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1 | INTRODUCTION
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Abstract

Fiber Bragg Grating (FBG) sensors possess enormous potential for the cure
monitoring and integrity assessment of Carbon Fiber Reinforced Polymer
(CFRP) composites. These sensors can be embedded inside the structure to
monitor the strain in the desired region of interest. The strain on an FBG sen-
sor can be calculated by measuring the change in the center wavelength of the
sensor. This change in center wavelength is a function of temperature and
mechanical strain. Therefore, temperature compensation is necessary for a pre-
cise mechanical strain measurement with an FBG sensor. In this study, FBG
sensors are embedded in different layers of the CFRP laminate to record the
mechanical strain caused by the thermal expansion, which happens under the
influence of temperature. Classical laminate theory (CLT) is implemented to
assess the accuracy of FBG sensor measurements and the strain data acquired
from both FBG sensor and CLT correlates. Furthermore, a resistive strain
gauge is deployed to measure the strain under the influence of temperature. It
is depicted that strain values recorded by the strain gauge under the influence
of the temperature do not agree with the strain measured by CLT, and an error
of 150% occurs among their values.
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such as temperature, which cause a significant difference.
To overcome this issue, one of the most promising

Carbon fiber-reinforced polymeric (CFRP) laminated
structures have attracted the attention of the aerospace
industry in the past decade due to their high specific
strength and modulus values compared to their tradi-
tional metallic counterpart, such as aluminum.'~*
Although these CFRPs are widely used in the aerospace
industry. But still, strain measurement and validation
among different layers of these laminates is a matter of
concern because of processing and environmental factors,

sensor-based approach to measure strain in the different
layers of CFRP is the Fiber Bragg Grating (FBG) sensor.
FBG sensors have an immense potential to monitor
the curing process and residual stress measurement due
to the shrinkage of epoxy resin.[*®*! Dunphy et al.l! and
Murukeshan et al.'! utilized the FBG sensors for cure
monitoring, where the change in the center wavelength of
the FBG sensor is tracked to both monitors the vitrifica-
tion and curing of thermoset composite. K Jung et alltl
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embedded an FBG sensor into the 3-D hybrid braided
composite tube. Curing behavior and the mechanical
strain of the tube under the compression and flexural
loads are investigated once it is cured. Along with the tem-
perature changes, the contraction and expansion caused
by the curing of the matrix are measured efficiently. In
another study, the cure and flow monitoring of resin trans-
fer molded GFRP using the FBG sensor is monitored, and
it is shown that the results obtained by the FBG sensors
are also validated by etched bare fiber optic sensor and
Fresnel-based refractometer.'” In compelling research
conducted by Colpo et al.,'*! an FBG sensor is inscribed
on a technical textile glass fiber. The glass fiber was simul-
taneously used as a reinforcing agent and a sensor to mon-
itor the residual stresses in a single fiber composite. Yadav
et al.' studied the effectiveness of fiber Bragg grating
sensors for monitoring residual strains for carbon fiber-
reinforced thermoplastic automated tape layup. A cure
monitoring system is designed using the FBG sensor to
find the best curing cycle, which results in the least
amount of residual thermal stress in CFRP materials.'*!
Similarly, an FBG sensor is used to investigate the curing
process of a cross-ply CFRP material in an autoclave to
decrease residual thermal stress. '

Apart from monitoring the manufacturing of compos-
ite materials, these FBG sensors have been extensively
used for the structural health monitoring of laminated
composite materials. Keulen et al.l'”! deployed FBG sen-
sors for strain measurement during the fatigue testing of
composite materials to predict the remaining useful life
of glass fiber-reinforced polymeric (GFRP) materials. The
damage accumulation of the GFRP under the static and
quasi-static tensile test is monitored through a biaxial
FBG sensor."'®! Akay et al.l'”! measured the reduction in
Poisson's ratio of GFRP composites under fatigue loading
using the strain readings of biaxially embedded FBG sen-
sors. The Poisson's ratio depreciates as the damage accu-
mulates during the cyclic loading. Similarly, in another
study, FBG sensors monitor the health of a composite
structure bonded on the metallic substrate.!*”) Mohanta
et al.l®!! used an embedded FBG sensor to monitor the
long-term degradation of epoxy-glass composite in corro-
sive water. It is found that the long-term stability can be
effectively monitored by tracking the hygrothermal strain
developed on the specimens immersed in corrosive pro-
duced waters.

