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Application of TMDSC to polymeric systems
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Abstract

The benefits of temperature-modulated differential scanning calorimetry to characterize
reacting polymers are illustrated for different experimental systems. The effects of combined
isothermal and non-isothermal cure paths on (de)vitrification, mobility-restricted reactions,
and relaxation during vitrification are discussed for anhydride- and amine-cured epoxies. The
simultaneous measurement of heat capacity, heat flow, and heat flow phase provides an exccl-
lent tool for mechanistic interpretations. The influence of the metakaolinite particle size on the
production of inorganic silicate-metakaolinite polymer glasses is treated as an example. These
principles are further illustrated for primary and secondary amine—epoxy step growth reac-
tions, and for styrene-cured unsaturated polyester chain growth reactions with ‘gel effect’. Fi-
nally, the effects of isothermal cure and temperature on reaction-induced phase separation in a
polyethersulfone modified epoxy-—-amine system are highlighted.

Keywords: epoxy resin, inorganic polymer glass, reaction-induced phase separation, reaction
mechanism, TMDSC, unsaturated polyester resin

Introduction

Differential scanning calorimetry (DSC) with a modulated temperature input
signal (called TMDSC or MTDSC) has proven to be very beneficial for the ther-
mal characterization of many materials, especially polymers. The simultaneous
measurement of heat capacity, heat flow, and the phase angle between heat flow
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and heating rate (heat flow phase) also enables a more detailed study of reacting
polymer systems, such as anhydride and amine curing epoxy resins, both in iso-
thermal or quasi-isothermal [1, 2] and non-isothermal conditions [2, 3]. Vitrifi-
cation and devitrification can be studied in relation to the applied reaction condi-
tions. When appropriate experimental sampling, calibration, modulation and
data handling procedures are followed, more reliable reaction kinetics can be de-
duced [4]. For the epoxy networks, the normalized heat capacity signal (‘mobil-
ity factor’) seems to describe the diffusion-controlled decrease in reaction rate
(‘diffusion factor’) [1-3]. Using an empirical auto-catalytic conversion rate
equation in combination with a modified WLF-equalion, both isothermal and
non-isothermal heat flow and heat capacity signals can be modelled [5]. As are-
sult, the S-shaped vitrification curve in the Time—Temperature—~Transformation
and Continuous-Heating—Transformation diagrams [6, 7] can be quantified [8].

In contrast to these organic systems, the rate of the low-temperature produc-
tion of inorganic silicate-metakaolinite polymer glasscs (IPG) is ncarly uninflu-
enced by the vitrification process [1].

While an empirical rate law for the global reaction conversion can be satisfac-
tory, a mechanistic approach considering the evolution with time and/or tem-
perature of different reacting species has several advantages. The influence of
the initial composition of the reaction mixture, the rate constants of important re-
action steps, and also morphological effects in heterogeneous reaction systems
can be studied in a more systematic way.

A more detailed introduction of the phenomena describing the typical behav-
iour of reacting and thermosetting systems, including the glass transition tem-
peratures 7, and 7., the T,-conversion relationship, gelation and vitrification,
the shift from chemical to diffusion control of reactions, and complementary
measuring techniques for the characterization of these properties is given in [1,
3, 5-7] and references cited therein.

In this paper, new TMDSC results will be presented to highlight the unique
benefits of the technique to characterize reacting polymer systems. In some
cases, additional information of dielectric analysis, dynamic mechanical analy-
sis, and dynamic rheometry will be given. The effects of a combined cure path
(partial isothermal cure followed by a non-isothermal postcure) will be dis-
cussed. The mechanistic information contained in the heat capacity, heat flow,
and heat flow phase signals of TMDSC will be demonstrated. A phase separating
ternary epoxy—amine/polyethersulfone will be introduced as an example of
structure formation during cure.

