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Introduction

Epoxy resin (EP) is a general term for a large class of poly-
mers containing more than two epoxy groups in the
repeating units of the molecular chain. Epoxy resins are
produced as a condensation product of epichlorohydrin
and bisphenol A or polyol. Due to the chemical activ-
ity of the epoxy group, a variety of compounds can be
employed as hardener components for cross-linking and
curing. This generates a network structure which is not
thermoplastic, but a thermoset polymer. Epoxy resins of
the type bisphenol A are the most widely used thermo-
sets, not only in terms of the volume of production, but
also in terms of the wide range of variations or possible
variations in the applications field. With the introduc-
tion of new, modified types, the quality is also constantly
being improved.

Epoxy resins feature excellent physical and mechanical
properties and are also ideally suited as electrical insu-
lation materials. They are further characterized by their
high level of compatibility with other materials. Contrary
to other thermosetting plastics, epoxy resins are very
flexible in their application and processability. They can
therefore be used as coatings, composite materials, cast-
ing materials, adhesives, molding materials and injection
molding materials.

Coordination of Material Properties

In order to coordinate material properties to the epoxy
resin materials’ application range, it is necessary to firstly
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determine both the curing temperature and the cur-
ing heat of epoxy resins for processing; and secondly,
to align the glass transition temperature of the material
with the application.

Measurement Method

Differential Scanning Calorimetry (DSC) is the method of
choice for determining the above-mentioned material
properties. With this method, they can be determined
relatively quickly with a high sample throughput. Often,
however, these EP samples are partially cured materials;
i.e., the original material is not fully cured. When such
a sample is heated, it undergoes both the glass transi-
tion and post-curing. Since these two effects often occur
in very close proximity to each other or even overlap in
terms of temperature, conventional DSC methods exe-
cuted at a constant heating rate often do not yield satis-
factory test results — neither in the first nor in the second
heating. In such cases, the temperature-modulated DSC
(TM-DSC) method must be used to obtain more mean-
ingful results.

With the TM-DSC method, the sample is not heated at
a constant heating rate as with the conventional DSC
method, but by means of a sinusoidal modulation of
temperature. The corresponding heating rate is a cosinu-
soidal waveform. When this cosinusoidal heating rate is
applied to the sample, the response is also a cosinusoidal
heat flow as a signal with a certain phase delay (figure 1).
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Measurement Results

By analyzing the sinusoidal or cosinusoidal signal while
taking the baseline, amplitude and phase-shift cor-
rections into account, it is possible to separate two
independent curves, the reversing heat-flow and the
non-reversing heat-flow, from the overall heat-flow sig-
nal curve (figure 2).

The heat-capacity effects (the “step transitions” on the
curve, such as glass transition, Curie point transition,
second-order phase transitions, heat capacity changes
before and after the reaction, etc.) of the material occur
in the reversing heat-flow curve during heating.
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2 3) Raw data of TM-DSC measurement (exo down)
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Kinetic effects (such as cold crystallization, exothermal
curing, enthalpy relaxation, evaporation of solvents and
water, chemical reactions, decomposition, etc.) occur in
the non-reversing heat-flow curve. This allows for over-
lapping thermal effects to be separated.

For an epoxy resin, the glass transition is a heat capac-
ity effect and post-curing is a kinetic effect. On a single
heat-flow curve from a conventional DSC measurement,
these two processes overlap and cancel each other out if
the temperature ranges are similar. By means of TM-DSC
measurements, however, these two processes are clearly
separated into two independent heat-flow curves and
the two effects can be analyzed and quantified indepen-
dently of each other.
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b) DSC heat-flow curve (blue) and heating rate (red) of TM-DSC
measurement

Reversingheatflow c,(T)8,:

C, effect (heating rate proportional)
c, change, glass transition, secondary phase fran

Non-reversingheatflow f(t, T):
kinetics effect (heating rate irrelevant)

Cold crystallization, curing, relaxation, evaparation, slow
chemical reactions...

b) Reversing DSC heat flow curve (blue) and non-reversing
DSC heat-flow curve (red) (exo down)
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TM-DSC Applications With the help of temperature modulation, the results

presented in figure 4 are obtained. The blue curve is

Figure 3 shows the raw DSC data of an epoxy resin ana-  again the total heat-flow curve. The red curve is the
lyzed by means of TM-DSC. The blue curve (solid line) in  reversing heat-flow curve, which clearly shows the glass
the diagram is the average heat-flow curve (also known  transition at 71°C (step evaluated as midpoint accord-
as the total heat-flow curve), obtained by Fourier analy-  ing to the half-step method) and reveals a change in
sis of the raw data of the heat-flow signal (dashed line).  specific heat of 0.378 J/(g-K). In the reversing DSC curve,
The total heat-flow curve corresponds to the result of a  the glass transition step is much more clearly recogniz-
conventional DSC measurement. From this curve alone, able than in the total DSC curve.

it is not obvious whether the glass transition or post-

crosslinking is being portrayed. An inexperienced DSC

user might only recognize a slightly curved “baseline”,

and possibly also a very weak effect in the range from

60°C

to 100°C, for which it is not clear whether the

effect is endothermal or exothermal.

