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Abstract

The increased joint efficiency, distribution of loads and decrease in stress concentrations
have led to the increased use of adhesives for structural bonding. However, there are a
limited number of techniques for verifying and monitoring the integrity and durability of
adhesive bonds. This paper studies the potential of estimating the curing and ageing of
adhesive bulk samples with embedded Fibre Bragg Grating (FBG) sensors through
measuring the strain associated with hygroscopic expansion. This is achieved by relating
the output of a FBG sensor to the deformation of the structure in which it is embedded.
This work considers the possibility of mapping the changing structural resistance to
mechanical loading (stiffness) of adhesive bonds as a function of time, under the influence
of temperature and moisture as environmental factors. The goal is to map the influence of
these environmental factors separately on the one hand, and their combined effect on
adhesive bonds, on the other hand.

This study subjects several bulk specimens to various environmental ageing loads. The
swelling, associated to moisture absorption and that results in mechanical strain, is
measured with FBG sensors. The moisture absorption behavior at different temperatures
and environmental relative humidity conditions determined in this way, is verified using

classical test methods (e.g. DSC, gravimetric) on multiple fibreless specimens.

Keywords: Ageing, Moisture diffusion, Embedded FBG sensors, Gravimetric tests,
Structural health monitoring

Introduction

In the last decade, the increased range of possible structural material combinations such as
light metal alloys and reinforced plastics, has pushed the development of new structural
adhesive joints in automotive, aerospace and many other industries [1, 2, 3]. Adhesive
bonding joins dissimilar materials to obtain structures with a very high strength and
excellent fatigue characteristics. It due The continuous bond line and tuned mechanical

properties of the adhesive enable optimization of (i) structural stiffness while meeting



demands on aesthetics, (ii) maintenance flexibility, (iii) sealing and corrosion protection.
In addition, adhesive bonding technology is extensively combined with other assembly
techniques such as bolting, riveting, spot welding and clinching. Hybrid joining results in
fewer stress concentrations, lighter constructions and excellent (dynamic) load transfer
characteristics [4].

However, despite the numerous possibilities and advantages mentioned above there is still
some scepticism about adhesive bonding technology. One of the main issues here is the
complexity of a reliable and adequate estimation of the strength and durability of
adhesively bonded structures. The most common and relevant cause of environmental
degradation in bonded joints involves the absorption of moisture into the adhesive layer
[5]. This effect especially occurs in case of widely applied epoxy-based adhesives. When
exposed to a hydrothermal environment, epoxies absorb moisture, greatly affecting the
thermomechanical properties and resulting in a significant decrease of the durability and
reliability of the structural adhesive joint [6, 7, 8]. Currently, there is no reliable and robust
in situ testing methodology that enables adequate monitoring of the bond integrity under
static and dynamic loading, thus hindering the potential to facilitate permanent structural
health monitoring for structural adhesive joints [9, 10, 11]. Most currently applied
techniques for structural health monitoring, quality control and prognosis of adhesive joints
are based on ultrasonic methods [12, 13, 14, 15].

This paper is structured as follows. The first part presents and discusses mechanical issues
related to environmental effects on (epoxy based) adhesives. A second part extensively
discusses the methodology of using FBG sensors and their applicability for structural
health monitoring in adhesive joints. The next part deals with sample production while part
four discusses the practical tests conducted and the results obtained. The last part concludes

on the investigations are discusses further potential and challenges.

1.1. The influence of moisture on adhesives

Moisture absorption is one of the most important sources of impairing the mechanical
properties of adhesive layers because of introduced physical material changes at a

microscopic level [16] which are partly reversible and irreversible. Epoxy adhesives tend



to absorb ambient moisture which accounts for significant degradation effects like
plasticizing [5, 16, 17], crack growth [17, 18], hydrothermal expansion of the adhesive [5,
16] and irreversible deterioration of the adhesive-adherent interface adhesion [19],
introduced by e.g. corrosion effects. In addition, the degradation behaviour of adhesive
joints is further complicated by the interaction between different environmental factors
acting simultaneously. Increased temperature for example, not only speeds up moisture
diffusion, it also affects the diffusion mechanism and consequently the type of diffusion
law that is valid [20].