Experimental
Epoxy systems

The following epoxy systems were studied: (1) stoichiometric mixtures of a
tetrafunctional epoxy (Araldite MY 720) with a tetrafunctional amine hardener
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(HY 2954); (2) stoichiometric mixtures of a bifunctional epoxy (DGEBA
LY 556) with an anhydride hardener (HY 917) using 1 w% of an accelerator (1-
methyl imidazole DY 070); all these components are from Ciba-Geigy, and are
described in more detail in [1]; (3) monofunctional phenyl glycidyl ether PGE
(Aldrich) cured with bifunctional aniline (Fluka) in molar ratios of amine/epoxy
functional groups =0.6 and r=1.0, respectively, and cured with bifunctional
N,N’-dimethylethylenediamine A(sec) (Aldrich) for r=1.0; (4) bifunctional
DGEBA LY 564 (Ciba-Geigy) cured with aniline for r=0.7 and r=1.0; (5)
stoichiometric mixtures of DGEBA LY 564 with tetrafunctional methylenedi-
aniline MDA (XU HY 2035, Ciba-Geigy); (6) system (4) for r=1.0, combined
with 20 w% of low molecular mass polyethersulfone PES (Aldrich). Epoxy sys-
tems (1)=(5) were mixed at room temperature until a clear mixture was obtained.
To prepare system (6), PES was first dissolved in DGEBA at 120°C, then aniline
was added at 90°C.

Inorganic polymer glasses

The inorganic polymer glasses (IPG) were produced by the reaction of an al-
kaline sodium silicate solution (Sil) with solid dehydroxylated clays
(metakaolinite Mk). The molar ratio Sil/Mk was one. The materials and the sam-
ple preparation were described in [9]. To study the effect of particle size, Mk was
fractionated by sedimentation of Mk suspensions in a water column of 25 cm
height. Different fractions were collected with sedimentation times varying be-
tween 1 and 48 h. The particle size distribution of all Mk fractions was measured
in water with a Coulter LS130, and was calculated using a Fraunhofer optical
model. The following fractions were used, indicated as median of particle size d
in um (variance in },Lmz): 13.0(130), 3.1 (80), 1.8 (32), 1.5 (42).

Polyester—styrene systems

Two polyester systems were studied: (1) a mixture of unsaturated polyester
resin with ca. 34 w% of styrene (Polylite P51383, Reichhold), methyl ethyl ke-
tone peroxide initiator (Butanox M-60, Akzo Nobel), and 1% cobalt 2-ethylhex-
anoate in styrene accelerator (NL 49S, Akzo Nobel), in a w/w mixing ratio of
100/2/1; (2) a mixture of bisphenol-A based virylester with ca. 48 w% of styrene
(ATLAC 580, DSM), methyl ethyl ketone peroxide initiator (Butanox M-50,
Akzo Nobel), and 6% cobalt 2-ethylhexanoate in dioctylphthalate accelerator
(NL 51P, Akzo Nobel) in a w/w mixing ratio of 100/2/1.

Analytical techniques

The TMDSC experiments were performed on a TA Instruments 2920 DSC
with MDSC™ option and equipped with two cooling systems: a refrigerated
cooling system (RCS) and a liquid nitrogen cooling accessory (LNCA). Heat ca-
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pacity was calibrated with polystyrene for the organic systems, and with water
for IPG. All organic systems, with sample mass between 10 and 20 mg, were
studied in aluminium pans with a 0.3—-0.5°C per 60 s modulation. A 0.5°C per
100 s modulation was used for IPG, with sample mass of 50 mg, in reusable high-
pressure stainless steel pans. More details on calibration, modulation conditions,
and experimental procedure are given in [1-3].

The dielectric measurements were performed on a TA Instruments DEA 2970
equipped with 2 LNCA, using a ceramic single surface sensor in a frequency range
from 1 Hz to 10° Hz. The dynamic mechanical analyses were performed on a Perkin
Elmer DMA7 at 1 Hz. The special experimental set-up to follow the hardening proc-
ess of IPG is described elsewhere [10]. The rheological measurements were per-
formed on a TA Instruments AR 1000-N equipped with an extended temperature
module (ETM), using a parallel plate geometry in the oscillation mode at 1 Hz.

Results and discussion

Mobility restrictions in isothermal, non-isothermal, and combined
reaction conditions

The curc of cpoxy—amine system (1) is studied with TMDSC and dielectric
analysis in the same isothermal (Fig. 1) and non-isothermal reaction conditions
(Fig. 2).

