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Abstract
This article presents an application of a fiber optic sensor based on Fresnel reflection for the
measurement of local water content within an epoxy adhesive immersed in water. The water
content is directly calculated from the measured refractive index with the help of a Maxwell-
Garnett model which consider spherical water inclusions inside an epoxy matrix. No calibration
is needed. Three samples were equipped with fiber optic sensors and immersed in water. The
measured water content was compared with a finite element simulation. The remarkable
agreement between both validates the proposed method. In an industrial setting, this
experimental approach could be used to monitor the aging of an immersed polymer material,

bonded joint or composite structure.
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1. Introduction

There are several types of structural joints, the best known are welding, riveting/bolting and
adhesive bonding. This last method offers the possibility to join different materials, and enables,
without alteration of substrates (drilling, heating ...), a better distribution of the stresses which
makes it possible to reduce the size (thus the weight) of the structural parts. Many studies are

interested in the durability of bonded joint [1,2,3]. Indeed, bonding offers the possibility of



lightening structures and reducing production costs. But it is difficult to assess in service
durability. This durability is questionable when these structures are subjected to aggressive
environments (high humidity, immersion, high temperature, corrosive products ...). As
structural adhesives are polymers, it is important to know their service environments. Indeed,
the adhesive, a hydrophilic area by definition, controls the degradation modes of the structure.
The hydrophilic nature of the adhesive [4] gives it the ability to absorb water (Fig. 1). To
characterize this macroscopic water uptake, gravimetric tests are generally used [5-6]. This

absorption can lead to a drop in mechanical properties and affect the durability of the structure

[7]1.
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Fig. 1. Water diffusion in a polymer

So the water content is a key point parameter regarding the durability, but it has to be measured
in situ. Fiber optic sensors seem to be an ideal candidate to perform such a monitoring. In the
literature, studies [6,7] has already shown the ability of fiber Bragg gratings (FBG) to detect
moisture contamination within a bonded structure. In these studies, the moisture is indirectly

measured from the deformation it induces.

In our study, a fiber optic sensor based on Fresnel reflection was used and inserted into the core
of the material. The sensor, which will be called a Fresnel sensor, allows the local measurement
of the refractive index of a material. More precisely, the sensor probes a volume with a depth

of the order of the wavelength around the end of the fiber. Aduriz (2007) [10] already used this
2



sensor to measure the polymerization rate of an epoxy resin and a previous study [11] also

monitored the polymerization rate of the adhesive used.

In this work, we will only focus on the water diffusion. When the sample is immersed, the water
diffuses in it and causes a structural change (molecular or compositional) [12]. The probed
volume becomes a composite material made of water inclusions inside an epoxy matrix. This
kind of material can be described by an effective refractive index in the framework of the
Maxwell-Garnett model [13]. The only free parameter in the model is the water content. So it
can easily be retrieved from the measurement of the refractive index. The aim of this study is

to prove experimentally the validity of this approach.

2. Materials and methods

2.1 Materials
The polymer material used is an adhesive. In this study is a commercial two-component epoxy

adhesive. It consists of an epoxy resin, a hardener based on modified amines and fillers
particles. During processing, a chemical reaction occurs between the epoxy resin and the
hardener. The industrial application of this study is the marine turbine structures. The bonding
time of these large structures can be long (about a day). In this context, the first 24 hours curing
phase under ambient conditions has been fixed. And then, a 24 hours post curing at 60 °C was
performed to complete the crosslinking reaction. In conclusion, the manufacturing process is as
follow: 24 h under ambient conditions followed by 24 h at 60 °C.
2.1 Gravimetric tests

Polymer materials are hydrophilic and can absorb water, to characterize the water diffusion
kinetics, gravimetric tests were carried out. For this purpose, discs specimens with a diameter
of 70 mm and a thickness of 2 mm have been manufactured. These dimensions have been
chosen to consider a 1D diffusion in the thickness z direction (thickness << diameter), z is

between 0 and 2 mm (Fig. 2).
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Fig. 2. An adhesive disc specimen

