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Carbon/epoxy 8552 prepreg is a thermoplastic toughened high-performance epoxy being used in the
manufacture of advanced army material. Understanding the cure behavior of a thermosetting system is essential
in the development and optimization of composite fabrication processes. The cure kinetics and rheological
behavior were evaluated using a differential scanning calorimetry (DSC), dynamic mechanical analysis (DMA)
and a rheometer. Values of the kinetic parameters were obtained from dynamic DSC scans using an nth order
reaction model. Rheological measurements as a function of temperature and time were made for the prepreg
system. The manufacturer’s recommended cure cycle was evaluated and considered adequate to consolidated

the studied system.
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1. Introduction

Preimpregnated fibers or prepregs have been widely used to
produce high quality composite parts. Interest in the kinetics and
mechanisms of epoxy resin curing used in prepregs derives from
its use in reinforced composites. Chemical reactions that take place
during the cure determine the resin morphology, which, in turn,
determines the properties of the cured thermoset resin. Processing-
morphology-property relationships of various epoxy resin formula-
tions have been investigated. The first essential step in this evaluation
process is to understand the mechanism and the kinetic involved in
the curing reactions'”’.

Excellent reviews concerning mechanisms and kinetics of ther-
moset cure are presented in literature'!. Despite the considerable
current research effort in the field of epoxy resin cure, numerous issues
have yet to be addressed. There is a number of partially conflicting
explanations proposed in recent years for the reaction mechanisms
of epoxy system cure'”.

There has been an increased interest in modeling of epoxy-based
composite processing with the growth of computer-aided design and
manufacturing'. The aim is to optimize the processing parameters to
obtain high quality parts with greater consistency and to minimize
the experimental work required to establish a cure cycle for new
components. A good model enables one to predict how the system
will behave during cure and what will be the final condition. One
of the most important tools of such models is a description of the
kinetics of cure. With the chemistry of epoxy curing being rather
complex and not completely understood, the cure kinetics is not
easily elucidated! 72,

A variety of experimental techniques has been used to monitor the
cure reaction of thermosetting systems, among them, the differential
scanning calorimetry (DSC), dynamic mechanical analysis (DMA)
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and rheological analysis can be cited. DSC can measure the heat
flow required to maintain a sample at a given temperature, providing
information on cure and degradation reactions. In the DMA test, the
specimen is loaded in bending and force and displacement measure-
ments are used to characterize the material.

The rheological characterization of composite matrix resins is
of ever-increasing importance in recent years'*'*. Information about
flow, gel temperature and minimum viscosity is used to select new
resin systems and to establish preliminary processing parameters'*!“.
Substantial efforts have been devoted to develop proper methodolo-
gies for characterizing the cure cycle in prepreg systems as well as to
investigate the behavior of different systems. However, few studies
have been reported in the open literature. Therefore, the rheological
evaluation of carbon fiber/epoxy prepregs deserves further attention.
In rheological analyses, the molecular mobility is measured as a
function of temperature or time. Changes in molecular mobility are
indicative of viscosity changes during the cure. The combined results
of DSC and DMA techniques provide an in-depth characterization
of the material thermal properties'*!.

The most important problem related to the use of epoxy resins in
preimpregnated systems is that they are inherently brittle materials®.
This has been the subject of many studies involving the toughening of
the epoxy matrices without compromising their desirable attributes,
such as their high glass transition temperature (T ), high modulus
and advantageous strength to weight ratios. Thermboplastic and rub-
ber additives have received much attention to reach this goal due to
their ductile nature, high T, and high modulus. They have proved to
be very effective for highly crosslinked epoxy resin systems*. As a
result of the intimate relationship between network structure, me-
chanical properties and reaction kinetics, it is important to understand
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the reaction kinetics of the epoxy cure. However, the introduction
of thermoplastic or rubber modifiers can cause further complexities
resulting from the interactions between the thermoplastic/or rubber
and epoxy materials, which may affect the cure process*.