JSC /{imW/mg)
1 exo
0.20 Sample: Epoxy Resin
‘F H. TR
0.15 I |
l||l|ll. |||l ||I ||| |II||||I!I I |l"'|:|1"L ||1||||||| 14! i I|II "'l'l Mk ||||
[ | i || |||| It | I I I
IIIIII II |H|If| I"illllllllllll[II ||||||I||| I || rII i||I|I Il| |||||I|||"|{|||I|‘|
.10l hln! |‘I'Iﬂ|"||l,[|,.|“ ”'II,,|::|,”| ‘|"|.”: :'lr'"|llll:1r| it t,|| ,JII[“,”l:,lu'h,'nl
T i || T
0.05 ||III:: |||I:I|;||::|“1|}'{':I|’EI|II]IIN| lII:III III|‘||{I|“|{:I|I Itll:::' Il::::l;':llnl{!lll”l!:|::ll
I U\F u|Ilt||‘ ' III||’|III|,-||II|Ii|||||1| l.l |||;| Ill ||l|| ||||I '|[||I:||[|||,||II|'
0.00] * 1 EH !I F"”'{u""l”'lb" 'l'1|[ |'|'1||l'i k '| piil) \ ’
thitiy Y
-0.05

60 20 100 120 140 160
Temperature / © C

3 TM-DSC measurement on an epoxy resin (raw data).
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4 TM-DSC results for an epoxy resin, reversing DSC curve (red), non-reversing DSC curve (black)
and DSC (total) curve (blue).
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The black dashed line, on the other hand, is the non-
reversing heat-flow curve, which shows a very broad
exothermal effect corresponding to the post-curing pro-
cess. The peak temperature is 101.1°C and the enthalpy
for this effect amounts to 47.62 J/g.

It can be seen from the two curves that the glass tran-
sition of the sample and the post-curing overlap some-
what in the temperature interval. The exothermal effect
of the sample starts at approx. 50°C; it is thus already
in the range of the change in heat capacity at the glass
transition, and partially compensates for this. As a result,
the two effects cannot be clearly analyzed in the total
heat-flow or in the heat-flow curves which can be mea-
sured by conventional DSC. Only with the temperature-
modulation method is it possible to separate the effects.
The effects separated this way can now be analyzed
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separately, providing precise values for the post-cross-
linking enthalpy and the glass transition temperature.

Figure 5 depicts the raw data for a TM-DSC measure-
ment on another epoxy resin sample. From the mean
heat-flow curve (blue solid line), we can see that several
thermal effects occur between room temperature and
150°C. But are these effects endothermic or exothermic
effects or phase transitions? Where are the appropriate
initial and end temperatures for analyzing the respective
effects? For an inexperienced user, analyzing the mea-
surement results may be very difficult.

After separating the TM-DSC measurement into a revers-
ing and non-reversing DSC curve, however, the results
shown in figure 6 can be obtained.
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5 TM-DSC measurement on an epoxy resin (sample Il) (raw data)
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6  TM-DSC measurement on an epoxy resin (sample I1), reversing DSC curve (red), non-reversing

DSC curve (green) and DSC (total) curve (blue)
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The blue curve still is the total heat-flow curve. The red
curve is the reversing DSC curve with a significant step
which corresponds to the glass transition of the material
with a glass transition temperature, Tg, of 49.3°C (mid-
point). Thus, the correctly evaluated glass transition is
16°C higher than the evaluation of the apparent step in
the total DSC curve.

The green dashed line depicts the non-reversing DSC
curve. With the help of the unique FRC correction func-
tion" of the NETZSCH TM-DSC, the baseline here is hori-
zontal, allowing for endothermal and exothermal effects
to be clearly distinguished. The endothermal effect at
40.3°C represents a relaxation effect which is superim-
posed on the glass transition in this temperature range.
The other endothermal effect at 52.9°C is the melting of
an additive. Post-curing can now be observed as an exo-
thermal effect with a peak temperature of 103°C and an
enthalpy of 2.77 J/q.

