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Experimental studies were performed on an industrial rubber toughened epoxy adhesive to

characterise its diffusion behaviour in water at various temperatures. Gravimetric experiments and

density measurements were carried out at 25, 40, 60 and 70 1C on bulk specimens. Non-classical mass
uptake and swelling were observed. Differential scanning calorimetry and surface fracture analyses

were undertaken to understand this specific behaviour. Experiments showed that adhesive glass

transition was crossed during aging, and that cavities developed during sorption. Part of the water

diffused in the matrix causing the decrease of the adhesive Tg while the other part entered into cavities.

To model the water uptake and swelling of the adhesive, it had been chosen to separate the water mass

fraction into two parts. A thermo-diffuso-mechanical modelling based on a thermodynamic framework
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1. Introduction

Structural bonding with epoxy adhesive is increasingly being
employed in the automotive industry to provide for example the
ability to be more resistant in crashes or to lighten vehicle bodies.
During its service lifetime a bonded joint will be submitted to
environmental loading such as high humidity and/or temperature.
Investigations [1,2] show a decrease of the joint strength when
immersed into demineralised water. In general this loss of proper-
ties is attributed to the degradation of the adhesive or the interface.

To explain the absorption of water by an epoxy adhesive, it has
been hypothesized that water equilibrium concentration could be
governed by the free volume and the defects of the adhesive.
Molecules of water diffuse from a void to another constituting a
preferential way of ingression [3]. But this theory is questionable
since polymers rich in free volume can have a very low
hydrophilicity [4]. For many authors, absorption is more likely
to be an attraction of the polar molecules of water into the
network by hydrophilic groups of the adhesive such as �OH or
�NH to form simple hydrogen bonds [5] or more complex
associations [6]. The number of these groups determines the
water equilibrium concentration (or solubility) of the adhesive.
.

.

But most of the time, a combination of both theories seems to be
in good agreement with experimental observations [6,7].

Diffusion of water into the adhesive is responsible for a
decrease of its mechanical and physical properties (Young
modulus, ultimate stress, Tg, etc.). These modifications depend
on the environmental conditions (temperature, pressure, humid-
ity rate). A reversible plasticization is often observed when water
molecules form hydrogen bonds in the network. For short time
exposure at low temperature, initial properties are recovered
after a drying stage. But for long time immersion and/or high
temperature exposure, irreversible reactions can occur like
hydrolysis [8], formation of complex chemical groups [9] or
cavitation [10]. Such phenomenons will obviously make more
complex the diffusion process [4].

The concentration of water in the adhesive is not homoge-
neous and depends on the time of immersion. A classical Fickian
law commonly gives good prediction of the mass uptake of a
model epoxy immersed in water [4,11]. But for some network or
for specific environmental conditions more complicated laws
[12], such as a two-phase nature sorption model (dual stage
Fickian model) [13], a two-phase moisture sorption model
(Langmuir-type model) [14] or time or concentration-dependent
diffusivity model [15,16] give better prediction.

In the literature concerning the diffusion of water, in most
cases adhesives are model epoxies filler free or with perfectly
known and controlled composition. In addition, since the
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plasticization generated by water ingression is responsible for a
decrease of Tg [17], gravimetric studies are carried out in the
glassy state of the adhesive, i.e. at aging temperature well below
Tg. An adhesive with industrial composition (i.e. with hetero-
geneous composition: various epoxy mixture, inorganic fillers,
rubber fillers, accelerators, plasticizers, etc.) can have a non-
classical behaviour in terms of water diffusion [13], the glass
transition temperature of the epoxy/water complex can be
crossed [4] during the aging, and damage can occur, making even
more complex the study of its behaviour. Those phenomenons can
obviously depend on temperature. The present work consists in
developing a model that can describe a non-classical diffusion of
water in an industrial adhesive as a function of temperature and
the formation of cavities. The second part of this article is
dedicated to the presentation of the bulk adhesive and the
manufacture of specimens. In a third section, experimental results
concerning water diffusion in the adhesive as a function of
temperature and characterisation of the adhesive as a function of
water uptake are presented and the origin of the non-classical
uptake is discussed. In a fourth part, previous experiments are
considered to develop a water diffusion model which is based on
classical thermodynamics where a non-conventional way to
describe solubility is also proposed. Ensuing transport equations
are solved with engineering finite elements code ABAQUSTM.
Specific numerical developments are necessary and are presented
in this section. Finally, numerical results are compared to
experiments, which lead to a discussion and a conclusion.
2. Materials

