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Abstract: Adhesive joints in composite structures are subject to degradation by elevated temperature
and moisture. Moisture absorption leads to swelling, plasticization, weakening of the interface,
interfacial defects/cracking and reduction in strength. Moisture and material degradation before the
formation of defects are not readily revealed by conventional non-destructive examination techniques.
Embedded fiber Bragg grating (FBG) sensors can reflect the swelling strain in adhesive joints and
offer an economical alternative for on-line monitoring of moisture absorption under hygrothermal
aging. Most of the available works relied on the peak shifting phenomenon for sensing. Degradation
of adhesive and interfacial defects will lead to non-uniform strain that may chirp the FBG spectrum,
causing complications in the peak shifting measurement. It is reasoned that the full spectral responses
may be more revealing regarding the joint’s integrity. Studies on this aspect are still lacking. In
this work, single-lap joint composite specimens with embedded FBGs are soaked in 60 ◦C water
for 30 days. Spectrum evolution during this period and subsequent tensile and fatigue failure has
been studied to shed some light on the possible use of the full spectral response to monitor the
development of hygrothermal degradation.

Keywords: adhesive joint; hygrothermal damage; fiber Bragg grating; tensile failure; fatigue failure;
full spectral response

1. Introduction

The advantageous specific stiffness and specific strength and the excellent corrosion
resistance of fiber reinforced composites lead to their increasing replacement of metallic
materials in adverse environments. Examples of these include applications in the petroleum
and gas extraction sector [1,2], tidal turbine blades [3], wind turbine blades [4], air [5,6] and
land transport vehicles [7] as well as cooling towers [8]. Adhesive bondings are widely
used to join components in these structures in preference to bolting and riveting as they
keep the structure surface smooth, distribute and reduce joining stresses and help to avoid
fiber discontinuity [9,10]. However, one disadvantage of adhesive joints is the difficulty
in examining its integrity. The elevated temperature and humidity often encountered in
adverse environments are well known to degrade polymers through a hygrothermal aging
process [11–14] and poses a major concern on the joint durability. The coupled effect of
temperature and moisture affects the adhesive joint more than the composite [15]. Service
loading conditions such as impact, occasional overload and fluctuating loading will further
aggravate the damages. If such degradation went undetected, serious structural failures
and catastrophic outcome might follow.

Moisture diffused into polymers will be absorbed as free water and bound water [16–18].
The former occupies the micro-cavities of the polymer network while the latter forms hy-
drogen bonds with polar segments of the polymer molecules. Bound water will cause
swelling of the polymers, but free water will not. Besides swelling, the absorbed water
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will cause plasticization, decrease in the glass transition temperature and reduction in their
mechanical strength [16–19]. Eventually, it will also lead to weakening of the interface and
interfacial defects/cracking [11–13,19–22]. Elevated temperature will accelerate moisture
diffusion [20,23,24] and aggravate degradation on the one hand. On the other hand, in
thermoset adhesive with incomplete cross-linking after cure, elevated temperature may en-
hance post-curing which increases cross-linking and strength [13,24–26] as well as reduces
volume [14,21].

A number of non-destructive examination techniques have been attempted to re-
veal defects in adhesive joints. These include traditional ultrasonic techniques [27–29],
guided wave [30,31], acoustic microscopy [32,33], electromagnetic acoustic transducer [34],
electromechanical impedance spectroscopy [35–37], thermography [29,38,39] and shearog-
raphy [28,40,41]. Davis and McGregor [42] pointed out that most non-destructive inspection
for defects techniques are mainly useful at the fabrication stage and at the late stage of
failure when explicit defects have formed, but are ineffective during the joint material
degradation stage. Additionally, the presence of moisture cannot be easily detected by
conventional non-destructive techniques [43].

Moisture content was sometimes monitored as an indicator of the degree of damage.
Experimentally, a commonly used method is gravimetric analysis [13,43–45]. However,
gravimetric weighing of an engineering structure is impracticable. Furthermore, gravimet-
ric analysis is not so straightforward for adhesive joints that involves composite materials,
as both the adhesive and the composite matrix will absorb moisture. Local moisture content
can be monitored by embedded interdigital electrode sensor that made use of impedance
changes [46] and optical fiber evanescent sensor that depended on light energy loss with
surrounding refractive index changes [47,48]. Computational methods have been devel-
oped to predict the diffusion of moisture and the swelling strain under known boundary
conditions [13,43–49]. The calculated moisture contents agreed well with the gravimet-
rically measured ones [13,43,44]. In practical applications, the environmental humidity
and temperature are varying from time to time and often not precisely known as that
in experimental investigations. This makes the application of computational technique
difficult. Moreover, as pointed out above, a number of interacting damaging mechanisms
are operating and so the moisture content and the properties degradation is not related in a
straightforward manner.

Instead of monitoring moisture content or directly looking for defects, there are
techniques suitable for real time monitoring of the integrity degradation of adhesive
joints. These include strain/stiffness monitoring using back face strain gages [49–51],
resistance monitoring of adhesive joints that were made conductive by adding carbon
nanotubes [52,53] and optical fiber sensors signal surveillance [43,44,54–73]. Strain gages
can only be applied to the outer surface, they will disrupt an otherwise smooth surface
and are susceptible to environmental degradation. Additionally, they may not possess
sufficient fatigue life for long-term monitoring [74]. Resistance method is economical to
deploy to large adhesive joints, but it is not easy to locate the damage sites. Its appli-
cability to adherends with high resistivity may be limited. Optical fibers are known to
have excellent fatigue endurance. They can be embedded inside the bond to leave the
external surface smooth, which is important for aerodynamic structures. They are rela-
tively free from environmental attack and have been used for general structural health
monitoring [54–56]. There are different kinds of optical fiber sensors. In adhesive joints,
both the distributed sensing [57–59] and the discrete fiber Bragg grating (FBG) sensors
have been used [30,60–73]. The distributed sensors measured strain along the fiber and
is equivalent to a train of strain gages with the best available spatial resolution going
down to the millimeter range. Discrete FBG sensors encode measurand information in
the wavelength of a characteristic spectrum. The uniform period FBG and the chirp FBG
have both been used. The chirp FBG has a programmed distribution of grating periods that
offer a certain degree of spatial resolution. It has been shown that chirp FBGs embedded
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in adhesive joints can detect the occurrence and location of artificially induced [67] or
naturally initiated disbonds [68,69].

The uniform period FBGs were often treated as embedded strain gages to moni-
tor the deformation of adhesive joints under mechanical load [60–66] and hygrothermal
swelling [43,44,72,73]. When used in this way, the peak wavelengths were usually logged
and converted to strain. However, automatic peak wavelength loggers will normally lock
on to the peak with the strongest intensity. FBGs embedded in adhesive joints sometimes
showed spectrum splitting on adhesive curing [21,43,72,75]. Moreover, absorption of mois-
ture may cause heavy chirping [30]. This makes the identification of a single representative
wavelength from the spectrum impracticable. The employment of a single-peak wavelength
obviously cannot reflect the actual strain status of the bond.

The use of FBGs for hygrothermal aging monitoring has a number of distinct advan-
tages over conventional sensors. These include a much better compatibility with the host
materials and will not behave as defects when embedded, the ease of multiplexing, as well
as immunity from electromagnetic interference and environmental attack. Moreover, the
grating period that responds to the surrounding strain is in the order of micrometer. When
embedded, its close proximity to the degraded materials/defects together with its small
responding gage lengths make FBGs very suitable for reflecting small local perturbation
of strain caused by material changes and degradation. Instead of the normally employed
single-peak wavelength that only indicates the swelling strain, it is postulated the full
spectral response of FBGs will be much more capable in revealing the onset of hygrother-
mal degradation as well as the development of subsequent aging damages. The clearer
picture about the degradation status so obtained can help to avoid uneconomical premature
retirement of components and precarious use of heavily degraded structures.

