calorimetry (DSC), but as a conse-
quence of the kinetic nature of this transition, some precautions must be taken in its
analysis. Thus, the value of the glass transition temperature depends on the thermal
history of the sample. These problems and how to prevent them have been widely dis-
cussed in many books on fundamental calorimetry and thermal analysis [1-3].
More recently, temperature modulated differential scanning calorimetry
(TMDSC) has received considerable attention since its introduction in 1993 [4—6].
This technique is based on the addition of a periodically varying temperature modula-
tion to the linear heating (or cooling) rate, which has been applied extensively in the
study of the glass transition [7]. One of the benefits of TMDSC is that it provides ad-
ditional information on the glass transition, such as the determination of the dynamic
glass transition, which depends on the frequency of the modulation. However, as the
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technique measures a heat flow which varies periodically, special care must be taken
with respect to conventional DSC.

The aim of the present work is to measure the glass transition temperature (7,) of
thermosets by alternating differential scanning calorimetry (ADSC), which is a tem-
perature modulated DSC technique, and also to show the effect of the sample size, by
using samples of different mass, and the thermal contact between the sample and the
pan, by using disc-shaped and pan-cured samples. The dynamic glass transition 7q,
determined from the modulus of the complex heat capacity \Cp*| was determined in
both samples and the effect of the frequency on Tyq is also analysed.

Alternating differential scanning calorimetry (ADSC)

ADSC is based on temperature modulation during a constant heating (cooling) rate,
an idea that was initially proposed by Reading et al. [4—6]. In the non-isothermal ex-
periments, the temperature 7 is programmed as a sinusoidal modulation of amplitude
Ar and frequency w (radian s'):

T:To+th+AT Sin((.k)l‘) (1)

where T is the initial temperature and g is the underlying heating rate. The depend-
ence of the heating rate on time is:

q = qo+ At W cos(wr) 2

From Eq. (2) it follows that the heating rate is obtained from the experimental
parameters ¢, Ar and 0. The maximum and minimum values of ¢ are obtained at the
conditions of ¢uma.=qgo+ATwW and gnin=qo—A1W, respectively. An increase of the fre-
quency and the temperature amplitude gives higher absolute values of ¢. At the same
time, the absolute value of g increases with the underlying heating rate. The choice of
these parameters is an important feature in order to obtain optimum conditions in
TMDSC.

As a consequence of the periodical variation of g, a periodic heat flow signal is
obtained which is shifted by a phase angle & with respect to the heating rate. The Fou-
rier transform of the cycles of the heating rate and the heat flow gives the following

quantities:
q0 underlying heating rate
<HF> average or total heat flow
At amplitude of the temperature modulation
Anr amplitude of the heat flow modulation
0 phase angle between heat flow and heating rate

The average value of heat flow, also called total heat flow, is very similar to the signal
obtained by conventional DSC at the same heating rate. The ratio of this quantity and
qo defines an average or underlying heat capacity which practically corresponds to
that obtained by conventional DSC [5, 8, 9]:
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<c, >_<HF > 3)
9,
Adopting the approach suggested by Schawe, based on linear response theory [10],
a complex heat capacity may be defined

C,=C; -iC} 4)

where C| is tl*le in-phase heat capacity, and C| the out-of-phase heat capacity. The
modulus of C | is:

— AHF
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where 4 is the amplitude of the heating rate modulation (4,=41W). The in-phase and
out-of-phase heat capacities are defined as follows:

C, =|C,| cosd (6)
C, =|C,|sind @)

Alternatively, the approach of reversing and non-reversing heat flow [4—-6] defines the re-
versing heat flow, HF ., as |C; |go » which one must multiply by —1 if heat flow is re-
corded with the endothermic direction downwards [11]. The non-reversing heat flow is
defined as the difference between the total heat flow and the reversing heat flow.

These two methods of evaluating TMDSC data have been compared by Schawe
[12] and the reversing component of the heat capacity has been identified with the modu-
lus of the complex heat capacity, |C_|. In the case of the glass transition, the phase angle is
very small, thus according to Eq. (63 the values of |C : |and C are indistinguishable. Sim-
ilarly to the definition of non-reversing heat flow, the difference between the underlying
heat capacity and the reversing component (equivalent to |C ; |, or C, in the glass transi-
tion) gives a non-reversing component of the heat capacity. This non-reversing compo-
nent is not the same as the out-of-phase component of the heat capacity C} [9, 12].

