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Spectrum Characteristics and Stress Induced Birefringence of Fiber Bragg Grating
Embedded into Composite Laminates

Jung-Ryul Lee’, Chun-Gon Kim"™, and Chang-Sun Hong”

ABSTRACT

Fiber Bragg grating(FBG) like other optical fiber sensors also has the merit of embedding capability. To
increase their actual value related to embedding capability, this paper reported the reliability and signal
characteristics of FBGs embedded in composite laminates. The microphotographs of embedded optical fibers
visualized the embedding environments of stripped optical fibers and coated optical fibers. Based on these
microphotographs and cure monitoring performed using FBGs, we could understand that the main cause breaking
the unique Bragg condition of low-birefrigence FBG were residual stress after curing and reported the state of
stress/strain of optical fiber quantitatively. The cure monitoring also showed the history of splitting peak of a
stripped FBG along cure processing. In addition, we could obtain a transverse insensitive grating(TIG) with ease
by recoating a stripped FBG. TIG has good advantage for real-time signal processing.
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1. Introduction 1988[1]. One of the developments was the FBGs for axial

strain sensor application{2] including temperature measurement

Fiber Bragg gratings [FBGs] have been the subjects of [3]. FBG can be embedded in advanced composites and other
intense development at many research centers around the materials to measure internal strain, temperature and other

world since the UV side writing technique was introduced in  parameters. The first application of embedded FBG was an
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axial strain sensor inside an epoxy-fiber composite laminates
{41.

There was another development of FBG. In 1995, it had
been noticed that stress induced birefringence effects in
low-birefringence (Lo-Bi) fibers can cause the unique Bragg
The

used

condition to break down[3]. transverse  sensitive

grating(TSG)  has

measurement sensor of longitudinal and transverse strain using

been also as an simultancous

low birefringence fiber{6] and high birefringence fiber[7]. In
fact, these studies have been performed in order to detect
errors due to transverse strains(for example residual strain,
pressure, Poisson's ratio effect and so on) in the measurement
of axial strain. In the latest studies, TSG was expanded into
the high-pressure measurement sensor[8].

In this paper, spectrum characteristics of FBG embedded
into  composites

were investigated. The chosen composite

laminates have different characteristics in relation to

orientation of reinforcement fiber, degree of residual stress
and mechanical microbending.

Finally, curing monitoring

provides compressive understanding about the cause of
birefringence of FBG embedded into composites. Finally, a

recoating method to fabricate a TIG was introduced.

2. Theory

2.1 Structure of Single-Mode Fiber

An optical fiber 1s a dielectric waveguide that operates at
This  fiber

form. Fig. 1

optical  frequencies. waveguide is normally

cylindrical in shows a schematic of a

single-mode optical fiber.

Low meodulus inner coating and
Abrasion resistant outer coating(¢,.)

Cladding(¢,

™

Core (¢,,,,)

cost

cml'

Fig. 1

Schematic of single mode optical fiber.

The core, having a refractive index neo is surrounded by

a solid dielectric cladding having a refractive index ncuag, that

is less than ncore by 0.1~0.2%. The standard diameter of
fibers

250um.

telecommunication is 125pum. The coating increases

fiber

protective acrylate coating, which is applied over the fiber

diameter to about Optical has the dual

cladding to cushion the fiber against microbending losses,

provide abrasion resistance, and preserve the mechanical

Table 1

notations of the optical fiber used in this study. The optical

strength  of the silica. shows the properties and

fiber was made in Samsung Electronic co., Ltd.

Table I Specifications and strain-optic coefficients of optical
fiber
Property Value
Outer coating diameter 243.99m
Inter coating diameter 193.13m
Cladding diameter 124.58m
Core diameter 8.61m
Coating material Acrylate
Poisson’s Ratios(vy) 0.16"
Effective core index(n.) 1.4476
Photoelastic constant Py=0.113""
P2=0.252"""
Young’s modulus 70GPa

2,2 Birefringence of FBG

Ideal single-mode fibers preserve the state of polarization
(SOP) of input light. However, in practice, optical fibers

show birefringence by the following causes:

Al

A2. Intrinsic stress in an optical fiber.