At present, adhesive joint integrity monitoring making use of the full FBG spectral
responses are extremely limited and mainly used on mechanical loading [30,70,71]. Webb
et al. [70,71] applied a dynamic full-spectrum interrogator to a single-peak FBG sensor em-
bedded in the adhesive of a single-lap joint under cyclic loading. The dynamic interrogator
logged the full spectral response via an intensity modulated set-up [74] and extracted the
peak wavelength information. This, in effect, used the FBG as a strain gage with very high
frequency response rather than making use of the full information in the whole spectrum.
Karpenko et al. [30] attempted to use the information of the full chirped spectrum, but their
adhesive joint had not yet been loaded to the point of damage initiation. The capability of
the FBG spectrum to reveal hygrothermal aging damage is still not clearly known.

In view of the limitations of the available results on these aspects, hygrothermal aging
followed by tensile and fatigue tests to failure will be carried out on adhesively bonded
single-lap joint specimens. The capability of the full spectral responses of single-peak FBGs
to monitor hygrothermal aging, to detect the onset and follow the development of damages
incurred during the aging stage and the subsequent mechanical loading stage, will be
investigated.

2. Materials and Methods
2.1. Fiber Bragg Grating Sensor and Its Basic Properties

A fiber Bragg Grating (FBG) is a certain section on an optical fiber with a periodic
variation of refractive index. With a uniform period Λ, the grating will reflect a characteristic
single narrow-peak spectrum with wavelength λ from an incident broadband light [76]:

Λ = 2nΛ (1)

where n is the effective refractive index of the fiber core. When a freely standing FBG
is subjected to a uniform longitudinal stress/strain, Λ will change due to the resulting
strain and n will change by the photoelastic effect [76]. This causes a change in λ and the
reflected spectrum will shift as a whole, as shown schematically in Figure 1a. Transverse
stresses acting on the FBG will bring about birefringence effect, resulting in a splitting of
the spectrum peak (Figure 1b) [77]. If the stress/strain is varying along the length of the
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FBG, different λ’s will satisfy the condition of Equation (1) on a different sections of the
grating. As a result, the grating acts as a series of FBGs with different peak wavelength λ’s,
thus the spectrum broadens or chirps, as shown schematically in Figure 1c. The shape of
the chirped spectrum will be governed by the pattern of stress distribution.

Figure 1. Schematic diagram to show FBG spectrum changes under (a) tensile stress or temperature
rise; (b) transverse stress and (c) non-uniform stress along its length.

When the freely standing FBG is subjected to a temperature change instead of stress,
Λ will be changed by thermal expansion/contraction and n will be changed through the
thermo-optics effect [76]. These will also cause a change in λ and a shift of the whole
reflected spectrum such as that shown in Figure 1a. Typically for an FBG with λ = 1550 nm,
a tensile strain of 1 µε or 1 ◦C rise shift the spectrum by ~1 pm or ~10 pm, respectively,
towards the longer wavelength. The above effects will superimpose if both temperature
change and mechanical stress are applied to the FBG. When a compressive strain or a drop
of temperature occur, the spectrum shifts in the opposite direction towards the shorter
wavelengths.

The above discussion is for a freely standing FBG. For an FBG embedded in an
adhesive joint, more complications arise. Firstly, the curing process is a chemical reaction
that often involves temperature changes and the progressive solidification involves volume
contraction. The rate of cure depends on a number of factors such as temperature, humidity
and stoichiometric ratio [78,79]. Local variations of these factors invariably exist and
differential curing rate at different vicinities of the FBG and at different locations along the
FBG will lead to a varying residual stress distribution acting on the grating, modifying the
reflected spectrum. Existence of local variation of residual stress may best be illustrated
in an observation that spectrum chirping/splitting occurred in a 10 mm-long FBG but not
in a 1 mm FBG while both were embedded in parallel in the same joint [72]. In fact, peak
splitting and spectrum chirping are commonly observed when uniform period FBGs are
embedded in adhesive joints [21,43,72,75].

External load and temperature variation on the joint specimen act not only on the
optical fiber but also on its surrounding adhesive, leading to a redistribution of the residual
stress on the FBG. The resultant effect on the change of the FBG spectrum will therefore
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come from three contributions: (1) stress distribution in the joint caused by the applied
load; (2) temperature change of the FBG; (3) residual stress distribution along the FBG.
When damages occur in the joint, they will act as local stress raisers. These will affect the
load-induced stress distribution as well as causing further redistribution of the residual
stress. The resulting FBG spectrum will therefore be affected by a superpositioning of the
above effects.

In this work, single-peak FBGs were used and were fabricated in a Ge-B co-doped
single-mode optical fiber by side writing using a phase mask [80]. The sensing length of the
FBGs was about 10 mm. The reflectivity of the as produced FBG was ~99%. The reflected
spectra from the FBGs were interrogated using an optical spectrum analyzer (MS9710C,
Anritsu, Kanagawa, Japan). Mechanical testings were carried out in an air-conditioned
room with thermostat control set to ±1 ◦C and the FBGs were embedded in poor thermal
conductors of polymeric adhesive sandwiched between composite laminates so that it is rel-
atively insensitive to outside temperature changes. Small ambient temperature fluctuations
will have negligible effect on the measured spectra during mechanical testing.

2.2. Single Lap Joint Specimens

101.6 mm × 25.4 mm strips were cut from a 220 mm × 220 mm Graphite-epoxy
composite laminate consisting of 10 unidirectional plies. Each two of these strips were
glued together with Loctite structural epoxy adhesive (E-30CL, Henkel Taiwan Ltd., New
Taipei City, Taiwan) to form single-lap joint specimens. The fiber direction in the composite
is along the loading axis. The areas to be joined were sanded and masking tape was applied
to the immediate vicinity beyond the boundary of the joint area. The purpose of the tape
is to prevent excess glue resulting in additional but unpredictable adhesion between the
two parts. Excess glue was difficult to clean off especially with the optical fibers in place.
Three optical fibers with FBGs were embedded in the joint, as sensors as well as spacers.
The bond line was approximately as thick as the diameter of the optical fiber, i.e., 125 µm.
A section of the same composite strip was also glued to each end of the specimen to ensure
the loading axis to pass through the center of the adhesive layer. Detailed dimensions and
layout of the specimens are shown in Figure 2.

Figure 2. Dimensions and layout of the single-lap joint specimen.

A batch of seven single-lap joint specimens can be made from a 220 mm × 220 mm
composite laminate. Preliminary tests showed that their tensile strengths are affected
by the environmental conditions, such as temperature and humidity during the joining
operation. Different specimen batches had average batch strengths from 8.26 to 10 kN.
However, within the same batch, the worst-case standard deviation of tensile strength was
within 4.1%. Thus, for each batch of seven specimens, two randomly sampled specimens
were tested under monotonic loading to obtain the average batch tensile strength while
the remaining specimens were used for hygrothermal treatment and various testing and
measurements.
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2.3. Hygrothermal Treatment

Single-lap joint specimens were incubated in 60 ◦C water for 30 days. A 6.7 L recircu-
lating water bath (B401, Firstek Scientific, Taipei, Taiwan) was employed for this treatment.
The temperature of the water was controlled to within ±0.1 ◦C. The FBG spectra during
the heating up, soaking and cooling down processes were recorded. After soaking for
30 days, the specimens were taken out of the bath and wiped dry. Most of the specimens
were subjected to mechanical testing immediately in this as-soaked condition. The duration
between leaving the water bath and starting tensile and fatigue tests was within 1 h. A
limited number of specimens were put into a desiccator and dried for 10 days before
undergoing mechanical testing.