Experimental

An epoxy-amine resin and an epoxy-anhydride resin were used. The epoxy-amine was
obtained from a commercial epoxy based on diglycidyl ether of bisphenol A (Araldite F
from CIBA Speciality Chemicals), with an epoxy equivalent of 188.3 g equiv.”, cured by
a triamine of polyoxypropylene (Jeffamine T-430 from Huntsman Corporation) at the
stoichiometric ratio. The fully cured epoxy-amine (named FJ403) was obtained by curing
for 3 h at 60°C together with a post-cure of 2 h at 180°C. The epoxy-anhydride was a
commercial epoxy based on diglycidyl ether of bisphenol A (Araldite CY225 from CIBA
Speciality Chemicals), with an epoxy equivalent of 200 g equiv.”, cured by a carboxylic
anhydride derived from methyltetrahydrophthalic anhydride with accelerator (HY 225
from CIBA Speciality Chemicals) at the stoichiometric ratio. The fully cured epoxy
(named CY225) was obtained by curing at 130°C for 12 h and at 160°C for 2 h.
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The TMDSC measurements were performed by a Mettler Toledo 821e with an
intracooler, and the ADSC evaluation of Mettler Toledo STAR" software was used.
The temperature and heat flow calibrations and the determination of the time constant
of the sensor were performed by standards of indium and zinc.

The usual modulation conditions used were an amplitude of 0.5 K and a period
of 1 min, and an underlying heating rate (or cooling rate) of 1 K min". In these condi-
tions, the maximum and minimum heating rates are 4.14 and —2.14 K min ', respec-
tively. In order to calibrate the heat flow signal, to correct the amplitude and elimi-
nate the cell asymmetry a blank with an empty pan on the reference side and an empty
pan plus a lid on the sample side was performed before the sample measurement.
Conventional DSC measurements were performed using the same calorimeter at a
heating rate of 10 K min .

In both calorimetric experiments, DSC and ADSC, standard aluminium pans
were used. The experiments were performed on samples cured directly inside the pan,
where the mass was about 10 mg, and also on samples previously prepared as plates
of different thickness and cut as discs of mass between 7 and 30 mg. The characteris-
tics of these samples are indicated in Table 1.

Table 1 Nomenclature, sample form, mass and glass transition temperature by conventional DSC
of the epoxy-amine (FJ403) and epoxy-anhydride (CY225) resins

Epoxy resin Code Sample form Mass/mg T, /°C*
FJ403 P7 Cured inside pan® 10.58 84.6
FJ403 P10 Cured inside pan® 10.05 83.5
FJ403 P16 Cured inside pan® 9.85 83.9
FJ403 P22 Cured inside pan® 9.97 84.8
FJ403 A disc” 7.88 83.3
FJ403 B disc” 16.3 86.9
FJ403 C disc® 30.41 86.8
CY225 CY225 disc” 12.15 107.9

*Sample cured directly inside the aluminium pan
*Sample cured as a plate and cut in discs

“Midpoint glass transition by conventional DSC at a heating rate of 10 K min "'

In order to ensure the same thermal history in the determination of the glass tran-
sition, the sample was heated 20°C above 7, for 5 min and then quenched to a temper-
ature well below 7, (about 7,—60°C). The sample was then immediately reheated at
the indicated heating rate and 7, was measured during this scan. The determination of
T, by cooling was performed at the indicated cooling rate from a temperature of about
40°C above T, to a temperature well below T,,. As is usual in calorimetry, 7 is as-
signed to the temperature at which the specific heat capacity is midpoint between its
glassy and liquid values during a heating (or cooling) scan at the indicated experi-
mental conditions. This temperature is usually called midpoint glass transition, T,
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Results and discussion

Glass transition of the fully cured epoxy from ADSC signals

The glass transition temperature has been evaluated by ADSC from both the heat
flow signal and heat capacity measurements. As pointed out above, the 7, determined
from the total heat flow signal is practically equal to the value obtained by conven-
tional DSC at the same heating rate. Figure 1 shows the total heat flow signal ob-
tained in the epoxy resin cured inside the pan by ADSC at 1 K min"'. As was ex-
pected, the midpoint glass transition temperature from the total heat flow, at
1 K min', is lower than that obtained by DSC at 10 K min ', as shown in Table 2.
Figure 1 also includes the reversing heat flow signal HF,.,, the modulus of the com-
plex heat capacity |C ;| and the in-phase heat capacity C; .

