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Abstract

:

Structural health monitoring is of great importance for the application of composites in aircrafts. Fiber Bragg grating (FBG) sensors are very suitable for structure strain measurement. However, the strain measured by FBG sensors is different from the original strain in host materials. The relationship between them is defined as strain transfer. As composites are anisotropic, the traditional strain transfer model, which regards the elasticity modulus of host materials as a constant, is inadaptable. In this paper, a new strain transfer model is proposed for FBG sensors bonded to the surface of carbon fiber reinforced polymer (CFRP) laminates. Based on the measurement structure, the model is established and the transfer function is derived. The characteristics influencing the strain transfer are analyzed. The stacking directions, stacking numbers, and stacking sequences of CFRP laminates have a distinct effect on the transfer efficiency, which is different from the isotropy host materials. The accuracy of the proposed model was verified by experiments on a nondestructive tensile system, and the maximum model error is less than 0.5%. Moreover, the model was applied to the strain measurement of CFRP wing skin, which indicates that measurement errors decrease by 11.6% to 19.8% after the compensation according to the model.
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1. Introduction


The composite laminates have extraordinary mechanical properties such as high strength, light weight, strong corrosion resistance and low temperature distortion [1]. Thus, the application of composite laminates in lieu of traditional alloys has significantly increased in aircraft manufacturing [2]. Specifically, carbon fiber reinforced polymer (CFRP) laminates have been widely used in the manufacture of the wing skin. The CFRP laminates are made of a number of carbon-fiber fabrics impregnated with polymer. The fabrics are stacked together in specified orientations and formed at a high temperature and a high pressure. The transverse damage resistance of CFRP laminates is weak due to the lack of through-thickness reinforcement [3]. The damage mechanism of the CFRP wing skin is much more complex compared with the traditional alloy skin [4,5]. Strain testing is important for composite structural health monitoring [6]. Once wing skin strain under different loads is measured accurately, aircraft designers and engineers can obtain its ultimate limit states, which is important for reducing the risk of composite structural failures. Therefore, the accurate strain measurement for CFRP laminates is of great importance [7,8,9,10].



Fiber Bragg grating (FBG) sensors, a type of optical fiber sensor, have been recognized as ideal choices for aviation structure strain measurement [11]. FBG sensors have many advantages such as their small size, high sensitivity, multiplexing capability and immunity to electromagnetic interference [12,13,14]. FBG is made by inscribing grating in an optical fiber core. The refractive index of the grating experiences a periodic modulation, which makes the fiber act as a band-pass filter. When lights of different wavelength are launched into the fiber, the grating reflects the light of one particular wavelength, named the Bragg wavelength. The reflection wavelength of the FBG sensor is determined by the Bragg condition [15]. When the diffraction order is equal to 1, the Bragg condition can be described as follows:


    λ B  = 2  n  eff   Λ     



(1)




where neff is the effective refractive index of the fiber core and Λ is the grating period. The grating period represents the geometrical distance between two consecutive repeated alterations of refractive index in a Bragg grating [16]. The Bragg wavelength can be detected by an FBG interrogator [17]. A scanning diode laser combined with a photoelectric detector is a common design for a standard commercial interrogator. A tunable narrow band light is generated by a diode laser. The wavelength of the light is adjusted by a scanning voltage, which changes periodically. The light is launched into the optical fiber. The light with Bragg wavelength can be reflected by FBG sensors, and then detected by the photoelectric detector. At the moment, the scanning voltage is recorded, and the Bragg wavelength can be obtained according to relationship between the scanning voltage and the wavelength of the light. FBG sensors are sensitive simultaneously to both temperature and strain changes [18]. When environmental temperature varies, the reflection wavelength of an FBG sensor will also change. The relationship between the reflection wavelength shift, represented by ∆λT, and the temperature variation, represented by ∆T, can be described [19] according to


   Δ  λ T  =  λ B  ( α + ξ ) Δ T     



(2)




where α and ζ represent the thermal-expansion and thermo-optical coefficients, respectively. When axial strain is applied to the optical fiber, the wavelength shift of the FBG sensor, represented by ∆λε, can be calculated [20,21] according to


   Δ  λ ε  =  λ B  { 1 −    n  eff  2  [  p  11   − v (  p  11   +  p  12   ) ]  2  }  ε  ms       



(3)




where εms represents the axial strain and ν is the Poisson’s ratio. p11 and p12 are elastic-optical constants which respectively describe the longitudinal and lateral refractive index changes when longitudinal strain is applied to an optical fiber [22]. For the FBG sensor under both temperature and strain changes, the overall shift of Bragg wavelength is given by the summation of the two effects [19] as follows:


   Δ  λ B  = Δ  λ T  + Δ  λ ε      



(4)







To compensate the effect of temperature changes during the strain measurement, a same FBG sensor can be placed in the measurement area as a temperature compensation sensor. The temperature compensation sensor is subjected to the same thermal load but free from mechanical load. The wavelength shift ∆λT caused by the change of temperature can be eliminated from the overall wavelength shift ∆λB, and the wavelength shift ∆λε resulted from the strain change can be obtained based on (4). Then, the strain sensed by the FBG sensor can be calculated according to (3). With the help of adhesive, a bare FBG sensor is bonded to the surface of a host material. The strain of the host material is transferred to the adhesive layer, which leads to the deformation of the FBG sensor wrapped inside. Since the mechanical properties of the FBG sensor, the adhesive layer and the host material are different, the interactions among them are complicated [23,24]. When a host material deforms, part of the strain will be absorbed by the adhesive layer. The measurement structure can also counteract the original strain in the host material. Therefore, the strain measured by FBG sensors is different from the original strain in the host material [25]. The transfer efficiency between the measured strain and the original strain can be defined as a strain transfer ratio.