The mobility restrictions caused by vitrification during cure can be charac-
terized either by a stepwise decrease in the heat capacity (quantified by fipac, [1,
2] or T'\p2ac, [2, 3]) or by an analogous stecpwise decrease in the permittivity or by
a local maximum in the dielectric loss factor [11-14]. While the frequency effect
can easily be examined with DEA, indicating an increase of the glass transition
temperature T, of ca. 6°C per decade in frequency, this effect is very difficult to
observe with TMDSC due to the limited range of applicable modulation periods.
However, the major benefit of the latter technique is the simultaneous quantita-
tive information on chemical conversion and conversion rate, enabling the cure
kinetics to be established accurately [1-5, 8]. With TMDSC, mobility restricted
cure kinetics and their effect on resulting material properties can be determined
in terms of well-defined reaction paths.

Examples of non-isothermal post-cure experiments after a preceding partial
cure with mobility restrictions are given for epoxy—anhydride system (2) in
Fig. 3, and for epoxy—amine system (1) in Fig. 4. The combinations of partial
cure time and temperature are chosen in a way that both systems (partially) vit-
rify before the final non-isothermal cure stage (see Fig. 1 for the amine system
and [1, Fig. 7] for the anhydride system). For the epoxy—anhydride system, up to
the isothermal onset of vitrification after 165 min of reaction at 85°C, no en-
thalpy relaxation is observed in the non-reversing heat flow signal of the sub-
sequent heating (Fig. 3). As vitrification proceeds, due to the decreasing reaction
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Fig. 1 Cure of epoxy-amine (1) at 70°C: (a) non-reversing heat flow and heat capacity;
oac (:rm) is the time at half5of t}}‘e degreas;e in heat capacity; (b) permittivity, €', and
dielebtric loss factor, £”, at 10°, 10%, 10°, 10%, 10 and 1 Hz

rate (controlled to a higher extent by diffusion) and the slow variation of 7} in
these conditions, the structural relaxation effect is getting more pronounced [15,
16]. Figure 3 also shows the effect of the initial cure conditions on the residual
reaction exotherm, getting more asymmetrical and delayed to higher tempera-
tures. The increasing T, of the system is acting as a physical barrier to the final
cure. Nevertheless, at a heating rate of 2.5°C min™’, this final cure always pro-
ceeds with a chemically-controlled rate. Note that 7} is still increasing consider-
ably, even in mobility-restricted isothermal partial cure conditions, whereas the
small residual reaction enthalpy is only slightly decreasing. 7., of this anhydride
systemis ca. 135°C (see heat capacity curve ® of second heating after post-cure).

For the epoxy—amine system of Fig. 4, a different behaviour is observed. No
relaxation effects are noticed in the non-reversing signal of the post-cure. In this
case, even in diffusion-controlled isothermal conditions, the variation of T, with
reaction time is high enough to avoid this effect. Accordingly, at a heating rate of
2 5°C min~', only the initial part of the post-cure is chemically-contrelled, as in-
dicated by the heat capacity signals and the broad tails in the non-reversing heat
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Fig. 2 Cure of epoxy—amine (1) at 3°C min™": (a) non-reversing heat flow and heat capacity;

T, anc (=T, or Ty, 1s the temperature at half of the step in heat capacity;

(b) petmittivity, €, at 10°, 10, 10°, 10>, 10 and 1 Hz

flow signals of Fig. 4. The start of mobility-restricted non-isothermal cure is in-
terfering sooner with increasing conversion (reaction time) of the preceding iso-
thermal cure. As soon as the heat capacity remains below the full mobility level
(related to that conversion), the post-cure is (at least partially) diffusion-control-
led over the entire range of the reaction exotherm (curves @-@). To.. of this
amine system is ca. 255°C and the upper devitrification is occurring at that tem-
perature in all post-cure experiments (heat capacity curves ©—@).