W

REVERSING HEAT FLOW

EIIDO Tgy=81.7°C TOTAL HEAT FLOW

" Cp IN-PHASE

-0.37

50 60 70 80 90 100 110 ToC

Fig. 1 Heat flow and heat capacity curves of the fully cured epoxy resin FJ403 (sample
P22) in the glass transition region, obtained at an underlying heating rate of
1 K min™', 0.5 K of amplitude and 1 min of period: total heat flow and reversing
heat flow, modulus of the complex heat capacity and in-phase heat capacity. The
values of the glass transition temperature determined in the total heat flow and
‘CP‘ curves are indicated

However, the heat flow signal from ADSC shows ripples superimposed on the
underlying signal, which introduces an inaccuracy into the measurement of the mid-
point 7,. The frequency and size of these ripples depends on the modulation condi-
tions, and their origin is a consequence of the Fourier transform of the modulated heat
flow signal in the ADSC procedure [13, 14]. They are also always present in the other
ADSC signals, such as the reversing heat flow, the complex heat capacity values and
the phase angle in the glass transition measurements, unless a data smoothing routine
is used. A theoretical analysis of the glass transition by TMDSC using a sin-
gle-parameter theoretical model shows these ripples in the total C,, C;, C; and 0
(Fig. 1 of [9]). Similarly, Wunderlich and Okazaki [15], using a model based on the
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Fig. 2 Modulus of the complex heat capacity for the epoxy resin FJ403 cured inside the
pan (sample P22) and in discs (sample disc B) obtained by heating (solid line)
and cooling (dashed line). The heat capacity scale is relative. The modulation
conditions were go=1 K min’l, A1=0.5 K and #,=1 min

hole theory, show periodic changes in the total C, and first harmonic component (‘re-
versing’ heat capacity) curves (Fig. 3 of [15]).

Table 2 Average values of the glass transition temperature of the fully cured epoxy FJ403 cured
inside the pan determined by DSC and ADSC

.- a) /o o ) /o Averaged
q/K min' T ™/°C Tm®/°C T °C o S%,)

DSC 10 79.240.8 84.240.6 89.3+0.4 4©
ADSC, [C| 1 79.8+0.5 84.7+0.7 89.4+0.9 50
ADSC, [C| -1 90.4+0.6 84.2+0.8 78+1 20
ADSC, HF 1 79.9+0.5 84.9+0.5 90.2+0.7 50
rever.

é)glsc, HE 1 77.6+0.8 82.4+0.8 86.5+0.8 50

ADSC: modulation of 0.5 K and 1 min

@ w0 — Onset glass transition temperature

o7 om — glass transition temperature at the midpoint between the glassy and liquid values
©r, we — endset glass transition temperature

ONumber of scans averaged to obtain the indicated value of 7, £

©Scans of samples P5, P10, P16 and P22

®Scans of samples P10 and P22

The glass transition temperature may be determined by complex heat capacity mea-
surements. The modulus of the heat capacity |C;| shows a sigmoidal signal in the glass
transition region. The dynamic glass transition is defined by the temperature at the mid-
point heat capacity change, T,y (Fig. 1). This variation in |C ; | may be justified in terms of
the relaxation time of the chain segments <t> [9, 16, 17]. At a temperature below the
glass transition region, <t> is much longer than the cycle period, t,, and the amplitude of

the oscillating part reflects a glassy response giving a |C ; |¢ value. At a temperature above
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the glass transition, <t> is shorter than f, and the system shows a \C | of the liquid state
wh1ch is higher than |C |o- In the transition interval, the heat capacity increases from |C le
to |C liand there is a temperature where <t>=,,. This is the dynamic glass transition tem-
perature 7, which may be estimated at the mldpomt of the change of |C |. This Tgq de-
pends on the frequency of the modulation w. An increase of w corresponds to a decrease
in ¢, and gives a higher 7,4. This dependence will be analysed below.

