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Abstract

Monitoring the curing behavior of a thermosetting material is a key issue for

ensuring a stable manufacturing process (e.g., injection molding). Dielectric

analysis (DEA), which is applicable for online-monitoring, is used to investigate

the curing behavior of a glass-fiber-reinforced epoxy molding compound. At first,

the influences of experimental settings (pressure, temperature, and frequency)

on dielectric responses (dielectric loss and ion viscosity) are characterized in a

fully crosslinked material. Results show a significant impact of temperature and

frequency on dielectric responses. Furthermore, DEA is combined with differen-

tial scanning calorimetry (DSC) to investigate dielectric properties depending on

crosslink density under non-isothermal and isothermal conditions. The results

show that DEA can detect cure changes only for a crosslink density <80%.

Finally, reaction kinetics, which can predict the crosslink density, is derived

using DSC and validated through DEA for determining the best suitable kinetic

expression for the investigated material. The crosslink density, estimated by reac-

tion kinetics, can be correlated with the dielectric properties.
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1 | INTRODUCTION

Thermosets that are widely used in industry are reactive
polymers. Non-cured thermoset material contains many
monomers, which start to crosslink from a specific tem-
perature during processing. Three-dimensional molecular
structures built spatially throughout the crosslinking pro-
cess give the hardened thermoset outstanding mechani-
cal properties at high temperatures and good chemical
resistance. It is essential to understand the changes in
material behavior during processing, for example, in the
injection molding process. The thermoset's hardening

and the released large amount of reaction enthalpy,
which cause changes in temperature and dynamical vis-
cosity in the material, could lead to manufacturing and
material faults.

There are several measuring methods for observing the
curing progress of thermosets: differential scanning calo-
rimetry (DSC), dielectric analysis (DEA), Raman spectros-
copy, Fourier transform infrared spectroscopy (FTIR),[1–3]

and ultrasonics.[4] Based on the amount of heat released
from crosslinking reactions, DSC is a classical method to
analyze the relationship among crosslink density, tempera-
ture, and time,[5–8] which is often expressed in an
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empirical model termed reaction kinetics (Equation 5).
However, DSC is only useful in the laboratory environ-
ment and requires sample preparation in advance. Instead,
since DEA is non-destructive and can be used for in-situ
monitoring, DEA can be applied in the engineering area to
track changes in a material's cure. Applications of the
DEA technique exist in the polymer field, such as for ana-
lyzing relaxation properties that depend on temperature
and frequency[9–13] and for monitoring the curing process
in a thermosetting material.[3,12–19] Changes in dielectric
responses, such as dielectric conductivity, dielectric loss,
and ion viscosity, are related to the material properties'
changes during curing, like glass-transition
temperature,[16,18] cure reaction onset, and cure end.[14]

The application of DEA for online-monitoring was
reported in the autoclave process[14] and during the press-
ing process.[15] A correlation was provided between ion vis-
cosity at the end of production and the transverse tensile
strength.[15] The conductivity rises if the Newtonian viscos-
ity decreases before gelation. During curing, pure epoxy
resin has a similar conductivity as resins with fiber con-
tents between 20% and 40%.[19] Yuste-Sanchez et al.[3] have
investigated the curing behavior at 80�C and the post-
curing behavior at 140�C of a pure resin and composite
using DEA combined with FTIR and Raman spectroscopy.
Based on molecular changes, FTIR and Raman spectros-
copy were used to determine the crosslink density, which
was compared with the degree of crosslinking calculated
according to DEA signal (permittivity and dielectric loss).
An apparent deviation between the crosslink density
values determined through DEA and spectroscopic
methods could be identified, although curves of crosslink
density derived through both methods have a similar
shape. The start of curing in the material (crosslink den-
sity = 0%) was set as the time point when the target tem-
perature (80�C) was reached, while the sample was
already placed in the dielectric cell during heating the cell
from room temperature to 80�C. In this experiment, some
resin cure probably occurred and was not considered for
the crosslink density calculation using the DEA signal. In
addition, the effect of varied frequencies on dielectric
responses was obtained in curing and post-curing.

