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Abstract

Newly developed advanced aircraft structures are utilizing composite technology for improving
stiffness, strength and weight properties. Such structures are commonly found in inaccessible
regions where current NDE techniques are limited. Composite patch repair of cracking structure is
also a newly developed technology. The development of low profile, distributed, embeddable, real-
time, optical fiber sensors capable of detecting the onset of failure in aircraft structures or of
adhesive bonds would eliminate a significant portion of related maintenance costs. The presented
sensing system is comprised of low profile Bragg gratings for measuring load transfer and joint or
composite patch failure.
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Introduction

In aging arcraft cracking has become a dgnificant issue. There are severd methods in use to stop and
repair the cracking of the structure. One such method, the bonded repair, or “crack patching”, alows for
restoration of strength and stiffness of the structure, as well as dowing crack growth by reducing the stress
intengty. However, especidly for criticdl components with bonded repairs, the crack needs to be
ingpected at specific intervas in order to monitor crack growth and to ensure that structura integrity is not
compromised. One primary concern with repair patches, and reason for limiting use to non-load bearing
arcraft parts, has been the potentiad degradation of load transfer capabilities due to aging and
environmentd effects, and that there is currently no NDI procedure for assessng bond durability [1]. To
address the need for in-situ sensors to nondestructively monitor the health of composite patch systems and
hard to inspect composite regions, optical fiber strain and chemica sensors are being developed to detect
patch ddamination, water penetration, and corrosive activity, as well as the load bearing capability of a
compodite patch repair. The sensng system is comprised of optical fiber Bragg gratings-based drain
sensors. These sensors may be multiplexed with other Bragg grating-based sensors as well as long period
grating-based chemical sensors [2] and embedded within the bonded joint, composite Structure or



composite patch for structurd hedlth monitoring. Objectives are to detect disbonds growth in the safe life
zone and monitor damage growth in the parent structure.  Both the Bragg and the long period grating
sensor have smilar signa-conditioning techniques that can be incorporated into a Sngle monitoring system
for amultaneous interrogation of multiple sensors. The following sections describe the method of operation
behind the Bragg-grating strain sensor, and the proposed work plan. The development of low prdfile,
distributed, embeddable, red-time, optica fiber sensors capable of detecting the onset of bonded joint or
paich falure on repaired regions of the arcrait would diminate a sgnificant portion of the related
mantenance codts as wdl as improve confidence leves in the technology, so that widespread
implementation of the technology may proceed.

Background on Sensor Design

Photo induced Bragg gratings were first demondtrated by K.O. Hill et al. in 1979 [3] using light from an
argon-ion laser oscillating a 488 nm. Currently, the optica fiber Bragg grating is fabricated by exposing
UV light through a phase mask onto the optical fiber. This fabrication process offers the capability of
maintaining the prisine ultimate strength of the opticd fiber by re-coating Bragg grating sensors with a
protective polymer after the writing process. Inherent advantages that optica fiber Bragg grating strain
sensors have over the foil strain gauge include size and flexible geometry, resstance to EMI, spark
resstance, resstant to atack by most chemicas, immunity to eectromagnetic interference, do not cause
hazardous sparks, and dlow for inexpensve distributed sensing capabilities. As opposed to the foil strain
gauge, the Bragg grating strain sensor operates on self-referencing aosolute measurements. This dlowsthe
user to unplug and plug into the sensor a time-based intervas without having to recaibrate. The resulting
sensor dement is illugtrated below, in Figure 1a, dong with the optical spectrum shift with srain shown in
Figure 1b.
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Figurela. Schematic of the Bragg grating sensor Figure1b. Spectrum of Bragg grating sensor ,
illustrating refractive index variation within the showing spectral shift with induced strain

core.

Here, the photo-induced planes of congtant index of refraction will be oriented perpendicular to the axis of
the fiber as shown in a schemdtic of the Bragg grating in Figure 1a.  In this configuration, part of the light
incident on the grating gets back reflected while most of the light will be transmitted. The reflected
wavelength, | g, will interfere congtructively after reflecting off each of the layers, satidfying the Bragg
equation relationship:

| B=2nL, (@)
where nisthe index of refraction, and L is the grating spacing. If srain is gpplied to the Bragg grating, the
resonant reflected wavelength | g will shift by an amount given by DI g, where:



DipliB=(1-Pe)e, )
where Pe is the photoelagtic constant for the silica fiber core. Hence by tracking DI B, resdud strain can
be accurately monitored. Figure 1b illusrates strain measurements using the spectral shift from a Bragg
grating.