1.2. Sensing moisture diffusion

Since the use of epoxy resins, moisture detection has been an important issue of research.
A straightforward method of determining the rate of moisture diffusion is to weigh a
sample of adhesive material before it is immersed in water, and then again periodically
until saturation is reached [21]. As described above, moisture is one of the dominant factors
in deteriorating mechanical properties like stiffness and strength of actual adhesive bonds.
Therefore, a relevant and direct method is to monitor the change of adhesive mechanical
stiffness as a function of the absorbed water [22]. There are multiple, well documented
methods to analyse the change in mechanical properties of a adhesive materials and bonded
joints such as: tensile tests [21], (O)DCB validation tests [23] and single lap joint tests [24].
To define the absolute water content in adhesive bulk material, test methods like the Karl
Fischer titration [25] may be applied. I.A. Ashcroft et al. describe a method for monitoring
water absorption through depth sensing [26]. Recent developments even involve
miniaturized and flexible sensors that monitor moisture diffusion in composites parts in
service [27] online. However, the most widely used method to monitor real-time moisture
diffusion in adhesives layers are optical fibres (OF) [28]. There are multiple techniques
based on OF [29], but most common are (FBG) sensors [28].



1.3. FBG sensing principles

FBGs are made by exposing the core of a single-mode fibre to a periodic pattern of intense
laser light. This exposure produces a permanent periodic modulation with increase of the
refractive index in the core of the single-mode optic fibre [30]. This creates a fixed index
modulation due to the exposure pattern which is called the Grating [31]. The length of the
FBG sensor depends on its application but is normally in the range of 1 to 25mm. The
periodic perturbation in the core refractive index ensures that a small amount of light is
reflected [28]. The reflected light signals combine to one large coherent reflection with a

particular wavelength as shown in Figure 1.
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Figure 1: refraction principle of Fibre Bragg Grating sensors

The relevant quantity of the reflected signal is commonly known as the Bragg wavelength

A Which is dependent on the effective refractive index of the fibre core n, ¢ and the period

of the grating plane A and is expressed by equation (1) :

AB = ZneffA (1)
The Bragg wavelength changes due to the applied homogeneous axial strain ¢ to the fibre
and apparent temperature changes AT from which the relationships are described by:

% = (1-po)e+ (a+ AT (2)



In this equation p, is the elasto-optic coefficient of the fibre optic material (this grating
gage factor is measured experimentally), a is the thermal expansion coefficient of the core
and ¢ the thermo-optic coefficient. The longitudinal strain e influence the period of the
grating plan A, while the temperature affects both the effective refractive index of the fibre

core n.s¢ and the period of the grating plane A [6, 32].

FBG sensor patterns can be applied (e.g. lasered) on both silica glass and polymer optical
fibres [33]. Silica glass fibre based sensors have multiple advantages such as a small size
(approximately @200 um including the coating) and low weight which reduce their adverse
influence on the mechanical performance of the associated structural joints [28]. The high
multiplexing capabilities, immunity to electromagnetic field interference, high corrosion
resistance and the redundancy of a dedicated calibration makes them little sensitive to
external disturbances [34] and thus quite robust for industrially oriented applications. FBG
sensors in general are sensitive for both temperature and strain [35] and changes in these
parameters are linearly proportional to changes in the reflected/measured wavelength [34],
which also applies to polymer FBG sensors. This latter type of FBG sensors show specific
features as a high fracture resistance, low Young’s modulus, high flexibility and high
temperature sensitivity [36]. Polymer Optical FBG (POFBG) sensors are also found to be
very sensitive to moisture in addition to strain and temperature changes, in contrast to silica
glass fibre FBG’s [37]. This due to the affinity for water of the PMMA carrier, which leads
to swelling of the fibre and results in an increase of the refractive index [38]. The
disadvantages of polymer FBG is the dramatic loss of the transmitted signal with increasing
fibre length so for long distances they have to be connected to silica glass fibres Another
disadvantage is the negative thermal-optic coefficient that results in wavelength decrease
with temperature increase [36]. Considering the physical fact that moisture absorption
strongly relates to the temperature [20] and that sensor sensitivity to humidity and
temperature is strongly correlated [33] makes it hard to eliminate temperature change
influence from strain measurements performed in an environment with a fluctuating

temperature [33].