Our work aims to provide a way to investigate the cor-
relation between dielectric properties and the curing
behavior of thermosetting composites (e.g., a glass-fiber-
reinforced epoxy molding compound) in the manufactur-
ing process, whose findings can be transferred from the
laboratory into industrial application. Since experimental
configurations and material properties affect dielectric
responses, the first step was to characterize the influences
of experiment settings (pressure, temperature, and fre-
quency) on dielectric responses (dielectric loss and ion

viscosity) in fully crosslinked materials. Experiments on
fully cured materials enable better understanding of how
curing influences the DEA signals. The next step was to
analyze the dielectric properties in correlation with
crosslink density using non-isothermal and isothermal
DEA combined with DSC. In particular, to avoid pre-
curing in the material during heating, uncured samples
are placed into the measuring chamber only after the tar-
get temperature is reached. After the feasibility for moni-
toring the curing behavior via dielectric properties is
provided, an approach is developed to use reaction kinetics
to predict the crosslink density correlated with the dielec-
tric properties as a function of processing temperature and
time. Reaction kinetics in different expressions are derived
using dynamic DSC and then are compared to the results
of crosslink density in DEA samples tempered at different
temperatures and durations. The best suitable reaction
kinetic expression will be determined for the investigated
glass-fiber-reinforced epoxy molding compound.

2 | EXPERIMENTAL PROCEDURE

2.1 | Material and sample preparation

A glass-fiber-reinforced epoxy molding compound
(EP) used in this study was purchased from Raschig GmbH
and stored at <15�C, in which the mass ratio of the poly-
mer matrix (epoxy resin, hardener, and catalyst) and glass-
fiber is 25:75. The material contains bisphenol A diglycidyl
ether (DGEBA) epoxy resin base, and the curing agent is a
modified amine type. The glass transition temperature
(measured using 20�C/min in DSC) is about 48�C, and the
density at room temperature is 1.9–2.0 g/cm3.

Reproducible sample preparation for the DEA experi-
ments is an essential prerequisite for reproducible experi-
ments. Samples were 1.000 ± 0.025 g and prepared at
room temperature with a compression force of 100 kN
for 5 min. Samples had a cylindrical shape with a diame-
ter of 13 mm and a thickness of 4 mm to ensure full cov-
erage of the sensor surface (see Figure 1).

FIGURE 1 Sample preparation at room temperature from

loose granules to a cylindrical specimen [Color figure can be

viewed at wileyonlinelibrary.com]
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2.2 | Differential scanning calorimetry

Differential scanning calorimetry (DSC Q100, TA
Instruments–Waters LLC) measures a material's calori-
metric changes. A small piece of material weighting
12 ± 2 mg was prepared directly into Tzero aluminum
hermetic pans with a lid. The reaction kinetic is a
temperature- and time-dependent empirical function
determined by non-isothermal DSC performed at con-
stant heating rates of 2, 5, 10, 15, and 20�C/min from
25 up to 250�C and with nitrogen N2 as the purge gas.

2.3 | Dielectric analysis

Dielectric analysis (DEA) measures a material's response
to an applied electric field. The electrical current Ielectr
flowing through a sample as a response to an alternating
electric field is a function of the field frequency f and the
applied electrical voltage Uelectr. DEA analyzes the
changes in the polymer's dielectric properties
(e.g., dielectric loss, dielectric constant), which depend
on the changes in molecular and morphological struc-
tures in the material.

A thermoset material is a dielectric material that stores
energy and consumes energy in an electric field. A dielec-
tric material has a capacitive and conductive character
induced by the dipoles and ions that exist in the material.
The dielectric responses in the material are caused by the
dipole orientation and ion mobility. With no electric field,
dipoles and ions orientate randomly. Under an electric
field, the dipoles orientate and ion movement conducts
electric current to the electrode with opposite polarity.
Simultaneously, another effect caused by ion mobility
toward the electrode is electrode polarization, meaning
that the ions accumulate in a thin layer (charge layer)
immediately beneath the polymer surface. According to
the capacitive and conductive character in a dielectric
material, the relative permittivity εr for the investigated
material is written as a complex quantity (Equation 1).