In this work, DSC, DMA and rheological techniques were used
to investigate some of the kinetic parameters of cure reactions of a
recent 8552-epoxy system modified with thermoplastic, impregnated
into carbon reinforcement, and to evaluate the curing cycle used to
manufacture polymeric composites for aeronautical applications.
The basic assumption used is that the heat evolution recorded by
DSC is proportional to the extent of consumption of epoxy group
in the epoxy resin or the reactive group in the curing agent. Kinetic
data are obtained from dynamic DSC and rheological measurements
and both dynamic and isothermal DMA measurements during the
curing reactions.

2. Experimental Procedure

2.1. Materials

Carbon fabric reinforced 8552-epoxy (prepreg), supplied by
Hexcel Composites, was studied in this work. The epoxy matrix is
amine and thermoplastic toughened and the carbon fabric is manu-
factured with T300 fiber.

2.2. Prepreg analysis

Differential scanning calorimetry (DSC) can measure the heat
that is either absorbed or evolved during the course of a chemical
reaction. Since epoxy reactions release energy during the cure (i.e.
they are exothermic) DSC is a conventional tool for monitoring their
cure. The used equipment was a DSC Pyris from Perkin Elmer. The
raw data was automatically sent to a computer and evaluated using
software called Pyris Kinetics.

The uncured prepreg samples (8552-epoxy), weighing about
5 mg, were placed in an aluminum pan with a sealed lid and placed
opposite to the empty reference pan in the oven chamber. The DSC
was then set for temperature range of 30 to 300 °C with three different
heating rates: 2.5; 5.0 and 10.0 °C.min"".

Rheological data were obtained using a Rheometric Scientific,
model SR-5, with parallel plates and controlled stress rheometer.
Three heating rates were investigated: 2.5; 5.0 and 10.0 °C.min",
with a constant frequency of 1 rad.s™! and stress 1000 Pa, to identify
changes in the viscosity profiles and gel temperatures of prepreg
system.

For the dynamic mechanical analyses the prepreg samples were
cut in the dimensions of 40 mm x 13 mm (length and width). A
thermal analyzer (DMA) TA2980 of TA Instruments operating in the
single cantilever horizontal measuring system was used to evaluate
the specimens. The DMA equipment was calibrated using a metal-
lic standard. The used experimental conditions were: oscillation
amplitude (20 wm), 1 Hz frequency, heating rate (2.5 °C.min"') and
temperature range of 30-300 °C. Before starting every experiment,
the equipment was stabilized at 30 °C by 3 minutes.

3. Results

3.1. Differential scanning calorimetry

Figure 1 shows a typical dynamic DSC curve obtained for the
8552-epoxy system. The area above the peak at the exothermic region
was used to determine the fractional conversion of the epoxy resin;
by assuming that the heat evolved during cure is directly related to
the disappearance of the epoxy groups during the reaction.
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The parameters kinetics in this work were obtained by dynamic

DSC scans using an nth order reaction models, according to Equa-
tion 131218,
4% _ k(1 -ay (1)
where: a is the degree of chemical conversion, 7 is the order of the
reaction, k is the reaction rate constant and do/dr is the derivative o
with respect to time or temperature or reaction rate.

Table 1 shows all kinetic parameters obtained by dynamic
method for the three heating rates: 2.5; 5.0 e 10.0 °C.min"' of
carbon/8552-epoxy resin prepreg. 7, . and T describe the tem-
perature rate in that the prepreg cure kinetic was studied, always
keeping the onset in 5% and offset in 90% of conversion, once that
is known that in the beginning of reaction the process is very fast and
disordered, therefore it is difficult to establish any kinetic parameter
in this phase. In a similar way, in the final of reaction, few groups are
still available to react and again the description of cure in this phase
is not representative of the kinetic as a whole®.

It is verified that the onset of an exothermic event is registered at
lower temperatures for slower heating rates because the lower heating
rate favors a larger number of chemical groups to react. In the same
way, the enthalpy and the order of reaction increase with the decrease
of the heating rate. The enthalpy and the order of reaction are related
to the area above the DSC curve, which is directly proportional to
the epoxy groups consumed during the cure®.

