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	 In this study, four fiber Bragg grating (FBG) sensors were embedded into a quasi-isotropic 
carbon fiber/epoxy composite material to monitor curing.  The spectra of the FBG sensors were 
shifted and deformed during the curing process.   This phenomenon is caused by residual strain 
during composite curing.   We monitored the spectral changes of the embedded FBG sensors 
in different laminate layers to measure the residual strain during curing.   According to the 
experimental results, the curing residual strain of the composite was generated first from the central 
layer.  The maximum axial and lateral residual strains measured by the FBG sensors were −456.7 
and 1234.6 µε, respectively.  The FBG sensors have advantages for use in the stress–strain sensing 
of composites.

1.	 Introduction

	 Composite materials have been widely applied in industry because of their specific strength, 
stiffness, and corrosion resistance.   During the curing process for composite materials, residual 
strain is the factor most relevant to the quality of the composite product.  Hence, the monitoring 
of curing is an important issue in the manufacturing of composite materials.  Recently, the use of 
optical fiber Bragg gratings (FBGs) in curing monitoring has been widely studied.(1,2)  FBG sensors 
are small and compatible with common polymeric materials, and thus can be easily embedded close 
to the internal sensing site in a composite structure without introducing significant defects.  
	 In 2009, Mulle et al.(3) embedded FBG with [0°]8 laminate in a carbon fiber/epoxy laminate 
composite.  Change in the strain of the FBG in laminates of different thicknesses were investigated 
as a means of monitoring the curing process.  It could be observed that the FBG was compressed 
in response to strain during the curing process as the temperature rose, presumably because the 
stickiness of the resin was reduced, which in turn caused frictional force to be produced between 
the resin and the FBG, in addition to vacuum compression, thus causing loading to the FBG.  
	 In 2010, Takeda et al.(4) embedded FBG sensors into a carbon fiber reinforced polymer (CFRP) 
to examine the relationship between laminate thickness and internal residual strain following the 
curing process.   Experimental results indicated that spectral distortions of the CFPR specimen 
following curing were caused by nonuniform axial strain on the given FBG sensor, which was 
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attributed to the use of carbon fibers.  Final calculations based on spectral data showed an inverse 
relationship between laminate thickness and residual strain, and that the residual strains for the 
laminated layers 4, 8, and 13 were −1233, −1367, and −1650 µε, respectively.  
	 In 2011, Shen(5) embedded FBG sensors into the different laminated layers of [0°]28 carbon 
fiber epoxy composite to measure residual strain.  The results indicated that the residual strain for 
the middle layer was 370 µε.  Gelation and solidification of the composite material can also be 
observed when monitoring the curing process.  
	 A literature survey reveals that most of the previous studies in this area have focused on damage 
evaluation and on measuring the mechanical properties of composite materials, but that they 
lack any consideration of residual strain monitoring after curing in different layers with different 
angles of 0, −45, 90, and 45° isotropic laminates.  The aim of the current study was to apply FBG 
sensors to monitor the characteristics of the curing process in a quasi-isotropic carbon fiber/epoxy 
composite.  Four FBGs were embedded into different lamina of composite materials, after which 
the progress of curing as well as internal residual strain values during the curing process were 
measured.

2.	 Materials and Methods

2.1	 Working principle of FBG sensors

	 FBG, which is also known as short-period fiber grating, possesses a grating cycle of 
approximately 1 µm.  When FBG is influenced by physical quantities, the structural characteristics 
of the FBG are altered.  Because the FBG structure is located in the core of optical fibers, it is 
primarily affected by temperature and strain, which cause shifts in the reflected wavelength.  When 
subjected to tension or when placed in an environment with an increasing temperature, the reflected 
wavelength of the FBG is generally increased.  Conversely, the reflected wavelength of the FBG 
is reduced when the FBG is subjected to pressure or placed in an environment with a decreasing 
temperature.  The required physical value can be determined by incorporating the shift variation of 
the front and back portions of the reflective wavelength into the Bragg reflection equation as shown 
here:(6,7)

	 λ = 2neffΛ,	 (1)

where λ represents the Bragg wavelength, neff represents the effective refractive index, and Λ 
represents the grating cycle.  These values can be further developed into the following equations:(6)

	
∆λ
λ

= 1 −
n 2
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2
[p12 − ν(p11 + p12 )] εz = (1 − pe)εz,	 (2)
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2
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where pe is the elasto-optic coefficient and p11 and p12 represent the elasto-optic tensor with p11 = 
0.113 and p12 = 0.252, respectively, neff = 1.458, and ν = 0.16.  The relationship between the FBG 
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wavelength shift and axial and parallel strain are obtained in Refs. 6, 8–10.  The triaxial strain is 
represented as
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	 In the above equations, ν represents Poisson’s ratio, and ν = 0.16.  The term E represents the 
modulus of elasticity, neff represents the effective refractive index of the optical fiber, and p11 and p12 
represent the elasto-optic tensor with p11 = 0.113 and p12 = 0.252, respectively.  The terms Δλx and 
Δλy represent the wavelength shifts in directions x and y, respectively, and λ represents the Bragg 
wavelength.