These specimens were immersed in water at 40 °C, and the mass was measured during the
immersion. The water temperature has been set to accelerate the aging phenomena. The
macroscopic water content C(t) that diffuses within the material can be calculated with the

equation (1).
m(t) — my . 1)

Where m(t) represents the mass of the specimen during immersion and my the initial mass of
the specimen before immersion.
2.2 Water diffusion and corresponding model

This water uptake depends on two parameters: D (mm?.s?) the diffusion coefficient which
characterizes the water diffusion rate within the material, and Csa (%) which characterizes the
maximum water content in the material. To determine these two parameters, gravimetric tests
consisting of monitoring the evolution of the mass of the material during immersion were
carried out. In the literature, there are several water diffusion models, which are used to predict
the water uptake of a material. The idea is to determine the evolution of the macroscopic water
content of the material, noted C(t), as a function of the square root of time. Weitsman (2012)
[14] defined 6 main families of diffusion kinetics typical of polymer and polymer matrix
composites. In this work, we will only focus on two of them. The most well-known diffusion
model is the Fick model. A kinetics according to this model, called "fickian" (Fig. 3 — graph 1),

is characterized by two distinct parts. In the first part, the water content increase linearly until



it reaches a level corresponding to saturation, Csat Of the material. 1t is common to see a diffusion
gap compared to this model, it is what we will call a "non-fickian" diffusion kinetics (Fig. 3 —
graph 2). After a rapid initial absorption of water, the water uptake remains continuous,
although less important. Contrary to what the Fick model predicts, the material reaches
saturation for much longer periods of time. This suggests that after a first phase of rapid
diffusion of the order of a few days, a second, slower diffusion process occurs. This two-step
moisture transport model has been successfully used to interpret aging tests when water

diffusion shows an anomaly process [13,14].

i (1)
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Fig. 3. Water diffusion kinetics model (fickian and non fickian)

For unidirectional diffusion in the z direction, the Fick model is:

dc(z,t) D d%¢c(z,t)

ot 0z2 @)

Where the local water content c(z,t) is a function of space and time. Considering a thin plate of
thickness e that initially does not contain moisture, there is an analytical solution to this problem
given by Crank (1975) [17] to calculate the local water content for a given z position c¢(z,t):

40 (—1)?
T 02n+1

n=

t z
c(z,t) = cgyt <1 — exp [—D(Zn + 1)%m? ?] cos [(Zn + D E]) (3)

By integrating on the volume, the macroscopic water content C(t) is:



s 1 ot
C(t) = Csat (1—?;mexp —D(2n+ 1) T ?]> (4)

As we will see later on this model is not suitable for the adhesive used, we used a Dual Fick
model which consists of the sum of two Fick models (2).

dei(zt) 0y (zt) 0%ci(zt) 0%,z b)
ot T ot Pz TP

()

This model considers two diffusion processes as shown in (Fig. 3 — graph 2): a first process
characterized by a diffusion coefficient D1 and a saturation water content Csa1, and a second
characterized by D> and Csa. Considering a thin plate of thickness e that initially does not
contain moisture, the resolution of the equation (5) allows to calculate the local water content

c(z,t).

2 o 2
o=l (115 e rn e o] o
i=1 n=0

where Di represents the diffusion coefficient, ¢, the water content at saturation, e the thickness

of the sample and z the position in the thickness.