εr ωð Þ= ε0 ωð Þ− i � ε00 ωð Þ, ð1Þ

The real part ε0 (dielectric constant) interprets the
amount of stored electric energy (reversible) in the mate-
rial, mainly associated with dipole orientation. In con-
trast, the imaginary part ε00 (dielectric loss) describes the
loss of energy in a dielectric material influenced by both
dipole relaxation and ion mobility.[20] A function of
dielectric loss ε00, which considers both influences (dipole
relaxation and ion mobility) independently, is expressed
in Equation 2.[20,21]

ε00 =
εu+ εrlð Þωτ
1+ω2 � τ2|fflfflfflfflfflfflffl{zfflfflfflfflfflfflffl}

dipole relaxation

+
σ

ωε0|{z}
conductivity

: ð2Þ

εu is unrelaxed permittivity, εrl is relaxed permittivity, τ is
relaxation time, ε0 is the vacuum permittivity, ω is angu-
lar frequency (ω = 2πf), and σ is ionic conductivity. If the
condition εu+ εrlð Þωτ

1+ω2�τ2 � σ
ωε0

is satisfied, dipole relaxation in ε00

can be neglected. The ionic conductivity dominates ε00 at
limiting low frequency so that the impact of dipole orien-
tation is negligible.[20] In this case, the function of ε00 is
written as follows (Equation 3).

ε00 =
σ

ωε0
: ð3Þ

the ion viscosity ηion is defined as the reciprocal value of
ionic conductivity σ, shown in Equation 4, and can be
used to monitor the curing process.[15,22]

ηion =
1
σ
ηion≈

1
ωε0ε00

When dipole relaxation is negligibleð Þ,
ð4Þ

A dielectric analyzer (DEA 288 Ionic, NETZSCH-
Gerätebau GmbH), consisting of the DEA electronics and
a sensor TMC 18/3A HT, was used to study dielectric
behavior. A lab press with an integrated DEA sensor
(Paul-Otto Weber GmbH) can apply heat, pressure, and
frequency to the material simultaneously (see Figure 2).

The initial step was to analyze the modified experi-
mental setting's effects on dielectric properties to deter-
mine an optimal experimental configuration and ensure
stable experimental reproducibility. This step used the
fully crosslinked EP sample, and experimental configura-
tions were set with varying clamping forces (6, 8, and
10 kN), a frequency sweep (1 Hz–10 kHz), and various
temperatures (50, 100, 150, 200, 250, and 280 �C).

The next step was to investigate the dielectric proper-
ties in correlation with the material's curing behavior
quantitatively. Since the curing reaction is time- and
temperature-dependent, the samples were measured
under different thermal conditions (isothermal and non-
isothermal). The isothermal measurement means that
the sample will be measured at a constant temperature
T for a duration t. Under non-isothermal experimental
conditions, the temperature will heat up with a constant
heating rate β from T1 to T2.

DEA measurements were carried out with a fre-
quency sweep (1 Hz–10 kHz) at a heating rate of
2�C/min, and DSC measured the crosslink density with
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the same heating rate. For estimating the changes in
dielectric properties in correlation with crosslink density
under isothermal conditions, experiments were operated
at 125 and 135�C. While the investigated epoxy composite
begins to cure in a temperature range between 90 and
120�C, the processing temperature, for example, in an
injection molding process, is higher than 150�C, which
means a high reaction speed and a short curing time.
Regarding the material's temperature sensitivity, the two
temperature levels (125 and 135�C) were chosen to
ensure a sufficient curing time for removing the partially
cured samples. The experimental operation of isothermal
DEA measurements is described as follows. The EP sam-
ple was placed into the DEA chamber at target tempera-
tures of 125 and 135�C, which took about 1 min. The
clamping force was kept constant during the measuring.
The materials, heated for 3, 6, 9, 11, and 31 min, respec-
tively, were removed from the lab press and immediately
cooled down to terminate the chemical reaction. And
then, the proportion of crosslinking reactions α that has
occurred during dielectric measurement (at temperature
T for duration t) was determined by DSC. DEA-results
measured under isothermal conditions were applied to
validate the reaction kinetics determined with the DSC
method.

3 | RESULTS AND DISCUSSION

3.1 | Influence of experimental setting
on DEA response

In dependence on machine setting and material property,
diverse factors could influence dielectric responses during
dielectric measurement of a thermosetting material. The
impacts caused by various parameters on the measuring

signals were analyzed and are discussed separately in the
following sections.

The first step was to investigate the change in dielec-
tric responses caused by varying the machine parameters
(pressure, temperature, frequency). Therefore, the fully
crosslinked EP material was used in DEA experiments
without considering the influence of chemical reactions
on measuring results.