A one-part rubber toughened epoxy/amine adhesive was
chosen for this study. It is employed in the automotive field
because of its high deformability and a particular ability to be
resistant in crashes. The network is based on a mixture of several
epoxy monomers, mainly diglycidyl ether of biphenol (DGEBA)
and the hardener is dicyandiamide (DDA). Additives (almost 50%
in mass) like mineral fillers (mainly Si-/Ca-based, Al/Mg traces),
rubber particles, accelerators and plasticizers also compose the
industrial adhesive.

A sheet of approximately 2.5 mm thickness was prepared. Pasted
adhesive is stored in a cartridge. An adequate quantity is heated to
50 1C for 2 min to enable it to be more freely moulded. It is then
applied along one side of a square region bounded by a Teflon gasket
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Fig. 1. Experimental and numerical sorp
of controlled thickness placed on an aluminium plate pre-coated in
releasing wax. A low pressure is applied on the pasted adhesive with
a second waxed plate to spread it into the gasket and avoid air being
trapped. The adhesive is cured at 180 1C for 45 min after a heating at a
rate of 10 1C/min. It is then cooled at ambient temperature. Some
adhesive sheets were cut and no voids were found. The sheet is finely
abraded to remove the thin skin in contact with the wax during the
curing and thickness is calibrated during this step. Sheets are then
machined to a dog-bone form using CAM machines (section of
2.5�2.5 mm2). Test coupons are kept under vacuum at ambient
temperature. The glass transition temperature obtained with this
process is close to 95 1C (value obtained in a TA mDSC 2920 at a
heating rate of 10 1C/min).
3. Experimental observations

3.1. Gravimetric experiments

Three test coupons for each case were aged in demineralised
water heated at various temperatures (25, 40, 60 and 70 1C). An
initial weighing was carried out and subsequently the weight was
measured periodically using a Sartorius YDK01 analytical balance.
When removed from its aging environment, each specimen was
surface wiped dry with a soft tissue. As this removal was short, it
was considered that the change in boundary condition did not
affect the aging process. The percentage of water in the coupon is
plotted as function of the square root of time as shown in Fig. 1. A
good repeatability is observed and the measuring error is small
enough not to be plotted. A study of the water in which samples
were immersed, only revealed the presence of slight trace of filler
constituents whose mass is negligible in front of the specimen
one. Thus, it is considered there is no leaching.

It can be observed that the initial mass uptake is linear as a
function of root time for those temperatures. Obviously the initial
absorption rate depends on this temperature and is higher at 70
than at 25 1C. After 40 days (32 h1/2) at 25 1C, the plot of mass
stopped increasing at a level of uptake of 3.5%. This level has been
confirmed by an immersion of 6 months of one specimen, and can
be considered as saturation level. The classical Fickian law applied
to a plane sheet of 2.5 mm thickness [18] gave a time needed to
reach saturation of about 50 days (with D20 1C¼5.68�10�13 m2/s,
a constant corresponding to the initial slope of the mass uptake/
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root time curve at 25 1C). In this case, specimens are section-
squared and diffusion takes place on 4 sides at the same time.
Saturation is reached faster than in a simple sheet and a period of
40 days is a reasonable estimation.

After 50 days (35 h1/2) in water at 40, 60 and 70 1C, no
saturation was recorded. The plot of mass increased after a
pseudo-saturation stage which occurred at about 3.5%, 4% and 5%
of mass uptake at, respectively, 40, 60 and 70 1C. Nevertheless,
saturation may occur at longer times of immersion. As aging is
performed very close to the initial Tg of the adhesive, the
combined effect of water and temperature could be responsible
for a change in the chemical structure of the epoxy which could
explain these observations. As the adhesive is highly hetero-
geneous, this increase of the absorption rate could also be
attributed to the formation of voids or cavities. These hypotheses
will be discussed in the next part of this paper where additional
experiments are carried out to explain these observations.
3.2. Identification of the mechanism responsible for the important

