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Abstract

®
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A smart material using fibre Bragg gratings (FBGs) embedded into carbon fibre-reinforced
polymer for simultaneous measurement of physical parameters was designed, tested, and
validated. Two FBGs were embedded in different sections of the composite sample, one fully
unidirectional and the other bidirectional, which produced different sensitivities for each FBG
sensor. The composite structure was characterized for strain/temperature and curvature/
temperature measurements. The experimental results were compared with and agreed with finite

element simulations.
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Introduction

Composite materials have been used in many applications in
both industry and research. The current applications range
from civil engineering to aerospace, given the need to achieve
a high strength-to-weight ratio and withstand environmental
conditions to overcome previous material-imposed limita-
tions. Due to their broad use, it is relevant to study the
addition of sensing capabilities for non-destructive testing and
structural health monitoring (SHM) of composite parts [1-3].

Optical fibre sensors stand out due to their sensing cap-
abilities, with minimal influence on the material tensile
modulus when embedded parallel to the reinforcement [4, 5].
In particular, fibre Bragg gratings (FBGs) have been exten-
sively studied and show promising results as embedded sen-
sors for composite materials and structures [6] due to their
ease in multiplexing [7] and immunity to electromagnetic
interference.

FBGs have been able to monitor materials from manu-
facturing [8-10] to in sifu measurements of strain and
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temperature [11-13], and are also used for damage detection
[14-16] and evaluation of patch repairs [17]. One limitation,
however, is the cross-sensitivity of temperature and strain
[18]. As such, when the sensors are used in operational
environments without controlled temperature, thermal com-
pensation has to be applied. Numerous studies have dealt with
simultaneous measurement of temperature and strain, by
using either different FBG types [19], superstructured grat-
ings [20], simultaneous measurements of the FBG and Raman
distributed temperature sensing [21] or birefringent fibres
[22]. Most current solutions, however, are not suitable for
real-time in situ SHM applications, where reliability and cost
efficiency are crucial.

Other solutions use a pair of similar FBG sensors,
changing each sensor’s response by embedding them in
sections of composites with different surrounding local
properties. Examples range from employing a different
number of layers [23] to using different surrounding materials
for each pair of FBGs [12] or alteration of the surrounding

© 2016 IOP Publishing Ltd  Printed in the UK
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material properties through induced damage or different
geometry [11].

This work presents a novel case involving local alteration
of the material properties by using different surrounding ply
orientation for each pair of FBGs. The proposed design has
been simulated using ABAQUS-CAE finite element analysis
(Dassault Systemes) to predict the mechanical response of the
composite materials prior to tensile and three-point bending
tests. A special composite material with the ability to be used
as a patch for SHM is demonstrated, and the possibility of
simultaneous measurements of curvature and temperature
using the same sample is demonstrated and validated.

Sensor design

This work deals with carbon fibre-reinforced polymer (CFRP)
plates with embedded FBG sensors, which are able to
simultaneously assess their own temperature and strain. By
embedding two FBG sensors in sections of the plate with
different local material properties, the temperature and strain
response of each FBG of a pair is altered, which allows
simultaneous temperature and strain measurements of
the pair.

FBG sensors measure the reflected wavelength shift. The
Bragg equation for the FBG’s reflected peak wavelength
(Bragg wavelength) is given by:

)\B = ZneffA (1)

with neg being the propagating mode’s effective index and A
being the period length of the grating. The wavelength shift is
due to variations in the effective modal refractive index of the
fibre core, or in the grating period length. These allow for
measurements of strain and temperature.

The temperature induced wavelength shift is given by

AN = Mg(a + AT (2)

where « is the coefficient of thermal expansion of the fibre
material, and ¢ is the fibre thermo-optic coefficient. In fact,
since the sensor is embedded in a different material, its
temperature response will also be influenced by the thermal
expansion of the surrounding material, and a stress-optic
coefficient produced by the thermal expansion mismatch as
(24]

ANy = Xs((op — ap)(1 = p.) + ar + E)AT  (3)

with ap referring to the surrounding material’s thermal
expansion, oy to the optical fibre’s thermal expansion, and p.
to the stress-optic coefficient.

The longitudinal strain induced shift is given by

2
Po = ?[Plz —v(py — Plz)] Q)

with p, being the photoelastic coefficient, where p,, and p,,
are the components of the fibre-optic strain tensor and v is the
Poisson’s ratio [25].
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Figure 1. Schematic of the composite sample.