Figures 3(A), (B) show the results of dielectric loss ε00

and ion viscosity ηion measured with varying clamping
forces (6–10 kN) and a frequency sweep (1 Hz–10 kHz) at
various temperatures (50–280�C). The scattering of
dielectric loss ε00 and ion viscosity ηion measured at differ-
ent pressures is larger at low frequency (≤10 Hz) than at
high frequency (>10 Hz). According to the results, the
impact of the varied pressures on dielectric responses
(dielectric loss and ion viscosity) is not to be identified.
Since the TMC sensor is an interleaved capacitor, mean-
ing that the penetration depth and the contract surface
will be consistent under varied pressures. Therefore, in
further experiments for analyzing the dielectric proper-
ties related to crosslinking behavior, the clamping force
was kept constant.

In both subplots (A), (B) the dielectric loss increases,
and the ion viscosity drops while the temperature rises
from 50 to 280�C. Since the material is already completely
cured, changes with increasing temperature are due exclu-
sively to softening until decomposition occurs. Ion diffu-
sion is enhanced with more thermal energy, which causes
both higher ionic conductivity and more friction losses
between the molecules. The growth of dielectric loss and
the drop of ion viscosity with increasing temperature, cau-
sed by more ion movement at higher temperature, is
smaller when measuring frequency increases. For exam-
ple, listed in Table 1, the growth of dielectric loss Δε00

(50–280�C) at 1 Hz is about 40,000, while the Δε00

FIGURE 2 Dielectric analysis (DEA) lab press. (A) Configuration of the lab press consisting of DEA electronics, a sensor, a lower, and

upper part heated with electric heating tapes controlled by a temperature sensor in each piece. (B) Schematic configuration of the DEA

electronics and sensor. Dielectric properties, such as dielectric loss, dielectric constant, and loss factor, will be determined based on DEA

outputs [Color figure can be viewed at wileyonlinelibrary.com]
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(50–280�C) at 10 kHz is four. Furthermore, the decrease of
ion viscosity Δlog(ηion) from 50 to 280�C at 1 Hz is equal
to 4.5 Ohm cm, a 45% decreased value. The reduction Δlog
(ηion) from 50 to 280�C at 10 kHz is 0.2 Ohm cm, a 2.5%
dropped amount. The results also show that ion viscosity
difference from 1 Hz to 10 kHz decreased with increasing
temperature, for example, Δlog(ηion) is equal to
4.3 Ohm cm at 50�C, Δlog(ηion) is 3.5 Ohm cm at 150�C,
and Δlog(ηion) is 2.0 Ohm cm at 200�C. Moreover, the ion
viscosity value was 7.6 ± 0.1 Ohm cm at 280�C at all mea-
sured frequencies.

3.2 | DEA results under isothermal and
non-isothermal condition

In this part, the changes in dielectric properties caused
by the chemical process, whereas the reaction heat occurs

and the material phase changes, were analyzed. Because
the curing reaction is a time- and temperature-dependent
procedure, the samples were measured under different
thermal conditions (isothermal and non-isothermal).

DSC and DEA measurements were performed at a
low heating rate of 2�C/min from 50 to 200�C to investi-
gate dielectric behavior under non-isothermal conditions
and the results were correlated with crosslink density.
2�C/min was chosen so that the lab press and the sample
could heat up with a homogeneous temperature distribu-
tion. Non-isothermal DEA results (dielectric loss and ion
viscosity) are plotted in Figure 4(A), (B). The peak height
of dielectric loss decreases with increasing frequency
while the dielectric loss value at 10 kHz is constant
through the entire measurement, which indicates the dis-
appearance of conductivity induced by ion mobility. Sim-
ilarly, ion viscosity curves become flatter with increasing
frequency until a straight line occurs at 10 kHz. The

FIGURE 3 Results of dielectric loss ε00 (A) and ion viscosity ηion (B) determined with clamping force Fc (6–10 kN) and frequency sweep

(1 Hz–10 kHz) at various temperatures (50–280�C). Part A and B in the dielectric analysis (DEA) lab press were closed with a fully cured

sample. Icons (pressure): Δ = 6 kN, x = 8 kN, o = 10 kN). Colors (frequency): Black = 1 Hz, blue = 10 Hz, green = 100 Hz,

purple = 300 Hz, yellow = 1 kHz, red = 10 kHz [Color figure can be viewed at wileyonlinelibrary.com]