Crack detection is another promising application
area where FBG sensors are the potential candidate for
deployment. Imminent fracture in biaxial GFRP mate-
rial under a tension-tension fatigue loading is predicted
by using a multiplexed FBG sensor on a single fiber
optic cable.?”! Kocaman et al.”**! monitored the failure
modes of foam core sandwich composites by using the
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spectrum and center wavelength of the FBG sensor. It
is shown that depending on the damage type, the
response of the FBG sensor varies. In addition to detect-
ing crack formation with the FBG sensor, another
attractive sensing capacity of the FBG is the quantifica-
tion of self-healing!?*! as well as impact localization for
self—healing.[zs] The possible application of the FBG sen-
sors can be even broadened to shape sensing for com-
posite structures.' 227!

Measuring the strain on the individual layers within a
composite laminate with an FBG sensor is the main ver-
satility and advantage of the FBG sensor. The FBG sen-
sors are capable of measuring the strain state of the
individual layers within the composite laminate under a
particular loading condition. Most of the research in the
literature with FBG sensors focuses on the measurement
of global strain for composite laminates.'”**! However,
when the dimension and embeddability of the FBG sen-
sor are considered, it is more convenient to measure
strain with the FBG sensor in the individual layers of the
CFRP laminate.

Although there are numerous studies on the usage
of FBG sensors for different purposes in the
literature, 10292229301 {4 the best of the authors'
knowledge, there is no study on measuring the slight
strain variations caused by thermal expansion through
FBG sensors by embedding them inside the different
layers of a carbon fiber reinforced polymeric laminate
and verification of this measured small strain with
CLT. This theory is used to predict the residual stresses
in carbon fiber-reinforced bismaleimide polymeric
composites.'*!! In another study, CLT successfully pre-
dicts the quasi-static elastic modulus of fused deposi-
tion modeling 3-D printed Polyethylene terephthalate
glycol (PETG) polymer.!*?! Moreover, CLT is used to
predict the developed stress with respect to applied
strain for fused deposition method-based 3-D printed
polylactic acid (PLA) samples.!**!

FBG sensors are embedded in carbon fiber-
reinforced aerospace-grade prepregs, which are
stacked; and then cured in an autoclave. The manufac-
tured laminate is then exposed to a temperature ramp
with dwell times in a conditioning chamber to simulate
temperature variation that actual composite structures
might be exposed to throughout its service. Then, a
small thermal strain is measured in the different layers
of composite laminate with the FBG sensor by sub-
tracting the effect of temperature on the central wave-
length of the FBG sensors. The CLT verifies
experimental strain measurement with embedded FBG
sensors. While measuring the strain with the embed-
ded FBG sensors, the top surface strain of the laminate
is also being measured with a resistive strain gauge at
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the same time in order to compare it with the values
calculated by CLT.

1.1 | Fiber Bragg grating sensor

An FBG sensor serves as a pass-band filter where a
broadband wavelength spectrum is sent to the FBG sen-
sor through an interrogator, and only a narrow spec-
trum of the incoming wavelengths is reflected while
most of the spectrum passes to the FBG sensor region.
The reflected narrow spectrum is composed of the
Bragg wavelengths distribution, and the wavelength
with maximum reflectivity is called the center Bragg
wavelength (4p). The condition for the Bragg wavelength
is given as

Ap= 2neffA (1)

where A is the grating period, and ngs is the effective
refractive index of the FBG sensor. When an FBG sensor
experiences a change in strain or temperature, the Bragg
wavelength (1) shifts. The following Equation can be
used to relate the change in strain or temperature with
the shift in Bragg wavelengths (4p)

%:(g+§)AT+(l—pe)€ (2)

where AAg is the shift in the Bragg wavelengths, AT is
the change in temperature, € is the strain developed on
the FBG sensor, p, is an effective photo-elastic constant
for silica fiber, « is the thermal expansion coefficient, and
£ is the thermo-optic coefficient of the optical fiber. The
value of effective photo-elastic constant (p,) for silica
fiber is taken as 0.22.1%®! The summation of the thermal
expansion coefficient and thermo-optic coefficient (a+ &)
is 6.67 x 1076°C~1.18]

The center wavelength of an FBG sensor is affected
by the change in strain field and temperature. If the tem-
perature is constant and a mechanical load is applied,
still, mechanical strain is responsible for the shift in the
center wavelength. But in this case, Equation (2) reduces
to Adg/ig=(1—p,)e and strain can be calculated easily.
However, when the shift in the center wavelength of an
FBG sensor is due to both temperature difference and
mechanical strain, the temperature effect needs to be
compensated for accurate strain measurement with an
FBG sensor because the term thermal expansion coeffi-
cient (@), and the thermo-optic coefficient (£) of the opti-
cal fiber also contributes the shift in the Bragg
wavelength.