. Slightly elliptical optical fiber core.

A3. Transverse stress.

A4. Bending of an optical fiber.

Al
presents in the fiber because of built-in anisotropies, either
A3 and A4 are classitied

birefringence. Once the fiber has been manufactured, it is

and A2 are classified the intrinsic birefringence and it

intentional or not. into induced

almost impossible to induce any modification of its shape by

external means because of the high Young's modulus of

silica. But externally applied stresses and deformations can

lead to induced birefringence through the photoelastic effect.
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Fig. 2 Axis orientation of optical fiber embedded in a thin
composite laminate.

If there is no intrinsic birefringence, the electronic field
distribution can be approximated by the perfect degeneracy of
two linear polarization(LP) modes. However, when the optical
fiber shows birefringence, a 2-polarized excitation results in
wave propagation with a different specific phase shift (3
compared to a 3-polarized excitation. The axis-orientation is

shown in Fig. 2. The normalized birefringence is defined as:

(D

s
I
= |

where  B=(BatB3)/2=(Aaths)2 s

constant and §B3=[3;-B,=As-A\; is birefringence.

average  propagation
In other words, the 2-polarized and 3-polarized LP modes
don't have the same propagation constant any longer when
the fiber exhibits some ellipticity of the core and/or some
anisotropy in the refractive index distribution due to
anisotropic stresses. If we jump to conclusion, the region
stripped for the elaboration of a grating is exposed to
anisotropic stress, for example, residual stress of composite in
this experiment. Therefore, a reflected spectrum of FBG has
two peaks and two axes of optically anisotropic medium are
so-called a fast axis and a slow axis. This means that both
shifts of two considered to extract
of SOP. In

practice, this acts a difficulty of dynamic strain measurement.

peaks should be

longitudinal strain because of perturbations
The Bragg wavelength shifts in polarization axis of transverse
sensitive grating(TSG) have complex forms such as following

equations.

AA, nf
/12‘(; =€ _‘5_[/71152'*'[’12(81'*'53)] 2)
AA n’
——3=€1—-‘—[p”£3+pu(8]+£2)] (3)
Ao 2

A2 and X3 indicates the resonance wavelengths of fast axis
Index Os
stripped FBGs are

and slow axis,
When the

composites, transverse residual stress after the vacuum bag

respectively. means unperturbed

states. embedded into
mold process in an autoclave can induce such a birefringence.

Inversely, these TSGs have been used to measure both
longitudinal and transverse strain simultancously in the limited
mechanical applications [6-8]. For a FBG embedded into a
composite laminate, we can assume two simplifications which

are:

B1. to neglect the effect of transverse shear and
B2. to assume a state of plane stress
with respect to the 1-2 plane of Fig. 2.
Hooke's law for a

The famous expression of the

homogeneous isotropic material is the following.

£ VE, —v,/E -v,/E, 0 0 0 o
£, -v,/E, UE  -v /E 0 0 0 | o,
e | |~v,/E, v, iE, UE, 0 0o 0 o |®
el | o 0 0 UG, 0 0 | o,
e, 0 0 0 0 UG, 0 |o
3 0 0 0 0 0 1/G|o

o
Ry
N

where Er and Gy are the Young's modulus and shear modulus
of the silica fiber. The hypotheses Bl and B2 mean that (o0,
and 0, are nonzero and stress normal to the middle plane of
the laminate and all shear stresses are zero, i.e. 04=05=0=0,
directions of the

the strain components in the principal

optical fiber will result:

1
£ =—7(0,—V,0,)

f
1 4
sZ_E—j(cz—vjal) )
Vs
g, =——L(0,+0,)
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By substituting the strains in eq. (5) into the eq. (2) and
(3), the Bragg wavelength shifts of the fast axis (A,) and

slow axis (A3} can be represented as the followings.

