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The appearance of residual strains and stresses, having a direct impact on the quality of
the final product, during composite materials manufacturing is due to the anisotropic
and non-homogeneous nature of their constituents (polymer matrix, reinforced fibers).
Until now, one of the techniques used for residual strain measurements is based on the
monitoring of the fibre Bragg grating (FBG) amplitude reflection spectrum that
becomes split into two peaks due to asymmetric thermal residual strains. To observe the
first sights of residual strains appearance and also the shrinkage of the resin during
polymerisation, for which the birefringence value is very small, we use the evolution of
FBG polarization dependent loss (PDL) spectrum during the curing process.

Introduction

Residual stresses existing in most of fibre-reinforced composite structures can have a
significant effect on the mechanical properties by inducing matrix cracks, delamination
and debonding. Theses stresses may appear during the manufacturing process but also
during the life of the structure. Several mechanisms induce residual stresses appearance
during the curing process. The mismatch between the thermal expansion coefficient of
the polymer matrix and that of the reinforcing carbon fibers causes residual strains on a
microscopic level while the difference in thermal behaviors between plies of different
orientations yields a similar effect on a macroscopic level. Other parameters such as
cooling conditions [1], post moisture absorption, cure shrinkage and differential curing
through the thickness due to exotherms may cause additional residual stresses.
Therefore, there is a huge need to evaluate process-induced residual stresses. Several
methods exist to determine residual strains. They are classified into destructive and non-
destructive methods. The first class allows providing information about the distribution
of global residual stresses in composites or along the plies. The incremental hole drilling
method belongs to this category [2]. Non-destructive methods are further divided into
those that use the inherent material properties [3], those that use in-plane and out-of-
plane deformation [4] and finally those that use sensors [5-6]. For this last case, optical
fiber sensors and more particularly FBGs are of high interest, as they present decisive
characteristics like low weight, small dimensions and high mechanical resistance. Up to
now, the curing residual strain was assessed via changes in amplitude spectra, intensity
attenuation and wavelength shifts of FBGs. This method is limited and does not allow
observing the first sights of residual strains appearance, for which the birefringence
value is very small (10°° typically). The use highly-birefringent optical fibres overcomes
this limitation. However, their high price and relative difficulty to splice also limit their
practical use. For these reasons, we propose to exploit another property of FBGs
manufactured in standard optical fibres, so-called PDL spectrum [7]. By tracking both
the amplitude and wavelength of the PDL peaks during the curing process, we are able
to observe the residual strains and also the shrinkage of the resin during polymerization.
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Polarization Dependent Loss definition

Birefringence An is the difference in refractive index between two orthogonal
polarization (x and y) modes. Refractive indices for these modes are defined by ngp, =
nef + An/2 and nepy, = ney - An/2 where nep is the core effective refractive index without
birefringence. Due to An, x and y modes undergo different couplings through the
grating. PDL is defined as the maximum change in the transmitted power when the
input state of polarization is varied over all polarization states:

PDL(4) =[101og,,(T,(1)/ T,(A)
with Tyy)=fts)f Where t,) is the transmission coefficient of the x(y) mode FBG.

Experiments

Experiments were carried out on 8 mm uniform FBGs written into hydrogen-loaded
photosensitive single mode fibre through a 1070 nm-central period phase mask. The
coating of the optical fibres was chemically stripped along a few centimetres at the
location of the FBG. The set-up to interrogate the FBGs is presented in Fig. 1. All
measurements were carried out using an optical vector analyzer with a 3 pm wavelength
resolution to follow the evolution (amplitude and PDL) of the FBGs. A thermocouple
was placed in the sample to obtain the temperature in situ. The optical fibre sensors
were embedded at the centre and perpendicular with the main axis of a 1.54 mm thick
carbon fibre reinforced epoxy cross-ply laminates ([90,,0,]») realized by a “lighter”
autoclave manufacturing process (Fig. 2). The curing cycle is presented in table 1.

Thermocouple g pedded
FBG

Oven

Optical Vector Analyzer
R L

L/
Composite sample
Figure 1: Sketch of the interrogation set-up. Figure 2: Composite material samples fabrication.

Step Information

Heating Room temperature to 120°C at 3°C/min

1% plateau 20min at 120°C

Heating 120°C to 180°C at 3°C/min

2" plateau 100min at 180°C

Cooling Free decreasing

Table 1: Curing cycle parameters

Results and discussion

We present the evolution of common FBG spectrum parameters used to evaluate the
residual strain and we compare the results with those obtained by tracking the PDL
peaks (amplitude and wavelength) during the curing cycle. Fig. 3 and 4 show the
wavelength and amplitude evolutions the Bragg peak during the curing cycle. The
splitting becomes measurable after ~5 hours. For the full width at half maximum
(FWHM) evolution (Fig. 5), there is an observable modification after 3h20, when the
temperature is already decreasing.
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Figure 4: Bragg peak(s) wavelength evolution. Figure 5: Bragg peak(s) amplitude evolution.
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Figure 6: Evolution of the FWHM Bragg peak during the curing cycle.

Figures 7 and 8 show the evolution (wavelength and amplitude) of the two PDL peaks.
We can observe that there is modification of the amplitude which appears earlier in the
curing cycle (1h12). Figure 9 is a zoom over the first hours. It shows that at the
beginning of the plateau “180°C”, the amplitude of the PDL peaks is modified, probably
due to polymer shrinkage. Figure 10 shows that the wavelength separation between
PDL peaks remains constant during roughly 5 hours. It is only when temperature
decreases that a fast increase of the PDL peaks wavelength separation appears.
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Figure 7: PDL peaks wavelength evolution. Figure 8: Evolution of the PDL peak amplitude.
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Figure 9: Zoom on the first hours of the curing Figure 10: Evolution of the PDL peaks separation
cycle of the peaks PDL amplitude evolution. during the entire curing cycle.

Figure 11 presents the transmitted spectra and PDL peaks amplitude at different times
of the curing cycle, allowing to appreciate the supplementary information resulting from
the PDL peaks. It is only after 3h30 that a modification of transmission spectrum shape
is observed whereas the PDL peaks are already influenced after 1h20.
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Figure 11: Transmission and PDL peaks spectra at different moments of the curing cycle.

Conclusion

The appearance of residual strains during the manufacturing process of composite
materials is hardly difficult to reduce. Knowing this parameter is of high interest to
determine the aging of the structures. In this context, we have shown that tracking the
PDL associated to the transmitted amplitude spectrum of a uniform FBGs embedded
into a composite material is a complementary tool to obtain pertinent information earlier
in manufacturing process than classical method based only on the reflection spectrum.
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