2 | THE MATHEMATICAL
FORMULATION OF CLASSICAL
LAMINATION THEORY FOR
COMPOSITE LAMINATES

To calculate the strain variation inside a specific lamina
of the composite laminate, the reduced stiffness coeffi-
cients (Qj;) of a unidirectional lamina needs to be calcu-
lated. For that reason, materials constants called the
elastic modulus in the direction of the fiber (E;;), perpen-
dicular to the fiber (E,;), the major Poisson's ratio (v1,),
and the in-plane shear modulus (G1,) needs to be known.

Transformed reduced stiffness coefficients @ij) of
each lamina is related to reduced stiffness coefficients
(Qy) of a unidirectional lamina and the angle of the lam-
ina (). Once reduced stiffness coefficients (Q;) are calcu-
lated, then six independent transformed, reduced
stiffness coefficients (GU) of each lamina can be deter-
mined by the sets of Equation (3).13*!

Qi = Qi + Q5" +2(Q1; +2Qe6)5°¢,
Q12 = (Q11 +Qy —4Qg6)s* + Q1 (54 + C4) )
Q2 = Quis* +Quc* +2(Q12 +2Qg6)5°c?,
Q1= (Q11 — Q12 —2Q46)¢’s — (Qx2 — Q12 — 2Qg6)5°c,
Q26 = (Q11 — Q12 —2Qg6)cs” — (Qz2 — Q12 — 2Qg6)s°C,

Qg6 = (Qu1 + Qy — 2Q5,)5** + Qg6 (S4 + 64),
(3)

where s = sin@, and ¢ = cosé. After that, to set a rela-
tion between the fictitious thermal loads and induced
thermal strain in the midplane of the lamina, the exten-
sional stiffness matrix ([A]), the coupling stiffness matrix
([B]), and the bending stiffness matrix ([D]) for a laminate
can be calculated by Equations (4), (5), and (6), respectively.

n

A= [(@Q)], (e —hi1),i=1,2,6;j=1,2,6  (4)

k=1

I — . .
Byziz[(sz)]k(hi*hiq)’1:1’2’6;111’2’6 (5)

k=1

1N — ) .
Dyzgz[(QU)]k(hi—hi_l),1:1,2,6;J:1,2,6 (6)

k=1

The fictitious thermal loads (N) and moment resul-
tants (M) because of induced thermal strain can be calcu-
lated by using Equations (7) and (8), respectively.
External mechanical effects do not cause these fictitious
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loads and moment resultants; however, they developed
because of the induced thermal strain which is caused by
the temperature.

[N]=

QZ <<2 ><2

n Q Qn Q6 Ox
=AT Q12 Qpn Q% ay

il B
! Qs Q2 Qes| [0y
M,
= M
M,y
1
2

(hk —hi-1)  (7)

n Qn Qn 616 Ox
Z Qi Qn Q| | @
k=1 Qs Qx Qss] L k

(he—hia)  (8)

Where AT is the temperature difference, ay, a,, and
ayy are the coefficient of the thermal expansion for lam-
ina, hy is the bottom surface location of a corresponding
lamina and hj_; is the top surface location of a corre-
sponding lamina. Once fictitious loads and moment
resultants are calculated, a relation between the fictitious
loads, moments, midplane strains (¢, € ,yxy) and curva-
tures (xy, k,, ky) can be established (Equation 10).
Through established relation (Equation 10), fictitious
loads and moment resultants, [A], [B], [D] matrices are
known. Therefore, six independent equations from
Equation (9) with unknown midplane strains and curva-

tures can be generated.>*3°)
[Nx1 [Au A Ais Bu By Big || & |
N, Ayp Az Ay Bz Bp By 83
Ny | _ | Aws Az Aes Bis Bas Bes Yy )
M, Bi1 Biz Bis Du Dz Dis | |
M, Bz Byy By D1z Dy Dy Ky
| My ] L Bis B Bes Dis Das Des | | iy |

The induced thermal strain at any point of a laminate
through the thickness can be calculated by Equation (10).1°"!