Several studies have investigated this problem theoretically and experimentally. Tai-Wan Kai [26] performed the Fourier amplitude sensitivity test based on an empirical mechanical model to identify the most critical parameter influencing the strain transfer ratio. Shiuh-Chuan Her [27] developed a theoretical model to evaluate the effect of adhesive and bonding length on the strain transfer. Li Sun [28] conducted a strain transfer analysis of a clamped fiber Bragg grating sensor. She discussed the influences of gauge ratio and interlayer thickness on the strain transfer ratio. Yang-yang Sun [29] proposed a method to measure surface strain with polyimide fiber Bragg gratings. It was demonstrated that polyimide FBG sensors work well even in dynamic surface strain measurements. Yue-gang Tan [30] gave the strain transfer function of the attached FBG sensor under ultrasonic excitation and realized nondestructive testing. Accurate strain measurement results were obtained in the reported studies. However, in most of the studies, it was assumed that the elasticity modulus of host materials was a constant. In fact, this hypothesis can be only valid for isotropic host materials. As for composites, such as CFRP laminates, the elasticity modulus changes with directions and material characteristics vary among different layers. Therefore, a strain transfer characteristic analysis is needed to improve the strain measurement accuracy of CFRP laminates.



In this paper, a strain transfer model is proposed for FBG sensors bonded to the surface of CFRP laminates. The influences of CFRP laminates on the strain transfer are investigated and the model is applied to the measurement of the wing skin. The content of this paper is organized into five sections. The strain transfer model is established and the transfer function is derived in Section 2. The strain transfer influential factors are analyzed in Section 3, and the relationship between the CFRP laminate configuration and the strain transfer efficiency is discussed in detail. In Section 4, the accuracy and practicality of the proposed transfer model are verified according to the experimental results. Finally, conclusions are summarized in Section 5.




2. Theoretical Model of the Strain Transfer Ratio


The measurement structure of an FBG sensor is shown in Figure 1. The structure consists of an optical fiber, adhesive layer and CFRP laminates. The optical fiber is composed of fiber core, cladding, and coating. The fiber core and cladding are both made of silica and have the same mechanical properties [26]. Thus, they can be regarded as silica core. The silica core is protected by polyimide coating. The optical fiber and CFRP laminates are bonded together using an epoxy resin adhesive layer. The length of the adhesive layer is 2L, and the width of the adhesive layer is D. ha represents the thickness of adhesive above the optical fiber.



CFRP laminates can be regarded as an anisotropic multilayered structure [31,32]. Each layer of carbon-fiber fabrics is orthotropic and its elasticity modulus along the fiber direction is significantly higher than the elasticity modulus along other directions. The configuration of CFRP laminates is shown in Figure 2. The fabrics are placed with certain stacking sequences and can be described by their fiber directions as [θ1/θ2/···/θn]s, where the symbols in the square bracket indicate the stacking sequence and directions (angles in degree) of the carbon-fiber fabrics in CFRP laminates and the subscript s means symmetric arrangement. Each fabric layer has three principal axes represented by 1, 2 and 3. The principal axes 1 and 2 are both in the fabric layer, and the principal axis 1 is along the fiber direction. The principal axis 2 is perpendicular to the principal axis 1. The principal axis 3 is perpendicular to the fabric layer. There is no relative slip between two fabric layers for intact CFRP laminates.



The measurement structure is abstracted into four parts, which are the silica core, coating, adhesive layer, and CFRP laminates. Two hypotheses are applied to this study as treated in some published references [24,33]:

Hypothesis 1.

Silica core, coating, and adhesive layer are linear elastic isotropic materials.





Hypothesis 2.

The bonds between all the interfaces are perfect and there is no relative slip.







The Hypothesis 1 describes the mechanical properties of the optical fiber and adhesive layer, and the Hypothesis 2 indicates the integrity of the measurement structure. If the hypotheses do not hold, it manifests that the adhesive layer is not fully cured or there are cracks in the measurement structure. Theoretically, the mathematical model of the measurement structure can be discontinuous in this case, and there will be no specific functional relation between the measured strain and the original strain, and this uncertainty should be avoided in the measurement.



A coordinate system is set up for the measurement structure as shown in Figure 3. The x axis is set along the central axis of the optical fiber and the y axis is along the vertical symmetry axis of the measurement structure. Only the first quadrant is shown in the figure because this structure is symmetric. L represents the half length of the adhesive layer; ys and yc are the radiuses of the silica core and coating; ya is the distance between the x axis and the lower surface of the adhesive layer; k is a positive integer, and yk is the distance between the x axis and the lower surface of the k-th fabric layer. The CFRP laminates are subjected to an original normal stress σm. Correspondingly, σs, σc, and σa represent the normal stress of the silica core, the coating, and the adhesive layer, respectively; τs(x, ys) is the shear stress at the interface between the silica core and the coating; τc(x, y), τa(x, y), and τCF(x, y) are the shear stress in the coating, the adhesive layer, and the CFRP laminates, respectively.