By integrating on the volume, the macroscopic water content C(t) is:

- 8w 1 Lt
c@) = ; [Csati (1 - F;Wew —Di(2n + 1)*m ;D] (7)

2.3 Fiber optic sensor based on Fresnel reflection

Optical fiber is a glass or plastic wire that has the ability to conduct light. It generally consists

of two concentric cylinders made of silica: the core and the cladding (Fig. 4).
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Fig. 4. Diagram of an optical fiber

The light spreads within the core. The optical fiber used in this study are single mode optical
fiber (SMF28) with a core diameter of 8 um and a cladding of 125 um (produce from iXblue
IXF-SM-1550-125). The refractive index is 1.457 at 1550 nm. By cleaving an optical fiber, and
based on Fresnel reflection, it is possible to quantify the refractive index of a surrounding
environment. The cleavage at the end of an optical fiber allows the creation of a diopter.
According to Snell-Descartes laws, a part of incident light on the end of the fiber is reflected

and provide a back reflection in the core of the fiber (Fig. 5).
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Fig. 5. Principle of the Fresnel sensor

In the literature, Cusano (2000) [18] proposes to determine the refractive index by measuring
the reflected power by the sensor. A first one is done in a known environment (air for example)
and the second one in the targeted environment (adhesive in our case of study). The two values
of reflected power are then used in equation (8) to retrieve refractive index of the unknown

environment:



1
n+ 1> . (nf - nair) ( P, )7

n, =-n with n = (8)

2 f(ﬂ—l 7 nf+nair Pair

Where Pair is the reflected power when the sensor is in the air and Pa is the reflected power

when the sensor is in the bonded joint. In this study, the air refractive index is considered equal

to nair = 1.000 and the refractive index of the fiber is nf = 1.457.

This sensor used allows to measure a refractive index on a cylinder of 8 um (diameter of the
core of the optical fiber) and around 1.55 pm deep (wavelength used). To make the
measurement, a laser with 1550 nm wavelength is used. It is connected to a 2 by 1 optical
coupler and the optical wave propagated through the coupler and then inside the optical fiber.
The optical wave reflected by the sensor is then backscattered in the fiber and measured on a

photo-receiver through the coupler. To interrogate this sensor, the setup includes (Fig. 6):

- A laser of low coherence (1550 nm)
- An optical coupler

- Adetector (photodiode + voltage acquisition system)

Laser 1550 nm \ Fresnel Sensor

Detector /

Fig. 6. Principle of measurement of Fresnel sensor

2.4 Instrumentation of specimens by Fresnel sensor
A sensor was inserted into the core of a 70 mm diameter and 2 mm thickness disc (Fig. 7). To

keep the sensor at the center of the disc, a 3D printing mold was developed and used. We ensued

that this position is correct with post-mortem MEB analysis.
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Fig. 7. Insertion of a Fresnel sensor into an adhesive disc specimen

After insertion of the sensor, the adhesive crosslinking was carried out: 24 h under ambient
conditions followed by a post curing of 24 h at 60 °C. Following the polymerization reaction,

the refractive index of the adhesive at 40 °C is no = 2.904 + 0.002 [11].

3. Results and discussions

First, gravimetric tests on adhesive discs were carried out to identify the diffusion parameters.
Then, it is possible to calculate the local water content field. In parallel, refractive index
measurements during immersion on specimens instrumented by Fresnel sensors were
performed. The results will make it possible to prove an optical model to experimentally
determine the local water content with refractive index measurements.
3.1 Gravimetric tests
In order to determine the water diffusion kinetics of the adhesive, 12 discs of 70 mm diameter
and 2 mm thickness were manufactured.
3.1.1 Macroscopic results

These specimens, they were immersed in water at 40 °C. By measuring their mass during
immersion, the macroscopic water content C(t) can be calculated. Measurements were made
periodically according to the square root of time. The (Fig. 8) allows to know the water diffusion
kinetics of the adhesive. Using the Dual-Fick model presented above, it is possible to calculate

the diffusion parameters (Tab. 1) with the equation (7).
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Fig. 8. Evolution of the macroscopic water uptake as a function of immersion time