0
X

&x € Ky
o|=|8|+z|x (10)
Vxy Vs Ky

Where z is the location of the lamina from the mid-
plane, in order to calculate the final thermal strain on a
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FIGURE 1 Bagging setup for autoclave curing.

lamina inside the laminate, the free lamina strain
induced by the applied temperature needs to be calcu-
lated. Here, Equation (11) gives the single lamina strain
(strain on the single lamina, which is not part of any lam-
inate) induced by the temperature difference.*”!

83; Ox

T
g | =|a | AT (11)
T

yxy k aXy k

Then free lamina strain is subtracted from the
induced thermal strain from a lamina inside the laminate
to calculate the thermal strain which is given in
Equation (12).

T
g =] —|& (12)
M T

Tl ol Lroly

Composite structures show a linear elastic behavior
under small strains. The approach followed here is
termed the Classical Lamination Theory, which assumes
a linear elastic relation between stress and strain. Since
this study aims to measure small variations in strain, the
Classical Lamination Theory can be employed.

3 | METHODOLOGY

3.1 | Materials and sample preparation

Unidirectional carbon fiber prepreg with an aerial weight
of 300 gr/m? and a trading code of AX-6201XL-C is
obtained from Kordsa Global. This prepreg is suitable for
aerospace applications and, at the same time, the auto-
clave curing method, which is the composite laminate
production method preferred by the aerospace industry.
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FIGURE 2
TABLE 1 Material elastic constant for the unidirectional

carbon fiber lamina.

Elastic constants Value Standard

En 128 GPa ASTM D 3039
E; 7.7 GPa ASTM D 3039
V12 0.289 ASTM D 3039
Gz 10.4 GPa ASTM D 3518

For curing the laminate with an autoclave, first, the
prepreg layers are cut in the dimension of
300 x 300 mm” with a computer controller Digital Ply
Cutter (ZUND G3-L3200). Prepreg layers are layed-up in
the form of a cross-ply stacking sequence on a steel plate,
as shown in Figure 2B. Before laying up prepregs on the
steel plate, four layers of release film are applied to the
steel plate to prevent sticking between the plate and
cured laminate. While laying up prepreg layers, two FBG
sensors are placed between the prepreg layers, as shown
in Figure 2B. The egress region of the FBG sensor from
the stack of prepregs is provided with a hypodermic steel
tube. The prepreg stack is covered with a non-perforated
Teflon release film (Airtech WL5200). On top of the film,
a layer of breather fabric (Airtech N10) is placed to pro-
vide air evacuation from the bagging setup. Then the
whole setup is encircled with sticky tape (Airtech AT
200Y). A vacuum gauge port is placed on one end of the
assembly, a vacuum source port is placed on the other
end, and the whole assembly is sealed with a vacuum bag
(Figure 1). Once every necessary step for a secure auto-
clave cycle is completed, a recipe is created based on the

(B)

FBG Sensors

soiaver | IO

Sthlayer {

;‘":avefg Q0000000000
thlayer
9 laver { (PIICIICIIIIIT

10 layer {

(A) Experimental setup, (B) locations of FBG sensors and stacking sequence of the laminate.

prepreg manufacturer's instructions, and the cycle is
initiated.**!

Once the cycle is completed, the autoclave lid is open,
and when the air temperature inside the autoclave is
reached 50°C. The autoclave cart is removed from the
autoclave, and bagging consumables are cleared off from
the cured composite laminate carefully to avoid damag-
ing fiber optic cables.

3.2 | Mechanical characterization

While producing a carbon fiber-reinforced composite
laminate with embedded FBG sensors, two more lami-
nates are produced simultaneously to measure material
elastic constants of the unidirectional lamina, which con-
stitutes the laminate. These two plates have a stacking
sequence of [0], and [45/—45];, and are tested as per
ASTM D-3039 and ASTM D 3518 testing standards.
Through ASTM D-3039 standard material elastic con-
stants, elastic modulus in the direction of fiber (E;7), elas-
tic modulus in the perpendicular direction to the fiber
(E22), the major Poisson's ratio vq;, and with ASTM D
3518 in-plane shear modulus (G;) are measured and tab-
ulated in Table 1.