TABLE 1 Overview of absolute values and percentages of growth and drop in dielectric loss and ion viscosity, depending on

experimental settings, shown as an example

Influence of temperature (50–280�C) at two frequencies (1 Hz and 10 kHz)

1 Hz 10 kHz

Δε00 [−] +40,000 (+2�106%) +4 (+100%)

Δlog(ηion) [Ohm�cm] −4.5 (−45%) −0.2 (−2.5%)

Influence of frequency (1 Hz to 10 kHz) at 50, 100, 150, 200 and 280�C

50�C 100�C 150�C 200�C 280�C

Δlog(ηion) [Ohm�cm] −4.3 (−35%) −3.7 (−32%) −3.5 (−29.2%) −2.0 (−21%) −0.2 (−3.2%)
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movement of ions is blocked at the high frequency of
10 kHz, meaning that ions cannot reorient, accumulate,
and build up the electrode layer during the short time at
high frequency. Hence, no information about curing can
be ascertained at a frequency ≥10 kHz.

Figure 5(C) shows the results of crosslink density
α(T, t), dielectric loss ε00(T, t), and ion viscosity log(ηion)
measured at 1 Hz, whereby the rate of ε00 (T, t) and the
rate of log(ηion) are shown in plots (A) and (B). At 50�C,
the sample is an uncured solid and contains no free mov-
able ions, which could conduct the electric current, and
hence the measured dielectric loss is approximately zero.
The molecules begin to ionize, for example, become posi-
tively or negatively charged, with rising temperature,
which is attributed to the reactive amine groups in the
hardener becoming deprotonated. The material transi-
tions from a solid to a highly viscous liquid, meaning that
ion movement got more active in a lower viscosity mate-
rial. The ion conductivity raised, and the electrode polari-
zation decreased until 108�C, associated with higher
dielectric loss and lower ion viscosity. Since the epoxy
group structure is not hydrogen saturated, it will be pro-
tonated into the hydroxyl group during the crosslinking
reaction. According to DSC results, the material started
crosslinking at 90�C (point g) and achieved a crosslink
density of <10% at 108�C (point h), where the maximal

dielectric loss and the minimal ion viscosity occurred.
The liquification and crosslinking process in the material
overlapped in the temperature range (point g–h), but liq-
uification dominated, which caused a continuous
decrease of ion viscosity until it reached the minimum
value at point h. Since the ion viscosity correlates with
dynamic viscosity, the hardening in the material
increased from the turning point h rapidly, meaning that
the curing process was accelerated and the material
changed from liquid to solid (point j). Hardening means
that epoxy base resins crosslinked with hardeners and
built up the macromolecules connected to changes in the
material's molecular structures. As the molecules
increase in molecular weight, they restricted ion move-
ment more strongly so that the dielectric loss near point j
was smaller. From point j, where the crosslink density is
equal to 80%, two effects overlapped in the solid material:
further curing and softening caused by increasing tem-
perature. Further curing contributed to the hardening of
the material, and increasing temperature led to the mate-
rial's softening. A slightly arising dielectric loss obtained
in Figure 5 indicates that softening dominates and the
remaining ion movement is more active.

According to the results measured by 100 Hz shown
in Figure 6(B), the value of dielectric loss reduces from
the peak height of 25 and plateaus from 135�C, while ion

FIGURE 4 Dielectric loss (A) and

ion viscosity (B) measured at a heating

rate of 2�C/min with frequencies of

1 Hz–10 kHz [Color figure can be

viewed at wileyonlinelibrary.com]
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FIGURE 5 Overlapped results of differential scanning calorimetry (DSC) and dielectric analysis (DEA) at a frequency of 1 Hz. (A) Rate

of ion viscosity. (B) Rate of dielectric loss. (C) Curves of dielectric loss, ion viscosity, and crosslink density [Color figure can be viewed at

wileyonlinelibrary.com]

FIGURE 6 Overlapped results of dielectric analysis (DEA) and differential scanning calorimetry (DSC) at a frequency of 10, 100,