The reaction heat values, AH, vary over the range 578-596 J.g"!
with a mean value of 494 J.g” for the carbon/8552-epoxy prepreg.
The order of reaction found for the carbon/8552-epoxy prepreg is
in the range of /.3-0.9 with the average n = /.1. These data suggest
a strong dependence among the kinetic parameters and the reaction
heat with the heating rate.

The activation energy, E , was determined using the variation of
the maximum temperature of the exothermic peak with the heating
rate based on the Ozawa and Arrhenius method''>. The calculated
mean value of Ea for the prepreg system is: 58.5 + 1.6 kJ.mol' for
the 8552-epoxy.

The values obtained for the pre-exponential constant (~ 9.9-8.7 s7')
and the activated energy are in agreement with the literature data for reac-
tions between epoxy and aromatic amines groups (50-100 kJ.mol")*!>17.
Itis also necessary to do a simulation involving the composite process-
ing into the autoclave by using the prepreg.

The DSC curve obtained by heating rate of 2.5 °C.min"! was
chosen to represent the prepreg system (Figure 1). This heating rate
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Figure 1. Typical dynamic DSC curve of the 8552 prepreg at the heating
rate of 2.5 °C.min"".
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was used as reference because it is the rate employed industrially in
the autoclave to cure the prepreg studied in this work.

Four steps constitute the cure cycle suggested by the prepreg supplier.
Firstly, the temperature is raised from 30 to 116 at 2.5 °C.min’!; holding
at 116 °C for 60 minutes (second step); following the temperature
is raised until 177 °C using the same heating rate (third step); hold-
ing at this temperature for at least 120 minutes (fourth step). Based
on this information, a mathematical simulation of the degree of
conversion of the 8552-epoxy resin was carried out and represented
in Figures 2a-2d.
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Figure 2a presents the simulation of the prepreg system con-
version degree as function of temperature for a time interval of
34.4 minutes; this is the time necessary to elevate the temperature
from 30 to 116 °C, using the heating rate of 2.5 °C.min"'. This curve
was obtained based on Equation 2, using a predetermined time and
temperature range:

o=1-[1-(1-n)A.t.exp(-E, /RT)]" "= 2)

Figure 2a shows the conversion degree of the carbon/8552-epoxy
prepreg as function of temperature as a simulation of the curing

Table 1. Kinetic parameters obtained by dynamic DSC method for carbon/8552-epoxy resin prepreg.

Matrix of Heating rate T, .0 T (°C) -AH (J.g") InA (s E_ (kJ.mol") n
Prepreg (°C.min™")
8552 2.5 140 237 587 73+09 54.6+2.2 1.3+0.1
5.0 144 237 578 99+04 62.4+ 1.8 1.2+0.1
10.0 151 246 596 89+0.2 58.4+0.8 0.9 +0.1
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Figure 2. a) Degree of conversion, o, for the carbon/8552-epoxy prepreg as function of temperature (30-116 °C); b) as function of time (isothermal: 116 °C);
c) as function of temperature (116-177 °C); and d) as function of total temperature (complete cure cycle).
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process carried out in the autoclave. It can be observed a conversion
degree of 20%, corresponding to the reactions between epoxy and
primary amine groups, resulting in secondary and tertiary amines,
besides the production of hydroxyl groups that catalyze the polym-
erization reaction'!'>!7.

Figure 2b shows the conversion degree simulation related to the
second step in the autoclave, where the samples are kept under iso-
thermal condition as function of time, according to Equation 2. It can
be observed that the cure process reaches 53% of conversion. At this
phase, there is the presence of some molecules that are reaching the
gelation process and others that already passed over by process. Thus,
the cure process goes on more slowly due to the reduced mobility of
the molecules, caused by the increase of crosslink density.