Each fabric layer in CFRP laminates is orthotropic. According to Hooke’s law, the relationship between stress and strain can be defined as


      { ε }   m  =    [ C ]   m     { σ }   m      



(5)




where {ε}m = [ε11 ε22 ε33 γ12 γ23 γ31] and {σ}m = [σ11 σ22 σ33 τ12 τ23 τ31] are the strain and stress matrixes, respectively. The elastic matrix [C]m is described as follows:


     [ C ]  m  =  [       1   E 1        −    μ  21      E 2        −    μ  31      E 3       0   0   0      −    μ  12      E 1         1   E 2        −    μ  32      E 3       0   0   0      −    μ  13      E 1        −    μ  23      E 2         1   E 3       0   0   0     0   0   0     1   G  12        0   0     0   0   0   0     1   G  23        0     0   0   0   0   0     1   G  31          ]      



(6)




where E1, E2 and E3 are the elasticity modulus of fabric layer along principal axes 1, 2 and 3. G12 is the shear modulus in the plane formed by principal axes 1 and 2. G23 is the shear modulus in the plane formed by principal axes 2 and 3, and G31 is the shear modulus in the plane formed by principal axes 3 and 1. μ12, μ21, μ31, μ13, μ23, and μ32 represent the corresponding Poisson’s coefficients. If the fiber direction of a fabric layer is θ in the coordinate system, the transformation matrix [T] can be expressed as


   [ T ] =  [        cos  2  θ       sin  2  θ    0    − 2 sin θ cos θ    0   0        sin  2  θ       cos  2  θ    0    2 sin θ cos θ    0   0     0   0   1   0   0   0      sin θ cos θ     − sin θ cos θ    0      cos  2  θ −   sin  2  θ    0   0     0   0   0   0    cos θ     sin θ      0   0   0   0    − sin θ     cos θ      ]      



(7)







According to (6) and (7), the elastic matrix can be described in the coordinate system as


   [ C ] =   [ T ]  T    [ C ]  m  [ T ]     



(8)







The external forces are parallel to the x axis, and the measurement structure is symmetrical about the x-y plane. Hence, τ23 is equal to 0. Equation (8) is introduced to Hooke’s law, and the relationship between shear strain and shear stress in x-y plane can be derived as follows:


    γ  CF   = (     sin  2  θ    G  23     +     cos  2  θ    G  31     )  τ  CF       



(9)




where γCF and τCF represent the shear strain and shear stress of the fabric layer. Besides this, mechanics equations can be established in the coordinate system for each part of the measurement structure according to their stress state. For the silica core, the equation can be derived as


    τ s  ( x ,  y s  ) = −    y s   2    d  σ s    d x       



(10)







In the coating, the equation is obtained as


    τ c  ( x , y ) = −    y s 2    2 y     d  σ s    d x   − (  y 2  −    y s 2    2 y   )   d  σ c    d x       



(11)







In the adhesive layer, the equation can be described as


    τ a  ( x , y ) = −   2 π  y s 2   D    d  σ s    d x   −   π (  y c 2  −  y s 2  )  D    d  σ c    d x   − (  h a  +  y c  + y −   π  y c 2   D  )   d  σ a    d x       



(12)







In the CFRP laminates, the equation can be derived as


    τ  CF   ( x , y ) =  τ a  ( x ,  y a  ) − ( y −  y a  )   d  σ m    d x       



(13)







The CFRP laminates are very thin, and there is no shear stress on the lower surface of the laminates. Hence, the boundary condition can be applied as follows:


   τ ( x ,  y n  ) = 0     



(14)




where yn is the thickness of the CFRP laminates. By substituting (12) and (14) into (13), an equation can be derived as follows:


    τ  C F   ( x , y ) = − ( 1 −   y −  y a     y n  −  y a    ) [   2 π  y s 2   D    d  σ s    d x   +   π (  y c 2  −  y s 2  )  D    d  σ c    d x   + (  h a  +  y c  +  y a  −   π  y c 2   D  )   d  σ a    d x   ]     



(15)







Based on the Hypothesis 1, Hooke’s law σ = Eε is suitable for the silica core, the coating, and the adhesive layer. The adhesive layer thickness is much smaller than the gauge length, and bonds between all the two interfaces are intact according to the Hypothesis 2. Hence, the strain gradients of the four parts are expected to be of the same order [24], which can be described as


     d  ε s    d x   ≅   d  ε c    d x   ≅   d  ε a    d x       



(16)




where εs, εc, and εa are the normal strain of the silica core, the coating, and the adhesive layer, respectively. The relationship between displacement u and shearing strain γ can be derived based on shear-lag theory [34,35,36] as follows:


    {    u ( x ,  y c  ) − u ( x ,  y s  ) =    ∫   y s     y c      γ c  ( x , y ) d y        u ( x ,  y a  ) − u ( x ,  y c  ) =    ∫   y c     y a      γ a  ( x , y ) d y        u ( x ,  y k  ) − u ( x ,  y  k − 1   ) =    ∫   y  k − 1      y k      γ  CF   ( x , y ) d y            



(17)




where k is a positive integer and not greater than n; y0 is equal to ya; γc and γa are the shear strain of the coating and the adhesive layer; γCF is the shear strain of the fabric layer. Then, Equation (9) is substituted into (17). Hooke’s law τc = Gcγc and τa = Gaγa are applied to the coating and adhesive layer, where Gc and Ga represent the shear modulus of coating and adhesive layer. By taking the derivative with respect to x, it can be obtained as


    {      d u ( x ,  y c  )   d x   −   d u ( x ,  y s  )   d x   = ε ( x ,  y c  ) − ε ( x ,  y s  ) =  1   G c       ∫   y s     y c       d  τ c  ( x , y )   d x   d y          d u ( x ,  y a  )   d x   −   d u ( x ,  y c  )   d x   = ε ( x ,  y a  ) − ε ( x ,  y c  ) =  1   G a       ∫   y c     y a       d  τ a  ( x , y )   d x   d y          d u ( x ,  y k  )   d x   −   d u ( x ,  y  k − 1   )   d x   = ε ( x ,  y k  ) − ε ( x ,  y  k − 1   ) = (     sin  2   θ k     G  23     +     cos  2   θ k     G  31     )    ∫   y  k − 1      y k       d  τ  C F   ( x , y )   d x   d y            