3.3 | Measurement of coefficient of
thermal expansion

For the CLT, the coefficient of thermal expansion of the
carbon fiber lamina needs to be determined in both par-
allel () and perpendicular (a,) to the fiber direction.
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FIGURE 3
predicted strains in different layers.

Thermomechanical Analysis (TMA) (Mettler Toledo,
TMA/SDTA 1+) is used to measure the coefficient of
thermal expansion where the test is performed on the
50 x 50 x 1 mm? specimen of the unidirectional lamina.
Samples are heated with a temperature ramp of 5°C/min
and the coefficient of thermal expansions for two direc-
tions is calculated by fitting a curve passing through the
25°C and 100°C on the temperature-displacement curve
obtained from TMA analysis. The coefficient of thermal
expansions, @; and @, are calculated to be
0.61 x 10 °m/°C and 47.27 x 10~°m/°C, respectively.

3.4 | Heating of composite plate within a
conditioning chamber

The carbon fiber composite laminate is heated in a tem-
perature and humidity conditioning chamber (Votsch
Technik clime-event). Prior to the experiment, absolute
humidity is set to zero to reveal only the effect of temper-
ature on the laminate. During the heating cycle, a K-type
thermocouple and strain gauge is attached to the surface
of the laminate to measure the temperature and strain on
the top surface of the laminate. The thermocouple is con-
nected to a National Instruments NI-PXIe-6363 DAQ
card, and the strain gauge is connected to the NI-PXIe-
4330 strain gauge card in a NI-PXIe-1075 chassis, and the
thermocouple and strain gauge data are recorded through
NI-Signal Express software. FBG sensors are illuminated
with a Micron Optics SM 130 interrogator, and the
reflected wavelengths are recorded with the same interro-
gator by using Micron Optics ENLIGHT software. The
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(A) Temperature evaluation inside the conditioning chamber and on the surface of the composite laminate, (B) CLT

Micron Optics ENLIGHT software follows the central
Bragg wavelength in the whole spectrum. Therefore, in
this study, all calculation associated with FBG data is
based on the central wavelength of the FBG sensor. The
sampling rate of both interrogator and DAQ is set to
100 sample/s. The experimental setup can be seen in
Figure 2A. The temperature ramp rate is set to 3°C/min
and when the temperature is reached 50°C, 75°C, and
100°C, a dwell time of 30 min is given to reach a thermal
equilibrium between the composite plate and the envi-
ronment. The temperature evolution both for the air
inside the conditioning chamber and the surface of the
composite laminate can be seen in Figure 3A.

4 | RESULTS AND DISCUSSION

FBG sensors are embedded in different layers of an
aerospace-grade carbon fiber reinforced laminate to
assess the capability of FBG sensors for measuring ther-
mally induced strain field therein. Thus, the laminate
with embedded FBG sensors is exposed to temperature
variations in a temperature-controlled conditioning
chamber. The variation in the temperature inside the
conditioning chamber and the surface of the composite
laminate can be seen in Figure 3A. The temperature on
the surface of the composite laminate gradually
approaches the ambient temperature within the condi-
tioning chamber, indicating that thermal equilibrium is
attained towards the end of the heating cycle. The
increase in the temperature of the laminate induces the
same levels of thermal strains in each layer of the
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laminate. This can be attained through the symmetric
structure of the examined laminate. This numerical out-
come can be supported by the experimental results, as
seen in Figure 4, which depicts the mechanical strain
reading of two embedded FBG sensors exposed to ther-
mal stress within the examined laminate in two different
layers. Even though there is around 60 pe mechanical
strain difference between the CLT and the experiment at
100°C, both FBG sensors and CLT reveals the same
trend. This trend elucidates the correctness of FBG sensor
reading for small strains when the FBG sensor is only
exposed to thermal loading.

However, it is quite difficult to measure such small
strains between the layers of a composite laminate. Only

140

— Third layer FBG
1207 | — Symetry Axis FBG

100

[
oS O

FBG Strain (j€)
S

20+

0 50 100 150 200
Time (min)

FIGURE 4 Strain reads by third layer and symmetry axis FBG
Sensors.
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FIGURE 5

FBG sensors are capable of measuring the small strain
values efficiently due to two significant advantages. First,
the FBG sensor has a relatively small diameter (150 pm)
which enables the embeddability of the FBG sensor in
composite laminate to measure the strain in different
layers without altering the mechanical properties of the
laminate. Second, the FBG sensor is so sensitive that it
can detect a strain change of approximately 1 pe. Due to
these reasons, FBG sensors are embedded in two different
layers during the production step of the composite
laminate.