300 Hz, and 1 kHz, respectively, in (A)–(D) [Color figure can be viewed at wileyonlinelibrary.com]
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viscosity drops very slowly. Simultaneously, the crosslink
density is equal to 50%, meaning that curing was still
occurring. The curing process finished at a temperature
of �185�C, indicating that the sample was fully
crosslinked. Above 185�C, the ion viscosity reduced while
the dielectric loss increased because the diffusion of the
remaining ions through the tight molecular structure was
encouraged by more thermal energy. In previous studies,
the minimal ion viscosity defined as the beginning of
crosslinking (α = 0%) corresponds to the maximal dielec-
tric loss.[14–16] In our material, which has a phase change
(solid–liquid–solid), crosslinking begins in the liquid
phase, meaning that the material generally has a small
early curing extent at the minimal ion viscosity and maxi-
mal dielectric loss. Furthermore, DEA could monitor
most of the curing process. However, in this material
DEA cannot monitor curing above a crosslink density of
80%. The material gets highly viscous or even hard at a
high crosslink amount (>80%) and contains a low ion
concentration, decreasing continuously due to further
curing. Simultaneously, the crosslinked macromolecular
structures become close-meshed and restrict the ion
movement very strongly, which causes a lower ion con-
ductivity. Electrode polarization caused by the remaining
ions that accumulate in the electrode-polymer-surface
also becomes very slight. Therefore, all effects lead to low
dielectric responses measured by DEA, and hence is not
sensitive enough for tracking the crosslinking process. In
addition, based on the results shown in Figure 6(A), (B),
at a frequency of ≤100 Hz, DEA could not detect the
thermal effect (e.g., dielectric loss curve shifts to a higher
value) caused by increasing temperature. Furthermore, at
a high frequency of ≥1 kHz (Figure 6(D)), the dielectric
response gets too slight. Therefore, for the following mea-
surements, the measuring frequency was set as 300 Hz.

For DEA measurements performed under isothermal
conditions, the EP-samples were measured at a constant
temperature from an uncured state to a fully cured state
for obtaining the dielectric responses. The heating cham-
ber was opened after reaching the target temperature to
insert the sample carrier so as to prevent curing during
heat up, however, this step has high heat loss, and the
desired ambient temperature cannot be maintained. This
problem is worse for DSC than DEA. Since the DSC
method is not accurate for isothermal measurement, a
novel approach was applied in this study to find the cor-
relation between the dielectric properties and crosslink
density. DSC measured EP-samples tempered in a DEA
lab press for 3, 6, 9, 11, and 31 min at 125 and 135�C that
are shown in Figures 7(A) and (C) to estimate the
crosslink density. Figure 7(B) shows dielectric loss
change depending on the crosslink density in the investi-
gated material. The dielectric loss decreased nonlinearly

in the time range from 3 to 31 min at a constant tempera-
ture. After the crosslink density was about 80%, the drop
of dielectric loss slowed down and tended to plateau,
while the subsequent reaction was still in progress. This
case is similar to non-isothermal DEA measurement in
that the curing process can hardly be detected after the
investigated material gets a crosslink density above 80%.
In the pure resin containing no glass fibers, the reaction
partners' mobility related to ion movement in DEA is
higher than in the epoxy/glass fibers composite. In pure
resin with the same crosslink density, stronger measured
dielectric responses can be expected vs. the epoxy com-
posite. The dielectric loss will still have a non-linear cor-
relation to curing progress in pure resin since the loss is
determined by the curing mechanism and should, there-
fore, not be affected by glass fibers that are not involved
in the curing reaction. However, the dielectric loss curve
depending on crosslink density in pure resin could shift
to higher values with a similar curve shape. In addition,
the crosslink densities estimated at 125 and 135�C in this
step were applied to validate the reaction kinetics, and
the results will be discussed in the following section.

3.3 | Reaction kinetics

Reaction kinetics describes the rate of chemical reaction,
usually shown in Equation 5,[23–25] which considers
temperature-, pressure- and concentration-dependency
k(T), h(p), and f(α).

dα=dt= k Tð Þ � f αð Þ �h pð Þ, ð5Þ

since pressure p was kept constant during the chemical
reaction, the pressure-dependency can be ignored.
The temperature-dependency is usually expressed as
k(T) = A�exp((− Ea)/(Rgas�T)), generally known as the
Arrhenius equation, consists of the material-related
activation energy Ea and pre-exponential term A. Rgas

is the gas constant (= 8.314 J/[mol�K]). Equation 5 can
be rewritten as Equation 6.

dα=dt=A � exp −Eað Þ= Rgas �T
� �� � � f αð Þ: ð6Þ

Since epoxy resins react with hardeners exothermic, the
temperature- and time-dependent crosslink density can
be calculated according to the ratio of released heat quan-
tity Hrelease to the maximum heat quantity Hmax in a fully
cured state (Equation 7). For determining the maximum
reaction heat Hmax, the non-cured material, immediately
after material delivery, was measured using the DSC
method until no more released reaction heat was
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obtained. The average of the total reaction heat calcu-
lated from repetitive DSC measurements is
Hmax = 51.77 J/g. The crosslink density ranges from
0 (non-cured) to 1 (fully cured).