2.4. Mechanical Testing

Specimens were subjected to tensile or cyclic loading on a servo-hydraulic testing
machine (810 Materials Testing System, MTS Systems, Eden Prairie, MN, USA).

During the tensile test, loading was periodically interrupted to allow the reflected
light spectra from the FBGs to be recorded at the instantaneous loading. The specimen was
then unloaded to allow reflected spectra to be measured at 0 N. This loading–unloading
cycle was repeated with progressively higher loading until specimen failure.

Fatigue testing of the hygrothermally aged specimens was carried out with a cyclic
loading range of 4.5–45% of the average batch tensile strengths of the aged specimen at
8 Hz. For virgin specimens, the cyclic loading range is based on the corresponding average
virgin batch strengths. Again, the tests were interrupted periodically to allow the FBG
spectra to be measured at 0 N.

3. Results
3.1. Spectrum Changes Due to Curing of an Adhesive Joint

On embedment into an adhesive joint, the FBG spectra normally exhibit some notice-
able changes after the adhesive cured. Figure 3 presents two typical types of changes in the
FBG spectra observed after embedment (solid lines) spectra versus those before (broken
lines). The first type (Figure 3a) shows a slight shift of the spectrum and an emergence of
secondary peaks (as pointed out by arrows). The second type is the occurrence of peak
splitting and spectrum broadening as is evident in Figure 3b. The two spectra are from
two different specimens. However, it is not uncommon to see both types from different
FBGs from the same specimen. As explained before, the above changes in the FBG spectra
are caused by the existence of non-uniform stress/strain on the FBG and are commonly
observed in similar works [21,43,72,75].

During the curing process, the polymeric adhesive progressively transforms from a
viscous liquid state to a hardened solid phase. This transformation is a chemical reaction
that involves temperature change and volumetric contraction. The rate of cure, or chemical
reaction, depends on a number of factors such as temperature, humidity and the availability
of the correct stoichiometric ratio [78,79]. Local variation of these factors invariably exists,
causing differential curing. Suppose a region A cured faster than its surrounding B. When
A solidifies, its volume will contract and attain a certain dimension. Its shrinkage is not
constrained by B as the latter is still in the viscous liquid phase and is relatively free to
deform. However, when B solidifies or cures, its shrinkage will be constrained by A, which
is not freely deformable. A residual compressive stress will result in A, while B will be
subjected to a residual tensile stress. Differential curing rates at different distances from the
FBG and at different locations along the FBG will therefore lead to a varying residual stress
distribution acting on the grating. As the status of local variations differs, the pattern of
residual stress distribution on each FBG will be different, leading to different patterns and
different degrees of changes in the reflected spectra even among different FBGs in the same
specimen. Similar changes in FBG spectra are also observed in other works [21,43,72,75]
and FBG to FBG variations in different specimens are not uncommon [43,75].
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Figure 3. Typical FBG spectrum changes after joint curing: (a) a slight shift and an emergence of
secondary peaks (pointed out by arrows); (b) peak splitting and spectrum broadening.

3.2. Spectrum Changes during Hygrothermal Treatment

In the following section, the changes in the FBG spectra during the heating, soaking,
cooling and drying stages are presented. Specimens A and B, respectively, denotes the
same embedded FBGs as presented above in Figure 3a,b.

3.2.1. Spectrum Change during the Heating Up Stage

Figure 4 shows the evolution of the two spectra when the specimens were heated up
in the hygrothermal treatment water bath. As the water temperature increased from room
temperature (RT) to 60 ◦C, the spectra showed a general shift towards the long wavelength
direction. This is expected as explained in Section 2.1 above. In specimen A, the appearance
of new emerging peaks and subsidence of old ones can be seen in Figure 4a. In Figure 4b,
the split peaks, which appeared after embedment, merged into one when the temperature is
raised to 40 ◦C. Temperature rose by about 1 ◦C/min and so the effect caused by infusion of
moisture can at most account for a small part of the above phenomena. A more important
effect may be attributed to thermal expansion. The latter to some extent offset the curing
shrinkage and caused a redistribution of residual stress, which in turn led to the change in
the FBG spectra.

Figure 4. Embedded FBG spectra evolution during the heating process before soaking showing
general shift to the right and (a) changing of emerging peaks and (b) merging of split peaks.
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3.2.2. Spectrum Evolution during the Soaking Stage

Soaking at 60 ◦C in water lasted for 30 days. During this time, there were slight shifts
and small changes of shape in the FBG spectra (Figure 5). Soaking in water encouraged
moisture to diffuse into the polymeric adhesive and this should cause an expansion in vol-
ume and degrade the strength of the adhesive. The elevated temperature of 60 ◦C will both
enhance the diffusion of moisture and cause the thermal aging of the epoxy adhesive. The
latter tends to strengthen the adhesive and cause a contraction in volume [14,21,25,26]. The
antagonistic effects of moisture-induced expansion and thermal aging-induced contraction
probably resulted in a somewhat balanced effect on the volume and so the residual stress
distributions are minimally affected. This may explain the insignificant changes observed
in the FBG spectra in Figure 5.

Figure 5. FBG spectra shows little changes during the soaking process in both specimens (a) A and
(b) B, probably due to the mutual balance between the antagonistic effects of moisture-induced
expansion and thermal aging-induced contraction.

3.2.3. Spectrum Evolution during the Cooling down Stage

After soaking for 30 days at 60 ◦C, heating was stopped, and the specimens were
allowed to cool down to room temperature before taken out from the water bath. Figure 6
shows some spectra from the two FBGs during this period. The room temperature spectra
were measured in ambient air while the 40 ◦C and 60 ◦C spectra were measured in the
water bath. In both cases, a general shift of the spectra towards the shorter wavelengths
occurred. Following the explanation in Section 2.1, a 20 ◦C drops on a freely standing FBG
will lead to a spectrum shift and peak wavelength decrease of ~200 pm. When temperature
drops from 60 ◦C to 40 ◦C, Figure 6a showed a 320 pm shift and Figure 6b showed a 280 pm
shift in the peak wavelength. The higher-than-expected shift may be caused by the thermal
contraction of the adhesive which contributes to the additional shift towards the shorter
wavelengths. Additionally, a change in positions of the emerging peaks can be observed in
both cases as temperature decreases. The peak of the spectrum for specimen A in fact split
into two on cooling to room temperature. These changes in the spectral shapes may be
attributed to change in residual stress distribution associated with the thermal deformation.
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Figure 6. FBG spectra during the cooling process after soaking at 60 ◦C for 30 days showing general
shift to the left for specimens (a) A and (b) B.

Figure 7a,b compare the room temperature spectra of the two FBGs before and just
after soaking. The spectrum from specimen A shows a marked broadening and the initial
single-peak split into two distinct peaks after soaking (Figure 7a). That from specimen
B goes the opposite way, showing a spectrum narrowing and that the initial split peaks
combine into a single peak. These changes in the spectral shapes are probably affected by
the following factors: (1) the initial residual distribution; (2) expansion of the polymeric
adhesive due to absorption of moisture; (3) contraction of the polymeric adhesive due
to thermal aging. (4) degradation that alters the stress–strain behavior and mechanical
properties of the polymeric adhesive due to moisture and thermal aging. The spectra
of both specimens after soaking tends to move toward the shorter wavelengths. This
suggests that the contraction due to thermal aging seems to dominate over the expansion
by moisture absorption in the current adhesive-adherend configuration.