(18)




where θk is the direction of the k-th fabric layer. By introducing Hooke’s law σ = Eε and Equations (11), (12), and (15) into (18), the following equations can be derived:


    {    ε ( x ,  y c  ) − ε ( x ,  y s  ) = −   2  y s 2  ln (    y c   /   y s    )  E s  + [ (  y c 2  −  y s 2  ) − 2  y s 2  ln (  y c  /  y s  ) ]  E c    4  G c       d 2   ε s    d  x 2        ε ( x ,  y a  ) − ε ( x ,  y c  ) = −    y a  −  y c     G a    [   2 π  y s 2   E s  + π (  y c 2  −  y s 2  )  E c   D  + (  h a  +  3 2   y c  +  1 2   y a  −   π  y c 2   D  )  E a  ]    d 2   ε s    d  x 2        ε ( x ,  y k  ) − ε ( x ,  y  k − 1   )     = −    y n  (  y k  −  y  k − 1   ) −  1 2  (  y k 2  −  y  k − 1  2  )    y n  −  y a    (     sin  2   θ k     G  23     +     cos  2   θ k     G  31     ) [   π  y s 2   E s   D  + (  h a  +  y s  +  y a  −   π  y s 2   D  )  E a  ]      d 2   ε s    d  x 2              



(19)




where Es, Ec and Ea are the elasticity modulus of the silica core, coating, and adhesive layer, respectively. Sum over all the terms in (19), and a differential equation can be obtained as follows:


   −  ω 2  ε ( x ,  y n  ) =    d 2  ε ( x ,  y s  )   d  x 2    −  ω 2  ε ( x ,  y s  )     



(20)




where


    {     δ 1  =   2  y s 2  ln (    y c   /   y s    )  E s  + [ (  y c 2  −  y s 2  ) − 2  y s 2  ln (  y c  /  y s  ) ]  E c    4  G c         δ 2  =    y a  −  y c     G a    [   2 π  y s 2   E s  + π (  y c 2  −  y s 2  )  E c   D  + (  h a  +  3 2   y c  +  1 2   y a  −   π  y c 2   D  )  E a  ]      δ 3  =   ∑  k = 1  n      r n  (  y k  −  y  k − 1   ) −  1 2  (  y k 2  −  y  k − 1  2  )    y n  −  y a    (     sin  2   θ k     G  23     +     cos  2   θ k     G  31     ) [   π  y s 2   E s   D  + (  h a  +  y s  +  y a  −   π  y s 2   D  )  E a    ]     ω =    1   δ 1  +  δ 2  +  δ 3              



(20)







The fiber core is not loaded directly or loaded by the adhesive layer beyond both ends of the measurement structure. Hence, the strain value is zero at the both ends of fiber core, which can be described as


    ε s  ( L ,  y s  ) =  ε s  ( − L ,  y s  ) = 0     



(22)







Besides this, ε(x,ys) is equal to the strain of the fiber core εs(x), and ε(x,yn) is equal to the host material original strain εm(x). According to (20), (21), and (22), the strain transfer distribution ratio along the x axis is derived as


   β ( x ) =    ε s  ( x )    ε m  ( x )   = 1 −   cosh ( ω x )   cosh ( ω L )       



(23)







Because the strain transfer varies at different points of the optical fiber, the strain transfer distribution ratio β(x) describes the ratio, between the measured strain and the host material strain, at a certain coordinate point x [37]. Generally, the strain measured by an FBG sensor is the average strain over the gauge length of the fiber. The average strain transfers ratio of the FBG sensor can be expressed by the following form:


    β ¯  =      ∫ 0 L      ε s  ( x )    ε m  ( x )   d x     L  = 1 −   sinh ( ω L )   ω L cosh ( ω L )       



(24)







The average strain transfer ratio is defined as the average value of the strain transfer distribution ratio along the whole gauge length [38] as calculated in (24). The average strain transfer ratio can evaluate the difference between the strain measured by FBG sensors and the original strain in the host material for the whole gauge length. The value of the average strain transfer ratio varies from 0 to 1. When the average strain transfer ratio is close to 1, most of the strain in the host material is transferred to FBG sensors, and a relatively accurate strain measurement result will be obtained. If the average strain transfer ratio is close to 0, most of the strain is lost for the strain transfer, and the strain measurement accuracy is relatively low. Therefore, the average strain transfer ratio indicates the strain transfer efficiency. In addition, as the average strain transfer ratio is the ratio between the strain measured by FBG sensors and the strain in the host material, the ratio can be used to compensate the strain transfer loss during the strain measurement.




3. Analysis of Strain Transfer Influential Factors


The strain transfer characteristics are decided by coefficient ω and bonding length L according to Equations (23) and (24). The coefficient ω contains geometrical and mechanical parameters of the measurement structure, and it is the synthesis of δ1, δ2, and δ3 according to (21). Coefficient δ1 includes the parameters of the silica core and the coating which are regarded as constants for a certain FBG sensor. Coefficient δ2 indicates the interactions between the FBG sensor and adhesive layer. The coefficient δ2 can be influenced by geometrical parameters and the elasticity modulus of the adhesive layer, which has been investigated in previous papers [22,28]. Coefficient δ3 mainly describes the interactions between the adhesive layer and the CFRP laminates. The configuration of CFRP laminates influences the coefficient δ3 by changing strain transfer characteristics. According to the analysis in Section 2, the configuration is determined by stacking direction, stacking number, and stacking sequence. Therefore, the effect of the three factors on the strain transfer characteristics is further analyzed. In this paper, the fabric layers are placed in three kinds of directions: 0°, ±45°and 90°. The ±45° layers come in pairs to keep the symmetry of CFRP laminates. Table 1 shows the geometrical and mechanical parameters (at 20 °C) of the measurement structure.