αT,t =Hrelease=Hmax: ð7Þ

Figure 8 shows the DSC curves measured at heating
rates from 2 to 20�C/min in subplot (A), and the resul-
tant crosslink density determined using a linear base-
line in (B). The peak-temperature, where the maximum
reaction rate occurs, increases with increasing heating
rate, which agrees with previous studies.[17,26] In addi-
tion, the curves of crosslink density shift with increas-
ing heating rate to a higher temperature, provided in

earlier reports.[17,26] Figure 9 shows the Kissinger plot
ln(β/Tp

2) versus 1/Tp according to the Kissinger-
method,[27] which is suitable for a one-step cure reac-
tion, and the activation energy Ea for the investigated
material is estimated as 77.27 kJ/mol.

The reaction model f(α) is an empirical equation with
different expressions, such as nth-order, nth-order cata-
lytic, Prout–Tompkins, and Sestak–Berggren reaction
model. The reaction models were fitted with the
Levenberg–Marquardt algorithm (with a confidence
interval of 95%) to the data dα/dt versus α, and the results
for the fitting constants are listed in Table 2. The reaction
kinetics (Equation 6) with different kinetic models f(α)
(listed in Table 2) were solved at two temperatures
(125 and 135�C) by temporal integration in Matlab.

FIGURE 7 Dielectric loss at 125 and 135�C. (A) Curves of dielectric loss measured with 300 Hz at 125�C. (B) Correlation between

dielectric loss and crosslink density measured with 300 Hz at 125 and 135�C. (C) Curves of dielectric loss measured with 300 Hz at 135�C.
Differential scanning calorimetry (DSC) measured the samples heated in the lab press for a heating duration of 3, 6, 9, 11, and 31 min,

respectively, to determine the crosslink density

FIGURE 8 Heat flow (A) during the cure reaction and the resulting crosslink density (B) determined by DSC with different heating

rates (2, 5, 10, 15, and 20�C/min) [Color figure can be viewed at wileyonlinelibrary.com]
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In Figure 10, the numerically calculated crosslink
amounts are compared with experimental results mea-
sured in DEA samples heated at 125 and 135 �C for a
heating duration from 3 to 31 min. The reaction kinetics
with the nth-order reaction model provides the best
match with experimental results and shows good agree-
ment until achieving the crosslink amount of 90%, and
the maximal crosslink density is reached earlier
according to integrated reaction kinetics than in the
experiment. In a real thermosetting material, the fully
cured state is rarely achieved because some reactive
groups cannot find a reaction partner. Indeed, the poten-
tial sources of error should be considered: selecting the
baseline for calculating the reaction heat, analytical error
in reaction kinetics derived by DSC measurements, sam-
ple geometry in DSC measurement causing non-
homogenous heat transfer.

FIGURE 9 Determination of parameters ak and bk in the linear

function according to the Kissinger method, including the activation

energy Ea, pre-exponential term A and reaction model f(α)

TABLE 2 Parameters in the reaction model estimated by regression of non-isothermal DSC measurements with a confidence interval

of 95%

Reaction model Expression f(α) Parameters

nth-order (nO) f αð Þ= cα � 1−αð Þnα cα = 0.43 and nα = 0.27, logA = 7.53 1/s, R2 = 0.90

nth-order catalytic (nOk) f αð Þ= cα � 1−αð Þnα � 1+Kα �αð Þ cα = 0.003, nα = 1.25 and Ka = 1296, logA = 7.44 1/s,
R2 = 0.99

Prout–Tompkins (PT) f αð Þ= cα �αmα � 1−αð Þnα cα = 7.93, nα = 1.63 and ma = 1.43, logA = 7.34 1/s,
R2 = 0.93

Expanded Sestak–Berggren (SB1) f αð Þ= cα �αmα � 1−αð Þnα � − ln 1−αð Þ½ �pα cα = 3.12, nα = 6.12, ma = −10.54, and pa = 11.58,
logA = 7.55 1/s, R2 = 0.93

Abbreviation: DSC, differential scanning calorimetry.