Figure 7. Comparison of room temperature FBG spectra before and just after soaking at 60 ◦C for
30 days from specimens (a) A, which shows a marked broadening and peak splitting; (b) B, whichs
shows a spectrum narrowing and merging of split peaks.
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The above tests have been repeated on 11 specimens, out of the 31 embedded optical
fibers that survived, the spectra after soaking showed a general and often marked shift
towards the shorter wavelengths as exemplified in Figure 7 in 28 FBGs. In the remaining
three unbroken FBGs, one lost the reflection peak and two showed a slight shift towards
the longer wavelength. The shapes of the spectra, both before and after soaking, were quite
different among different FBGs. The initial differences in the shapes of FBG spectra may
be attributed to a difference in residual stress distributions, which may result from local
variations in curing of the adhesive that led to differential and mismatched contraction.
On soaking, the moisture-induced expansion and thermal aging-induced contraction will
interact with the initial mismatched contraction, leading to different outcomes from differ-
ent initial conditions. This is probably the reason for different spectral shapes for different
FBGs after soaking.

3.2.4. Spectrum Evolution during the Drying Stage

After taken out from the water bath, wiped dry and had the as-soaked room tempera-
ture spectra taken, the specimens were prepared for tensile testing. Specimen A stayed in
ambient air for about an hour during the above preparatory work. When the FBG spectra
was again recorded before tensile testing commenced, it was found that prominent changes
had occurred within the elapsed hour. The long wavelength edge of the spectrum had
stayed the same but the short wavelength end had become heavily chirped and extended
further towards the shorter wavelengths (Figure 8a). Prompted by this phenomenon, Speci-
men B was deliberately dried for a prolonged duration of 10 days in a desiccator. Figure 8b
shows the evolution of FBG spectra during this period. A general shift and a progressively
heavy chirping towards the shorter wavelength end occurred. The degree of change was
large in the first four days. Beyond day 4, the growth of chirping on the short wavelength
side has basically stopped and the width of the spectra stayed more or less the same. There
were still variations in the intensities of different peaks within the chirped spectra with time.
The nature of changes beyond day 4 may be illustrated by the day 5 and day 10 spectra
shown in Figure 8b.

Figure 8. Evolution of FBG spectra during drying in: (a) ambient condition for 1 h; (b) in a desiccator
for 10 days.

We have pointed out four effects on the FBG spectra after soaking. During the sub-
sequent drying, the absorbed moisture gradually diffuses out of the adhesive and will
offset the expansion effect. This may explain the general shift of the spectra to the shorter
wavelengths. Thermal aging involves a series of change on the molecular level and the
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one that will occur first is post-curing [81]. Similar to initial curing, post-curing and other
molecular changes will likely be non-homogeneous as well. This may further aggravate
the non-uniformity of the residual stress. Additionally, the tendency for reduction in free
volume and contraction associated with thermal aging [14,21,81] and moisture removal
will reinforce the compressive side of the residual stress distribution. These two effects
may explain the observed chirping and broadening of the spectra towards the shorter
wavelengths.

From the above, we can see that the spectra from the embedded FBG are highly
sensitive in revealing the internal changes caused by hygrothermal aging. The heavily
non-uniform stress distributions make the conventional strain retrieval based on the peak
wavelength shift impracticable. Interrogation technique such as that used in Reference [21]
may provide more quantitative information. Alternatively, independent distributed fiber
sensors, such as that made use of stimulated Brillouin scattering, may be used alongside
the FBG to provide the strain distribution. For this purpose, their spatial resolution should
preferrably be in the sub-millimeter level to yield meaningful results.

3.3. Damage Monitoring during Tensile Tests
3.3.1. Spectrum Evolution in Virgin Specimens under Tensile Loading

In a previous paper [82], we have shown that tensile loading on virgin specimens
progressively shifted the FBG spectra towards longer wavelengths without changing the
spectral shape initially. As loading increased, some secondary peaks emerged and were
enhanced with further increase in loading. When loading was above ~65% of the tensile
strength, the spectra have markedly broadened or chirped. Sometimes the background
intensity also rose significantly. Figure 9a shows a typical example that illustrate the above
events. Broadening and chirping of the spectra is caused by a development of non-uniform
strain distribution along the FBGs. It has also been pointed out that stress concentration
occurs in the lap joint [83]. Both the stress concentration near the edges of the joint and the
development of internal damage can give rise to non-uniform strains. Additionally, these
two effects will be aggravated by increasing load, giving rise to the observed evolution of
the spectra in Figure 9a. It is difficult to differentiate the contribution of loading alone and
contribution of the damages in spectra measured at the instantaneous loading.

Figure 9. Evolution of virgin specimen spectra under tension measured (a) at various loads; (b) at
0 N after unloading from various tensile loads.

Reference [82] suggested that for damage monitoring, the effect of loading should be
precluded and the spectra to be measured at the load-free condition. Occurrence of damages
perturbs the residual stress field, leading to change in spectral responses. Figure 9b shows
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the unload spectra measured at 0 N from the same FBG after loading up and unloading
from various tensile loads. Up to a loading of 65% of the strength, the unload spectra
virtually overlapped with the reference spectra recorded initially at 0 N at the beginning of
the tensile test, suggesting negligible damage has arisen at this stage. The 77% strength
unload spectra exhibited slightly more enhanced secondary peaks when compared with the
reference, indicating damage has probably commenced. The 97% strength unload spectra
were heavily chirped, showing that damage has probably become extensive.

3.3.2. Spectrum Evolution in Hygrothermally Damaged Specimens under Tensile Loading

After soaking at 60 ◦C for 30 days, the specimens were tensile tested after being left
in ambient air (Specimen A) for one hour or dried for 10 days in a desiccator (Specimen
B). The average virgin specimen batch strengths for specimens A and B are, respectively,
8.26 kN and 9.64 kN. Specimen A failed at 6.3 kN and specimen B at 5.8 kN. Figure 10a,b
shows the respective evolution of spectra with increasing tensile load. For clarity, only some
typical spectra are presented. Each loading is indicated by two numbers: as a percentage
of the current specimen strength and of the average virgin specimen batch strength. The
latter percentage is bracketed. For Specimen A, as loading was increased to 32% of current
specimen strength, the initially markedly split peaks merged together to form a near single-
peak spectrum with a number of emerging peaks on both edges. On further loading to
79% of current strength, the spectra broadened and chirped into multiple peaks. Besides
the above changes in shape, the whole spectrum moves toward the longer wavelength
as loading was increased. For Specimen B, the initial spectrum before test was already
heavily chirped with multiple peaks. On loading up, the spectrum moved towards the
longer wavelength while maintained the heavy chirping. The wavelengths and intensities
of different peaks were changing with load.

Figure 10. FBG spectra of hygrothermally treated specimens under various tensile loads shown as a
percentage of the current specimen strength as well as percentage of the average virgin specimen
batch strength (bracketed numbers) from (a) specimen A and (b) specimen B.

When we view the loading as a percentage of the strength of Specimen A, the 32%
and 79% strength spectra in Figure 10a are, respectively, similar to the 35% and 77%
strength spectra of virgin specimen in Figure 9a. However, if the loading is viewed as a
percentage of the average virgin batch strength (bracketed numbers in Figure 10), the heavy
chirping of spectrum at 61% of virgin strength is much more serious than the corresponding
65% strength spectrum in the virgin specimen. In Specimen B, the heavily chirped and
broadened spectra under all loading are vastly different from that in virgin specimens.
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These are understandable as hygrothermal treatment probably brought about considerable
damage and weakened regions, leading to premature appearance of heavy chirping of
the spectra.