Although the fibre’s deformation produces an index shift
due to the photoelastic effect, and temperature shifts produce
a strain due to thermal expansion of the fibre, the strain-
induced shift is dominated by the deformation of the grating
and the temperature-induced shift is dominated by the
thermo-optic effect. The influence of each effect on the pro-
duced shift was quantified by Kersey et al [26].

Equations (3) and (4) can be further simplified to

ANy = k7 AT and AN = k. Ae (6)
Adg = AN + AN (7)

with Ky = )\B((ag —op)l —p) + ar + f) and
Ke = )\B(l — pa) being the temperature and strain sensitiv-
ities for each FBG sensor.

In this case, to solve the cross-sensitivity problem, a pair
of FBGs are embedded in a composite plate which consists of
a stack of five layers of unidirectional CFRP with two
sections, each with a different stack orientation ((0-0-0-0-0)
and (0-90-0-90-0)). This changes the FBGs’ strain and tem-
perature responses due to the different surrounding material
properties, allowing simultaneous measurement of tempera-
ture and strain.

Composite plate design

A rectangular plate of size 300 mm x 50 mm x 2.5 mm
(200 mm gauge length, 50 mm on each end for gripping), half
unidirectional (0-0-0-0-0) and half bidirectional (0-90-0-90-
0), with two FBGs embedded along its middle axis, was
manufactured by vacuum-assisted resin infusion moulding.
The sample schematic can be seen in figure 1.

Figure 2 shows the finite element model for the long-
itudinal strain (g;) and the position of the sensors. The
simulation was done using 1.5 x 1.5 x 0.5 linear hexa-
hedron type C3D8R elements, applying a tension load ramp
to 10 kN.

FBGs have a linear response to strain, so sensors should
be placed as far from the interface of the two sections and
from the edge of the gauge length as possible to ensure linear
behaviour. This sample shows a significant increase in
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Figure 2. Simulated results of the longitudinal tensile strain versus the x position of the sample. The position of the sensors is clearly stated.

sensitivity on the (0-90-0-90-0) section, due to less long-
itudinal reinforcement.

The major drawback of this design is the centre interface,
which creates a stress concentration and weak point for the
composite patch. Due to the nonlinear strain response, the
interface may be an interesting zone for further study.

Curvature sensor

For curvature measurements, using simple trigonometry the

following relation is obtained

W+
2h

R ®)
with R being the radius, 4 the maximum deflection, and L the
gauge length of the sample. Since & varies proportionally to
the strain at any fixed point in the sample, & can be obtained
as a function of the Bragg’s wavelength shift (due to strain) in
the FBGs. The maximum deflection can be expressed as a
function of wavelength as h(AN) = % (k, being the
measured sensitivity to the maximum (ieﬂection of the
sample, measured by the FBG), so the relation between the
curvature and wavelength is

5. AN
C(AXy) = “hM > )
(L/2) + (—B)
Kn

This can be approximated as a linear function, when
h* < (L/2)%
A=
Kk - (L/2)

IR

AN, (10)

B = —

C (AN
(2%) -

By having two FBG sensors with different sensitivities
for both curvature and temperature, their measurements can
be easily discriminated when the composite plate is subjected
to a three-point bending load.

Figure 3 shows how the strain sensitivity of each FBG
relates to its position on the sample when it is subjected to
curvature. As such, the position of each of the FBGs is very
important to allow simultaneous measurement and eliminate
the cross-sensitivity problem. In the sample studied, FBGs
were placed 50-55 mm from the middle of the sample.

Again, the simulation was done using 1.5 x 1.5 x 0.5,
linear hexahedron-type C3D8R elements. The surfaces of the
sample interact with the three 5 mm-radius bearings, the
middle bearing applying the load. The two sections show
different strain responses, with the measured compressive
strain increasing as it approaches the middle of the sample,
where the load is applied.

It is noteworthy that, unlike the tensile strain test, during
the three-point bending a strain gradient is observed along the
plate sections, and this effect can change the spectral response
of the FBGs.
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Figure 3. Simulation of the curvature sensor. Sensors are placed on the concave side (measuring compression).

Fabrication of the composite plate

The sample was manufactured by infusing five layers of
SigmaTex unidirectional carbon fibre (T300C, 12K,
450 gm—?) with Araldite® LY 564 resin (low-viscosity epoxy
resin) and Aradur® 2954 hardener (cycloaliphatic polyamine)
using the recommended 100:35 weight ratio. The fibre Bragg
gratings were 5 mm SmartFibres SmartFBG (peak reflectivity
>70%) imprinted in single mode SMF-28, 9/125 um fibre,
with polyimide recoat at the sensor region.