mass uptake observed above 40 1C

DSC analysis was performed on aged adhesive with a TA
Instrument 2920, to find if a relation between water content and
Tg exists. Samples stemmed from the previous cured adhesive
sheets were prepared to fit in a crucible and were small enough
(diameter: 5 mm, thickness: 0.5 mm) to consider their water
concentration to be homogeneous during aging. They were
immersed in water at 70 1C for different period and then
subjected to DSC. During the heating, water molecules are
extracted from the adhesive which is represented on the overall
DSC signal by a large endothermal peak. This contribution of
water can interfere the determination of the aged adhesive Tg

during a ‘classical’ DSC analysis. Modulated DSC analysis allows
‘decorrelating’ the irreversible contribution of water from the
overall signal. The Tg of wet adhesive is recorded on the reversible
signal during the first heating (0–150 1C) at a rate of 5 1C/min
70.8 1C/min (Fig. 2).

It can be seen in Fig. 3 that the wet adhesive glass transition
temperature decreases rapidly with the water mass uptake. After
24 hours of immersion at 70 1C, which corresponds to an uptake of
5%, Tg value stays around 60 1C. Those observations are attributed to
the well known plasticization phenomenon of water on polymers.
As the aging temperature is 70 1C, it appears that the adhesive
crossed the glass transition during the immersion in water and is in
a rubbery state after about 20 h (mass uptake 2.5–3%).
1 day aging (water 70°C)       water uptake of about 5%
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Fig. 2. Example of mDSC signals on an aged coupon of adhesive.
It is known [19] that free volume increases faster with
temperature after the cross of glass transition. If the ‘‘volumetric
approach’’ used by some authors to explain water absorption [3]
is admitted, then solubility should increase proportionally to the
generation of free volume (i.e. to the distance T�Tg). In
the present study, the aging temperature is constant (70 1C) and
the wet adhesive Tg reached a constant level (60 1C), which means
that the free volume generated should have a finite value. As a
consequence, mass uptake should increase progressively towards
a saturation level corresponding to a complete filling of the
created free volume. But it seems not to be the case for the aging
time studied. Moreover, as saturation is reached at 25 1C after 40
days of immersion in water, one could expect saturation at
shorter times at higher temperatures, which is not the case. The
‘‘free volume theory’’ cannot explain completely the gravimetric
observations.

Some authors [4] reported that there were no discontinuities
in the temperature dependence of solubility or diffusivity at the
glass transition temperature of the studied networks, which
indicates that the mass uptake process does not depend on the
physical state of the adhesive but rather on the interaction
between water and hydrophilic sites of the polymer. Considering
this ‘‘interaction’’ theory, Tcharkhtchi et al. [4] proposed a formula
which is a combination of the Kelley–Bueche polymer-diluent
model and the Simha–Boyer rule. It can then be found that, for the
studied adhesive of initial Tg of 90 1C, the minimal reached Tg of
60 1C corresponds to a mass uptake of about 5%. But as exposed in
Fig. 1 the mass uptake increases to higher values, where as the Tg

of adhesive/water complex stays constant (Fig. 3). This could
mean that the adhesive network saturation level is reached at 5%
of mass uptake, but water still ingresses somewhere else, in
cavities that appear because of the water diffusion and its related
chemical and/or mechanical consequences.

In order to confirm this hypothesis, fracture analyses were
performed on aged adhesive. Specimens were immersed in liquid
nitrogen for about 2 min after the aging in water at 70 1C and
broken into two parts. Fracture surfaces of two or three specimen
per period were observed in a scanning electron microscope
Hitachi TM-1000. It seems that cavities appear near mineral fillers
after few hours causing their detachment of the matrix when the
specimen is broken (Fig. 4). Their size becomes very important as
the exposure increases confirming the previous hypothesis. Those
observations are qualitatively repeatable (presence and size of
cavities depends on size and quantity of mineral fillers). A
statistical analysis on an important number of samples may be
useful in order to conclude quantitatively on this phenomenon.



Fig. 4. Fracture surfaces of the wet adhesive. Pictures (a) and (b) represent the edge of two coupons, respectively, aged 2 and 4 days without any image post treatment.