D1 [mm2.s‘1] (1.62 £ 0.07).10_6
Csat1 [%0] 6.17 £ 0.04

D> [mm2.s‘1] (2.06 £ 0.36).10_8
Csar2 [%] 456 +0.36

Tab. 1. Identified parameters of the diffusive model used (Dual Fick)

An identification was performed on each specimen. The parameters in (Tab. 1) correspond to
the mean and standard deviation on the 12 specimens. The difference observed between the
specimens comes from the experimental dispersion. Now that the parameters of water diffusion
in the adhesive are known, it is important to know the local water content c(z,t) present at the
sensor level when it is inserted into a specimen (Fig. 7).
3.1.2 Local water content distributions - Simulation

To model the water content field, a finite element calculation simulation using the Abaqus™
software was performed. Thermal transfer functions are used to simulate water diffusion.
Indeed, Yoon (2016) [19] shows that it is possible to make an analogy between the laws of
Fourier and Fick. As shown in equation (5), the Dual-Fick model represents the sum of two
Fick models. To simulate the Dual-Fick model, it is sufficient to perform two simulations, one
with parameters D1 and Csar1 and the other with parameters D2 and Csar2 Of (Tab. 1) and to add

the water content fields. A quadratic 2D heat transfer elements (DC2D4) were used. For the

10



mesh, 143887 elements have been used and a higher mesh density was adopted for the element

around the measurement area. The boundary conditions used are as follows:
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Fig. 9. Boundary conditions for the simulation of Dual-Fick model on an instrumented specimen

By implementing the parameters (Tab. 1) in the finite element calculation software Abaqus™ it
is possible to know the evolution of the local water content field of the specimen for different

immersion times (Fig. 10).
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Fig. 10. Evolution of the water local content field for different immersion times

Results (Fig. 10) show the evolution of the local water content field for a specimen instrumented
by a Fresnel sensor. As the optical fiber is hydrophobic, so there is no water diffusion inside
the sensor. It is also possible to calculate the local water content using equation (6). The
simulation make it possible to measure the evolution of the local water content c(z,t) at the end

of the optical fiber and to compare with the analytical solution (Fig. 11).
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Fig. 11. Local water content as a function of immersion time at the sensor

The results (Fig. 11) shows the local water content at the sensor when measuring the refractive
index during immersion. The results obtained by the analytic solution and the simulation are

very close. A maximum deviation of 1.6% was calculated. In the following, we will only use

the simulation results.

3.2 Refractive index measurement

Three instrumented specimens were immersed in water at 40 °C. The (Fig. 12) shows the

evolution of the refractive index measured by Fresnel sensors during immersion.

Refractive index [-]

2,92

2,90

—— Specimen 1 +
—— Specimen 2
—— Specimen 3 A

8

12

16 20 24

Immersion time [day]

Fig. 12. Evolution of the refractive index for instrumented specimens as a function of immersion time

The results obtained (Fig. 12) allows to highlight a drop in the refractive index of the adhesive
during immersion. The curves can be divided into two parts. The first part (under 6 days) shows
a significant drop in the refractive index. The second part seems to show a stabilization of this

refractive index. For specimen 3, reflected power variations were observed between 6 and 14



days. The variations are due to the evolution of the light incident on the sensor due to a change
in the position of the optical fiber between the laser and the specimen during the test (curve or
movement of the fiber). In the model used we need the initial incident light to determine the
refractive index, for specimen 3 after 6 days the model is therefore no longer valid. We decided
not to calculate the refractive index of specimen.

3.3 Refractive index model

3.3.1 Theoretical model
When water diffuses into the adhesive, the material becomes a composite material consisting

of water inclusions in the epoxy adhesive. There are several models that can be used to estimate
the refractive index of a composite material. In the case of low concentrations and for
approximately spherical inclusions, the Maxwell-Garnett model [20] is well adapted. We will

use here the formalism defined by Markel (2006) [13] :

1+2 f(t)f;‘;‘
na/w(t) =Ny n2 2
- f(©) nz e ©)

With naw(t) the refractive index of the adhesive/water system which depends on the immersion
time, na the refractive index of the adhesive (na=2.904), nw the refractive index of the water
(nw = 1.333) and f(t) the volume fraction of water. Using equation (9) and measuring the
refractive index of the the adhesive/water system, it is then possible to calculate the volume

fraction f(t) of the water.