Determination of the Glass Transition Temperature of
Another Epoxy Resin

The third sample was another epoxy resin with the aim of
determining the glass transition temperature. First, the
sample was tested using the conventional DSC method
(see figure 7) at a linear heating rate of 10 K/min. In the

1*theating (red curve), only a strong exothermal curing
effect was detected, but no glass transition. Only during
the 2" heating (blue curve) of the same sample was a
more pronounced glass transition visible as a step (due
to the change in specific heat capacity at the glass transi-
tion) in the DSC signal.

With the conventional DSC method without tempera-
ture modulation, the glass transition can only be mea-
sured in the 2" heating. In the 1st heating, the glass
transition is superimposed by the exothermal effect of
post-curing.

The glass transition, determined on the basis of the 2
heating, was 128°C (Tg (midpoint)). This glass transition
temperature, however, significantly deviates from the
expected value between 80°C and 90°C.

This discrepancy can be explained by the fact that the
glass transition temperature is shifted to a higher tem-
perature in the 2" heating due to post-crosslinking
during the 1t heating. Because of this, only the glass
transition of the fully crosslinked sample can be deter-
mined with this method. It is not possible to detect the
glass transition temperature of the only partially cross-
linked material using this method.

'The FRC correction of the heat flow is a correction which takes the frequency, the dependence of thermal resistance between the sample and sample crucible
on temperature as well as the dependence of the sample's heat capacity on temperature into account.
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7 Epoxy resin (sample lll), conventional DSC measurement, 1+ heating (red) and 2" heating (blue).
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8 TG-DSCresults for an epoxy resin (sample II, reversing DSC curve (red), non-reversing DSC curve (blue)

and DSC (total) curve (black).

This problem can only be solved by the TM-DSC method.
The results are shown in figure 8.

The modulated DSC measurement was carried out with
only one single heating. The black curve is the total
heat-flow curve corresponding to the conventional
DSC measurement. Evaluation of the TM-DSC measure-
ment shows the exothermal post-crosslinking effect in
the non-reversing DSC curve (red). Due to the horizon-
tal baseline, the peak temperature and enthalpy can be
accurately evaluated.

The reversing DSC curve (blue) now shows the glass
transition at 85.9°C (midpoint), so this glass transition
temperature is within expected temperature range. Fur-
thermore, a second glass transition temperature is very
close to the value that could be determined during the
2n heating with the conventional DSC method.

This phenomenon can be explained as follows: In the TM-
DSC method, the glass transition temperature changes
continuously during the post-crosslinking effect. The first
glass transition corresponds to the T, of the raw mate-
rial before post-curing, while the second glass transition
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corresponds to the T of the almost fully cross-linked
material during post-curing towards the end. TM-DSC
could therefore also be designated as an "in-situ analysis
method", as the change in glass transition temperature
can be observed during a single heating. This is a clear
advantage over conventional DSC.

Summary

Epoxy resins are a versatile and therefore widely used
polymer material that cures thermally. Therefore, routine
DSC testing is often carried out on this polymer material.
Many of these samples are partially cured samples on
which the glass transition temperature and the post-cur-
ing process are to be tested. These two thermal effects
are often in the same temperature range and therefore
overlap in a conventional DSC measurement at a linear
heating rate. Quantitative evaluation of the results is
thus often not possible. Even if a 2" heating is carried
out, this problem cannot be solved, as the state of the
sample will have changed after the 1t heating. The glass
transition temperature, which is determined on the basis
of the 2" heating, would no longer correspond to the
original glass transition temperature.
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This problem can only be solved with the aid of temper-
ature-modulated DSC (TM-DSC). Due to the fundamen-
tal differences between the thermal effects of the glass
transition and the curing, the two reveal themselves in
TM-DSC measurements in both the reversing DSC curve
(glass transition) and in the non-reversing DSC curve
(curing effect). This means that these two effects can be
analyzed and quantitatively determined independently
of each other. TM-DSC separates the glass transition not
only from curing effects, but also from other overlapping
thermal effects such as relaxation effects. The glass tran-
sition effect can be clearly recognized in the reversing
DSC curve; therefore, the evaluation of the glass transi-
tion temperature is more precise and the results are
more reliable.
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In addition, TM-DSC can be called an “in-situ analysis
method”. With only a single heating, not only can the
glass transition temperature of the original state of the
sample be determined, but in some cases the glass tran-
sition temperature of the fully cured sample can as well.
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