FBG sensors can be applied onto structure surfaces [39] or embedded [40, 41, 42] into the
material of a structure during its manufacturing process. It is even possible to embed FBG

sensors in adhesive layers during the process of joining two substrates [43].

Nowadays FBG sensors are often used for structural health monitoring on various safety-
critical structures: bridges [39, 44], buildings [45], aircraft structures [46], marine vessels
[47], offshore platforms and wind turbines [43, 48]. FBG sensors can be used for structural
health monitoring of adhesive joints [49], by measuring strain along a bonded region [35].
Micro structured Optical FBG Sensors [50] are applied for in situ shear stress distribution
sensing in the context of disbond monitoring of adhesive bonds. Sulejmani et al. [49, 50]
present a method that allows determination of the shear stress distribution in an adhesive
bond line. Disbonds as small as 100 um can be detected without having to know the exact

loading level.

1.4. Motivation

In service, adhesive joints are exposed to multiple, combined environmental effects that in
most cases adversely affect the stiffness and strength characteristics of the bond. This is
usually because of the absorption of environmental moisture by polymeric adhesives,
which affects both the mechanical behaviour (plasticizing effect) of the adhesive and the
interface between the adherents and the adhesive [5]. As presented before, combined
moisture and elevated temperature adversely affects the strength and durability of adhesive
joints. Coupled hygro-mechanical finite element analysis (FEA) is a good numerical tool
to understand and predict the effect of environmental ageing on the stiffness and strength
of bonded joints, taking into account complex bond line geometry. The method mentioned
is partly based on the experimental determination of the moisture distribution in the joint
as a function of time. This requires a reliable and robust measurement method that can be
applied outside lab environments. As mentioned above, silica glass optical fibres are not
sensitive to humidity, but only to temperature and strain. This technology thus seems very
valuable for the experimental characterization of adhesive swelling due to moisture uptake.
The goal of this research is to evaluate the potential of the FBG technology for this purpose.

Finite element analysis can be used to determine the degradation of the strength and



stiffness of the adhesive bond as exposure time proceeds. Appropriate failure criteria are
applied to predict the residual strength. In hybrid prognostics, this is matched with real-

time monitoring and and used for structural health and life-time prediction [51].

Materials and Methods

Rectangular epoxy specimens with a length of 300 mm, width of 15 mm and height of 10
mm (supplementary Figure 10), are each applied with an optical glass fibre of 0.2 mm
(0.125 mm cladding) diameter, centrally located in the specimens. Specimens are prepared
from a 2k epoxy of the type Loctite® EA9450 resin A & B (volume mixing ratio 50:50).
The elastic properties of the epoxy at room temperature are: Young’s modulus Em = 1.9
GPa and Poisson’s ratio vm = 0.36 (obtained by testing of dog-bone epoxy specimen). The
corresponding specifications of the embedded glass fibre are, Er = 2 GPa and vr = 0.35
(according to the manufacturer’s specification). The optical fibres are equipped with a FBG
of 8 mm with a nominal wavelength Aso = 1550 nm (small deviations are indicated on the
sensors specific datasheet). The FBG grating is positioned in the middle of the sample

(supplementary Figure 11).

The fibre with Ormocer® coating is positioned in the mould and fixed at one side. After
injecting the two-component adhesive mixture into the mould the fibres are tensioned and
fixed at the other side as well. Next, each system is being cured for 24h at room temperature

before being removed from the mould.