Next pictures (a0) and (b0) were modified with an image processing software to highlight cavities (in red) and mineral fillers (in grey). (For interpretation of the references

to color in this figure legend, the reader is referred to the web version of this article.)
Possible explanations for the appearance of those cavities are
that, from a mechanically point of view, a differential swelling
appears between polymer matrix (low stiffness) and fillers (high
stiffness) during aging. The interface matrix/filler which could be
weakened by the water and/or the temperature is broken by the
local state of stress. Some volume is then generated by this
fracture. This process can be delayed explaining the growth of
cavities:
�
 A certain time is needed to break the entire interface around
the filler (thermo-activated process).

�
 The matrix viscoelasticity can delayed the generation of

volume.

�
 When the interface is broken, there is a redistribution of stress

towards the ‘‘healthy’’ interfaces matrix/filler which have to
support an excess of stress and can be broken afterwards.

But, as we highlighted previously, when the matrix of the
adhesive is saturated by ‘bound’ water, Tg becomes lower than
aging temperature. In the rubbery state, viscoelasticity times
needed to recover equilibrium are shorter than in the glassy state.
This is all the more disturbing since it is in opposition with the
previous assumption. To explain the growth of cavities, it seems
that the kinetic of interface degradation is of first importance
while the viscoelasticity is negligible. It should be necessary to
focus more precisely on this mechanism to conclude.

The presence of water-soluble salts can also lead to osmotic
processes and growth of cavities as shown by some authors
[20,21]. However, in the present case, when specimens are
immersed at 70 1C, there is no trace of salts, impurities or other
chemical product indicating a leaching in the aging water. But,
the hypothesis of osmotic process implies that salts stay in the
cavities since there is no leaching and since the initial mass is
recovered after drying stage. A kinetic of dissolution (and the
subsequent osmotic process) could explain the growth of cavities
for such hypothesis.

Formation and growth of cavities is probably caused by a
combination of those two processes, but since very few data
concerning the precise composition of the adhesive are in
possession of the authors, it is not possible to conclude more
precisely. This question is still open.

Other experiments came to confirm the previous assumption
of the growing cavities. The volume and the mass of specimens
were periodically checked during aging at 25, 60 and 70 1C and
during a drying stage at 25 1C under vacuum and silica gel.
Volume was determined by recording the mass of coupons in air
and in water at room temperature and by applying the relation (0)
born from the law of Archimedes (mass is evaluated with the
same balance as in Section 3.1)

V ¼
ma

ðmadw=Aðma�mwÞÞþda
ð0Þ

where ma and mw are the masses of an adhesive sample,
respectively, in air and in water, da and dw are the density of air
and water at room temperature and A is a constant integer
representing the effect of Archimede’s force on the weighing
device.

The volume expansion as a function of mass uptake seems not
to depend a lot on temperature (Fig. 5). The swelling is linear at
the beginning of the immersion which allows defining a water
expansion coefficient awater. After 6% of mass uptake, the swelling
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Fig. 5. Volume expansion of the adhesive during aging at various temperatures against mass uptake.
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25 1C under vacuum.
uptake decreases a little and seems to come back to its initial
value.

After a drying stage on previously aged coupons (14 days at
70 1C), the final mass is very close to the initial one (Fig. 6)
meaning that almost all the water molecules, that ingress into the
network have been desorbed. On the contrary, the volume of
samples remains very important compared to its initial value.
Since there is no leaching, this observation confirms that a
chemical reaction at the interface polymer/filler, if it exists, is
negligible in front of the swelling effect and/or osmotic process on
the cavity development. This cavitation phenomenon is irrever-
sible. As a consequence it seems obvious that the cavities
generated during aging in water are responsible for the important
mass uptake observed in Fig. 1. All these facts were taking into
account to develop a model to simulate the diffusion behaviour of
water into the studied structural adhesive.
4. Modelling diffusion of water

4.1. Hypothesis

To model the diffusion behaviour of this adhesive it has been
assumed that the ingression of water into the network was based
on a non-linear solubility. Its evolution with the exposure will
generate the increase of water diffusion rate and growing of
cavities. Consequently the amount of cavity is supposed to
increase with time of exposure and this phenomenon is thermo-
activated. In order to take this effect into account, it has been
chosen to partition the total amount of water that ingresses into
the adhesive into two parts to model both diffusion in network
and cavity formation: ‘‘unbound’’ water molecules which reside in
cavities and ‘‘bound’’ water molecules which are linked to
hydrophilic groups and can diffuse into the adhesive matrix from
hydrophilic groups to others. That is to say, the ‘‘bound’’
molecules represent the molecules in the Fickian formalism, or
the ‘‘free’’ and ‘‘bound’’ water of the Langmuir type diffusion. A
slightly modified Fickian law will be used to model the diffusion
of the ‘‘bound’’ part.