In Figure 11, we preclude the effect of loading and look at the effect of tensile damage
through the unload spectra. The loading reached before unload was again indicated as
a percentage of the current specimen strength and of the average virgin specimen batch
strength. For Specimen A, from ~12% of strength, the chirped pattern of the initial spectrum
before testing started to change with load but the width of the spectra remained more
or less the same. Peaks near the short wavelength end decrease, while that on the long
wavelength end gain in intensity. On reaching 32% of current specimen strength and
unload, a slanted peak resulted (Figure 11a). Further loading to 79% strength did not
change the short wavelength side of the unload spectra significantly but broadened it a
little bit on the long wavelength side. On loading further, the spectra again chirped into a
number of peaks before final failure.

Figure 11. FBG spectra of hygrothermally treated specimens measured at 0 N after unloading from
various tensile loads shown as a percentage of the current specimen strength as well as a percentage
of the average virgin batch strength (bracketed numbers) from (a) specimen A and (b) specimen B.

Figure 11b compares three instances of the unload spectra with the reference spectrum.
Throughout the tensile test, the width of the spectra remained basically the same, but the
intensities of different peaks are changing continuously with different loads.

The change in intensities of the peaks in both Figure 11a,b were caused by a variation
in the stress distributions on the FBGs. The shape of the initial spectra reflects the initial
residual stress distributions after hygrothermal treatment. Tensile loading was most likely
caused by damages at locations with a combination of high local stress and weakened
strength. These damages did not occur uniformly, and the residual stress distributions
were continuously perturbed and redistributed under different tensile loads. Remnant of
such perturbations persist even though loading is removed, leading to variations in the
intensities of different wavelengths of the chirped spectra.

In the above tests, the strengths of the specimens were eventually known as the
specimens failed. This is not the case in real life adhesive bond integrity monitoring
applications as the strengths of environmentally damaged in-situ structures are difficult if
not impossible to know in advance. On the other hand, the virgin structural strengths can
normally be obtained beforehand through in-house testing. Thus, in judging the spectral
responses under load, it will be more meaningful to view it in terms of a percentage of
the virgin strength rather than the current specimen strength. When compared with the
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virgin specimen in terms of a percentage of the average virgin batch strength, the spectral
responses of the hygrothermally damaged specimens exhibit a number of phenomena:
(1) before loading was applied, a marked shift and change in the chirp status usually
occurred with regard to the as-embedded spectra; (2) under load, heavy chirping of the
spectra started to occur at a smaller percentage of virgin strength; (3) the unload spectra
show marked change in the shape on small loading (~10–~35% of virgin strength), while
similar change occurred at >~75% strength in virgin specimens. If integrity degradation of
the adhesive bond by high temperature and humidity is suspected, the above phenomena
may act as some diagnostic indications.

3.4. Damage Monitoring during Cyclic Fatigue Loading
3.4.1. Virgin Specimens Fatigue Testing

The average fatigue lives of three different batches of virgin specimens tested under
a cyclic load range between 4.5% and 45% of their average batch failure strengths is
184,200 cycles, with a standard deviation of 43,273 cycles. Figure 12 shows two typical
unload spectra evolution during the course of fatigue life reported in reference [82]. These
are from FBGs embedded on the left side (FBGL) and in the centerline (FBGM) from the
same specimen. For FBGM, the change in the spectra was very gradual, up to 120,000 cycles,
or ~71.5% of life. There was only a slight shift in peak wavelength and appearance of
weakly discernible secondary peaks. This kind of development was maintained until the
last spectra were taken at 165,000 cycles, which is already ~98.2% of fatigue life. For FBGL,
a gradual rise in the background intensity occurred. This rise can be observed starting
from 5000 cycles. However, apart from the raised background intensity, the remaining
part of the spectrum stayed in more or less the same shape up to 75,000 cycles, or ~45% of
life. At 120,000 cycles, slight changes in the emerging peaks on this remaining part was
observed. Rising background intensity indicates damages were probably occurring but the
small change in the other part of the spectra suggests damage was not serious yet.

Figure 12. Evolution of typical unload FBG spectra from (a) FBGL and (b) FBGM, during fatigue
cycling of a virgin specimen.

In comparison with tensile damage, the expression of damage in the FBG spectra is
much gentler under fatigue. In tensile failure, the large loading coupled with the stress
concentration effects of the joint and the defects will cause widespread damage, giving
rise to very marked change in the FBG spectra considerably before the final failure. On the
other hand, fatigue damage is highly localized and stochastic in nature. Under small cyclic
loading, initial damages develop locally and slowly. If such damages happen to not be
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occurring right in the close vicinity of an FBG, the change in the spectra will not be marked.
Extensive spread of damage to all over the joint may probably occur extremely close to the
end of life. Periodic recording at an increment of a few thousand cycles may easily miss the
final stages of failure. This explains the relatively gentle changes in the spectral responses
observed in Figure 12.

3.4.2. Fatigue Testing of Hygrothermally Aged Specimens

Similar to the tensile specimens A and B, the fatigue specimens C and D were soaked
in 60 ◦C water for 30 days and Figure 13a,b compare the room temperature spectra of the
two FBGs before and just after soaking. The spectrum of specimen D showed a marked
shift towards the shorter wavelengths, broadening with multiple peaks and a decrease in
intensities of the peaks. Specimen C remained a single peak with a slight shift to the shorter
wavelengths. The difference in spectral changes are the combined results of a number of
factors as discussed in Section 3.2.3.

Figure 13. Comparison of room temperature FBG spectra before and after soaking at 60 ◦C for 30 days
from Specimens (a) C, which shows a slight spectrum narrowing; (b) D, which shows a marked
broadening and peak splitting.

Specimen C was tested within one hour, during which its spectrum continued to show
a very slight shift towards the left (Figure 14a). Specimen D was dried in a desiccator for
10 days. Figure 14b shows the spectrum evolution during this drying period. It continued
its broadening, chirping, shifting to the left and deceasing in peak intensity. By the fifth
day, shifting and broadening had nearly stopped but the drop in intensity continued. This
trend of development and the resulting heavily broadened spectrum with multiple peaks
is quite similar to that of Specimen B, which was treated in the same way.

Specimens C and D were subsequently subject to cyclic loading. Rather than using
the virgin batch strength to define the cyclic loading, they were tested with a cyclic load
range between 4.5% and 45% of the average strength of the same batch of specimens after
soaking. For Specimen C, the unload spectrum after 1000 cycles showed a significant
increase in intensity at the long wavelength end (Figure 15). This increase continued but at
a slower rate up to 20,000 cycles. By 25,000 cycles, a marked rise in the background intensity
occurred. The shape of the remaining part of the peak also deviated from the initial shape.
These two phenomena continued to develop as loading cycles increased. The last spectrum
recorded was at 37,000 cycles. The specimen failed shortly after at 37,380 cycles. Four
hygrothermally treated specimens have been tested in the same way as Specimen C and
their average fatigue life was 37,107 cycles with a standard deviation of 16,046 cycles. This
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was considerably shorter than the 184,200 cycles of the virgin specimens, even though the
cyclic load ranges were chosen to be the same percentage of their respective average batch
strengths. For Specimen D, we aimed to record the first unload spectrum at 500 cycles, but
it failed after 320 cycles.

Figure 14. Evolution of FBG spectra from the two fatigue specimens during drying in: (a) ambient
condition for 1 h; (b) in a desiccator for 10 days.