An autoclave is a completely isolated pressured tube
during the manufacturing process, and laminate can be
exposed to a pressure of 7 bars and a temperature of
120°C, which is an extremely harsh environment. For
such a production method, the embedment of FBG into
the composite laminate is formidable because of the fra-
gility of optic cables where FBG sensors are inscribed.
However, despite all difficulties of the autoclave process,
the laminate with embedded FBG sensors is produced
successfully. Before curing the laminate in the autoclave
and after the curing, the spectrum of FBG sensors is col-
lected and exhibited in Figure 5A,B, respectively.
Although a slight decrease is observed, the peak intensi-
ties of FBG sensors before and after the autoclave curing
process are considered identical, which elucidates that
with autoclave curing, FBG sensors can be successfully
embedded into the composite laminate.

An insignificant residual strain remains on the com-
posite laminate after autoclave curing, and it can vary
from layer to layer. Residual strain in different layers of
the laminate induced during the manufacturing proce-
dure is measured by comparing the center wavelengths

(B)
2500

— Symmetry axis FBG
—— Third Layer FBG
2000 r H

1500 ¢ 1

Level (AU%
o
S

500 ¢ 1

-500 : : :
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Spectrum of FBG sensors, (A) before the autoclave curing process, (B) after the autoclave curing process.
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FIGURE 6 Strain measured by FBG and calculated by CLT for

the bottom surface of the third layer.

of the FBG sensor recorded before and after the curing
process. A depreciation of 0.1531 nm and 0.2025 nm cen-
ter wavelengths are measured for the FBG sensor on the
symmetry axis and the third layer, respectively. This
depreciation in the center wavelength of the FBG sensors
corresponds to shrinkage of 127.5 and 167.4 pe on the
symmetry axis and the third layer, respectively.

The strain readings obtained from the FBG sensor
and strain calculated by CLT for the third layer are
depicted in Figure 6. When the cooling starts, the thermal
strain reads by the FBG sensor and calculated by CLT
indicate a decreasing trend immediately. Until 75°C tem-
perature, the strain values measured by the FBG and
CLT agree well. When the temperature reaches 100°C,
the strain read by the FBG sensor indicates lower values
than that of the CLT.

The thermal strain reading of the FBG sensor and
thermal strain calculated by CLT for symmetry axis lam-
ina is shown in Figure 7. Up to 100°C, the strain calcu-
lated by CLT slightly overestimates the strain measured
by the FBG sensor, yet both follow the same trend. How-
ever, when the temperature reaches 100°C, the FBG sen-
sor and the CLT possess similar strain values. When the
cooling step is initiated, CLT and FBG strain readings
indicate a decreasing strain trend due to the contraction
of the composite laminate.

Although it is more evident in Figure 7, the strain
values read by the FBG sensors in the first part of the
graph (just before heating starts) show a slightly decreas-
ing trend, as seen in Figures 6 and 7. This slight decrease
stems from resetting the relative humidity inside the
oven before the heating process starts. As the relative
humidity decreases, laminate contracts, and this contrac-
tion is being read by FBG sensors as a decrease in the
strain.
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FIGURE 7
CLT for the symmetry axis.

Strain measured by the FBG and calculated by the

To validate that an FBG sensor measures strain more
accurately even at a wide range of temperature levels, a
strain gauge is attached to the surface of the top layer of
the laminate, and the strain measured by the strain gauge
is compared with the one calculated through the CLT.
Figure 8 shows that the strain values recorded by the
strain gauge are inconsistent with the strain values pre-
dicted by the CLT. When the temperature inside the con-
ditioning chamber is 50°C, the strain measured by the
strain gauge is 200 pe; however, for the same tempera-
ture, the strain calculated by CLT is only about 50 pe,
which implies an error of 300%. At the point where the
temperature of the conditioning chamber is 75°C, the
thermal strain measured by the strain gauge is 375 pe,
and the thermal strain calculated by CLT for the exact
temperature is around 125 pe; this difference corresponds
to an error of 200%. Similarly, at 100°C, the strain reading
of the strain gauge becomes 500 pe, whereas the CLT
indicates only a strain of 200 pe, and the difference is
equal to the 150% error.