All specimens were conditioned at 50°C for five days to ensure complete dryness (based
on results of Karl Fischer titrations on a regular basis) and thus provide a clear reference
situation. Water absorption measurements are carried out using four specimens with a
dummy fibre (without active sensor) and one with active fibre immersed in an open tank
of demineralized water at 50°C and stored in a climate chamber at 95% RH (and 50°C) to
prevent moisture evaporation. A similar setup was build and kept at room temperature
(20°C and 50£5% RH) and the water tank daily refilled to compensate for evaporation. The
test temperatures (20 & 50°C) are defined based on the adhesive properties on the data

sheet. The general properties are defined at 22°C. The thermal expansion coefficient of the



adhesive triples once above 55°C and would complicate the comparison of both test
temperatures. All specimens were weighed and dimensionally measured to quantify
swelling on selected time intervals, using a coordinate measuring machine (CMM,
Mitutoyo® BHN 706) with a precision of 4um + 0.12% and digital balance (Phoenix
instruments® BTG-303) of 1 mg + 0.01% precision. To determine the relative water

increase by mass M(t) per unit of time the following equation is used:

M(t) = W(#O_W"l .100 3)

where, W (t) is the weight of the specimen after immersion for time t (hours) and W, is the
initial weight of the dried specimen. In this case, the average weight of the dried specimen

is 53.743 g. The relative volume increase S(T) caused by swelling is determined by:

V) -V,

0

S(t) = l l .100 (4)

The active FBG sensors measured strain using an interrogator of type FS 22 (HBM®).
Combined with the Catman Easy® DAQ software with optical license enables this to
calculate (see further equation 5) the measured strain based on the measured change in

reflected wavelength.



Results and discussion

1. Monitoring curing of the adhesive specimens

The process of embedding fibre sensors is similar for samples with dummy and active OF.
During curing of the adhesive the samples were clamped due to the bolted connections of
the mould and active FBG sensors were measuring strain as they were coupled to an
interrogator. The FBG sensors were calibrated at 20°C and the measurement starts when
the adhesive injection into the mould is initiated. The curing of the two-component epoxy
is exothermal and hence induces a temperature increase. The observed evolution of

recorded strain gives a clear indication of the curing cycle, which is shown in Figure 2.

The presented adhesive mould process can be split in three phases. The first phase concerns
the injection of the adhesive into the mould, hence the significant amount of signal scatter
observed. The second part shows fluctuations due to various manipulations of the mould
during cleaning of the excess adhesive. Region 3 shows the curing process, during which
sample A was located in the middle of the mould and was affected by the temperature of
the surrounding samples, while sample B was located at the mould border and was able to
dissipate its generated heat more freely. During curing of the adhesive the OF initially is
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Figure 2: Measured strain during sample production; injection, manipulation and curing



free to deform. Because of the thermal expansion coefficient (o) of the fibre sensor itself,
strain will be detected (0.5 ustrain/°C according to the datasheet). When the viscosity of
the adhesive gradually increases during curing the fibre thus accordingly is embedded
(bonded) in the adhesive due to the optimal adhesion between the Ormocer® coating of the
fibre and the epoxy. The thermal expansion resulting from the exothermic reaction of the
two-component adhesive will affect the initial reflected wavelength, however the shape of
the response spectra remains unchanged. For that reason, the temperature compensation on

the measured values should not be taken into account during further measurements.

2. Test cycle of the adhesive bulk samples

As mentioned in previous paragraph, four specimens with a dummy fibre and one with an
active FBG are submersed in a container filled with demineralized water at room
temperature. The same setup is also stored in a climate chamber at 50°C and 95% RH to
prevent evaporation. The hygroscopic strain at the centre of the specimen, caused by
moisture absorption, is recorded by the FBG sensor in the instrumented specimens, of
which one in each test environment is analysed. All specimens were dimensionally
measured and weighed each 50 hours, using a coordinate measuring machine and digital
balance, respectively. The specimens equipped with the active FBG measured permanently
during the 250 hours of the ageing process with a sample frequency of one minute. Four
samples of every test setup were measured using the CMM with a programmed path that
covers over 3600 points on each sample. A Matlab® script was used to calculate the
volumes based on the measured points of each sample every 50 hours and results are given
in Figure 4. The digital balance applied has a precision of 10e ~* g which allows to measure
behaviours in weight of the analysed material because of the moisture influence. All
samples were dried in an environmental chamber at 50°C and 0% RH for 5 days. Therefore,
it is concluded that the amount of moisture in dry state (at time step zero) equals 0%
(practically it should not be higher than 0.15%). Defined with the Karel Fischer
Coulometric titration [25] on £3g material of the samples. Ficks’ second law of diffusion

is fit to the result samples accordingly (see Figure 3).
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Figure 3: Model based on measured data of moisture uptake