Heat flow phase

Beforc bricfly discussing some cxamples where TMDSC brings information
about the mechanism of the reacting system, some remarks need to be made
about the heat flow phase. The phase angle between modulated heat flow and
modulated heating rate {called heat flow phase), corrected for instrument contri-
butions of the TA Instruments 2920 MDSC™ {171, always remains small for the
epoxy systems studied before {2, 4], The same is valid [or all reacting polymer
systems discussed in this paper. Therefore, its influence on the quantitative na-
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Fig. 3 Post-cure of epoxy—anhydride (2) at 2.5°C min™": non-reversing heat flow and heat ca-
pacity (1st heating) after partial cure at 85°C for 165 min (@), 230 min (®), 500 min
(®), 800 min (®), 3300 min (®) and heat capacity (2nd heating) in same conditions
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Fig. 4 Post-cure of epoxy—amine (1) at 2.5°C min: non-reversing heat flow and heat capac-
ity after partial cure at 70°C for 0 min (@), 25 min (@), 50 min (®), 75 min (@),
90 min (&), 110 min (®) and partial cure at 1.0°C min™" to 116°C =T, (@

ture of heat capacity and non-reversing heat flow is negligible too. However, the
evolution of the phase angle over the course of the reaction contains valuable in-
formation on reaction and mechanism. The fully cured glass state is always used
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Fig. 5 Production of inorganic polymer glass for Mk particle size of 1.8 im at 35°C; (a) non-
reversing heat flow and storage modulus; (b) heat capacity and heat {low phase

as a reference (zero value) for the instrument correction [2, 4]. The phase angle
corrected in this way has a small negative value, tending to more positive values
due to the chemical reactions. Relaxation phenomena are superimposed as local
(downward) extremes, indicating a vitrification or devitrification process during
the thermal treatment. However, if the isothermal cure temperature is chosen
close to the glass transition of the fully reacted polymer or network, T.., the sys-
tem stays in the relaxation region at the end of cure, and the phase angle is not
evolving to zero.

Inorganic polymer glasses: influence of particle size

The inorganic polymer glasses (IPG) are formed by the heterogeneous reac-
tion of an alkalinc sodium silicate solution (Sil) with dehydroxylated clays
(metakaolinite Mk). The properties of the final amorphous aluminosilicates de-
pend on the low-temperature reaction conditions [9, 10, 18]. The particle size of
the solid reaction component, Mk, might also influence the reaction kinetics. To
study this influence, the Mk was fractionated by sedimentation (see experimen-
tal). The heat flow, heat capacity and heat flow phase signals during production
of IPG, measured at 35°C for different particle sizes, are shown in Figs 5 and 6.
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For 1.8 um particles, the concurrent hardening process is ‘independently
measured by dynamic mechanical analysis (Fig. 5). The onset of the steep in-
crease in storage modulus (DMA) coincides with the onset of the heat capacity
decrease (TMDSC), and a local minimum in the phase angle relaxation peak is
observed al this early stage of the reaction. Whereas the DMA set-up is limiting
the experimental window of moduli to follow the hardening process (both the
low and high modulus values are not uniquely related to the IPG properties [10]},
TMDSC enables to investigate the entire process via the heat capacity curve,
This is important for studying these low-temperature IPG reactions, since vitri-
fication is not slowing down the reaction rate and the largest part of the reaction
enthalpy is set free in the solidifying state. A more detailed discussion is given in
[1, 2, 10]. Figure 6 demonstrates the influence of the Mk particle size on the pro-
duction rate of IPG. The heat flow signal is weak, especially for the largest
grains, and therefore baseline instabilities are causing the signal to become less
accurate. Anyhow, it is clear that the smaller the particle size, the larger the heat
flow at the beginning of the reaction and the faster the reaction tends to complete-
ness. However, in the conditions studied, the heal capacity signal is still accurate
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Fig. 6 Production of inorganic polymer glasses for different Mk particle sizes (indicated val-
ues in pm) at 35°C: (a) non-reversing heat flow; (b) heat capacity (shifted downward
according to initial reciprocal particle diameter, 4 (right Y-axis); only for the largest
particles (upper curve), the heat capacity scale is valid) with t(10%) (X) and t(50%) (a);
dotted lines are only a guide to the eye
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and free of baseline instabilities, and again allows the reaction to be followed
long after the onset of vitrification. Even for the smallest particles, the heat ca-
pacity is still decreasing after 3000 min of reaction (not shown in Fig. 6). The ef-
fect of particle size on the reaction rate can now be quantified based on the reac-
tion time to reach a certain decrease in heat capacity, for example times for a drop
of 10 or 50% in heat capacity. In Fig. 6b, the times #(10%) and #(50%) are indi-
cated on the heat capacity curves. The trends depicted by the interconnecting
dotted lines show the effect of the initial reciprocal diameter, d ' (plotted on the
right Y-axis), which is proportional to the initial specific surface of the particles.
It can be deduced that the reaction rate increases with decreasing particle size or
increasing specific surface. For the largest specific surfaces, however, this ten-
dency seems to level off. These conclusions are important for a more elaborated
maodel of the heterogeneous reaction kinetics of IPG [19].

