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Abstract
In order to investigate how cure cycles for composites can be optimized for improved fatigue life of
composites, an experimental set-up which measures temperature, process induced strain and level of
cure, is presented. The experimental set-up measures strain in a neat epoxy sample using optical Fibre
Bragg Grating sensors in a single glass fibre, combined with a thermo-couple used to compensate for
thermal effects. The degree of cure in the neat epoxy sample is measured in the same sample using a
dielectric sensor working simultaneously with the temperature and strain measurements. The combined
measurements allows for quantification of a number of important parameters required for understanding
how the temperature profiles used in processing of composites affects the level of process induced strains
in the neat polymer material and thereby the level of residual stresses in the final composite materials.

1 Introduction

Epoxy based thermoset resins are widely applied as matrix material for high performance fibre reinforced
composites. Curing of resins during composite manufacturing induces chemical and thermal strains in
the final composites product. Process induced residual strains are undesirable for a multitude of reasons,
including shape distortion, warpage, spring-in effects and possibly impaired material properties. With
regards to material properties, a recent study [1] found that the fatigue life performance of glass fibre
reinforced polymers manufactured using non-crimp fabrics were improved when the process induced in-
ternal strains in the material were lowered.

The findings by Hüther yields the need for a sound experimental procedure to evaluate different cure cy-
cles with respect to process induced strains, such a method is proposed in this work in an experimental set
up that combines optical Fibre Bragg grating (FBG) sensors, measuremets using a Dielectric Analyszes
(DEA) and a thermo-couple. FBG sensors have been applied for in-situ measurement of strain in ther-
moset epoxies [1, 2, 3, 4, 5, 6], and a few of them combines the strain measurement with cure kinetic
modelling to show the effect of curing to the build-up of strain. Two previous works [5, 6] have combined
Dielectric analysed measurements (DEA) with strain measurements by FBG, but none of the works con-
verted the signal to a degree of cure or provided methodology for engineering application of their work.
The purpose of the work reported here is to provide a sound methodology that combines exclusively
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experimental measurements to evaluate the influence of epoxy on the build up of strains with a special
focus on the meaning of the temperature of gelation of the epoxy.

2 Methodology

2.1 Experimental set-up

Figure 1: Schematic representation of the experimental set up

The experimental set up reported in this work takes some inspiration from the work of Hüther et al [1],
but with significant changes – including the implicit measurement of the degree of cure of the epoxy by
DEA – to the measurement. The most important of the changes is to the geometry. Both Hüther et al
[1] and Prasatya [7] used cylindrical tubes with inner diameter of more than 1 cm, which in Hüthers case
caused exothermic peaks that exceeded the target temperatures with more than 100 ◦C. Prasatya only
reported the ambient oven temperature used to conduct the experiments.

Figure 1 schematically depicts the experimental set up, which includes the DEA sensor, the type K
thermo-couple and the FBG sensor. The polymer bag, made from high temperature resistance nylon
of 0.05 mm thickness, are sandwiched in between to 10 mm thick glass plates. The sensors inside the bag
are fastened to the bag using rubbery sealant tape (normally applied for vacuum infusion moulding). The
DEA sensor were mounted with two pieces of sealant tape where the wires are soldered to the sensor, and
two pieces of sealant tape at the opposite end of the sensor, leaving the sensing area of the DEA sensor
uninterrupted by the sealant tape. The thermo-couple sensor were likewise fastened by holding the two
piece wire sandwiched between two pieces of sealant tape, but without the sealant tape interfering with
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Table 1: Cure profiles investigated

Cure Name Cure Type Steps
Step 1 Step 2

A
Two step

30◦ C for 12 hours 80◦ C for 12 hours
B 35◦C for 24 hours 80◦C for 10 hours
C 40◦C for 12 hours 80◦C for 12 hours
D One Step 80◦C for 12 hours
E 110◦C for 8 hours

amount of chemical shrinkage occurring early in the cure, and then a significant amount of thermal strain
occurring during cool down. For cure B, the two step cure, the first non-zero strain goes into the tensile
regime due to the thermal expansion of the gelled epoxy during the temperature increase to 80◦C. During
the temperature increase of Cure B the chemical shrinkage and thermal expansion are working in opposite
directions and are to some degree cancelling each other out. The effect here is that at the end of the final
step of 80◦C the strain is positive, and after cool down the final strain ends a lower level than for the one
step cure.