For red-time data acquisition a prototype sgnd conditioning system with a lgptop computer interface was
used to interrogate the Bragg grating response by tracking the spectral shift of the reflected wavelength.
Loads were applied to a beam up to 2000 nmein compresson and tenson. The demondrated Luna
Prototype system can track a Bragg grating wavelength shift with aresolution of 1 picometer. This gives an
edimated sengitivity of the overal system to measure strain changes on the order of 1.5 rre.

Testing Results

Both lapshear tests and wedge tests were conducted at the Boeing Company to demondrate the feasibility
of usng Bragg gratings indde adhesive joints. The test specimen results represent behavior in adhesve
joints, composite patch repairs, and composite structural aress.

L apshear tests demonstrating axial strain measur ements within adhesivebondlines.

Bragg grating based strain sensors that are 125 micron and 80 micron were embedded within adhesive
bondlines. The following sections detail Iapshear tests that are currently in progress that demongtrates the
measurement of strain and load bearing capability of adhesive bondlines before and after environmental
exposure in 98% RH/140 °F (60 °C) for 90 days according to Boeing Procedure #7072 Typel.

Lap shear test coupons were assembled using two 17 x 5 (2.54 cm x 3.81 cm) 2024-T3 aluminum pieces
witha1” x 1" (254 cm x 2.54 cm) adhesive overlgp region. The two pieces of duminum were bonded
together usng PAA surface preparation and FM 73 adhesive in the configuration shown in Figure 4. For
each sample, an opticd fiber Bragg grating strain sensor was embedded on the centerline a the
adhesve/metd interface.
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Figure 4. Schematic of lap shear coupon with embedded optical fiber Bragg grating strain sensor placed within the
adhesive/metal interface.

After vacuum sedling and autoclaving, two of the test coupons were loaded under static condition until
falure. Figure 5 shows a photograph of the samples &fter loading. As shown, test coupon #3 failed in the
auminum gtem region and never faled a the adhesive bondline, and coupon #2 failed at the adhesive
bondline.



Figure5. Unconditioned lap shear samples#2 and #3 after static loading till failure.

Similar test coupons to those shown above were put into an environmental chamber et at

98 % RH / 140 °F (60 °C). These eight coupons will remain in the chamber for approximatey 90 days,
upon which they will be loaded under smilar conditions (gpproximate test date is January 2001). From
these other specimen and further testing trends will be generated.

Figure 6a below shows the load spectrum used on test coupon #3. The peak load was 3636 Ibf with a
0.05"/min (1.27 cymin) head speed. The test took atotal of 2 minutes and 22 seconds until failure in the
auminum sem. This fallure mechanism is indicative of the fact that the overlap region was 2’ rather than
1”. Fgure 6b isthe response from the Bragg grating during the loading of the test coupon.
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Figure6a. Staticload spectrum for test Figure6b. Responsefrom Bragg strain sensor during
coupon #3. loading of test coupon #3.

Figure 7a below shows the load spectrum used on test coupon #2, a lap shear specimen that failed at the
adhesive bondline. The pesk load for this specimen was 3778 Ibf with a head speed of 0.05"/min (1.27
cm/min). The test took atota of 2 minutes and 27 seconds until faillure. Figure 7b is the response of the
Bragg grating strain sensor during the load. This response illudtrates loading of the specimen until failure a
the adhesive bondline. As shown, the sensor embedded in this coupon never broke.
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Figure 7a. Static load spectrum for lap Figure7b. Responsefrom Bragg strain sensor during
shear specimen #2. static loading of lap shear specimen #2.

Specimens #2 and #3 failed differently during the loading conditions. This difference in failure mechaniam is
illugtrated in both the load spectrums shown in Figures 6a and 6b and the strain data acquired from the
Bragg gratings shown in Figures 7aand 7b. The shear specimen that failed at the bondline demongtrates a
curved fallure line as shown in Figure 7a versus a sharp failure point demongrated in Figure 6a. Thisfailure
mechanism is dso demondrated in Figure 7b versus 7a. As illusirated the Bragg grating strain sensor is
illugtrating some dipping before falure, or loss of load bearing capability. This shows up as oikes in the
draindata. Future testing will further study the possible effects of dipping before failure.