Free-radical chain growth polymerization: gel effect

Although the autoacceleration or ‘gel effect’ in free-radical polymerization is
well understood in general terms of a decrease in the mobility of growing chains,
guantitative results on detailed aspects to develop more predictive models, in-
cluding for example a varying initiator efficiency and chain length dependent ter-
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Fig. 7 Cure of polyester—styrene (1) at 30°C: (a) non-reversing heat flow and complex
viscosity; (b) heat capacity and heat flow phase
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Fig. 8 Cure of polyester—styrene (1) at 30, 40 and 50°C; (a) non-reversing heat flow; (b) heat
capacity

mination, are still scarce [20]. One of the major reasons is the difficulty of main-
taining isothermal conditions in bulky samples, and the lack of truly isothermal
conversion-time data and reliable rate constants. Isothermal conventional DSC is
suggested to be advantageous in collecting these data [20]. The additional bene-
fits of temperature modulated DSC are illustrated for two polyester—styrene sys-
tems, reacting by free-radical copolymerization [21]. The non-reversing heat
flow at 30°C of polyester—styrene system (1) is compared with rheological infor-
mation in Fig. 7a. The typical autoacceleration observed in the heat flow signal
coincides with the ultimate increase of the complex viscosity (beyond a certain
level), but occurs just before the onset of vitrification as shown by the heat capac-
ity and heat flow phase signal in Fig. 7b. The heat flow phase signal also indi-
cates that the system is remaining in the relaxation regime, even at the end of cure
at 30°C, duc to a low valuc of Ty of ca. 25-28°C.

These observations can be generalised to other isothermal conditions in
Fig. 8. With increasing temperature, the aspect of the reaction exotherm is
changing by a relatively less important ‘gel effect’ (Fig. 8a); the extent of (par-
tial) vitrification reached afterward is decreasing, but still visible at 50°C
(Fig. 8b). Typical for these polyester systems is a broad glass transition domain
of at least 50°C around Ty... Due to the effect of this broad transition domain, par-
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Fig. 9 Cure of vinylester—styrene (2) at 0.5°C min™": (a) non-reversing heat flow for 1st
heating; (b) heat capacity and heat flow phase for 1st and 2nd heating; 7', ac, (=T, or

T,.;» is the temperature at half of the step in heat capacity

tial vitrification occurs in all isothermal conditions shown, even at 50°C. A
model including initiation, propagation, transfer, inhibition, and termination
steps should be used to describe the ‘gel effect’ in combination with the role of
parameters such as temperature and concentration of inhibitor and reactive sol-
vent from zero up (o high reaction conversion. Such a mechanistic model should
deal with termination and propagation rates controlled in a different way by mo-
bility or diffusion, using the simultancous TMDSC information of heat flow and
heat capacity (with heat flow phase), respectively [22].

Figure 9 shows the non-isothermal cure of vinylester—styrene system (2)
heated at 0.5°C min~'. A diffusion-controlled regime, observed as a broad shoul-
der beyond the reaction exotherm in the non-reversing heat flow and as a de-
crease in the heat capacity, is extending over more than 60°C. Note that this is not
caused by a very high value of 7. (see also [3]), which is only ca. 110°C in this
case, but by the high reactivity of the system. This high reactivity is also noticed
in the heat flow phase, with a peak going through slightly positive values in the
first heating (Fig. 9b). The position of Ty, observed by the devitrification after the
diffusion-controlled reaction in the first heating (stepwise increase in heat capacity
and relaxation peak in the heat flow phase), is confirmed in the second heating.