It can be clear that there is a considerable difference
between the strain reading of a strain gauge and the CLT
when the temperature differences become significant.
Even for this measurement, temperature compensation
for the strain gauge is made with Equation (13), which is
mentioned in the datasheet of the strain gauge.

comp=—7.41x 10"+ T*+5x 10 T —8.57 x 10~ %% T*
+3.95x10 4% T° —4.46x 1077 x T*

(13)

where & is the amount of self-thermal expansion of
the resistive strain gauge (in pe) due to the applied
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Strain measured by strain gauge and calculated by

temperature, while T is the temperature (in°C). The
strain values measured by the strain gauge in Figure 8
are calculated by subtracting the self-thermal expansion
of the resistive strain gauge from the total strain mea-
sured by the strain gauge.

When the strain read by the FBG sensor and strain
gauge is compared, it can be easily seen that the reading
of the FBG sensor closely matches Classical Lamination
Theory. Therefore, it is deduced that the reading of the
FBG sensor is more reliable than the strain gauge. In the
literature, such a comparison of strain reading for FBG
sensor and strain gauge for such an experimental setup
(only considering the temperature as a cause for strain) is
not available. However, the comparison between the
strain reading of the FBG sensor and strain gauge can be
found for the different experimental setups. In one of the
early publications of Yilmaz et al.l'®! a significant differ-
ence between the transverse strain (in the order of
500 pe), as well as axial strain reading (in the order of
5000 pe) of the FBG sensor and strain gauge, is reported
during the quasi-static cyclic tensile test. The difference
in the strain readings of the FBG sensor and strain gauge
is also given by Akay et al.*”! during the fatigue testing
of glass fiber-reinforced polymeric composites. Kocaman
et al.**! also reported a significant variation in the read-
ing of the surface-adhered strain gauge and embedded
FBG sensor. This variation in the strain reading of the
FBG sensor and strain gauge is attributed to the forma-
tion of local strain variations as well as the position of
the two sensors, such that the strain gauge is surface
mounted; however, the FBG sensor is embedded. Apart
from fiber-reinforced composites, debonding of the solder
connections between the flip chip ball grid and printed
circuit board by measuring strain by strain gage and

surface mounted FBG sensor in the four-point bending
test is analyzed. And it is seen that there are considerable
differences between the strain gauge and FBG sensor.!*”!
In all of these experiments,'®1%2>3! the temperature is
kept constant, and there is an external load. When there
is not any temperature change in the test piece, the cause
of the strain is only external load, and sensors only mea-
sure the mechanical strain that develops on the test piece.
However, herein, two contributions to strain are mea-
sured by both sensors. One contributor is the expansion
of the test piece; the other one is the self-expansion of the
sensor. The latter causes errors if a temperature compen-
sation procedure is not used. Herein, the temperature
compensation is used for both sensors yet there is a sig-
nificant deviation for the strain gauge from the classical
lamination theory as well from the reading of the FBG
Sensor.

5 | CONCLUSION

This study aims to analyze the sensitivity of embedded
FBG sensors to measure the small strain variations under
the influence of temperature. For that purpose, FBG sen-
sors are successfully embedded into two different layers
in an aerospace-grade carbon fiber prepreg stack, and the
prepreg stack is cured inside an autoclave by being
exposed to a temperature ramp. The strain developed
in the different layers of the laminate due to tempera-
ture is monitored by the FBG sensors. A CLT is derived
to verify the strain measurement of FBG sensors in the
different layers under the temperature effect, which
considers fictitious thermal loads and moment results
to calculate thermal strain. The thermal expansion
coefficient of the unidirectional lamina is experimen-
tally measured with TMA and later used in the CLT.
The thermal strain is calculated with CLT by consider-
ing the exact temperature cycle applied in the experi-
ment. Finally, the strain measured by FBG sensors and
the strain calculated by the CLT is compared. Based on
the experimental results and observations, the follow-
ing conclusions are drawn from this study. First, FBG
sensors are successfully embedded and used to monitor
the residual strain after curing composite laminate
inside an autoclave. Second, CLT is effectively
employed for the thermal strain calculation of a com-
posite laminate in different layers. Third, even though
strain variations are very small (pe), embedded FBG
strain readings are accurate for different layers and cor-
relate with the strain calculated by the CLT. Fourth,
the strain reading of the surface-attached resistive
strain gauge does not agree with CLT as well as the
reading of FBG sensors.
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