Boeing Wedge Tests demonstrating quality of surface prep and integrity of adhesive bondline.
For the Boeing wedge tests, a matrix of 6” x 1” x 0.125” (15.24 cm x 2.54 cm x 0.318 cm) Al 2024-T3
coupons were bonded together using either the Phosphoric Acid Anodize (PAA) or the HF-Alodine
surface prep and either FM73 or EA9394 adhesive according to Boeing procedure #5555. Simulated
optical fiber sensors and Bragg grating strain sensors that were 80 micron and 125 micron were embedded
in the wedge samples a the metal/adhesive interface. For each specimen with the real sensors, one optical
fiber Bragg grating strain sensor was placed 1.1” (2.79 cm) from the end of the edge, as shown in Figure
8. The objective of this test was to determine if the opticd fiber had an adverse affect on the strength of
the bondline as well as to determine if the sensor could measure crack growth of the auminum coupon.
Future testing will consst of testing for trends, embedding multiplexed Bragg gratings and LPG-based
moisture and corrosion sensors within the wedge samples.
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Figure 8. Schematic of aluminum coupon with embedded optical fiber Bragg grating sensor.

After vacuum curing, a wedge was driven into one end of the wedge coupon and the crack length (beyond
the origina crack length) was measured as a function of time. These wedge coupons were placed in ahigh
humidity (100 % RH) / high temperature (140 °F/60 °C) environment. Resulting crack growths with time
and falure modes were evaluated at the end of the test. Figure 9 and 10 show photographs of the wedge
coupons tested a Boeing.
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fiber dummy sensorsafter 100% RH / Bragg sensors after 100 % RH / 140°F
140 °F exposurefor 24 hrs. exposurefor 24 hrs.

Figures 11 shows a graph of severa of the wedge coupons, with an EA9394 adhesive and a PAA surface
preparation, after 24 hrs of 100 % RH / 140 °F (60 °C) exposure that have 80 micron and 125 micron optica
fiber Bragg strain sensors embedded in them. Data acquired from these sensors indicate the mgjority of the
strain was realized as the wedge was driven into the samples. Initia results indicate that further development
and usage of the less obtrusive 80 micron optical fiber will be beneficia for bondline embedment applications
to reduce strength and load effects from the fiber optic. These tests will be repeated using the knowledge
gained in these initia experiments. Multiplexed Bragg grating strain sensors will be placed farther dong the
wedge crack in order to gain more data in the later stages of the crack growth. Future experiments will
include multiplexing strain Bragg grating sensors with LPG-based corrosion sensors for both strain and
environmental measurements.
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Figure 11. Comparison of Optical Fiber Diameter for a Wedge Test.

The inherent advantages of optica fiber-based sensors and their ability to withstand the high temperature
and pressure during autoclaving were demonstrated during both the lapshear tests and the wedge tests.
These advantages over other dectricd based instrumentation offer the capability for future in-situ
measurement for hedth monitoring applications.



Conclusion

In conclusion, it was shown through the outlined tests the optica fiber-based sensors show promising
results as an answer to monitor the health of bonded structures or compodte paiches. By continuing the
development of these sensors, including the addition of moisture sensors and multiplexing capabilities one
will be able to accurately monitor the hedth of composite patches and adhesive joints. The development of
low profile, distributed, embeddable, red-time, optica fiber sensors capable of detecting the onset of patch
fallure on repaired regions of the arcraft would diminate a sgnificant portion of the related maintenance
costs as well as improve confidence levels in the technology, so that widespread implementation of the
technology may proceed.

Numerous Bragg grating strain sensors can be fabricated on the same optical fiber and designed to
measure load transfer, composite delamination, and resduad strain in patches used to repar cracks that
occur in aging arcraft. By multiplexing the Bragg grating strain sensor with LPG-based chemica sensors,
moisture as well as corrosive activity can be measured [4, 5).

The demondtrated system is built upon absolute measurements, therefore enabling the operator flexibility in
monitoring the part. The user can use the system for red-time measurements by leaving the sensors
connected to the signa-conditioning system or leave the sensors embedded to the structure and plug in at
time-based intervals to determine hedth satus. Such a system can be utilized for desgn, modding, and
vdidation of composite patch repairs and would ultimately dlow the operator to move away from current
coglly time-based maintenance procedures toward hedth condition monitoring of bonded repairs and
repaired structure.
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