J. Thermal Anal.; 54, 1998



SWIER et al.: REACTING POLYMER SYSTEMS 597

bt
=
=3

a

Tun

3 116
3 L K,
& 0.08 ™
a _ =
2 7 114 2
on I3
£ 2
5 004 °
[ 412 &
b . =
g

= TCXO

0.00 L 1.0
] 50 100 150
time (min)

TOD

g {172
3 v
K ®
< 2
i 112 &
£ g
o -
g {107 &
z

[=3

1~

02
-50 0 50 100 150 200

temperature (°C)

Fig. 10 Non-reversing heat flow and heat capacity of vinylester—styrene (2): (a) cure at 10°C
for 140 min; (b) post-cure at 2.5°C min™": 1st and 2nd heating

Figure 10a shows a partial cure at 40°C for 140 min of the same vinylester—
styrene system (2), followed by a non-isothermal post-cure at 2.5°C min~’
(Fig. 10b). After vitrification at 40°C, the system does not enter a fully chemi-
cally-controlled post-cure, even when heated at 2.5°C min™'. When the material
starts devitrifying in the first heating, the residual reaction immediately starts,
causing a partial revitrification. Therefore, the remaining reaction exothermicity
is set free in partially diffusion-controlled conditions. Finally, the small tail at
higher temperatures (only 2% of the total reaction enthalpy) might again be a
fully chemically-controlled post-cure regime. The position of 7. is observed in
the heat capacity curve of the second heating (Fig. 10b). Note that a ‘gel effect’
is not obvious in the experiments of Figs 9 and [0, but probably should also be
taken into account when modelling these reactions.

Step growth polymerization: primary and secondary amine reactions

The importance for mechanistic investigations of the measurement of the heat
capacity change in (quasi)isothermal reaction conditions is further demonstrated
in Figs 11 and 12 for the addition reactions or step growth polymerizations of ep-
oxy—amine systems (3), (4), and (5). An important difference between PGE—ani-
line (3), DGEBA-aniline (4), and DGEBA-MDA (5) is the functionality of the
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Fig. 11 Cure at 100°C of epoxy-amine (3) for r=0.6 (@), r=1.0 (@) and of
epoxy—amine (4) for r=0.7 (®) and r=1.0 (®): (a) non-reversing heat flow per mole of
reacted (epoxy~NH) functional groups; (b) heat capacity change per mole of reacted
(epoxy—NH) functional groups; PGE~A (sec) at 30°C is given for comparison (®)

reactive components, leading in stoichiometric conditions to small molecules
(Tg=—4°C), linear macromolecules (Te=75°C), and a polymer network
(Te==102°C), respectively. The differences in the rate of cure, caused by the na-
ture of the epoxy or the mixing ratio r (Fig. 11), or by the nature of the amine in
combination with the isothermal temperature (Fig. 12), are visible.

It is obvious that the heat capacity first increases to a miaximum value (pla-
teau), followed in some cases by an important decrease. This evolution is already
observed in Fig. 1 for epoxy—amine system (1), and is in agreement with the oh-
servation in Fig. 4 that AC, at T first increases with increasing isothermal con-
version. Analogous observations were made for an isothermal epoxy—amine re-
action using a specially designed microcalorimetric (echnique [14, 23, 24]. It
should be noted that in all experimental conditions of Figs 11 and 12, primary
amine—epoxy in combination with secondary amine—epoxy addition reactions
are predominant in the reaction mechanism [25-27]. For comparison, the heat
capacity curve for PGE-A(sec) is also depicted in Fig. 11b, showing the striking
difference when only secondary aminc functionalities can react. Note thal this
aliphatic secondary amine system was measured at 30°C, to reach full conversion
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Fig. 12 Cure of epoxy—amine (5) at 80, 100 and 120°C: (a) heat capacity; (b) heat flow phase
(shifted for clarity)