As the modulus of the complex heat capacity |C;| is used to evaluate the HF
multiplied by the underlying heating rate, it follows that the value of 7,4 is equal to
that obtained from HF,, which is confirmed by the values shown in Table 2 (7 is
84.2+0.8 and Ty, from HF,, is 84.9£0.5).

In the samples cured inside the pan, the experiments performed by cooling give
values of T, which are practically equal to those obtained by heating at the same rate,
as shown in Table 2. Moreover the shape of the |C | curve obtained by heating is
practically identical to the |C | curve obtained by coohng (sample P22 in Fig. 2). In
contrast, in the case of the drsc -shaped samples, a slight difference is observed in the
shape of |C ;| during heating and cooling scans (sample disc B in Fig. 2).

In the glass transition measurements, the phase angle is very small and therefore,
according to the definition of the in-phase heat capacity, C;, given by Eq. (6), the
modulus of the complex heat capacity is practically equal to C}. This behaviour may
be clearly observed in the epoxy sample cured inside the pans shown in Fig. 1, where
the phase angle is between —0.05 and —0.14 radians, and cosd=l, resulting in a coinci-
dence of \C;| and C, curves. Figure 3 shows the values of the uncorrected phase angle
of this sample. On the other hand, C; shows a peak in the glass transition region
(Fig. 3), the area of which may be related to the entropy generation due to the irre-
versibility of the process [18].

gg-lecl

I
-0.107

-0.157
Cp OUT-OF-PHASE

-0.207

rad

PHASE ANGLE
-0.127

-0.147
55 60 65 70 75 80 85 90 95 100 105 110 115TeC

Fig. 3 Curves of the uncorrected out-of-phase heat capacity and uncorrected phase an-
gle for the epoxy FJ403 cured inside the pan (sample P22). The modulation con-
ditions are the same as in the above figures: go=1 K min™', 4;=0.5 K and
t,=1 min

J. Therm. Anal. Cal., 59, 2000



296 MONTSERRAT: GLASS TRANSITION OF THERMOSETS
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PHASE ANGLE
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Fig. 4 Heat flow (total and reversing), heat capacity (|C ;\, C; and C}) and phase angle
curves of an epoxy resin FJ403 partially cured inside the pan (cured 24 h at

50°C) obtained at 1 K min™, 0.5 K of amplitude and 1 min of period. The heat
flow, heat capacity and phase angle scales are relative
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Fig. 5 Dependence of the midpoint glass transition temperature obtained from the heat
flow on the sample mass using samples of different thickness (samples A, B and
C): values obtained by conventional DSC at 10 K min™" (0 and from the total
heat flow signal obtained by ADSC at 1 K min ' (%). The filled symbols corre-
spond to a sample cured directly inside the pan (sample P22). The modulation
conditions were 0.5 K and 60 s. The lines are a guide for the eye

In samples submitted to physical ageing, the total heat flow signal shows the typical
endothermic peak, while the reversing heat flow does not show any relaxational effect.
This effect is shown in Fig. 4 in the epoxy FJ403 partially cured at S0°C for 24 h, result-
ing in a conversion of 85%. The glass transition temperature of this epoxy is 63.5°C and
has been aged at 50°C after vitrification of the system, which takes place at 7.9 h [19].
The variation of |C ; | is also sigmoidal, as in non-aged samples, but a more abrupt change
of |C ; | in the glass transition is seen. The interval of the glass transition measured by the
difference between the extrapolated endset and onset temperatures is about 2°C in the
partially cured epoxy, whereas it is about 10°C in the fully cured epoxy. This effect has
also been observed in the physical ageing of the fully cured epoxy CY225 [20].
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Effect of mass and thermal contact between sample and pan on the glass transition

All the values of the glass transition temperature shown in the preceding section were
referred to epoxy samples of practically the same mass and cured inside the pan,
which ensures a very good thermal contact between the sample and the bottom of the
pan. Let us now describe the effect observed on the glass transition when disc-shaped
samples of different mass were used.