4.2. General framework

Experiments reveal a non-classical diffusion behaviour which
looks like a ‘‘dual mode’’. In the literature, those types of
behaviour are modelled by non-linear laws (using D(Cwater)). In
this paper, the authors reconsider this type of model in order to
link this change of behaviour with the formation of cavities.
Thermodynamic formalism is restricting and do not facilitate
reading, but it is mandatory if ones want to introduce a coupling
between diffusion and mechanics, as it is the case here, since
swelling participate in the cavitation and since the latter is
responsible of a decrease of mechanical properties. Using a state
variable linked to cavities will allow the authors improving the
model to considerer coupling between mechanics and diffusion.

The wet adhesive is considered to be a homogeneous non-
reacting mixture of polymer and water described in the formal
framework of the thermodynamics of irreversible processes with
internal variables and generalized normality rule. The water and
polymer mass fraction are defined as follows:

YpþYe ¼
mp

m
þ

me

m
¼ 1 ð1Þ

where Ye is the water mass fraction (i.e. mass of water me upon
total mass m of the adhesive/water mixing), Yp the polymer mass
fraction (i.e. mass of polymer mp upon total mass of the adhesive/
water mixing).

The second assumption is the separation of the water mass
fraction between the ‘‘bound’’ fraction of water Ye

b and the
‘‘unbound’’ fraction of water Yu

e

Ye ¼ Yb
e þYu

e ð2Þ

System’s energy C depends on the global state, precisely on
the mass fraction of constituents. It is considered that, for water,
Yb

e is the only part that can change the system’s energy by
creating/breaking weak bonds in the hydrophilic sites. As a
consequence, C only depends on Yp and Yb

e . For small changes of
these variables, one can always write energy as a simple limited
development, for example a bilinear form. Such an expression
would led to the Fickian law, that is why the authors extended
this development integrating high order terms, here two func-
tions F(Yb

e ) and G(Yp) describing the non-classical behaviour.
These functions will have to be evaluated
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where m0
e and m0

p are the chemical potential at reference pressure
and temperature for water mass fraction and polymer mass
fraction, respectively, Y0

e and Y0
p are initial water and polymer

mass fractions. De, Dp and dep are coupling parameters linked to
the diffusivity of the constituents in the mixture, non-linear
functions F and G are user defined and represent the deviation to
the non-linearity of the response. The model introduces thermo-
dynamic potentials which results in constitutive laws. The
adhesive solubility will be naturally deduced from the expression
of chemical potentials. Concerning, the chemical potential of
dissolved water (bound water in this case) in the solid adhesive
me, it derived from the Gibbs free energy

me ¼
dc
dYb

e

¼ m0
eþDe Yb

e�Y0
e

� �
þdep Yp�Y0

p

� �
þ f Yb

e

� �
with f ¼

dF

dYb
e

ð4Þ

and

mp ¼
dc
dYp
¼ m0

pþDp Yp�Y0
p

� �
þdep Yb

e�Y0
e

� �
þgðYpÞwith g ¼

dG

dYp
ð5Þ

In this case where the diffusion of water occurs in a solid
polymer, it can be considered that mp is constant and that Dp is
much smaller than De. It is also decided, in this first approach, not
to study the coupling effect between constituents introduce by dep.

The classical Fickian law concerning the dissipation is assumed
to be valid

Jme

�!
¼�kmgrad

��!
ðme�mpÞ ð6Þ

where the parameter km will enter the definition of the coefficient
of diffusion (Eq. (7)).