3.1. The Influence of Stacking Directions


To analyze the influence of the stacking directions, CFRP laminates with stacking directions [0/0/0/0]4s, [45/−45/45/−45]4s, and [90/90/90/90]4s are separately applied to (21) and (23). The strain transfer distribution ratio curves with the three stacking directions are shown in Figure 4. The curves are exhibited from 0 mm to 5 mm as the measurement structure is axisymmetric. The maximum values of the three curves are all observed at 5 mm, and the curves rapidly decrease as they approach 0 mm. Hence, most of the strain can be transferred to the fiber core at 5 mm, and the differences between the strain measured by FBG sensors and the original strain in the CFRP laminates gradually enlarge when it is close to the endpoint (0 mm). The figure denotes that the stacking directions have a big influence on the strain transfer. The curve with stacking direction [0/0/0/0]4s is the highest while the curve with stacking direction [90/90/90/90]4s is the lowest in the figure. The average strain transfer ratios with stacking directions [0/0/0/0]4s, [45/−45/45/−45]4s, and [90/90/90/90]4s are 85.1%, 78.6%, and 73.7%, respectively. It indicates that the configuration of more ±45° and 90°stacking directions reduces the x-direction stiffness of CFRP laminates, which is disadvantageous for the strain transfer. Evidently, the CFRP laminates with bigger stacking directions have lower average strain transfer ratios. Carbon-fiber fabrics are orthotropic and their elasticity modulus along carbon-fiber direction is significantly higher than the elasticity modulus along other directions. When carbon-fiber fabrics in CFRP laminates have bigger stacking directions, the angles between carbon-fiber directions and the x-direction (the optical fiber direction) will increase. Hence, the x-direction elasticity modulus decreases with the stacking directions enlarging. According to the previous study [28], the host material of low elasticity modulus is disadvantageous for the strain transfer, and therefore CFRP laminates with more ±45° and 90°stacking directions have lower average strain transfer ratios. The theoretical analysis above is consistent with the model calculation results, as shown in Figure 4.




3.2. The Influence of Stacking Numbers


The average strain transfer ratios are compared by changing the stacking numbers of CFRP laminates. Stacking numbers are set to be 4, 8, 12, 16, and 20 which are commonly used for the fabrication of CFRP laminates. To improve the universality of the comparison, the configuration of CFRP laminates is designed by repeating three kinds of stacking units [0/0/0/0], [45/−45/45/−45], and [90/90/90/90] separately. The average strain transfer ratios are calculated with different stacking numbers as shown in Figure 5. It can be observed that the ratios are significantly affected by the stacking numbers. All of the three curves show downward trends with the stacking numbers increasing, but the trends weaken gradually. The ratio of [0/0/0/0] stacking unit is the highest, while the ratio of [90/90/90/90] stacking unit is the lowest for the same stacking number. When stacking numbers increase from 4 to 20, the ratios fall by 7.2%, 11.9%, and 15.4% for stacking units [0/0/0/0], [45/−45/45/−45], and [90/90/90/90] respectively. Therefore, it can be concluded that the average strain transfer ratios decrease with the increase of stacking numbers, and the decreasing trend is sharper for CFRP laminates with bigger direction angles.




3.3. The Influence of Stacking Sequences


Stacking sequences describe the arrangement order of carbon-fiber fabric layers in CFRP laminates. To analyze the influence of the stacking sequences, the average strain transfer ratios of CFRP laminates [08/908], [0/90]8, [90/0]8, and [908/08] are calculated according to (21) and (24) as theoretical results, which are 87.1%, 85.1%, 84.6%, and 82.9%, respectively. The stacking numbers and stacking directions of the four CFRP laminates are the same. However, CFRP laminates whose 90° fabric layers are closer to the adhesive layer tend to have lower average strain transfer ratios. To verify the conclusion, the measurement structure was simulated in the ANSYS 15.0 software as shown in Figure 6a. The simulation parameters were set according to Table 1. The same strain value was applied to all of the four CFRP laminates by setting displacement boundary conditions. The average strain transfer ratios according to the simulation analysis are obtained as simulation results. The simulation results are 87.3%, 85.2%, 84.5%, and 83.0% for CFRP laminates [08/908], [0/90]8, [90/0]8, and [908/08], respectively. The average strain transfer ratios according to both the theory model and the simulation analysis are shown in Figure 6b. The errors between theoretical results and simulation results are less than 0.3%, which indicates a good consistency.



The strain fields of measurement structures with stacking sequences [08/908], [0/90]8, [90/0]8, and [908/08] are exhibited from Figure 7a–d, respectively. It shows that the adhesive layers have a reaction to CFRP laminates. The reaction reduces the strain field intensity, which is more distinct from Figure 7a–d. The x-direction stiffness in the surfaces of the CFRP laminates declines when more 90° fabrics stack in the upper layers. The reaction effect is more significant with relatively low surface stiffness, and the average strain transfer ratios become lower. Therefore, the stacking sequences influence the strain transfer by changing the surface stiffness of CFRP laminates.




