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Abstract

As a continuation of our previous work, which concerned the relationship between curing degree and
key neat resin properties, an experimental study was carried out to evaluate the applicability and
limitations of the results of the characteristic neat resin properties on polymer matrix composites. The
glass transition temperature, storage modulus and fracture energy of a unidirectional carbon fiber-
reinforced epoxy laminate were studied as a function of the degree of cure. Using dynamic mechanical
and fracture mechanics tests a good correlation between the key neat resin and laminate properties was
established.

1. Introduction

Although advanced polymer-matrix composites have been successfully applied as construction
materials for lightweight structures, there is still a need to economise the processing cycles by
reducing resin cure temperature and time [1]. As the latter parameters directly affect the degree of cure
and thus the composite performance profile considerable research has been conducted to clarify the
complexities of the degree of cure on the neat resin properties [2-4]. These include storage modulus as
a function of temperature, glass transition temperature and fracture energy [5-7]. For the dry material
state it was found that the glass transition temperature increased continuously to its maximum value
for the fully cured material. On the other hand, a decrease of the storage modulus values were
determined with increasing degree of cure within the same curing range. The fracture energy,
however, showed a value increase up to a curing degree of about 83%. At higher curing degrees, the
fracture energy values levelled off. As expected, wet specimen conditioning led to lower glass
transition temperature as well as storage modulus values. Simultaneously, the fracture energy plateau
increased for the wet material state.

In this study, cure temperature and time were again changed systematically to investigate its influence
on the corresponding laminate properties. A commercially availible carbon fiber reinforced prepreg
was impregnated with the same 180 °C degree cure epoxy resin formulation as used for the
experimental work at the neat resin level. Based on dynamic mechanical as well as fracture
mechanical measurements on laminate specimens an attempt is made to establish a correlation
between relevant neat resin and composite properties.
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2. Experimental
2.1. Materials and laminate fabrication

The compression molding process was used to produce quasi-unidirectional (UD) woven fabric
laminates (6 plies; 3 mm laminate thickness) consisting of a standard modulus carbon fiber T700 and a
non-stoichiometric epoxy resin formulation. A few glass fibers were inserted in the weft direction to
make the unbalanced prepreg integrity during handling [8]. The polymer matrix was the same as
described in [2], so the reader is referred to this article for sample preparation and descriptions. By
having applied the appropriate curing parameters regarding temperature and time (Table 1), it was
possible to produce laminate plates with the same degree of cure as for neat resins. The fiber volume
content in the cured laminate plates was calculated as specified in [9] to 50+3 %. Somewhat higher
fiber volume content (about 57 Vol%) was determined for one laminate plate cured to 96 %.

Table 1. Cure programs for various degree of cure of carbon-fiber/epoxy laminates.

Degree of cure Cure program
(%) (temperature/time)
80 95°C/1h+140°C/1h
90 95°C/1h+150°C/1h
94 95°C/1h+170°C/3 h
96 95° C/1 h +200° C/3 h

2.2 Test methods

As the complete experimental set up for the determination of the key neat resin properties is given in
[2], the focus in this section is laid on the experimental procedure for the characterization of the
carbon fiber/epoxy specimens. All dynamic mechanical tests were carried out according to 1ISO 6721-5
[10] using rectangular specimens in the dimension 80x10 mm. Two measurements were performed for
each cure program. The thermo-mechanical storage modulus as a function of temperature was
measured with a Mettler-Toledo DMAB861e (Fa. Mettler-Toledo, Schwerzenbach, CH) applying three-
point bending for each cure condition. Measurements were performed in a temperature range from
10 °C to 275 °C at a heating rate of 2 °C/min and a test frequency of 1 Hz. It should be noted that both
force and displacement were adjusted with respect to fiber reinforcement, ensuring that the material
deformation was done within the linear viscoelastic region.

Mode | fracture toughness testing was carried out on a servo-hydraulic test machine (MTS 858, MTS
Systems Corporation, Berlin, Germany). Double cantilever beam (DCB) specimens (155 x 20 mm)
were loaded continuously with a constant crosshead-rate of 10 mm/min until the crack was
approximately 100 mm in length. A thin polymer film (length of 50 mm) was placed in the bondline
during specimen manufacturing for crack initiation. Load introduction was done via steel loading
blocks that were bonded to the outer surface of the DCB specimen using a two-component epoxy
adhesive. Fracture mechanic tests were done in laboratory air (23 °C, 50 % relative humidity) and at
least five samples were tested for each cure program. All measurements were conducted on dried
specimens (dry conditions: storage of specimens in an oven at 70 °C for 24 hours).

3. Results

In Fig. 1 the glass transition temperature, T, (onset-value) is plotted as a function of the degree of
cure for both neat epoxy and carbon fiber-reinforced specimens. In good agreement with the results
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observed at the neat resin level, a significant increase in Tg with increasing degree of cure was
determined for the composite material. The effect of reinforcement on the glass transition temperature
leads, as expected, to consistently higher values compared to the neat resin. However, this is not true
for a curing degree of 96 %. The T4 value is lower, which can be attributed to the higher fiber volume
content (57 Vol%) in the specimens.
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Figure 1. Comparison of onset glass transition temperature obtained from DMA measurements and
the degree of cure for neat epoxy and carbon fiber/epoxy specimens (dry condition).

The storage modulus values at 23°C, E¢(23), for both neat and carbon fiber-reinforced specimens
obtained from DMA measurements are shown in Figure 2. The laminate values were normalized to a
fiber volume content of 52% using the equations as recommended in [9]. It can be seen, that with
increasing degree of cure the storage modulus will tendentially decrease. These results are in
accordance with investigations published by other authors [11-13]. Their studies have shown that the
lower modulus at room temperature of the more crosslinked network is a consequence of the lower
density. Our results from density measurements on neat resin samples confirm these conclusions.
However, due to the reinforcing fibers this behavior is less pronounced for the composite storage
modulus values.

A direct comparison of the fracture energy, Gic, of both neat and carbon fiber-reinforced specimens on
the degree of cure is depicted in Fig. 3. The results clearly indicate, that the laminate G,c values, first,
increase with increasing degree of cure. After a curing degree of 91% and under consideration of the
calculated standard deviations the interlaminar G,c values levelled off at 0.27 kJ/m? (mean value). On
the other hand the neat resin fracture energy remains roughly constant on the same level (mean value
of 0.16 kJ/m2). An explanation of the higher laminate Gic values can be made in terms of a larger
crack tip damage zone in combination with possible effects associated with the fiber/matrix interface
(see e.g. [14]).
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Figure 2. Comparison of storage modulus at 23°C obtained from DMA measurements and the degree
of cure for neat epoxy and carbon fiber/epoxy specimens (dry condition).
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Figure 3. Comparison of fracture energy values and the degree of cure for neat epoxy and carbon
fiber/epoxy specimens (dry condition).

4. Conclusions

Based on a series of experiments in which cure temperature and time were systematically varied, it
was possible to characterize the influence of the degree of cure on glass transition temperature storage
modulus and fracture energy. For a given fiber type, good correlations between characteristic neat
resin and the corresponding laminate properties have been shown to exist. Hence, the developed test
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methodology is basically suitable for carrying out an effective material characterization of neat resin
formulations for high performance composite applications applying structure-property relations (neat
resin level vs. laminate level). Moreover the tests on neat resins offer considerable advantages in terms
of a lower effort for specimen preparation and testing.
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