AL,
Aro T, T,i{o,
AA-‘ [Tl T3 }[O— 2 ]
Ao

le—‘l‘““'"z [(I_V/)pn _V/Pn]}
E, 2 ;

. (6)
1 n,
T, = _E‘f‘{"v/ _7[pu _2"_/1’12]}

1 n;
T, :E__/{_V/ “2‘[(1_"/’)[’12 _pru]}

The inversion of the T matrix and data of Table 1 allows
isolating the longitudinal and transverse stress by measuring
the wavelength shifts of the two split peaks of a birefringent
FBG.

AL,

3 26939 —1.43947 1,
=7 20 | GP, 7
[clj 0[5.9172 _so172f aa, |7 M

Ay

Finally, we can realize that transverse stress is proportional
to the distance between the two peaks alone because FBG
unperturbed by birefringence has unique Bragg resonance
wavelength (hgo=A20=A30).

On the other side, in the case of transverse insensitive
grating(TIG) the modes traveling along the fast axis and the
slow axis are almost same. The exchange of power between
them is thus very easy. After all, the refracted spectrum has
one peak overlapped each other of which wavelength is
Bragg resonance wavelength(Ag). We next obtain very famous
relation between longitudinal strain(e;) and Bragg wavelength

shift such as:

6

B.O

AL n’
Tn“:gl l“?{l’u‘"/(l’u + Plz)}:l

In practice, we could obtain TIGs by acrylate recoating

method.

3. Experiments and Results

3.1 Signal Characteristics of FBGs and
Embedding Reliability

To investigate the spectrum of embedded FBG changed by
the state of stress in the circumference of an optical fiber
after curing and the embedding reliability of optical fiber,
optical fibers were embedded parallel([0s/{0}/0s] Case 1)
and perpendicular([90s/{0}/90s] CaseIl) unidirectional
reinforcement fiber of Graphite/Epoxy laminates.

to
We  next
embedded optical fibers to plain-weave Glass/Epoxy fabric
the of

composites, the thickness of a prepreg was 0.125 mm. For

composites.  In case unidirectional  reinforced
plain-weave fabric composites, the embedding environments of
optical fibers were quite different from the unidirectional
cases because of undulating yarns.
([4plies/{OF }/4plies]) is composed of 200 E-glass fibers. and
the thickness of a prepreg is 0.18 mm. One yarn of CaselV
([3phies/{OF }/3plies})
thickness of a prepreg was 0.22 mm.(see Fig. 3(a), Fig. 4(a),

and Fig. 4(c)) Each diameter of a bare optical fiber (OF), a

One yarn of Caselll

includes 600 E-glass fibers and the

graphite fiber and a glass fiber was 125 pm, 7 pm and 10 1
m, respectively. The geometries of specimens were 250mmX
100mm><X1.25mm in Case I and Case I, 250mmX><100mmXx1.44
mm in Caselll, and 250mm><100mm>x1.32mm in CaselV. Fig.
4(b) represents the positions of grating and the ways of
ingress of specimens.

For the cure residual stress, the two main components[11]

that contribute to this stress are:

C1. The volumetric shrinkage of the resin during cure
C2. The mismatch in the coefficient of thermal expansion

(CTE) of the matrix and the reinforcement.

Case |

prepregs were chosen to distinguish the volumetric shrinkage

Theretore, and Casell with only unidirectional

effects of the resin. Caselll with plain-weave fabric prepregs

was chosen as the case with serious residual stress. In

general, the plain-weave fabric laminates have even greater
residual stress after cure processing because of the higher
fiber

fraction and the mismatch in the CTE between the matrix

volumetric shrinkage by reason of smaller volume

and the perpendicularly crossed fibers.
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Fig. 3 Reflected spectra of Case I and Case II: (a) Unidir ectional
prepreg of Case I and Casell, (b) Specimen of Case II, (¢)
Case I before curing, (d) Case lafter curing, (¢) Casell
before curing, (f) Casell after curing (by LED- OSA
system).

As for embedding reliability, CaselV was selected as the
case with much higher mechanical microbending than Case I,

Casell and Caselll. Fig. 5(a)-(c) shows the degree of

microbending of Case 1, Casell and Caselll.