in a comparable time scale as the less reactive aniline systems at 100°C. The abil-
ity of TMDSC to make distinction between primary and secondary amine—epoxy
reactions can be explained in terms of a group additivity estimation method of
thermodynamic properties of organic compounds at 298.15 K in the liquid and
solid phase [28]. According to this method, primary amine—epoxy reactions al-
ways give rise to positive variations in heat capacity, whereas the predicled
changes in heat capacity for secondary amine—epoxy reactions are almost zero or
even negative (depending on the aliphatic or aromatic nature of the secondary
amine). The experimental values of AC, rea: (at full conversion of the functional
group present in minority) for PGE-aniline (3) and DGEBA—aniline (4) at
100°C are in agreement with these predictions. Indeed, the heat capacity curves
of Fig. 11b reach a comparable limiting value, both for stoichiometric mixtures
and for mixtures with an excess of epoxy (r<1.0). The heat capacity curve for
PGE—-A(sec) is also in agreement with the predicted variation for secondary
amine—epoxy reactions. Note that in the case of an excess of amine (r>1.0; not
shown in Fig. 11), the ratio of the reactivity of secondary and primary amines (sub-
stitution effect) is influencing the value of AC reaciat full conversion of epoxy.
The measurements of ACy eqcat full conversion can be disturbed by vitrifica-
tion, as illustrated with the heat capacity and the heat flow phase signals of
DGEBA-MDA in Fig. 12. At 80°C, a relaxation peak is observed, while at
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100°C, the system is partially vitrifying and the phase angle remains in the relaxa-
tion regime at the end of cure. In comparison with conventional DSC [29], the exam-
ples of Figs 11 and 12 illustrate the additional benefits of TMDSC to investigate
mechanism, kinetics, and rate constants of reaction steps of epoxy—amine cure.

Reaction-induced phase separation

Precursors of specially designed architecture seem to play an important role
in future developments of polymer network structures with improved properties
[30]. The formation of a liquid crystalline order in (epoxy) thermosets is one ex-
ample [31]. Reaction-induced phase separation in modified thermosetting poly-
mers is another aspect [32, 33]. As afinal example of the power of TMDSC to get
insight in these complicated reacting polymer systems, a stoichiometric mixture
of DGEBA-aniline together with 20 w% of PES is studied. The reaction-in-
duced phase separation in isothermal conditions, due to growing linear macro-
molecules with increasing molecular mass, and the effect of a thermal post-treat-
ment are shown in Figs 13 and 14. The heat capacity (or the PES-modified sys-
tem starts decreasing after a certain reaction time (Fig. 13b), instead of increas-
ing to a plateau, as observed (curves @) and expected for an isothermal cure of

100°C,® a

15 1 100°C@
90°C,®

non-reversing heat flow (Wmole™')
=

100°C,D
90°c,® b

90°C,@

heat capacity (Jmole ')
L
(=3
=3

480

470 . -
o} 200 400 600 800 1000
time (min)

Fig. 13 Cure at 90 and 100°C of epoxy—amine (4) for r=1.0 (®) and of epoxy—amine (6) show-
ing reaction-induced phase separation (®); (a) non-reversing heat flow per mole €poxy
equivalent; (b) heat capacity per mole epoxy equivalent

J. Thermal Anal., 54, 1998



SWIER et al.: REACTING POLYMER SYSTEMS 601

25

2nd

3d

band
o
T

heat capacity (Jg']l('])
n

b 15t @
“;
15,2

25
1@

20 f

heat capacity (Jg'K™)

1.5 " L L L

0 50 100 150 200 250
temperature (°C)