3.3.2 Water volume fraction
The evolution of the volume fraction of water f(t) can be calculated by the following equation:

f(t) — Vw‘ft) — C(vavt)p Mo (10)
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With Vy(t) the water volume, V. the adhesive volume, my the mass of the adhesive before
immersion, pw the density of water and c(z,t) the local water content. With the results (Fig. 11),

it is then possible to plot the evolution of the volume fraction of water in front of the sensor

during the immersion.
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Fig. 13. Volume fraction of water as a function of immersion time at the sensor

3.3.3 Theoretical evolution of the refractive index during immersion
The refractive index measured in (Fig. 12) corresponds to naw(t) of the equation (9). It is

possible to determine the local water content as a function of the refractive index naw(t) using

the equations (9) and (10).

_ Va-pw ng/w(t) - Tlg n\%v + an
ctzt) = ( Mo )( ng —nz ) '\n?, (t)+ 2n2 (1)

a/w

Using the equation of the refractive index model (11), the equation (9) and the results of (Fig.

13), the theoretical refractive index depends on the local water content.
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Fig. 14. Evolution of local water content and refractive index as a function of immersion time

3.3.4 Determination of the local water content with the refractive index
measurement of the adhesive

The optical model (11) allows the local water content to be calculated using experimental
refractive index measurements (Fig. 12). It is then possible to compare them with the analytical

solution determined using gravimetric tests and Dual Fick model (Fig. 11).

— Refractive index measurement specimen 1
1k Refractive index measurement specimen 2 _|
| —— Refractive index measurement specimen 3 ]
0 Analytic solution (Dual Fick model)

C 1 1 I 1 1 7]
0 5 10 15 20 25

Time [day]

Local water content c(z,t) [%]

Fig. 15. Evolution of the refractive index as a function of immersion time (experimental results with refractive
index model and analytic solution with Dual Fick model)

During the first 6 days of immersion the local water content of the adhesive increases
significantly. Then it stabilizes after 10 days. A comparison between the results obtained by
measuring the refractive index with the analytical solution of the Dual Fick model was carried
out. During the first 10 days, when the local water content increases, an average deviation

between two models is 13 %. Between 10 and 25 days, when the stabilization of the local water

15



content, the average deviation decreases at 4%. In conclusion, the optical model of water

inclusions represents the behavior of the local water content (Fig. 15).

To note the Dual-Fick model provides for a second phase of much slower water diffusion, which
could be translated into a slow decrease in the refractive index. In this study, the time duration
of the tests was too short to observe this second process.

3.3.5 Link between refractive index and local water content
With results (Fig. 12) and (Fig. 15) the refractive index of the adhesive can be related to its
local water content (Fig. 16). An average and a standard deviation on the three instrumented

specimens was calculated.
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Refractive index [-]

Fig. 16. Variation of the refractive index according to the local water content

The results (Fig. 16) show a dependence between the refractive index and the local water
content. The experimental points follow the optical model of the equation (11). It is therefore
possible with the Fresnel sensor to measure the local water content in the core of a material by

measuring the refractive index.

4. Conclusion
This study shows the possibility of measuring the local water content of an epoxy-amine
adhesive using a refractive index measurement. For this purpose, a fiber optic sensor based on

Fresnel reflection was used. This sensor allows an in situ and non-destructive measurement of

16



the local water content. To our knowledge, this makes it the first in situ water sensor at the heart
of a material. It is also important to note that this optical measurement method is easy to use.
In industrial context, this sensor would allow a follow-up of the health of a bonded joint or

composite structure in immersion.
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