As shown in Fig. 3(f) and Fig. 4(e), transverse stress after
curing caused birefringence of optical fiber contrary to Case
Iof Fig. 3(d).

caused unique Bragg conditions to break down shghtly in

In other words, the birefringence effects

CaseH(B:9.61><10'5), and even produced two very distinct
Caselll(B=2.46>10™).
Considering eq. (7), we could understand that the transverse

resonance  wavelengths in  the

stress of Caselll was much higher than that of Casell. This
of

ambiguity to isolate longitudinal strain. Above alf, fast signal

distortion unique Bragg condition may cause some
processing to measure dynamic strain becomes difficult.

To provide understandings about embedding environments of
optical fiber, we inspected microscopically the polishing cross
5(d)-5(h)). These microphotographs
microscope(OLYMPUS) at 100x or

These microphotographs helped us to

sections(see Fig. were
taken with an optical
200x magnification.
understand the various characteristics of the embedded optical
fibers. The embedding environment of Case I shown in Fig.
5(d) kept unique Bragg condition in spite of the shrinkage of
resin. The exchange of power between the two modes was
very easy because small transverse residual stress induced low
birefringence. Therefore the reflected spectrum has one peak
overlapped each other. In general, Casell of which optical
fiber embedded perpendicular to reinforcement fibers, should
have smaller transverse residual stress because the degree of
reinforcement fiber shrinkage is much smaller than that of the
resin shrinkage. However the spectrum of Casell had two
peaks. The cause about this unexpected phenomenon could be
S5(e). The bare optical fiber embedded

perpendicular to the reinforcement fibers had two resin rich

found out in Fig.

regions in its both sides. These resin rich regions induced
additional transverse stress. In other words, the cause of the
birefringence in CaseIl was not proper transverse residual
stress of the composite laminate but resin rich regions
generated by embedding the 125pm optical fiber. Fig. 5(f)
shows the cross section in the surrounding of the bare optical
fiber in Caselll. This case produced two very distinct peaks
induced by transverse residual stress(see Fig. 4(e)). As shown
in Fig. 5(g), the dual acrylate coating of optical fiber became
an elliptic shape because of temperature and pressure during
the cure processing. It made small spaces between coating
and optical fiber. The dual protective acrylate coating and the

spaces will act on the fiber cladding as a cushion against
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Fig. 4. Reflected spectra of Caselll and Prepreg of Case IV:(a)
Prepreg of Caselll, (b) Specimen of Case I, (c) Pre preg
of CaselV with bigger yarns, (d) Spectrum of Caselll
before curing, (¢) Spectrum of Caselll after curing.

FBG

material(acrylate) was also protected from transverse residual

transverse stress.  Similarly, recoated by the same
stress lest reflected FBG spectra should be split in two peaks
(see Fig. 9). Judging from the embedding environment of
optical fiber in Fig. 5(h), a recoated FBG embedded in Case
IV may be also safe from transverse residual stress.

In the second place, microbendings cause light losses and
backscatters optically and may lead to stress fractures of

optical fiber mechanically. As for peak in spectrum of FBG,

intensity loss is not important until fibers are separated by
fracture. Therefore, mechanical microbending effects are more
important than optical microbending effects relatively. As
shown in Fig. 5(a), 5(b), and 5(c), very thin Teflon films
were embedded in Casell, Ol and Case IV in

observe the degrce of mechanical microbending. Contrary to

order to

Fig. 5(1) and 5(j). we could see the stress fractures of bare
fiber in Fig. 5(k). The fiber failed
mechanically because of serious undulation of yarns. In Fig.
5(1) of Case T and Fig. 5(m) of CaselV,
coatings protected bare optical fibers against microbending
5(8), (), O

and (m)) of the cases with coatings showed that although the

optical optical

however, the

failures. In addition, four microphotographs(Fig.

cure temperature(130°C) was close to the breakdown
temperature of the acrylate coating(150°C), the coatings were
not melted and survived during the cure processing.