Considering Eqs. (1), (2), (4) and (5)
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�!
¼�km Dgrad

��!
Yb
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e

h i
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��!
Yu
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� �	

�grad
��!

f Yb
e

� �
�g 1�Yb

e�Yu
e

� �h i

ð7Þ

where D¼ DeþDp�2dep

� �
and D0 ¼ Dp�dep

� �
.

The second Fickian law concerning the mass balance is applied

rdYe

dt
¼�div Jme

�!� �
ð8Þ

by employing Eqs. (7) and (2), it can be shown

dYb
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� �
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dYu
e

dt
ð9Þ

This first development displays that the evolution of water mass
fraction can be separated into three parts. The left part of this
expression represents the classical Fickian diffusion with the gradient
of ‘‘bound’’ water mass fraction. The central part allows to introduce
some non-linearity in the diffusion by choosing functions f and g,
while the right part, which is the time derivative of the ‘‘unbound’’
water mass fraction that can be consider as a ‘‘material sink’’ term.
The gradient of ‘‘unbound’’ water can be neglected in front of the
gradient of ‘‘bound’’ water since D0 is negligible in front of D (dep and
Dp very small in this study compared with De).
Remark. If f and g are null functions then this expression can be
obtained

D¼
Dr
km

ð10Þ

where D is the classical linear Fickian coefficient of diffusion of
water in the adhesive and r its density.

4.3. Boundary conditions and solubility definition

It is now necessary to evaluate the evolution of the chemical
potential of the water at specimen’s edges. It is known that at the
interface between two media A and B where species can diffuse,
their chemical potentials in A are equal to their chemical
potentials in B. For this study where adhesive specimens are
immersed in demineralised water, the chemical potential of water
at the edges is the chemical potential of liquid water

m0
e ðp

0,TÞþ
RT

Mm
lna¼ mliquid

e ð11Þ

where a is the activity of water. Eq. (4) gives the chemical
potential of water in the adhesive so obviously at edges. As
chemical potentials of water are equal at the solid/liquid inter-
face, the following relation is obtained by assuming the specimen
to be completely dry at the beginning of the experiment, thus
Y0

e ¼ 0 and Y0
p ¼ 1

RT

Mm
lna¼DbordYb

e�depYu
e þ f Yb

e

� �
where Dbord ¼De�dep ð12Þ

The previous relation is rewritten in order to define solubility
parameters

Yb
e þ

1

Dbord
f Yb

e

� �
¼ S0þSuYu

e where S0 ¼
RT

DbordMm
and Su ¼

dep

Dbord
ð13Þ

More precisely the ‘‘bound’’ water mass fraction at edges
depends on S0, the intrinsic solubility of the adhesive S divided by
the volumetric mass r, and a second term involving the
‘‘unbound’’ water mass fraction and a coefficient without
dimension Su which represents the impact of cavitation on the
overall solubility. Consequently the evolution of Yb

e directly
depends on the generation of cavities (Yu

e ).
To complete this model, the ‘‘material sink’’ term in Eq. (9)

defined to be the time derivative of the ‘‘unbound’’ water mass
fraction has to be developed. It obviously depends on the
chemical potential but also on the state of stress which can
contribute to the opening or closing of cavities and subsequently
on the diffusion

dYu
e

dt
¼Fðme,sÞ ð14Þ

4.4. Proposition of phenomenological laws to describe the diffusion

The general framework has been described in the previous
section. To apply this phenomenological model to the diffusion of
water in the studied adhesive, simplifications and specific
mathematical functions were chosen to reproduce experimental
observations.

F and G introduced in Eq. (3) are defined

F Yb
e

� �
¼ b Yb

e þe�dYb
e

� �
, GðYpÞ ¼ Cste ð15Þ

The function F has been chosen to introduce some non-
linearity in the initial sorption and to take into account a possible
deviation between classical Fickian behaviour and actual sorption
behaviour. The parameter b controls the initial rate of diffusion,
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while d modifies the inflexion of the curve towards the final
solubility. The influence of F quickly decreases not to disturb the
following sorption generated by the growing cavities (represented
by the function F). It is then supposed that, as Yp do not vary a lot,
the function G is constant. As a consequence Eq. (9) becomes