Although no samples are available (yet) until full saturation of the samples is reached, it is
however very clear that moisture diffusion shows an exponential curve. The associated
coefficient (D) for Fickian diffusion and the maximum (saturation) moisture uptake (C)
at the specified environments are modelled by a 2D finite element simulation using
Matlab® PDE Toolbox. The 2D assumption was made since the dimensions of the
specimen allowed the moisture ingress along the longest dimension to be neglected relative
to the moisture ingress along shorter dimensions. Using this 2D finite element simulation
an optimization routine was written to minimize the squared sum of the errors between the
measurements and the simulations at the measured times. It should be stretched that in this
test no saturation was reached for the samples, so further measurements are still required
to validate the simulations, to attain a better fit or to evaluate more dedicated models, such

as the Langmuir or dual stage model.
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Figure 4: Measured volume as function of time for each test setup

Moisture absorption in epoxy (adhesives) strongly depends on the ambient temperature
[52]. The observed changes in volume due to moisture absorption confirm this, as shown
in Figure 4. In the first step, regardless of the temperature, the greatest increase can be
found. It is interesting that the volume curve for the samples at 20°C is characterized by a
decrease after 150 hours. This decrease can also be seen after 250 hours in the samples that
are aged at 50°C. To validate the measured volumes, the weight (Figure 5) and length
(Figure 6) of the samples is considered as well. From this data it can be deduced that the
progression of moisture uptake (and thus sample mass) is steadily rising. Because the
CMM's measuring points are programmed, there is a limited number of measured points.
As a result the true sample volume is only determined approximately. Therefore,
immersing the samples in a bath, at the same temperature as the test environment could

yield better results.
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2.1. Temperature influence on FBG sensors

Since the FBG sensors are sensitive to temperature variations while mechanical strain
changes are being applied, the amount of strain, attributed to temperature changes solely,
has to be determined. The samples used for ageing testing were calibrated at room
temperature (20°C). Therefore, an additional test was performed on a dry sample which
was calibrated at 20°C and stored in a climate chamber at 50°C and 0% RH for 2000
minutes. Because in this case only temperature changes occur, the measured strain change
is considered to be solely related to changing temperature. As a result, the measured curve
(Figure 7) can be used for temperature compensation of moisture absorption measurements

conducted at 50°C.
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Figure 7: Comparison of strain due to temperature at 50°C measured by FBG sensors

The curve shown in figure 7 starts at 20°C and quickly rises to 50°C, being the
preprogrammed climate chamber temperature. Although this temperature should be
constant, the recorded curve shows a slightly different trend. The observed steady

temperature increase of less than 0.5% of the nominal temperature (50°C) in a time frame



of 1200 minutes (or 20 hours) corresponds to temperature accuracy specifications of the

climate chamber. It must be noted that the latter is installed in a closed room.

2.2. CMM versus FBG

This research applies FBG sensors embedded in adhesive bulk samples for measurement
of strain & due to moisture absorption. For every case the measured FBG strain values were
compared with the change in length (x-axis) of the samples measured with the CMM. The
total strain &, values determined with the FBG are calculated based on the changes in the

reflected Bragg wavelength using equation 5.

Ar—4 5
al(6) = L ©

Where 1, means base Bragg wavelength, A, the reflected Bragg wavelength and k the gage
factor which is fibre specific. According to the manufactures’ specifications is it equal to
0.78 in this case. Due to the fact that FBG sensors also serve as temperature sensors and
both active FBG sensors were calibrated at 20°C, a temperature compensation is applied,
as indicated in Figure 7. The actual total measured strain &, includes both temperature and
moisture influences and is calculated using eq. (5). The thermally introduced strain was
determined experimentally (Figure 7), so the strain behavior related solely to moisture

uptake &,,- is presented in Figure 8.
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Figure 8: Strain measured with CMM versus FBG

Strain values obtained by applying the FBG sensors are higher than the associated
measured sample deformation with the CMM. This results from the fact that the measuring
cycles with the CMM took one hour for each sample and that these measurements were
performed at room temperature. The samples that were aged at 50°C can cool down for
one hour and then have to reheat to 50°C. This causes a delay in the saturation process
which does not affect the sample that contains the active FBG sensor. Based on the results
of the Karel Fischer test (Table 1), there can be shown that the sample with the active FBG
has effectively absorbed more moisture.