3.4. The Influence of Temperature


In the strain measurement using FBG sensors, the cross-sensitivity with temperature is a major issue to be addressed. As FBG sensors are sensitive to both strain and temperature, the effect of temperature changes on the strain measurement should be compensated. In this paper, an FBG sensor with same mechanical and optical characteristics is used as the temperature compensation sensor. As the thermal expansion coefficients of FBG sensors and CFRP laminates are different, the temperature sensitivity of FBG sensors may change after the installation. Therefore, the compensation sensor is installed on another CFRP laminate sample which has the same configuration as the CFRP laminates under test, and the installation parameters for the temperature compensation sensor are also equal to the installation parameters for the strain measuring sensor. The compensation structure is at the same temperature as the strain measuring sensor, but it is free from mechanical load. Hence, the temperature changes cause the identical wavelength shift for both the strain measuring sensor and the compensation sensor. Then, the wavelength shift of the compensation sensor is subtracted from that of the strain measuring sensor according to (4), and the cross-sensitivity with temperature in the strain measurement can be compensated. In fact, the strain measuring sensor and the compensation sensor are in the same environment, and the mechanical load is the only difference between them. Therefore, the sensitivity of the strain measuring sensor to other environmental parameters can also be eliminated by this compensation.



The strain transfer is also affected by the temperature which is indirectly incorporated in the strain transfer model. The values of elastic modulus and shear modulus in the model change with the temperature variation, and therefore there is an influence on the average strain transfer ratio. To analyze the influence, the average strain transfer ratios at four different temperatures, 20 °C, 40 °C, 60 °C, and 80 °C are calculated by substituting corresponding mechanical parameters into (21) and (24). The geometric parameters of the measurement structure are shown in Table 1 and its mechanical parameters at different temperatures are listed in Table 1 and Table 2.



CFRP laminates [0/0/0/0]4s, [45/−45/45/−45]4s, and [90/90/90/90]4s are used for the calculation, and their average strain transfer ratios at different temperatures are shown in Figure 8. It indicates that the average strain transfer ratio of CFRP laminates [0/0/0/0]4s is the highest while the average strain transfer ratio of CFRP laminates [90/90/90/90]4s is the lowest at each temperature. With temperature rising from 20 °C to 80 °C, average strain transfer ratios enhance from 85.07% to 85.41%, from 78.63%to 79.16%, and from 73.74% to 74.40% for CFRP laminates [0/0/0/0]4s, [45/−45/45/−45]4s, and [90/90/90/90]4s, respectively. The values of elastic modulus and shear modulus decrease with temperature increasing. As the modulus of the silica core declines more than that of other three materials according to Table 2, the optical fiber is relatively more ductile at a higher temperature, which is beneficial to the strain transfer. Therefore, temperature can affect the strain transfer ratio by changing the elastic modulus. Besides, since the thermal expansion coefficients of silica core, coating, adhesive layer, and CFRP laminates are different, the temperature changes can generate residual stress in the measurement structure, which will cause the distortion of FBG sensor spectra [18]. To avoid this, the installation of FBG sensors and their strain measurement experiments should be kept in the same temperature environment.





4. Experimental Verification


4.1. Accuracy Validation for the Proposed Strain Transfer Model


A strain transfer experiment was conducted to verify the accuracy of the strain transfer model. The experiment was carried out on a nondestructive tensile system. The system contains three basic instruments, which are the strain applying unit SC300 (Zolix Instruments Co., Ltd., Beijing, China), the laser interferometer XL-80 (Renishaw plc, Wotton-under-Edge, UK) and the interrogator SM-130 (Micron Optics, Inc., Atlanta, USA) as shown in Figure 9a.



The strain applying unit SC300 is a material stretching instrument which can cause the deformation of CFRP laminates. The strain applying unit consists of a vibration-isolation platform, an aerostatic guideway, an electric displacement platform and two fixtures, as shown in Figure 9b. The aerostatic guideway is installed on the vibration-isolation platform and driven by the electric displacement platform. The laser interferometer XL-80 is a displacement measurement instrument, and the moving distance of the fixture can be measured by XL-80.



The interrogator SM-130 is the standard FBG interrogator, which is used to detect the signal of FBG sensors. The interrogation scheme of the SM-130 is based on the tunable Fabry-Perot filter [39]. The Fabry-Perot filter converts a broadband light into a single wavelength light to illuminate FBG sensors. A ramp scanning voltage drives the Fabry-Perot filter to change the wavelength of the light, and therefore the wavelength has a specific relationship with the value of scanning voltage. When the wavelength of the light is the same as the Bragg wavelength, the light is reflected by the FBG sensors. The photoelectric detector detects the reflected light, and the Bragg wavelength can be interrogated according to the value of scanning voltage at the moment. To compensate temperature changes, the strain measuring sensor and the temperature compensation sensor are separately connected to the two optical-fiber signal channels of the interrogator. The wavelength shifts of the strain measuring sensor and the temperature compensation sensor are detected simultaneously and recorded respectively as ΔλB and ΔλT. Then, the wavelength shift caused by strain is obtained according to (4), and the measured strain can be calculated according to (3).



Three kinds of CFRP laminate specimens were used in the experiment as shown in Figure 10a. The stacking sequence of the specimen 1 is [45/0/−45/90/45/0/−45/0/45/0/−45/90/45/0/−45/0]s, and the stacking sequence of the specimen 2 is [45/0/−45/90/45/0/−45/90/45/0/−45/0]s. The stacking sequence is [45/0/−45/90]2s for specimen 3. These CFRP laminate specimens can be used in the manufacture of aircraft skins. The specimens are rectangle-shaped with loading areas at the two endpoints, and the loading areas are reinforced to be completely clamped. The distance between the loading areas is l. The CFRP laminate specimens were fixed on the strain applying unit by clamping both sides of loading areas with the two fixtures. The homogeneous strain was applied to the specimens when one of fixtures moved along the aerostatic guideway. The moving distance Δl was measured by the laser interferometer, and the applied strain εm was calculated according to


    ε m  =   Δ l  l      



(25)