A dependence of the glass transition temperature, 7, obtained by DSC at
10 K min"' on mass is observed in Fig. 5. The Ty, increases from about 83 to 87°C
when the mass changes from 8 to 30 mg. In a set of melting experiments using indium
samples of masses between 6 and 38 mg, the onset temperature was practically con-
stant, showing values of about 156.5°C. Taking into account the different thermal
conductivity of the epoxy and indium samples, the dependence observed in the epoxy
resin is attributed to the low thermal conduction coefficient.

The results of Ty, obtained by ADSC from the total heat flow also show a simi-
lar dependence on the mass, but these values are lower than those obtained by con-
ventional DSC as a consequence of the lower heating rate (Fig. 5). The dynamic glass
transition temperature 7, obtained from the midpoint in the |C;| signal, also shows
an increase with mass tending to constancy for masses higher than 16 mg (Fig. 6).

87 r ———
§---7777T77g
/’/ _____ a_
. a_-—--- a
© 85 | e -
-~ 7
2 /4
XA
s P22
83 - la
81 .
0 5 10 15 20 25 30 35
m/mg

Fig. 6 Dependence of midpoint glass transition temperature obtained from heat capac-
ity measurements on the sample mass using samples of different thickness (sam-
ples A, B and C). Values obtained by ADSC at 1 K min™" for |C;| (B and C; (9).
The filled symbols correspond to sample P22 (epoxy cured directly inside the
pan) where \C;\ is practically equal to C,. The modulation conditions were 0.5 K
and 60 s. The lines are a guide for the eye

In disc-shaped samples of different thickness, the 7, determined from the mid-

oint in the in-phase heat capacity C, is slightly higher than the 7, determined from

C ‘ This difference is between 1 and 1.5°C (Fig. 6). As shown below this difference

is a consequence of the hlgher phase angle & which means that cosd <1, and C be-

comes different from \Cp| In contrast, in samples cured inside the pan, the phase an-

gle is very small and 7, determined by C| is practically equal to 7, obtained by IC: »las
shown in Fig. 6.
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Table 3 Values of |C;\ inJ (g K)™" at 50 and 110°C for heating and cooling scans for different
samples of the epoxy FJ403

Heating scans Cooling scans
Sample ICJgat 50°C Clliat 110°C C}J, at 50°C CoJiat 110°C
A 0.93 1.48 1.25 1.78
B 0.91 1.46 1.23 1.73
C 0.96 1.47 1.30 1.77
P10 1.15 1.81 1.16 1.80

The curves of |C ;| obtained by cooling show practically the same value of Ty as in
the heating scan (differences not higher than 0.5°C have been observed), but the shape is
different when disc- shaped samples are used, as shown in Fig. 2. Table 3 shows the dif-
ferences observed in |C |o and |C | in these samples. In the zone of the glassy state, at

50°C, the values of |C |g in the heatmg scan are about 0.3 J (g K)™' lower than in the cool-
ing scan, as shown in Table 3. A similar difference is observed in the zone of the liquid
state at 110°C. These differences were observed for all the disc-shaped samples, but are
practically negligible for samples cured inside the pan. Table 3 also shows that the values
of |C ;| in the glassy (or in the liquid state) for disc-shaped samples are practically con-
stant in the mass interval analysed in this work (7 to 30 mg). However, Wunderlich et al.
have found a strong dependence of |C ;| on mass for samples of sapphire standard higher
than 60 mg (Fig. 7 in [21]).

Phase angle in the glass transition region

The phase angle measures the shift of the modulated heat flow signal with respect to
the heating rate. In an ideal system with an infinitely good heat transfer, ® must be
zero if there are any thermal events. In the glass transition region there is a delay of
the heat flow with respect to the heating rate and a variation of d is observed as a con-
sequence of the relaxation process. This variation has been simulated theoretically
using a single parameter model (Fig. 1 in [9]), and a peak in the phase angle signal is
observed in the glass transition region. This peak is frequency dependent as a conse-
quence of the relaxational behaviour of the glass transition.