FIGURE 10 Comparison between numerical and experimental results of crosslink density at 125 and 135�C [Color figure can be viewed

at wileyonlinelibrary.com]
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After the best matching reaction model is determined,
the correlation of the dielectric property (e.g., dielectric
loss and ion viscosity) measured by isothermal DEA with
the crosslink density determined by the reaction kinetics
was estimated. Further isothermal dielectric measure-
ments were performed at various temperatures. As an
example, Figure 11(A) shows the evolution of dielectric
loss ε00(T,t) at different temperatures of 125, 135, 140, 150,
155, and 180�C with a constant frequency of 300 Hz. The
dielectric loss increased at first after the sample was
placed in the oven and heated up. After reaching the
dielectric loss maximum, the loss began to decrease
because of the accelerated curing process. The peak
height of dielectric loss increases at higher isothermal
curing temperature due to more ion movement at higher
temperature, which causes more friction loss. The growth
of dielectric loss peak from 125 to 140�C is equal to
80 while the increase from 140 to 150�C is 300. The rapid
growth of dielectric between 140 and 150�C is caused by
the catalyst activated at ≥150�C that accelerates the cur-
ing. Figure 11(B) shows the contour plot of crosslink

density α(T,t) calculated based on Equation 6 with kinetic
model nth-order (nO) (listed in Table 2), which has the
best match to the isothermal DEA measuring results
(shown in Figure 10).

4 | CONCLUSION

DEA was applied to investigate dielectric property
changes (dielectric loss and ion viscosity) and correlated
with cure behavior. Curing causes changes in tempera-
ture and dynamic viscosity in the material. Experimental
settings and material properties affect the dielectric
responses during the measurement. At first, the influ-
ences of experimental parameters (pressure, temperature,
and frequency) on dielectric responses were investigated
in the fully crosslinked material. No effect of applied
pressure (6–10 kN) on dielectric responses was found.
Increasing temperature (50–280�C) causes an increase in
dielectric loss and a decrease in ion viscosity while
increasing frequency (1 Hz–10 kHz) causes a decrease of
dielectric loss and ion viscosity.

In the next step, the dielectric properties in correla-
tion with crosslink density were investigated using non-
isothermal and isothermal DEA combined with DSC.
According to the non-isothermal DEA and DSC results,
the liquification and curing phase overlapped and led to
a small early curing extent when achieving maximal
dielectric loss and minimal ion viscosity. Results show
that dielectric analyses could detect most of the curing
process (crosslink density of <80%). In the investigations
of dielectric properties under isothermal conditions, the
decrease of the dielectric loss has a nonlinear relationship
with increasing crosslink density. Similar to non-
isothermal DEA results, further curing progress cannot
be detected in isothermal measuring from a crosslink
density of 80% while the dielectric loss reaches a plateau.

Reaction kinetics, which can be determined by DSC,
is applicable for predicting the crosslink density. The
investigated material's activation energy was calculated
using the Kissinger method and the regression method
determined the parameters in different reaction model
expressions. Since temporal integrations of reaction
kinetics dα/dt with varying reaction models f(α) show a
difference in crosslink density, the results were compared
and validated using DEA data, and the best suitable reac-
tion kinetic expression was determined for this investi-
gated glass-fiber-reinforced epoxy molding compound.
This resultant reaction kinetics was applicable for deriv-
ing the distribution of dielectric loss ε00(T,t,f)
corresponding to crosslink density α(T,t), which contrib-
utes to predict and monitor the cure behavior via the
DEA technique. The derived reaction kinetic equation is

FIGURE 11 Dielectric loss ε00(T,t) at 300 Hz depends on

crosslink density α(T,t). (A) Curves of dielectric loss at

temperatures of 125, 135, 140, 150, 155, and 180�C, respectively.
(B) Contour plot of crosslink density distribution depending on

temperature and time [Color figure can be viewed at

wileyonlinelibrary.com]
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applicable in a numerical simulation, such as an injection
molding process for a thermosetting material, where the
reaction kinetics will be needed for computing the curing
process.
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