Figure 15. Evolution of typical unload FBG spectra during fatigue cycling of a specimen soaked at
60 ◦C for 30 days.

Although the tensile strength and fatigue life of the desiccator dried specimens hap-
pened to be respectively lower than that of the as-soaked specimens, the number of dried
specimens tested was too limited to draw a solid conclusion on whether they really have
inferior tensile and fatigue strength to the as-soaked specimens. However, from the heav-
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ily broadened multi-peaked spectra of the FBGs, it may be concluded that the residual
stress distributions are much more seriously perturbed, indicating that the weakening and
damages were more extensive in the dried specimens than in the as-soaked ones.

4. Conclusions

The development of the full spectral responses of uniform period FBG sensors embed-
ded in epoxy adhesive single-lap joints during hygrothermal aging at 60 °C for 30 days of
the joint specimens and their subsequent tensile and fatigue failures has been studied. The
key findings may be summarized as follows:

(1) Shifting, emergence of secondary peaks and broadening/chirping of an initially single
narrow-peak spectrum occurred after embedment, presumably due to cure-induced,
non-uniform residual stress.

(2) When compared under room temperature, the current hygrothermal aging caused
a marked shift toward the shorter wavelengths and change in the chirp status with
respect to the as-embedded spectra. Subsequent drying led to heavy chirping and
broadening towards the short wavelength end.

(3) Under tensile load, the aged specimens have lower strengths. Marked change in the
shape of the unload spectra already took place at ~10–~35% of virgin strength and
heavy chirping of the spectrum was already evident at ~35% of virgin strength. The
corresponding changes in virgin specimens occurred at greater than ~75% strength.

(4) Under cyclic loading, the hygrothermally aged specimens have markedly shorter
fatigue lives and marked broadening and deviation in the shape of the unload spectra
was evident at ~3% of life or 1000 cycles. The corresponding changes in virgin
specimens occurred at greater than ~70% life.

When a composite structure with adhesive joints is in a susceptible environment,
evidence of hygrothermal degradation may be revealed by a change in the chirp status and
a shift of the spectrum away from the as-embedded spectrum of an FBG. Appearance of
heavy chirping in the unload spectra after loading to a small fraction of virgin strength
or after cyclic loading for a small fraction of fatigue life also signifies the occurrence of
hygrothermal degradation.
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33. Yilmaz, B.; Jasiūnienė, E. Advanced Ultrasonic NDT for Weak Bond Detection in Composite-Adhesive Bonded Structures. Int. J.

Adhes. Adhes. 2020, 102, 102675. [CrossRef]

http://doi.org/10.1088/1742-6596/1765/1/012020
http://doi.org/10.2298/TSCI200421029Q
http://doi.org/10.1243/14644207JMDA219
http://doi.org/10.1016/j.engfracmech.2010.08.023
http://doi.org/10.1016/j.compstruct.2018.12.051
http://doi.org/10.1016/j.compstruct.2015.08.016
http://doi.org/10.1080/01694243.2015.1041358
http://doi.org/10.1016/j.compstruct.2016.05.097
http://doi.org/10.1002/pen.760200417
http://doi.org/10.1016/j.ijadhadh.2014.01.022
http://doi.org/10.1177/1464420716671503
http://doi.org/10.1016/j.ijadhadh.2016.10.010
http://doi.org/10.3390/fib7060055
http://doi.org/10.1016/j.compscitech.2008.11.028
http://doi.org/10.1016/0010-4361(83)90141-6
http://doi.org/10.1016/j.polymertesting.2016.03.011
http://doi.org/10.1016/j.compositesa.2013.11.002
http://doi.org/10.1515/eng-2018-0050
http://doi.org/10.1080/01694243.2013.790294
http://doi.org/10.1177/0021998318766595
http://doi.org/10.3390/s20185127
http://doi.org/10.1063/1.4940590
http://doi.org/10.1117/12.2260041
http://doi.org/10.1163/156856191X00521
http://doi.org/10.1016/j.ijadhadh.2020.102675


Polymers 2022, 14, 368 19 of 20

34. Liu, T.; Pei, C.; Cheng, X.; Zhou, H.; Xiao, P.; Chen, Z. Adhesive debonding inspection with a small EMAT in resonant mode.
NDT E Int. 2018, 98, 110–116. [CrossRef]

35. Roth, W.; Giurgiutiu, V. Structural health monitoring of an adhesive disbond through electromechanical impedance spectroscopy.
Int. J. Adhes. Adhes. 2017, 73, 109–117. [CrossRef]

36. Dugnani, R.; Chang, F.-K. Analytical model of lap-joint adhesive with embedded piezoelectric transducer for weak bond detection.
J. Intell. Mater. Syst. Struct. 2017, 28, 124–140. [CrossRef]

37. Dugnani, R.; Zhuang, Y.; Kopsaftopoulos, F.; Chang, F.-K. Adhesive bond-line degradation detection via a cross-correlation
electromechanical impedance-based approach. Struct. Health Monit. 2016, 15, 650–667. [CrossRef]

38. Martens, U.; Schröder, K.-U. Evaluation of infrared thermography methods for analysing the damage behaviour of adhesively
bonded repair solutions. Compos. Struct. 2020, 240, 111991. [CrossRef]

39. Shin, P.H.; Webb, S.C.; Peters, K.J. Pulsed phase thermography imaging of fatigue-loaded composite adhesively bonded joints.
NDT E Int. 2016, 79, 7–16. [CrossRef]

40. Kryukov, I.; Böhm, S. Prospects and limitations of eddy current shearography for non-destructive testing of adhesively bonded
structural joints. J. Adhes. 2019, 95, 874–886. [CrossRef]

41. Kryukov, I.; Thiede, H.; Böhm, S. Quality assurance for structural adhesively bonded joints by eddy current shearography. Weld.
World 2017, 61, 581–588. [CrossRef]

42. Davis, M.J.; McGregor, A. Assessing adhesive bond failures: Mixed-mode bond failures explained. In Proceedings of the ISASI
Australian Safety Seminar, Canberra, Australia, 4–6 June 2010.

43. Sarfaraz, R.; Canal, L.P.; Violakis, G.; Botsis, J.; Michaud, V.; Limberger, H.G. An experimental-numerical investigation of
hydrothermal response in adhesively bonded composite structures. Compos. Part A 2015, 73, 176–185. [CrossRef]

44. Mora, V.B.; Mieloszyk, M.; Ostachowicz, W. Model of moisture absorption by adhesive joint. Mech. Sys. Signal Proc. 2018, 99,
534–549. [CrossRef]

45. Liljedahl, C.D.M.; Crocombe, A.D.; Wahab, M.A.; Ashcroft, I.A. Modelling the environmental degradation of adhesively bonded
aluminium and composite joints usin A.D.g a CZM approach. Int. J. Adhes. Adhes. 2007, 27, 505–518. [CrossRef]

46. Hübner, M.; Lepke, D.; Hardi, E.; Koerdt, M.; Herrmann, A.S.; Lang, W. Online Monitoring of Moisture Diffusion in Carbon Fiber
Composites Using Miniaturized Flexible Material Integrated Sensors. Sensors 2019, 19, 1748. [CrossRef] [PubMed]

47. Marro Bellot, C.; Olivero, M.; Sangermano, M.; Salvo, M. Towards self-diagnosis composites: Detection of moisture diffusion
through epoxy by embedded evanescent wave optical fibre sensors. Polym. Test. 2018, 71, 248–254. [CrossRef]