Fig. 14 Reaction-induced phase separation of epoxy—amine (6): (a) influence of thermal post-
treatment at 5°C min"', after cure at 90°C for 1300 min (Fig. 13): heat capacity of 1st
heating to 150°C, 2nd and 3rd heating to 280°C; (b) influence of cure time, £, at 100°C
(Fig. 13): heat capacity of suhsequent 1st heating at 5°C min~" for /=80 min (D),
=180 min (®), t=1000 min (®) and 2nd heating at 5°C min™! (valid for @, ® and ®)

pure DGEBA-—aniline at 90 or 100°C (7,=75°C). This effect is not caused by vit-
rification of the epoxy—amine matrix, but by vitrification of a PES-rich dispersed
phase, separating out at this stage of the isothermal reaction. Modelling of the
cure kinetics is necessary to decide whether the changed cure rate of the initially
homogeneous mixture, as seen in the non-reversing heat flow (Fig. 13a), and in-
directly also in the heat capacity (Fig. 13b), is caused by the dilution effect of
PES, by changing rate constants or new reaction steps in the autocatalytic
mechanism. After full cure at 90°C, the additional influence of temperature on
the reaction-induced phase-separated system is demonstrated in Fig. 14a. The
heat capacity curves of the first, second and third heating show the phases formed
at 90, 150 and 280°C, respectively. The mass fraction of the epoxy-rich phase is
incicasing, bul Ty remains almost constant at 75—77°C, in contrast with the PES-
rich phase with a strongly increasing 7 from ca. 110 to ca. 180°C (with an upper
onset value of 190°C, in comparison with a T, of of ca. 225°C for pure PES). This
evolution of mass fractions and compositions of the phases with increasing tcm-
perature supports a phase separating behaviour with an asymmetrical 2-phase
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domain and a ‘lower critical solution temperature’ (LCST) in the phase diagram
[33].

The heat capacity curves of Fig. 14b show the influence of the cure time, ¢, at
100°C. For t=80 min, before the maximum in the heat capacity evolution (see
Fig. 13b, 100°C curve @), the partially cured PES-modified DGEBA-aniline is
still homogeneous with T,=15°C (in comparison with T,,=—40°C for the uncured
system). After the maximum of the heat capacity in Fig. 13b, the system becomes
heterogeneous. With increasing cure time, ¢, the difference in 7, between the
phases is getting larger suggesting a broadening of the 2-phase domain in combi-
nation with a lowering LCST as a function of increasing molecular mass of the
curing matrix [33]. Note that without a preceding partial or full cure, for example
in the same system without aniline (DGEBA + 20 w% PES), no phase separation
is observed when heating twice to 280°C and T, remains at the initial value of
ca. —16°C. In this case, the value of LCST seems to be beyond 280°C.

Conclusions and future developments

TMDSC is a powerful thermal analysis technique to characterize important
events along the reaction path of reacting polymer systems. An empirical model-
ling of both heat flow and heat capacity TMDSC signals in isothermal and/or
non-isothermal reaction conditions enables the quantification of the influence of
vitrification and devitrification on the reaction kinetics. In this way, the cure ki-
netics can be determined more accurately than with conventional DSC, even up
to high overall reaction conversion [4, 5, 8].

The combined information of heat capacity, heat flow, and heat flow phase
also provides an excellent tool for more detailed mechanistic studies of reacting
polymer systems. The change in heat capacity due to chemical reactions, meas-
ured as a function of the conversion and/or the composition of the initial reaction
mixture, gives valuable constraints in determining the rate constants of impor-
tant reactive species involved in the mechanism. The effects of the type of reac-
tion mechanism, e.g. step growth vs. radical chain growth, addition vs. conden-
sation, or organic vs. inorganic, can be investigated in a systematic way.

TMDSC is also excellent for studying reacting systems with structure forma-
tion along the reaction path. Reaction-induced phase separation of a thermoplas-
tic additive is one example, the formation of liquid crystalline thermosets is an-
other one. In these cases, the inflluence of the dispersed phase on the reaction ki-
netics of the matrix can be investigated with an improved sensitivity. This is of
extreme importance for the production of modified thermosetting polymers and
also thermoset composites, especially when the additive (or reinforcing fiber) it-
selfis able to react with the matrix components, and interphase regions are devel-
oping. A very interesting extension is the study of interpenetrating networks. In
this case, not only the final properties of the network structure can be evaluated
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using heat capacity and derivative signals [34], but also the influence of the in
situ production. All research topics mentioned in this paper are in progress and
will be explored further in the near future.
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