The TMDSC experiments performed on polymers show a non-zero value of the
phase angle even in the glassy state or in the liquid state. This non-zero value of the
phase angle is due to the strong dependence of the phase angle on the heat conduc-
tance of the sample, and to the thermal contact between the sample, the bottom of the
pan and the thermometer of the calorimetric cell [22]. The phase angle also depends
on the modulation frequency and the heat capacity, and may be expressed as:

oome
tand,, :T (8)

and for small angles, as in the glass transition region (8<0.5 rad), it follows that
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wmnC,
0y = < (€))
where K is the heat conductance of the heat flow from the sample to the thermometer.
During the glass transition an additional phase angle 0, is superimposed onto . In
order to obtain the phase angle corresponding to the relaxation a correction method
has been introduced by Schick et al. [22]. This method has been adapted to ADSC
measurements by Hutchinson et al. [23].

rad |

-0.307 ISC A

-0.357

DISC B

1SC C

-0.45°7

50 60 70 80 90 100 110 1rec
Fig. 7 Uncorrected phase angle for the epoxy FJ403 in disc-shaped samples (samples

A, B and C). The modulation conditions were ¢;=1 K min’l, Ar=0.5 K and
;=1 min

The uncorrected or experimental phase angle for the epoxy FJ403 cured inside
the pan is shown in Fig. 3. The phase angle is negative and shows a peak in the region
of the glass transition. In the glassy state, the heat capacity increases quasi-linearly
with temperature (Fig. 1) and according to Eq. (9), the absolute phase angle |9|, shows
a similar linear variation as far as the glass transition region. In this zone, the varia-
tion of the phase angle due to relaxation is added to the phase angle due to the heat
transfer and |3| shows the above-mentioned relaxation peak. In the liquid state, the
phase angle |9, increases with respect to 9|, due to the increase of the heat capacity in
the liquid state. This different value confers an asymmetry to the peak.

The effect of mass and thermal contact on phase angle in disc-shaped samples
(discs A, B and C) is shown in Fig. 7. The peak associated to the glass transition is
broader than in the samples cured inside the pan, which may be attributed to a worse
thermal contact between sample and pan. It is also observed an increase of the abso-
lute phase angle with the sample mass (and sample thickness) due to the dependence
of &, on both the mass and the heat conductance inside the sample or between sample
and pan. Similar behaviour (not shown in this paper) of the disc-shaped and pan-
cured samples has been observed in the epoxy-anhydride system CY225.

In order to obtain a corrected phase angle, Schick’s method [22] was applied.
This method is based on the assumption that the baseline to correct the phase angle is
the change of the C; modulus, previously inverted and appropriately scaled. Figure 8
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ggtectt Tg,=84.7°C
1.57 . CORRECTED IN-PHASE Cp
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Fig. 8 Corrected curves of the in-phase and out-of-phase heat capacity and the cor-

rected phase angle of the same sample shown in Figs 1 and 3. The correction
was based on Schick’s method [22]

shows the correction of the C;, C7 and phase angle corresponding to the ADSC
curves shown in Fig. 1 above. It is observed that the value of 7, obtained from the
corrected C| in Fig. 8 is practically the same as that obtained from the uncorrected C|
in Fig. 1 due to the low value of the phase angle.

Dependence of Ty on the period of modulation

As mentioned above, the glass transition 7,q measured as the midpoint temperature of
the variation of |C ; | depends on the frequency of modulation. Figure 9 shows the shift
of the curves of |C : | to higher temperatures when the period of modulation decreases.
It is also observed a decrease of the variation of the complex heat capacity A|C; | at the
glass transition when the period decreases. This dependence may be attributed to heat
transfer effects between sample and pan. A more extensive study about this depend-
ence is currently in progress.