0 5 10 15 20 25 30

� 6:00

� 4:00

� 2:00

0:00

�10� 3

�7�L�P�H �>�K�R�X�U�V�@
�6

�W
�U

�D
�L

�Q
�>

���
@

20:00

40:00

60:00

80:00

100:00

120:00

�7
�H

�P
�S

�H
�U

�D
�W

�X
�U

�H
�>

�
�&

�@

�&�X�U�H �'�� �L�V�R�K�H�U�P�D�O ����� �&

�&�X�U�H �%�� �7�Z�R �V�W�H�S ����������� �&

Figure 3: Temperature and strain development over time for two representative types of cure. Red lines are tem-
perature and blue lines are strain. Cure B (two-step) is marked by dashed lines and Cure D (one-step) is
marked by solid lines.

The results for each of the cure cycles can be presented by graphs as shown in Figure 4. The gelation (top
left corner and magnification) is a key point in analysing the results, as it provide the time of gelation
tgel, which is marked on the time axis. The time of gelation tgel is the indicator for the temperature of
gelation Tgel and the degree of cure of gelation cgel. Tgel and cgel are defined by eqs. (6a) and (6b). The
temperature of gelation Tgel and the degree of cure of gelation are graphically shown in Figure 4 as the
intersection between the dashed blue line indication the time of gelation tgel and the temperature curve or
degree of cure curve respectively. The temperature of gelation has is marked on the temperature axis in
Figure 4 and the degree of cure of gelation is marked on the degree of cure axis in Figure 4. Another key
point from the cure cycle results are the strain level at room temperature1. The strain at room temperature
is found at the time during cool down where the temperature first reaches the defined room temperature
as shown in Figure 4.

1The room temperature are here taken to be 25�C.
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Tgel = T (t = tgel) (6a)
cgel = c(t = tgel) (6b)
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Figure 4: Measurements of Cure cycle D where the temperature is held (nearly) isothermal at 80 �C. The time
of gelation tgel are used to find the temperature of gelation Tgel and degree of cure of gelation cgel.
The (near) isothermal cure makes it possible to extract the post gelation chemical shrinkage "Ch and the
thermal strain "T h. The total process induced strain "tot is given when the cool down temperature hits
25 �C.

Table 2: Summary of results.

Cure Name Cure Type cgel Tgel "Ch "tot @ 25 ◦C
Nominal [-] Mean Std.dev [◦C] [%] [%]

Aa

Two Step
0.927 80.3 N/A -0.74

B 0.702 34.7 N/A -0.20
C 0.607 0.715

b
0.112

b 41.2 N/A -0.17

0.661
c

0.045
c

D One Step 0.642 85.5 -0.20 -0.71
E 0.695 117.8 -0.17 -0.95

a This cure cycle did not reach gelation during the low temperature stage of the cure. Gelation occurred during
the end of the temperature ramp from 30 �C to 80 �C. The DEA signal for the cure cycle is not reliable.

b Incl. Cure A
c Ecxl. Cure A
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The one step cure cycles D and E both had temperature overshoots of the isothermal target temperature
of 7 ◦C and 10 ◦C respectively. The overshoot for both is the results from high exothermic heat release
during the relative high rate of curing attained for these high temperature cures. The heat dissipation
of the experimental set up is not capable of dissipating enough heat to prevent some thermal overshoot.
Considering other relevant experiments (e.g [1]), the thermal overshoot is within reasonable limits for
simulating an isothermal cure cycle. Considering the thermal overshoots to only have small effects, the
one step cures can be used to asses the level of chemical strain that is build up in the post-gelation epoxy
as shown in Figure 4. The sum of chemical strain "Ch and the thermal strain "T h is defined to be the total
process induced strain "tot as given in eq. (7). The full results of the total strain at room temperature "tot,
chemical strain "Ch, temperature of gelation Tgel and degree of cure at gelation cgel is printed in Table 2.
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Figure 5: The total process induced strain "totplotted against the temperature of gel Tgel.

"tot = "Ch + "T h (7)

The total induced strain from processing have a negative correlation with the temperature of gelation.
This relationship is in Figure 5. Cure A did not reach gel during the first low temperature step (30 ◦C)
of the cure, which resulted in gelation at the high temperature step (80 ◦C) causing the total strain for the
cure to resemble that of Cure D. While Cure A failed the purpose of causing low total induced strain, the
resultant combination of Tgel and "tot at 25 ◦C closely fits that of Cure D. This gives indication that a two
step cure is not effective unless the epoxy reaches the point of gelation during the low temperature step.
The data point for Cure E in Figure 5 fits with the linear tendency between temperature of gelation and
total process induced strain. This is even though a significant part of the cool down from 110 ◦C to room
temperature occurred when the material was in a rubbery material state2, where the coefficient of thermal
expansion (CTE) is expected to be significantly different from the CTE in the glassy material state3

4 Conclusion

An experimental methodology was presented to the evaluate how the level of process induced strain in
epoxy at room temperature is affected by the temperature profile used during cure. The methodology al-

2T > Tglass, Tglass � 80 �C
3T < Tglass
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