dYb
e

dt
¼�div �

km
r Dgrad

��!
Yb

e

h i
þ

kmbd
r grad

��!
e�dYb

e

h i� �
�

dYu
e

dt
ð16Þ

Then, the equilibrium relation defined in Eq. (13) becomes

Yb
e þ

b
Dbord

ð1�de�dYb
e Þ ¼ S0þSuYu

e ð17Þ

This expression deduced of the equality of chemical potential
at specimen’s interfaces constitutes the boundary conditions
which will be employed to model the diffusion of water. The
amount of ‘‘bound’’ water in the adhesive is first controlled by the
diffusion kinetic, but also by the amount of ‘‘unbound’’ water (i.e.
cavities) as shown in Eq. (17). To simplify the model, no coupling
between mechanics and diffusion are allowed and the function F
(which is in relation with the formation and growing of cavities) is
not dependent on stress.

To generate sorption curves as seen in Fig. 1, the ‘‘unbound’’
water mass fraction must increase rapidly at the beginning of the
immersion in water and progressively tend towards a saturation
level, while the ‘‘bound’’ part of water ingresses following a
Fickian law. To reproduce this trend, here is the function F that
has been proposed

dYu
e

dt
¼ Eu 4CuYb3

e þ2DuYb
e

� �
e� CuYb4

e þDuYb2
e

� �
ð18Þ

A more advanced study in micro mechanics should be
necessary to validate this law. The value of Du principally
influence the initial rate (i.e. the rate of appearance of cavities)
of dYu

e =dt as a function of Yb
e . Cu is responsible of the threshold

effect when aging times become important. Parameter Eu

determines the maximal value of dYu
e =dt (i.e. controls the overall

kinetics of cavity appearance).
Finally for this model, nine parameters have to be identified to

make calculations: D, r, km, b, d, Cu, Du, Eu and Su.
Rq 1: If b¼0 and Eu¼0, the diffusion of water is Fickian.
Rq 2: If Eu¼0 and ba0, the ‘‘unbound’’ part of water will

always be zero (i.e. no cavity generation). But the diffusion is non-
linear as expected in Eq. (16).

4.5. Finite element integration

A simple two dimensions finite element model is developed
with the industrial software ABAQUSTM to simulate the diffusion
of water in our specimens (Fig. 7). From a water diffusion point of
view, this 2D numerical model gives similar results compared to a
more complex 3D model but it simplifies the integration of the
equations presented before. The FE model represents a quarter of
a section’s specimen with appropriate symmetrical conditions
and water boundary conditions.

To simulate the ingression of water into the bulk adhesive, the
analytical model is integrated in a user subroutine UMATHT for
ABAQUSTM. It allows defining the diffusion law described in this
part. Yu

e is calculated by integrating dYu
e =dt (see Eq. (18)) and by

considering Yb
e to vary linearly during each time increment. The

solubility which depends on Yu
e is also determined in this

subroutine during the increment, and affected at each interface
nodes. The last term of the transport Eq. (16) is computed in a
second user subroutine DFLUX for ABAQUS (Distributed FLUX
defines non-uniform distributed flux in a heat transfer or mass
diffusion analysis as a function of position, time, temperature,
element number, integration point number, etc.), while the
equilibrium relation (17) at edge is solved with a last user
subroutine DISP for ABAQUS (DISP define the magnitudes of
prescribed boundary conditions).

Mechanics and diffusion equations are solved at the same time.
In ABAQUS, a coefficient a0 is needed to link the unidimensional
swelling (el) and the subsequent change of volume (supposed to be
homogeneous in this problem) to the mass uptake (Ye)

el ¼ auYe and 3el �
DV

V0
ð19Þ

As a consequence, the constant awater obtained in Fig. 6, which
links water mass uptake (Ye) and volume expansion (DV/V0) is
included in the model to describe the change in dimension with
the mass uptake

el ¼
awater

3
Ye ð20Þ

In first approximation, a temperature dependent linear elastic

law L

 !
is included to describe the mechanical behaviour of the

adhesive during the absorption and obtain the stress field

s ¼ L e�e swelling
� �

with e swelling ¼ eswelling1 ¼
1

3

DV

V0
1 ¼ awaterYb

e 1

ð21Þ

Such description is obviously incomplete since it does not
include the water dependence of mechanical properties, but it
allows taking into account a volume change (close to the real
change) in the diffusion process. The calculation gives the local
state of diffusion and stress in the section, but to obtain the
overall water mass fraction Ye a post treatment file was developed
with PYTHONTM to collect and sum the amount of ‘‘bound’’ and
‘‘unbound’’ water at each Gauss point for each increment.
5. Temperature dependent parameters identification