Consequently, the birefringence of embedded FBGs depended
fiber

reinforcement fibers, the degree of transverse residual stress.

on the orientation of optical relative  to  the
The recoating of stripped FBG was also very important for
the purpose of relieving birefringence phenomenon optically

and microbending effects mechanically.

3.2 Cure Monitoring to Study Transverse Stress
Induced Birefringence

The cure monitoring was performed in order to observe
the history of FBG spectrum and the change in wavelength
during the cure processing. The specimen has the same
geometry and material as Fig. 4(b). The gratings were a
stripped FBG and a recoated FBG. The coating of optical
fiber was stripped to build a grating in the optical fiber
using a KrF excimer laser and a phase mask. The stripped
FBG was recoated by VYT-200-C using the same material
(acrylate). WSFL[12]-DPO FBG sensor system with higher
power(2.2mW) was used because of the causes of serious
microbending loss inside an autoclave and at its door part.
The set up for this experiment is shown in Fig. 6. Fig. 7(b)
shows the shifts in wavelength obtained by embedded FBGs
during the typical cure cycle shown in Fig. 7(a). It is similar
to the temperature curve of specimens by a thermocouple
because of the linear dependence of the Bragg wavelength
with temperature. Birefringence onset time was 182 min in

the experimental time. Before second holding step, the spectra
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Embedding environments of bare optical fibers and coated optical fibers: (a), (b)

(d), (e) and (f) Cross

sections of bare optical fibers embedded in Case I, Casell, Case I, (g) and (h)
Cross sections of optical fibers with dual acrylate coatings in Caselll and Case
IV, (i), (j) and (k) Side sections of bare optical fiber in Casell, Caselll and Case
IV, (1) and (m) Side sections of optical fibers with dual acrylate coatings in Case

I and Case IV,

of the stripped FBG were not changed in spite of the
application of cure pressure. This means that curing pressure
(o3) is not enough to induce the birefringence phenomenon.
The stripped FBG also remained one peak during the 2nd
holding step. We couldunderstand that the gradual progress in
the shrinkage of resin during the 2nd holding was still not
enough to induce birefringence. After beginning the cooling
step and removing the cure pressure(6 atm.=607.95 KPa), the
rapid increase in the residual stress, which was promoted by

the mismatch in the CTE between the resin and reinforcement

fibers, induced an additional

birefringence and the distance between two peaks increased

peak at the onset time of

more and more until room temperature(see Fig. 7(b) and
8(a)). The last graph in Fig. 8(a) is the spectrum of the
FBG

autoclave and controlling polarization. However any additional

biretringent after taking the specimen out of an

peak did not appear in the spectra of the recoated FBG
shown in Fig. 8(b). This means that the recoating protected
the FBG from the transverse residual stress since the cooling

step and the use of recoating has made possible easy
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fabrication of TIG. The normalized birefringence (B), the
longitudinal and the transverse strain of the stripped FBG
were 2.56><10"', -1436 pe and -1267 pe. Because o3 inducing
minus birefringence against 0, existed in spite of smail value,
the transverse strain showed smaller contraction than the
longitudinal strain. The longitudinal strain of the recoated
FBG (-943 pg) showed smaller contraction than that of the

stripped FBG (-1436 pe). For the recoated FBG, the good
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Fig. 8 Changes in spectrum: (a)Stripped, (b)Recoated FBG.

strain transfer between the composite material and the optical
fiber

recoating.

might be not guaranteed because of the acrylate

4, Conclusion

FBGs

embedded in composites laminates were studied in this paper.

The reliability and spectrum characteristics of
The microphotographs of embedded optical fibers visualized
the embedding environments of stripped optical fibers and
coated optical fibers. Based on these microphotographs and
cure monitoring performed using FBGs, we could understand
that the main cause breaking the unique Bragg condition of
low-birefrigence FBG were residual stress after curing and
fiber

quantitatively. The cure monitoring also showed the history of

reported the state of stress/strain  of  optical
splitting peak of a stripped FBG along cure processing. In
addition, we could obtain a TIG with ease by recoating a

stripped FBG.
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