The dependence of T,y on In(#,) may be derived from an empirical equation of
the relaxation time T as a function of the temperature and the structure of the glass
(defined by the enthalpy excess 0). One equation that is used in the single parameter

model [24] is
T=T, exp[-6(T — T,)] exp[—(1 —x) B/AC,] (10)

where x is the non-linearity parameter, which is a partitioning parameter (0<x<1) de-
fining the relative contributions of the temperature and structure on the relaxation
time, and 0 is a parameter characterising the temperature dependence of T in equilib-
rium conditions, which is related to an apparent activation energy of the relaxation
process AR by the relation O=Ah"IRT gz. Assuming that the glass transition occurs ap-
proximately at the midpoint temperature of the variation of |C ;| when <t>=t,, and
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Fig. 9 Effect of period of modulation on the modulus of the complex heat capacity for
the epoxy CY225. Experimental conditions: go=1 K min™', 47=0.5 K and t, be-
tween 30 and 240 s
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Fig. 10 Dependence of the dynamic glass transition on the period for the epoxy
CY225. The line corresponds to a linear regression

that the effect of structure is ignored by neglecting the second exponential term in
Eq. (10), it follows that
dlnz,

d(T,,) (o

Figure 10 shows the plot of T, vs. In(#,) for the epoxy-anhydride system
CY225, giving a slope of —1/8=—1.437 K, with a regression coefficient 7* of 0.96.
Then, 8=0.696 K ', and taking an average value of 7,=107°C, the activation energy
AR'/R is 100 kK. These experiments were performed at a heating rate of 1 K min ', an
amplitude of 0.5 K and a period of between 30 s and 240 s.

At the same time, the Ah*/R may be calculated from intrinsic cycles by conven-
tional DSC. These experiments are performed by cooling the sample at different
cooling rates g, (from 160 to 0.5 K min') and immediately reheating at a heating rate
which is always the same (10 K min"). The apparent activation energy Ak is calcu-
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lated from the dependence of the fictive temperature, 7%, calculated in each experi-
ment, on the cooling rate ¢, [25]:

Aih*:_I:Bln‘qc‘ O

(12)
R 1) R7

The value calculated by this method in the fully cured epoxy CY225 was 132 kK
[26]. The different value obtained by ADSC may be attributed to experimental causes
as the limitation in the range of frequencies from 33 mHz (#,=30 s) to 4 mHz
(#,=240 s), approximately one decade of frequency values. In conventional DSC the
range of cooling rates was about 4 decades [26]. On the other hand, Eq. (10) is based
on an Arrhenius dependence of the relaxation times and other authors [27] have
shown better fits to the Vogel-Fulcher-Tammann dependence when a wide interval of
frequencies is used.

Conclusions

The glass transition temperature of an epoxy-amine resin has been evaluated by
ADSC, which is a TMDSC technique. The total heat flow signal gives a glass transi-
tion temperature 7, wWhich is equivalent to that measured by conventional DSC at the
same heating rate. At the same time, the modulus of the complex heat capacity allows
the evaluation of the dynamic glass transition 7,4, which is frequency dependent. The
values of T, and T,q show an increase with the sample mass, and tend to be constant
for masses higher than 16 mg. A similar result has been observed in the measure-
ments of the glass transition temperature by conventional DSC. This effect is not ob-
served in the onset temperature of the melting of standard indium samples and may be
attributed to the lower thermal conduction coefficient of the thermosets in compari-
son with the metallic sample.

The effect of the thermal contact between sample and pan has been analysed by
comparing results obtained in epoxy samples cured inside the pan and disc-shaped sam-
ples of different thickness. In samples cured inside the pans the phase angle is very low,
cosd=1, and C; =|C; |. Then, the correction of the angle phase is not necessary in order to
obtain C| and C;. Likewise, |C;| shows a reversing behaviour because the curves ob-
tained by heating and cooling are practically coincident. On the other hand, the
disc-shaped samples show higher absolute values of the phase angle as a consequence of
the increase of the sample mass and thickness, which affects the thermal conductance in-
side the sample or between sample and pan. As a result of this increment of the phase an-
gle, C| is different from |C; |; thus, it is necessary to correct the phase angle in order to
measure C, and C;. In these samples, the reversibility of C; by heating and cooling is
not observed. In addition, the increase of the sample mass also raises the absolute value
of the phase angle, contributing to shift the C| with respect to |C; |.

Finally, the dependence of T,y on the period has been shown for an epoxy-
anhydride resin. As the T,y occurs when the relaxation time <t> equal ¢, it follows
that an increase of the period will shift 7,4 to lower values. This dependence enables
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the determination of an apparent activation energy which characterises the relaxation
process associated with the glass transition.
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