FBG sensors were bonded to specimens with Loctite epoxy adhesive 1C-LV (Henkel AG & Co., KGaA, Duesseldorf, Germany). The measurement structure and its characteristic parameters are exhibited in Figure 10b and Table 1. The environmental temperature during the installation of FBG sensors and their experiments is kept as close as possible to 20 °C. The FBG sensor is made of germanium-doped silica optical fiber. The effective refractive index of the optical fiber neff is 1.456; the Poisson’s ratio ν is 0.170; the elasto-optical coefficients P11 and P12 are 0.121 and 0.270, respectively. The optical wavelength is 1550 nm. When tensile load was applied to specimens, the strain of specimens was transferred to the FBG sensors. The interrogator recorded the wavelength shift, and the measured strain can be calculated. Moreover, in the experiment, the hypotheses (1) and (2) should be satisfied by fully curing the adhesive layer and preventing the damage of the measurement structure. In fact, when the hypotheses are not satisfied, there can be cracks in the measurement structure, and the FBG sensors may have been damaged. In that case, the measured strain is significantly different from the original strain, and the measurement results are inauthentic.



In the experiment, the applied strain εm was set to be 500 με, 1000 με, 1500 με, 2000 με, 2500 με, and 3000 με by changing moving distances of the fixture. The experiment was conducted with the specimens 1, 2, and 3. Three samples of each kind of specimen were used to repeat the experiment. The strain of the three samples was sensed by the FBG sensors, and the influence of temperature changes was compensated as described in Section 3.4. The average value of the strain recorded by the sensors under the same moving distance was regarded as corresponding measured strain εs to reduce random errors. The relationship between the measured strain εs and the applied strain εm is shown in Figure 11. The experimental data of the three stacking sequences were fitted by the linear regression functions. All the regression correlation coefficients R2 are more than 0.99, which indicates a good linear relationship between the measured strain εs and the applied strain εm. The slopes of the linear regression functions indicate average strain transfer ratios. They are 79.6% for specimen 1, 82.6% for specimen 2, and 85.3% for specimen 3. The experimental results illustrate that average strain transfer ratios are inconsistent for CFRP laminates with different stacking sequences. The theoretical average strain transfer ratios for specimen 1, specimen 2, and specimen 3 are 80.0%, 82.3%, and 84.9%, respectively. The maximum error between the theoretical and experimental results is less than 0.5%. This demonstrates that the theoretical results are coincident with experimental results for all the three stacking sequences. Therefore, the accuracy of the proposed strain transfer model can be verified.




4.2. Practicality Validation in the Strain Measurement of the CFRP Wing Skin


The strain testing of aviation structures is very important for aircraft design and manufacture. Another strain measurement experiment was conducted on the aircraft wing skin made of CFRP laminates to verify the practicality of the proposed strain transfer model. The wing was fixed on a static steel frame as shown in Figure 12a. To simulate the deformation of the wing in flight, four loading positions were evenly distributed on the lower surface of the wing. The loading positions were connected to a tensile tester with a two-stage transmission mechanism. The force at each loading position is a quarter of the total loading force applied by the tensile tester. Thus, the deformation of the wing can be controlled by changing the loading force of the tensile tester. FBG sensors 1, 2, and 3 were respectively bonded to the installing points 1, 2, and 3 on the surface of the wing skin as shown in Figure 12b. The stacking sequences of the CFRP laminates at the installing points are same as the stacking sequences of the three specimens in Section 4.1, and 3 FBG sensors were respectively bonded to the specimens 1, 2, and 3 as temperature compensation sensors. The geometrical and mechanical parameters of the adhesive layer and optical fiber are shown in Table 1. The protective paint at the installing points was removed to improve the measurement accuracy. The wavelength of all the FBG sensors is 1550 nm, and the wavelength shifts were detected by interrogator SM-130. The loading force was set to 2000 N, 4000 N, 6000 N, 8000 N, and 10000 N. The measured strain obtained by FBG sensors 1, 2, and 3 was recorded. According to Section 4.1, the measured strain of FBG sensors 1, 2, and 3 was compensated based on the theoretical average strain transfer ratios 80.0%, 82.3%, and 84.9%, respectively.



To obtain the strain field of the wing skin under different load conditions, a finite element model was established in strict accordance with the wing structure. The 3D wing model is shown in Figure 13a. The wing skeleton and the wing skin are made of aluminum alloy and CFRP laminates, respectively. The length of the wing is 2.40 m. The width is 0.96 m to 0.48 m, and the thickness is 0.13 m to 0.07 m. The simulation was conducted with ANSYS 15.0 finite element analysis software. Hexahedral grids were generated for the model. The fixed constraint was applied to the junction surface between the wing and the static steel frame, and the loading force constraints were applied to the four loading positions of the wing. The strain field of the wing skin was generated as shown in Figure 13b, and the strain at the installing points 1, 2, and 3 was obtained correspondingly.



The wavelength shift of FBG sensor 1, 2, or 3 is denoted by ΔλB, and the wavelength shift of corresponding temperature compensation sensor is represented by ΔλT. The measured strain can be obtained according to (3) and (4). Besides, the modified strain can be calculated based on the definition of the average strain transfer ratio as follows:


   ε  mi   =    ε  m s      β ¯       



(26)




where εms is measured strain. ?β represents theoretical average strain transfer ratios which are 80.0%, 82.3%, and 84.9% for FBG sensors 1, 2, and 3, respectively. The comparison among the measured strain, simulated strain and modified strain at installing points 1, 2, and 3 is shown in Figure 14. The strain of the wing skin decreases from the root part to the leading edge according to both the experimental results and the simulation results. The measured strain, simulated strain, and modified strain all ascend with the increase of the loading force. However, the maximum relative errors between measured strain and simulated strain are 21.4%, 19.1%, and 16.4% for FBG sensors 1, 2, and 3. By compensating the measured strain with corresponding strain transfer ratios, the modified strain is more consistent with the simulation results. The maximum relative errors reduce to 1.9%, 1.7%, and 1.9% for FBG sensors 1, 2, and 3. The comparison results indicate that the measurement errors decrease by 11.6% to 19.8% based on the compensation with corresponding transfer ratios. Therefore, the proposed strain transfer model is practical and suitable for compensating the strain measurement errors of FBG sensors bonded to CFRP laminates.