48. Marro Bellot, C.; Sangermano, M.; Olivero, M.; Salvo, M. Optical Fiber Sensors for the Detection of Hydrochloric Acid and Sea
Water in Epoxy and Glass Fiber-Reinforced Polymer Composites. Materials 2019, 12, 379. [CrossRef]

49. Sadeghi, M.Z.; Weiland, J.; Preisler, A.; Zimmermann, J.; Schiebahn, A.; Reisgen, U.; Schröder, K.U. Damage detection in
adhesively bonded single lap joints by using backface strain: Proposing a new position for backface strain gauges. Int. J. Adhes.
Adhes. 2020, 97, 102494. [CrossRef]

50. Sadeghi, M.Z.; Weiland, J.; Zimmermann, J.; Schiebahn, A.; Reisgen, U.; Schröder, K.U. Experimental and FE investigations on the
influential parameters in positioning and measurement of strain gauges in adhesively bonded single lap joints. Procedia Struct.
Integr. 2020, 28, 1590–1600. [CrossRef]

51. Graner Solana, A.; Crocombe, A.D.; Ashcroft, I.A. Fatigue life and backface strain predictions in adhesively bonded joints. Int. J.
Adhes. Adhes. 2010, 30, 36–42. [CrossRef]

52. Bregar, T.; An, D.; Gharavian, S.; Burda, M.; Durazo-Cardenas, I.; Thakur, V.K.; Ayre, D.; Słoma, M.; Hardiman, M.; McCarthy, C.;
et al. Carbon nanotube embedded adhesives for real-time monitoring of adhesion failure in high performance adhesively bonded
joints. Sci. Rep. 2020, 10, 16833. [CrossRef] [PubMed]

53. Baek, S.-J.; Kim, M.-S.; An, W.-J.; Choi, J.-H. Defect detection of composite adhesive joints using electrical resistance method.
Compos. Struct. 2019, 220, 179–184. [CrossRef]

54. Jo, B.W.; Khan, R.M.A.; Lee, Y.S.; Jo, J.H.; Saleem, N. A Fiber Bragg Grating-Based Condition Monitoring and Early Damage
Detection System for the Structural Safety of Underground Coal Mines Using the Internet of Things. J. Sens. 2018, 2018, 9301873.
[CrossRef]

55. Papantoniou, A.; Rigas, G.; Alexopoulos, N.D. Assessment of the strain monitoring reliability of fiber Bragg grating sensor (FBGs)
in advanced composite structures. Compos. Struct. 2011, 93, 2163–2172. [CrossRef]

56. Kahandawa, G.C.; Epaarachchi, J.; Wang, H.; Lau, K.T. Use of FBG Sensors for SHM in Aerospace Structures. Photonic Sens. 2012,
2, 203–214. [CrossRef]

57. Grefe, H.; Weiser, D.; Kandula, M.W.; Dilger, K. Deformation measurement within adhesive bonds of aluminium and CFRP using
advanced fibre optic sensors. Manuf. Rev. 2020, 7, 14. [CrossRef]

58. Ning, X.; Murayama, H.; Kageyama, K.; Wada, D.; Kanai, M.; Ohsawa, I.; Hirotaka, I. Dynamic strain distribution measurement
and crack detection of an adhesive-bonded single-lap joint under cyclic loading using embedded FBG. Smart Mater. Struct. 2014,
23, 105011. [CrossRef]

59. Young, S.; Penumadu, D.; Foster, D.; Maeser, H.; Balijepalli, B.; Reese, J.; Bank, D.; Dahl, J.; Blanchard, P. Smart Adhesive Joint
with High-Definition Fiber-Optic Sensing for Automotive Applications. Sensors 2020, 20, 614. [CrossRef] [PubMed]

http://doi.org/10.1016/j.ndteint.2018.05.005
http://doi.org/10.1016/j.ijadhadh.2016.11.008
http://doi.org/10.1177/1045389X16645864
http://doi.org/10.1177/1475921716655498
http://doi.org/10.1016/j.compstruct.2020.111991
http://doi.org/10.1016/j.ndteint.2015.11.008
http://doi.org/10.1080/00218464.2018.1450144
http://doi.org/10.1007/s40194-017-0436-y
http://doi.org/10.1016/j.compositesa.2015.03.005
http://doi.org/10.1016/j.ymssp.2017.06.042
http://doi.org/10.1016/j.ijadhadh.2006.09.015
http://doi.org/10.3390/s19081748
http://www.ncbi.nlm.nih.gov/pubmed/31013691
http://doi.org/10.1016/j.polymertesting.2018.09.019
http://doi.org/10.3390/ma12030379
http://doi.org/10.1016/j.ijadhadh.2019.102494
http://doi.org/10.1016/j.prostr.2020.10.131
http://doi.org/10.1016/j.ijadhadh.2009.08.001
http://doi.org/10.1038/s41598-020-74076-y
http://www.ncbi.nlm.nih.gov/pubmed/33033357
http://doi.org/10.1016/j.compstruct.2019.03.081
http://doi.org/10.1155/2018/9301873
http://doi.org/10.1016/j.compstruct.2011.03.001
http://doi.org/10.1007/s13320-012-0065-4
http://doi.org/10.1051/mfreview/2020011
http://doi.org/10.1088/0964-1726/23/10/105011
http://doi.org/10.3390/s20030614
http://www.ncbi.nlm.nih.gov/pubmed/31979143


Polymers 2022, 14, 368 20 of 20

60. Jaiswal, P.R.; Kumar, R.I.; Saeedifar, M.; Saleh, M.; Luyckx, G.; De Waele, W. Deformation and damage evolution of a full-scale
adhesive joint between a steel bracket and a sandwich panel for naval application. Proc. Inst. Mech. Eng. Part C J. Mech. Eng. Sci.
2021, 235, 571–584. [CrossRef]

61. Da Silva, L.F.M.; Moreira, P.M.G.P.; Loureiro, A.L.D. Determination of the strain distribution in adhesive joints using Fiber Bragg
Grating (FBG). J. Adhes. Sci. Technol. 2014, 28, 1480–1499. [CrossRef]

62. Haq, M.; Khomenko, A.; Udpa, L.; Udpa, S. Fiber Bragg-Grating Sensor Array for Health Monitoring of Bonded Composite
Lap-Joints. In Proceedings of the 2013 SEM Annual Conference on Experimental and Applied Mechanics, Lombard, IL, USA,
3–5 June 2013; Tandon, G., Tekalur, S., Ralph, C., Sottos, N., Blaiszik, B., Eds.; Springer: Cham, Switzerland, 2014; Volume 6,
pp. 189–195. [CrossRef]

63. Karpenko, O.; Koricho, E.; Khomenko, A.; Dib, G.; Haq, M.; Udpa, L. Multitechnique monitoring of fatigue damage in adhesively
bonded composite lap-joints. In Proceedings of the 41st Annual Review of Progress in Quantitative Nondestructive Evaluation,
Boise, ID, USA, 20–25 July 2014; Chimenti, D.E., Bond, L.J., Eds.; AIP Publishing: Melville, NY, USA, 2015; Volume 1650,
pp. 1102–1111. [CrossRef]

64. Bento, T.; Maciel, R.; Braga, D.F.O.; da Silva, L.F.M.; Moreira, P.M.G.P.; Infante, V. Self-sensing FS Weld-bonded joints for structural
monitoring. Proc. Struct. Integr. 2020, 25, 234–245. [CrossRef]

65. Cabral, T.D.; Zimmermann, A.C.; Willemann, D.P.; Gonçalves, A.A., Jr. Pipeline Bonded Joints Assembly and Operation Health
Monitoring with Embedded FBG Sensors. Eng. Proc. 2020, 2, 5. [CrossRef]