The layers were cut to the desired shape, with one of the
0° layers and the 90° oriented layer being cut in half for later
stacking in the aforementioned fashion. For the manufactur-
ing and prior to sensor embedding, all layers except the top
layer were stacked. The sensors were then woven through the
fabric to ensure their position at the interface of the first and
second laminae of the sample and prevent buckling during
handling. These were egressed from the side with short
polytetrafluoroethylene tubes to protect the egress/ingress
region. The final layer was carefully placed on top and the
sample was vacuum bagged. The sensors were also egressed
from the bag for monitoring the manufacturing process. The
cure was performed in a curing oven, using the curing cycle
shown in figure 4. The temperature reference was obtained
using a Picolog (chromel-alumel) thermocouple. The FBGs
measured the temperature and strain changes in the sample
during the curing.

The abrupt shifts observed at around 2.5h in figure 4,
and the FBG response not matching the thermocouple beha-
vior, are due to the glass transition of the composite resin and
the residual strains from the curing process.
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Figure 4. The cycle used for the resin cure, measured through a
(chromel-alumel) Picolog thermocouple, and the embedded FBG
Sensors.

Figure 5. Picture of the sample with a ruler for scale. The
bidirectional and unidirectional sections are marked with 90 and O,
respectively. The dots were used for video extensometer strain
measurements.
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Figure 6. Temperature response of the FBGs before insertion (inset)
and after embedding.

After curing, the sample was tailored to the exact length,
and any tapering at the edges was removed, as shown in
figure 5. Prior to the embedding, both FBGs underwent
temperature characterization from 0 to 80 degrees in the same
oven used for the cure. After the manufacturing process was
complete, the embedded sensors’ temperature and strain
responses were measured.

Characterization of the composite plate

All FBG measurements were done using a SmartFibres W4
FBG interrogator (MicronOptics sm125-500 model) with
1 Hz maximum scan frequency and 1 pm wavelength accu-
racy, using MicronOptics Enlight software. Reference tem-
perature measurements were done using K-type (chromel-
alumel) Picolog thermocouples, and a Picolog TC-08 ther-
mocouple data logger, connected to PLW recorder software,
with £0.5 °C temperature accuracy.

Sensor characterization

Temperature response

For the temperature characterization, a temperature sweep
from 20 °C to 80 °C was performed in an ELKOM vacuum
press (with no vacuum applied), without any tensile or
compressive loads applied to the plate. The thermocouples
were taped to the surface of the sample, closest to the sensors.

Figure 6 shows how the FBG sensors response changed
after embedding in the composite plate. The FBG sensors at
the (0-90) interface showed an increase in sensitivity to
temperature, which may be attributed to stress formed in the
manufacturing of the plates at the interface between the 0°
and 90° laminae. At the (0-0) interface, the sensor showed the
least change in its response (0.3%), while the sensor at
the (0-90) interface showed a great increase in sensitivity

o e e T
0.9 F « FBG(0/A90) . / 4720
+ FBG (0/0) ,' 1
08 F -oeeev Linear Regression ‘,)/V - 640
F' —— Simulated > 4 ] m
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E // E E
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Figure 7. Strain measurements during tensile test and simulated
results.

(49.6%). From this experiment, the thermal sensitivities of
the embedded sensors are obtained as x%/° = 9.83 pm °C"!
for the sensor at the (0/0) interface, with a standard error
of 09/% = 0.147 pm°C~!, and x¥*° = 13.98 pm °C"! for the
sensor at (0/90), with standard error of o/*°=0.154 pm °C~.

Strain response

Strain characterization measurement tests were done using a
loading test machine (Instron model 5982), while keeping the
plate at constant room temperature (23 °C). Two cycles were
done from 0 to 600 ue, and the total strain of the sample was
measured using an Instron AVE axial strain system. The
sample was loaded at 0.20 mm min~'. The sample was not
subjected to some initial cycles to avoid the potential
accommodation effect of FBG sensors to the host material,
which can induce some deviations in measurement [27].

Figure 7 shows the simulated and measured strain
behavior of the sample. The simulated values were scaled to
the (0-0) measurement, which showed the strain sensitivity of
the sensors to be o embedded ~ 1 3 5y e,

The simulated strain ratio for the (0-0) and (0-90) section
is 1.580, in excellent agreement with the measured value
of 1.584.

The sensitivities measured for each of the sensors at the
(0-0) and (0-90) interfaces are x¥° = 1.0pmpus! and
kY% = 1.6 pmpue~!, respectively, with standard errors
0% = 6.25 x 1074 pm pe !
and 0¥ = 336 x 1073 pm pe 1.