Table 1: Moisture percentage defined with Karel Fischer Coulometric titration.

Sample specifications Absolute mass (%) of moisture
Dried (before ageing) 0.145%

Aged for 250h at room temperature 2.222%
Aged for 250h at 50°C 3.400%

Aged for 250h at 50°C (active FBG) 5.810%



During exposure of an adhesive bulk sample to moisture and changing room temperatures,
the FBG strain values can oscillate. Due to the fact that FBG sensors are more sensitive to
temperature variations than strain derived from swelling of the sample by moisture uptake,
the values measured with the FBG sensors at room temperature (walk-in environmental
testing lab) are somewhat overruled by the strain related to the temperature fluctuations in
the lab. It is therefore recommended to use an additional sensor to compensate for the

influence of temperature in test environments with varying temperatures.

2.3. Results of the FBG measurements

Moisture causes swelling of the adhesive in all directions. The embedded FBG sensors
only measure strain in the longitudinal direction of a specimen. Before comparing the
measured strain, captured by the FBG sensors, with the specimen length change measured
with the CMM, knowledge of the FBG's orientation within the specimen is crucial. To
define the orientation of the FBG sensor in the adhesive bulk sample, an X-ray uCT
computed tomography scan (Phoenix Nanotom CT scanner) on one of the tested samples
was executed. A scan of the region of interest of the sample is presented in Figure 9. By
slicing through the 3D-scan the position and orientation of the fibre can be mapped. From
these observations, it can be concluded that the fibre alignment nicely coincides with the
longitudinal direction of the specimen and thus also matches the intended measurement

direction.
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Figure 9: a X-ray pCT computed tomography scan of the sample containing a FBG sensors

3. Changes of glass transition temperature Tg

The initial glass transition temperature Ty of the epoxy used is 50°C according to the
manufacturer’s datasheet. Moisture absorption leads to a reduction of the T4 [17], even
specimens that are “dried” after saturation will not fully recover their original Ty value
[53]. This may indicate that the aging at 50°C is above the Tgand results in a decrease of
the fracture toughness and hence may reduce the elastic modulus and strength of
resin/adhesive [17]. 1% of mass gain during ageing due to moisture absorption, results for
all epoxy and hardener combinations tested in a decrease of Tgq by about 10°C [54]. To
investigate the transformation of the Tgaccording to the moisture absorption, a Differential
Scanning Calorimetry (DSC) was carried out on a dry and aged specimen and compared
with the results of Table 1. The test equilibration was conducted at -60°C isothermal for a
time frame of 2 minutes. The ramp is defined as 10°C/min to 120°C followed by the same
speed to -60°C and back to 120°C for both aged and dry samples. Due to the size of the
samples and not reaching saturation during the aging cycles, the with DSC investigated
parts (between 6 and 10mg each) of the samples derive from the outer layer. Samples are
tested every day of the 5days at 50°C and 0% RH (dry cycle) to define the moment of Co
and at the end of the ageing cycles. The determined Tq of the samples aged at 20°C is
reduced from 50°C to 42.05°C and to 29.82°C for the samples aged at 50°C.



Conclusion

Moisture contamination leads to diffusion and changes the mass and volumetric parameters
of epoxy adhesives which induces strain in the adhesive layer. In this paper the use and
potential of FBG sensors is successfully demonstrated as a reliable in-situ measure device
for measuring the strain due to moisture absorption in adhesive bulk samples. However,
this research does not focus on a dedicated analysis of the exact physical mechanisms
behind moisture absorption in epoxy materials or adhesives. This was out of the scope and
would be the subject of other or further research.

It has also been shown that the effect of temperature on moisture absorption is significant
and the work outlines how this effect can be dealt with.

The influence of the FBG sensor in the adhesive bulk samples must be further investigated,
and in adhesive joints with smaller adhesive thicknesses as well. However, it must be taken
into account that the temperature should be separately monitored in order to determine the

measured strain due to moisture absorption with sufficient accuracy.
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