66. Zeng, H.; Yan, R.; Xu, L.; Gui, S. Application study on fiber Bragg grating sensors in damage monitoring of sandwich composite
joints. J. Sandw. Struct. Mater. 2020, 22, 1542–1563. [CrossRef]

67. Scheel, I.; Udd, E. Fiber gratings strain sensor systems for composites and adhesive joints. Sensors and Smart Structures
Technologies for Civil, Mechanical, and Aerospace Systems 2017. In Proceedings of the SPIE Smart Structures and Materials +
Nondestructive Evaluation and Health Monitoring, Portland, OR, USA, 25–29 March 2017; Volume 10168, p. 101681L. [CrossRef]

68. Palaniappan, J.; Wang, H.; Ogin, S.L.; Thorne, A.M.; Reed, G.T.; Crocombe, A.D.; Rech, Y.; Tjin, S.C. Changes in the reflected
spectra of embedded chirped fibre Bragg gratings used to monitor disbonding in bonded composite joints. Compos. Sci. Technol.
2007, 67, 2847–2853. [CrossRef]

69. Palaniappan, J.; Ogin, S.L.; Thorne, A.M.; Reed, G.T.; Crocombe, A.D.; Capell, T.F.; Tjin, S.C.; Mohanty, L. Disbond growth
detection in composite-composite single-lap joints using chirped FBG sensors. Compos. Sci. Technol. 2008, 68, 2410–2417.
[CrossRef]

70. Webb, S.; Shin, P.; Peters, K.; Zikry, M.A.; Stan, N.; Chadderdon, S.; Selfridge, R.; Schultz, S. Characterization of fatigue damage in
adhesively bonded lap joints through dynamic, full spectral interrogation of fiber Bragg grating sensors: 1. Experiments. Smart
Mater. Struct. 2014, 23, 025016. [CrossRef]

71. Webb, S.; Shin, P.; Peters, K.; Zikry, M.A.; Stan, N.; Chadderdon, S.; Selfridge, R.; Schultz, S. Characterization of fatigue damage in
adhesively bonded lap joints through dynamic, full spectral interrogation of fiber Bragg grating sensors: 2. Simulations. Smart
Mater. Struct. 2014, 23, 025017. [CrossRef]

72. Mieloszyk, M.; Ostachowicz, W. Moisture contamination detection in adhesive bond using embedded FBG sensors. Mech. Syst.
Signal Process. 2017, 84, 1–14. [CrossRef]

73. Fevery, S.; Hallez, H.; Vandepitte, D.; Debruyne, S. Measuring moisture absorption in structural adhesive joints with fibre Bragg
grating sensors. Proc. IMechE Part E J. Process. Mech. Eng. 2020, 234, 477–487. [CrossRef]

74. Shin, C.S.; Chiang, C.C. Deformation monitoring by using optical fiber grating sensor. J. Chin. Inst. Eng. 2005, 28, 985–992.
[CrossRef]

75. Sosamma, S.; Kasinathan, M.; Pandian, C.; Babu Rao, C.; Jayakumar, T.; Murali, N.; Raj, B. Bond monitoring in temperature-
dependent applications by FBG spectra decomposition. Insight 2010, 52, 617–619. [CrossRef]

76. Kersey, A.D.; Davis, M.A.; Patrick, H.J.; Leblanc, M.; Koo, K.P.; Askins, C.G.; Putnam, M.A.; Friebele, E.J. Fiber Grating Sensors.
J. Light. Tech. 1997, 15, 1442–1463. [CrossRef]

77. Menendez, J.M.; Guemes, J.A. Bragg-grating-based multiaxial strain sensing: Its application to residual strain measurement
in composite laminates. In Proceedings of the SPIE’s 7th Annual International Symposium on Smart Structures and Materials,
Newport Beach, CA, USA, 12 June 2000. [CrossRef]

78. Sharp, N.; Li, C.; Strachan, A.; Adams, D.; Pipes, R.B. Effects of water on epoxy cure kinetics and glass transition temperature
utilizing molecular dynamics simulations. J. Polym. Sci. Part B Polym. Phys. 2017, 55, 1150–1159. [CrossRef]

79. Cuthrell, R.E. Epoxy polymers. III. Factors affecting the cure. J. Appl. Polym. Sci. 1968, 12, 955–967. [CrossRef]
80. Hill, K.O.; Malo, B.; Bilodeau, F.; Johnson, D.C.; Albert, J. Bragg gratings fabricated in monomode photosensitive optical fiber by

UV exposure through a phase mask. Appl. Phys. Lett. 1993, 62, 1035–1037. [CrossRef]
81. Yang, Y.; Li, H.; Sui, L. Thermal Aging of an Anhydride-cured Epoxy Resin. Polym. Degrad. Stab. 2015, 118, 111–119. [CrossRef]
82. Shin, C.-S.; Lin, T.-C. Adhesive Joint Integrity Monitoring Using the Full Spectral Response of Fiber Bragg Grating Sensors.

Polymers 2021, 13, 2954. [CrossRef] [PubMed]
83. Gonçalves, J.P.M.; de Moura, M.F.S.F.; de Castro, P.M.S.T. A three-dimensional finite element model for stress analysis of adhesive

joints. Int. J. Adhes. Adhes. 2002, 22, 357–365. [CrossRef]

http://doi.org/10.1177/0954406220947122
http://doi.org/10.1080/01694243.2012.698120
http://doi.org/10.1007/978-3-319-00873-8_22
http://doi.org/10.1063/1.4914719
http://doi.org/10.1016/j.prostr.2020.04.028
http://doi.org/10.3390/ecsa-7-08208
http://doi.org/10.1177/1099636218789621
http://doi.org/10.1117/12.2261436
http://doi.org/10.1016/j.compscitech.2007.01.028
http://doi.org/10.1016/j.compscitech.2007.09.020
http://doi.org/10.1088/0964-1726/23/2/025016
http://doi.org/10.1088/0964-1726/23/2/025017
http://doi.org/10.1016/j.ymssp.2016.07.006
http://doi.org/10.1177/0954408920920486
http://doi.org/10.1080/02533839.2005.9671073
http://doi.org/10.1784/insi.2010.52.11.617
http://doi.org/10.1109/50.618377
http://doi.org/10.1117/12.388115
http://doi.org/10.1002/polb.24357
http://doi.org/10.1002/app.1968.070120427
http://doi.org/10.1063/1.108786
http://doi.org/10.1016/j.polymdegradstab.2015.04.017
http://doi.org/10.3390/polym13172954
http://www.ncbi.nlm.nih.gov/pubmed/34502994
http://doi.org/10.1016/S0143-7496(02)00015-5

	Introduction 
	Materials and Methods 
	Fiber Bragg Grating Sensor and Its Basic Properties 
	Single Lap Joint Specimens 
	Hygrothermal Treatment 
	Mechanical Testing 

	Results 
	Spectrum Changes Due to Curing of an Adhesive Joint 
	Spectrum Changes during Hygrothermal Treatment 
	Spectrum Change during the Heating Up Stage 
	Spectrum Evolution during the Soaking Stage 
	Spectrum Evolution during the Cooling down Stage 
	Spectrum Evolution during the Drying Stage 

	Damage Monitoring during Tensile Tests 
	Spectrum Evolution in Virgin Specimens under Tensile Loading 
	Spectrum Evolution in Hygrothermally Damaged Specimens under Tensile Loading 

	Damage Monitoring during Cyclic Fatigue Loading 
	Virgin Specimens Fatigue Testing 
	Fatigue Testing of Hygrothermally Aged Specimens 


	Conclusions 
	References