Curvature response

The curvature of the composite plate was measured using a
three-point bending setup. The sample was loaded at
I mmmin~" on an Instron 5969 fitted with a 10kN load cell
at constant room temperature. Bearings with a 5 mm radius
were placed at the edges of the gauge length, and the sample
was loaded along its middle axis.
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FBG peak, which were found to be negligible for these
extension lengths. No relevant spectral deformation was
observed for either the quasistatic or the three-point bending
tests.

Plotting the wavelength shift as a function of curvature
(figure 8) yields linear behavior for small curvatures
< L/ 2)2), and the coefficients k¢ can be obtained as
KZOC/% = —1024pmm and Iig/o = —732pmm, with the
standard errors 0%/*° = 4.74 pm m and 0¥/ = 3.56 pmm.

As expected, both sensors measure compressive strain
since they are both placed on the concave side of the loaded
sample. The simulated ratio of strain for both sections is
1.260, while the measured ratio of sensitivities is 1.3977. The
discrepancy between the simulated and experimental values
may be attributed to displacements of the FBGs during
manufacturing in relation to the expected position, which may
leave them asymmetrically placed on the sample.

Simultaneous measurement

The proposed design exhibits different sensitivities to tem-
perature and strain/curvature using similar FBGs. As such, it
is possible to obtain a sensor for simultaneous measurements
of strain and temperature or of curvature and temperature
using this type of composite plate.

Table 1 summarizes the sensitivities for temperature,
strain, and curvature measurements.

Adg, = ANy, + AN, or Alg, = AXg, + ANL, (11

Adp, = AXg + AXL, | A, = AXS, + AN,

D is the determinant of the matrix, D = Koo Kk71 — KelKT2
or D = Kokt — Kcikra Which must be non-zero for possi-
ble simultaneous measurement: the greater the determinant, the
more accurate the results will be [28]. For greater accuracy in
measurement, the difference between the coefficients should be
increased.

For these coefficients, the wavelength is measured in pm,
giving temperature in degrees Celsius, the strain in ue and the
curvature in m~

[AT]: 1 [ 1.6 —1.0] P
Ae] 1.748[—13.98 9.83 || AN

[AT]: 1 [—1024 732] AN
AC] 1674411398 9.83]| ANy |

The respective standard errors are displayed in table 2.

(14)

Discussion

The tested sample design agreed with the previously simu-
lated model for the strain and curvature measurements. The
result was a composite patch with embedded fibre Bragg
gratings with the ability to be used for SHM purposes.

Prior to infusion and curing, the sample was cut to a size
close to the final test piece, allowing minimal handling post-
cure, and reducing the need to use tools that could endanger
the sensor inlets for refining the shape. It is noteworthy that,
as represented in the simulated models, the interface at the
divide between unidirectional and bidirectional reinforcement
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of the sample produces a clear nonlinear strain and stress
behavior which may be interesting to study further.

While this study tested only a CFRP sample, results in
other host materials, such as glass-reinforced composites,
should be analogous, since the design of the sensor head
focuses only on the relative properties of the sensors of each
pair, altered by the lamina stack orientation. By embedding the
FBG sensors, the temperature and strain/curvature response of
each sensor in the pair was altered in relation to the sur-
rounding local material properties of the composite materials.
The thermal sensitivity of the FBG embedded at the bidirec-
tional interface increased 49.6%, while the FBG at the uni-
directional section remained constant, showing that the FBG
sensitivities increase when it is embedded at a bidirectional
interface. The sensitivity difference produced by the different
material properties of each section enables the development of
an analytical model for the discrimination of temperature and
strain or curvature and strain, using the Bragg wavelength shift
measured by each of the sensors as input.

It may be possible to improve the accuracy of the sensor
head by further reducing the longitudinal reinforcement along
the bidirectional layer, thus increasing the difference in the
strain sensitivities and increasing the determinant of the
sensor matrix.

Conclusions

In summary, a new sensing head based on embedded fibre
Bragg gratings on composite plates was designed. The sen-
sing head was experimentally tested and compared against
results simulated using finite element methods, with good
agreement. The obtained results make it possible to obtain
temperature and strain/curvature measurements simulta-
neously. By embedding the FBG sensors in the part being
measured, the optical fibre is protected from damage and
moisture and the material can be closely interrogated.
Temperature and strain sensitivities both change when
sensors are embedded at a bidirectional interface, while uni-
directional embedded sensors keep the thermal sensitivity,
resulting in a composite patch that can sense its own altera-
tions in real time, by using a composite material having two
distinct sections with different reinforcement orientations.
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