2.2	 Experimental

	 Temperature-corrected FBG sensors [5 mm length of the sensing part and the full width half 
maximum (FWHM) of the FBG of about 0.175 nm] were embedded into prepreg materials with 
different layers according to wavelength, from small to large.  The layer orders and locations were  
[45°/90°/−45°/0°/45°/90°/−45°/0°/[S1]/0°/−45°/[S2]/90°/45°/[S3]/0°/−45°/[S4]/90°/45°].
	 The prepreg laminate composite consisted of 16 layers and was finished using a curing process 
that involved heating and pressurizing inside a mold.  First, a teflon fabric was laid in the mold, 
followed by a prepreg material, another layer of teflon fabric, and then a diaphragm and an O-ring.  
Next, the mold was locked and sealed.   The upper and lower molds were connected by an air 
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compressor and vacuum pump lines and laid into a thermal chamber to thermoform.   Figure 1 
shows the experimental setup for the FBG monitoring of composite curing.

3.	 Results and Discussion

	 As shown in Fig. 2, some slight wavelength shifts occurred during the curing process as the 
temperature rose.  The spectrum widths narrowed as the FBG sensor locations moved toward the 
interior.  When the temperature was between 70 and 75 °C, the wavelength–temperature curves in 
the spectra are downward and nonlinear for sensors S1 and S2.  The wavelength–temperature curves 
in the spectra change upward at 105 °C for sensor S1 and at 100 °C for sensor S2.  There were also 
wavelength shifts towards longer wavelengths.  The wavelength shifts were more apparent in FBG 
sensor S1, the innermost sensor, at temperatures below 60 °C, in sensor S2 at temperatures below 
55 °C, and in sensors S3 and S4, the outermost sensors, at temperatures below 45 °C.
	 Figure 3 illustrates the S1–S4 wavelengths of peaks before and after curing.  After curing, the 
wavelengths shifted toward shorter wavelengths, which may be due to compressive residual strain, 
as proposed in photoelasticity theory.  A single peak was split into two peaks in the spectra of 
sensors S1 and S2.  FBG theory suggests that birefringence may have occurred in the four FBGs 
due to lateral residual strain.  A split into two peaks occurred in sensor S1 due to the residual strain 
of the isotropic laminate.   It showed that the residual stress obviously existed in Fig. 3 because 
there was no superposition of the curves in the spectra.   Sensor S1 embedded as the innermost 
sensor retained the highest stress and sensor S2 had the second highest stress, as shown in Table 
1.  The residual stress was less affected for sensors S3 and S4, because they were embedded as the 
outermost sensors.  The axial residual stress, axial strain, lateral residual stress, and lateral strain 
in the FBGs were calculated via central wavelength shifts and distances between split peaks before 
and after curing (Table 1).

Fig. 1.	 (Color online) The experimental setup for FBG monitoring of composite curing.
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Fig. 2.	 (Color online) S1–S4 wavelength shifts during curing.

Fig. 3.	 (Color online) Wavelengths before and after curing.
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Table 1
S1–S4 Residual stresses and residual strains.

[45°/90°/−45°/0°/45°/90°/−45°/0°/[S1]/0°/−45°/[S2]/90°/45°/[S3]/0°/−45°/[S4]/90°/45°]
Sensor S1 Sensor S2

  σz     σx   σy     σz     σx  σy

   −24.7     93.4    18.9     −2.1   63.4  10.5
  εz     εx   εy     εz     εx  εy

   −96.2 1234.6   0 −138.5 877.5 0
Sensor S3 Sensor S4

  σz     σx   σy     σz     σx  σy

−27     −4.1 −4   −34.1   −6.6  −6.5
  εz     εx   εy     εz     εx  εy

 −281.3     −1.2   0 −456.7   −1.9 0
*Stress (σ) unit, MPa; Strain (ε) unit, με.

4.	 Conclusions

	 The results showed that the residual stresses, strains, and splits were generated from the 
innermost to the outermost laminates (0, −45, 90, and 45° isotropic laminates).  Thus, it can be 
assumed that the material orientations affect the order in which stress is generated and determine 
the type of strain (compression or stretching).
	 The upper and lower laminates [−45°/0°/[S1]/0°/−45°] of the innermost sensor S1 were 
protected by 0° layers on either side, and the lateral stress was relatively mild.  A split into two 
peaks also occurred in sensor S1.   It was assumed that the refractive index of FBG sensor S1 
changed owing to anisotropic ellipse polarization caused by isotropic laminate residual stress.  The 
experimental results showed that the four FBG sensors embedded into isotropic carbon fiber/epoxy 
composite had a maximum axial residual strain of −456.7 µε and a maximum lateral residual strain 
of 1234.6 µε.
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