Figure 2c¢ shows the simulation of the third step of the curing
process of the carbon/8552-epoxy prepreg in the autoclave. This
curve shows almost 100% of conversion degree for the epoxy
resin that occurs in the temperature range of 116 to 177 °C during
24.4 minutes.

Finally, the fourth step is necessary to guarantee that all structure
reaches the complete cure, independently of the thickness, and the
polymeric composite reaches the best performance in terms of their
mechanical properties, the curing cycle is kept at least 120 minutes
at 177 °C. Figure 2d depicted all cure cycle used to obtain the carbon
fiber/8552 epoxy composites. It can be observed that in the final of
cycle the material found completely cured.

3.2. Dynamic mechanical analysis

Dynamic mechanical analysis was done to complete the investiga-
tion of the curing of 8552-epoxy resin prepreg. Figure 3 shows the
DMA of the prepreg samples submitted at the same heating rate as
suggested by the prepreg supplier and previously described in this
work. According to the DMA curve (Figure 3), upon initial heating
the stiffness of the prepreg decreased drastically due to the epoxy
resin viscosity decrease. As the material is continuously heated, it
begins its cure’.

With the temperature increase, during the scanning, a significant
increase of the material storage modulus (E’) occurs indicating
that the curing process promotes the increase of the stiffness of
the samples, attributed to the crosslinking density increase of the
8552-epoxy resin.

It is important to observe that the moduli measurements present
noise, mainly the loss modulus (£”). Probably, this noise is related to
the small spaces among the carbon fibers of the fabric reinforcement
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Figure 3. DMA curves of curing of carbon fabric/8552-epoxy prepreg. Heat-

ing rate of 2.5 °C.min"".
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and also to the resin migration towards these small voids during the
curing process. Besides that, the noise appeared in the DMA curves
due to the uncured prepreg ply, used to simulate the cure was not
compacted or molded.

Comparing the DMA curves of Figure 3 with Figure 2a, which
shows that after the isothermal at 116 °C the percentage of cure of the
prepreg is about 34%, it can be observed that this curing percentage
does not cause significant increase in the material stiffness (deter-
mined by storage modulus £”). However, it is necessary to emphasize
that the isothermal at 116 °C is important in the material curing proc-
ess, because this step favors increase of the epoxy matrix crosslink-
ing density, aided by application of pressure and vacuum during the
prepreg consolidation in the autoclave. In this step, defects as voids
can occur caused by volatile release during the curing process.

After the isothermal at 116 °C it is observed a gradual increase
of the storage modulus £ until the second isothermal at 177 °C. In
this step it occurs a large number of crosslinking reactions in the resin
increasing the storage modulus £’ to a maximum value. The obtained
results show that using one single layer of prepreg it is possible to
simulate the curing process. In this work the values of E’ are used
only to monitor the cure process and this value does not correspond
to the E’ obtained by conventional mechanical tests, for example,
tensile tests. It is important to mention that the £’ value obtained by
DMA is not in agreement with the elasticity modulus for this carbon
fabric composite due to the anisotropy of the analyzed sample and to
the analysis characteristic of the DMA equipment. Discrepancies are
introduced because of the high stiffness and orthotropic nature of the
tested specimens. Therefore, the values of elastic modulus £’ should
be regarded as qualitative results for comparison purposes. On the
other hand, the DMA technique is one of the most adequate tools to
be used in order to measure the glass transition phenomenon and the
modulus value can be used in order to compare and to support discus-
sions involving processing parameters and interface studies®!®-18-20,

The increase of the storage modulus reaching a maximum during
the crosslinking was also reported in literature®>'%!8, These data are
in accordance with Figure 2d, which shows that the isothermal at
177 °C increased the crosslinking density of the 8552-epoxy matrix
until nearly 100%.

Figure 3 shows also that during the isothermal at 177 °C the
prepreg presents a peak (~ 150 °C) attributed to the loss modulus
E”. This peak is related to the glass transition region of the prepreg
resin and it is attributed to vibrations and movements of some parts
of the polymeric chains.