5. Conclusions


In this paper, a strain transfer model has been proposed for FBG sensors bonded to the surface of CFRP laminates. The measurement structure was abstracted into the silica core, coating, adhesive layer, and CFRP laminates, and the CFRP laminates were regarded as an anisotropic multilayered structure. A coordinate system was set up for the measurement structure, and the strain transfer function was derived according to the shear-lag theory.



The strain transfer characteristics were analyzed according to the transfer function. The stacking directions, stacking numbers, and stacking sequences of CFRP laminates have a distinct influence on the strain transfer efficiency. The CFRP laminates with bigger direction angles, larger stacking numbers, and lower surface stiffness are disadvantageous for the strain transfer. The effect of the cross-sensitivity on strain measurement was compensated and the influence of temperature on the strain transfer model was discussed.



The accuracy of the proposed model was verified by experiments on a nondestructive tensile system using three kinds of CFRP laminate specimens. The maximum error between theoretical calculation and experimental results is less than 0.5%. Besides, the model was applied to the strain measurement of the CFRP wing skin. The experimental results indicate that the proposed model can significantly compensate strain measurement errors. The measurement errors decrease by 11.6% to 19.8% after the compensation. The work can be used as a reference to enhance the strain measurement accuracy of CFRP laminates.
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Figure 1. Measurement structure of a Fiber Bragg Grating (FBG) sensor bonded to the surface of carbon fiber reinforced polymer (CFRP) laminates. 
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Figure 2. Configuration of CFRP laminates. 
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Figure 3. Coordinate system of the measurement structure. 
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Figure 4. Strain transfer distribution ratio curves with stacking directions [0/0/0/0]4s, [45/−45/45/−45]4s, and [90/90/90/90]4s. 
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Figure 5. Average strain transfer ratios of stacking units [0/0/0/0], [45/−45/45/−45], and [90/90/90/90] under different stacking numbers. 
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Figure 6. Finite element simulation of strain transfer. (a) Measurement structure simulated in the ANSYS 15.0 software; (b) Comparison of average strain transfer ratios between theoretical results and simulation results. 
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Figure 7. Simulation results of measurement structures with different stacking sequences. (a) Strain field for stacking sequence [08/908]; (b) Strain field for stacking sequence [0/90]8; (c) Strain field for stacking sequence [90/0]8; (d) Strain field for stacking sequence [908/08]. 
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Figure 8. Average strain transfer ratios at 20 °C, 40 °C, 60 °C and 80 °C. 
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Figure 9. Strain transfer experimental facilities. (a) Nondestructive tensile system; (b) Schematic of strain applying unit. 
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Figure 10. Specimens and the measurement structure. (a) Three kinds of CFRP laminate specimens; (b) FBG sensor bonded to a specimen. 
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Figure 11. Relationship between the measured strain and the applied strain. 
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Figure 12. Strain measurement experiment on the aircraft wing skin (a) Loading and measuring system; (b) Installing points of FBG sensors. 
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Figure 13. Aircraft wing finite element simulation. (a) Aircraft wing 3D model; (b) Strain field of the wing skin. 
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Figure 14. Comparison among measured strain, modified strain, and simulated strain at the three installing points. 






Figure 14. Comparison among measured strain, modified strain, and simulated strain at the three installing points.



[image: Applsci 08 01171 g014]







[image: Table] 





Table 1. Mechanical and geometrical parameters of the measurement structure.
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	Parameter/Unit
	Symbol
	Value





	Elastic modulus of silica core/GPa
	Es
	72.00



	Elastic modulus of coating/GPa
	Ec
	2.55



	Elastic modulus of adhesive layer/GPa
	Ea
	1.02



	Shear modulus of coating/GPa
	Gc
	0.86



	Shear modulus of adhesive layer/GPa
	Ga
	0.38



	Shear modulus in 2-3 plane of each fabric layer/GPa
	G23
	1.45



	Shear modulus in 3-1 plane of each fabric layer/GPa
	G31
	4.88



	Half-length of adhesive layer/mm
	L
	5.00



	Width of adhesive layer/mm
	D
	2.00



	Adhesive thickness above optical fiber/μm
	ha
	37.50



	Radius of silica core/μm
	ys
	62.50



	Radius of coating/μm
	yc
	77.50



	Thickness of adhesive layer below x axis/μm
	ya
	100.00



	Thickness of each fabric layer/μm
	yk−yk−1
	250.00
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Table 2. Mechanical parameters at 40 °C, 60 °C, and 80 °C.
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	Parameter/Unit
	Symbol
	Value (40 °C)
	Value (60 °C)
	Value (80 °C)





	Elastic modulus of silica core/GPa
	Es
	71.90
	71.51
	71.00



	Elastic modulus of coating/GPa
	Ec
	2.30
	1.92
	1.57



	Elastic modulus of adhesive layer/GPa
	Ea
	0.98
	0.91
	0.82



	Shear modulus of coating/GPa
	Gc
	0.86
	0.85
	0.85



	Shear modulus of adhesive layer/GPa
	Ga
	0.37
	0.34
	0.31



	Shear modulus in 2-3 plane of each fabric layer/GPa
	G23
	1.44
	1.44
	1.43



	Shear modulus in 3-1 plane of each fabric layer/GPa
	G31
	4.88
	4.87
	4.86
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