Figure 4 shows the DMA curve (30-300 °C) of the prepreg
previously cured by using the same curing cycle used in the analy-
ses. Comparing Figure 4 with Figure 2 obtained by DSC, it can be
observed that the epoxy matrix was properly cured.

Figure 4 shows that the cure steps carried out for the 8552-epoxy
resin prepreg were enough to promote the resin cure, since the re-
spective storage modulus E’ did not present any increase during the
analysis®>. This Figure shows also that the cured prepreg presents a
small decrease in storage modulus £ until to 190 °C, practically not
changing its mechanical property. A significant decreasing of storage
modulus E” occurs from 190 °C. The loss modulus E” and tan delta
(loss factor) also increase characterizing the glass transition region
(225-250 °C). So, the application of this material need to attend
temperature values lower than 190 °C. Also because starting from
190 °C occur loss modulus and tan delta changes.

3.3. Rheological analysis

The correlation between viscoelastic parameters and temperature
or viscoelastic parameters and time of thermoset resins or prepreg sys-
tems has shown effectiveness for support the composite manufacture.
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Figure 4. DMA curves of cured carbon fabric /8552-epoxy resin prepreg.
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observed that the gel temperature values, obtained by crossing G’ and
G”, show that the gel temperature values increase with the increase
of heating rate (comparing with the heating rate to 2.5 °C.min’', the
gel temperature increase in 9% and 19% for heating rate of 5 and
10 °C/min, respectively), therefore, the gel temperature obtained by
complex viscosity was lower than that ones obtained by crossing loss
and storage moduli (decrease in 12%, 7% and 14% for the heating
rate of 2.5, 5 and 10 °C.min’, respectively). From this, it can be
concluded that different heating rates during the cure of 8552 resin

Figure 5. Rheograms of carbon fiber/8552-epoxy resin prepreg system:
a) 2.5 °C.min"; b) 5 °C.min'; and ¢) 10 °C.min"".

Table 2. Rheological parameters of 8552-epoxy prepreg.

Heating rate Complex viscosity Modulus
(°C.min™") parameters parameters
Nosinimam Ly mimimam Tgel G'=G" Tg(‘l
(MPa.s)  (°C) (°C) (MPa) (°C)
2.5 24 55 63 141 71
5.0 15 58 73 413 78
10.0 38 63 75 180 87
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present different polymerization reaction kinetic and lower heating
rate during the autoclave processing results in slow polymerization
rate. Consequently, this result favors a more appropriate cure cycle for
the composite manufacture, decreasing the probability of defects and
porosity and increasing, consequently, the mechanical properties.

Considering that the autoclave processing involves several steps,
such as reinforcement and resin choice, vacuum/pressure cycles, the
curing cycle must consider the gel temperature, heating rate and the
initial and final temperatures of polymerization. This way allows that
the carbon fiber/epoxy composite processing can be executed with
safety and reliability. Correlating DSC, DMA and rheological data
it is possible to establish a more appropriate curing cycle for carbon
fiber /8552-epoxy system in order to produce a composite material
with quality to be used as aircraft structural component. This study
benefits directly the aerospace area allowing establishing adequate
curing cycle aiming the composite material manufacture.

4. Conclusion

It was observed that the carbon fiber/8552-epoxy prepreg shows
kinetic of cure with n reaction order and the heating rate more
adequate to manufacture the polymeric composite is 2.5 °C.min"".
This heating rate provides a cure more homogeneous and controlled
than 5 and 10 °C.min"". These results were confirmed by rheological
analyses, which show that lower heating rate promotes lower gel
temperature values and, this way, not so fast cure kinetic during the
8552-epoxy polymerization.

The use of DSC, DMA and rheological analyses showed adequate
to establish appropriate curing cycle for carbon fiber/8552-epoxy
resin system in order to produce composite material with quality to
be used in structural components. This study benefits directly the
aerospace area where an inadequate cure cycle can be detrimental
for the composite material processing.
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