5.1. Fickian diffusion of the ‘‘bound’’ water mass fraction

Preliminary calculations were made for short time exposure.
As mentioned above, the diffusion behaviour is Fickian in this
condition. In order to simulate this behaviour, b and Eu were set to
zero in the FE model. It has been assumed previously that the
‘‘bound’’ water mass fraction can be predicted by a Fickian
law whatever the temperature. With this first analysis both
coefficient of diffusion and solubility for Yb

e were determined by
fitting experimental and numerical curves of water sorption.



Particular attention was also paid to the Arrhenius existing
dependence concerning the coefficient of diffusion and the solubility.

Some attempts were necessary to find the best values for
coefficients to fit the mass uptake experimental curves (Fig. 1).
Numerical results are good for short time diffusion whatever the
temperature. But after 25, 60 and 400 h at, respectively, 70, 60
and 40 1C, Fickian diffusion does not allow the diffusion behaviour
to be correctly described. Fig. 8 displays the Arrhenius plot of D

and S as a function of temperature. Concerning the diffusion
coefficient, at 70 1C, it is assumed that as the glass transition of
the aged adhesive have been crossed, its dependence against
temperature change but have not been identified for higher
temperature during this study.

As the Fickian diffusion gives good prediction of the mass uptake
for short time exposure, the values of b and d are chosen
(respectively, 3�10�15 and 100) to cancel the non-linear effect
they can introduce on this initial sorption. They are also
independent on temperature. As a consequence, in Eq. (17), the
exponential term can be neglected (order of magnitude of Yb

e : 10�2,
Dbord: 10�9):

Yb
e ¼ S0þSuYu

e ð22Þ
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5.2. Non-linear diffusion of the ‘‘unbound’’ water mass fraction

The next step consists in introducing the function F and
finding a satisfying set of parameters Cu, Du, Eu and Su to predict
the sorption behaviour at 40, 60 and 70 1C.

Some calculations are made taking into account the Fickian
behaviour that has been identified in Section 5.1 as a function of
temperature. The better set of parameters is chosen to fit
experimental curves (Fig. 1). For example, to obtain an important
sorption as it is observed at 70 1C, it is advised to get small values
of Cu and Du and important values of Eu and Su (see physical
meaning of parameters in Section 4.4). Parameter’s values were
plotted as a function of the temperature (Fig. 9). It appears that
linear laws were sufficient to predict their evolution up to 70 1C.

Simulation gives good prediction of the diffusion behaviour in
adhesive specimen. At 40 1C we over estimate the water uptake at
long time exposure, while at 70 and 60 1C it is rather at short time
immersion. The evolution of diffusion parameters as a function of
temperature is linear up to 60 1C and clearly displays the glass
transition of the wet adhesive at this temperature where
coefficients suddenly change. At 25 1C the value of Eu is small
enough to consider the behaviour to be Fickian.
ln S = (-1.27x103)/T+ 7.9
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Fig. 10. Experimental and simulated swelling as a function of mass uptake during aging at various temperatures.
5.3. Limits of the model and possible improvements

The model gives a reasonable prediction of the swelling at
short time diffusion (Fig. 10). But for water uptakes upper than
10%, we underestimate the volumetric expansion. The hypothesis
of a linear behaviour of the swelling is not correct. It may be more
precise to define two swelling coefficient, one for the ‘‘bound’’
fraction of water, and another one for the ‘‘unbound’’ fraction.
Actually, this unbound part of water prevails at long time
exposure, and attributing it a more important swelling coefficient
should help giving a better description of the swelling behaviour.

Remark. If swelling coefficients are changed, it will be necessary
to find another set of parameters to fit the experimental curves.

To validate the model, additional fracture analyses are needed in
order to quantify the cavities on the entire surface and compare with
the ‘‘unbound’’ water fraction location. In addition, including a
complete temperature and water concentration dependent mechan-
ical behaviour law would also give the state of stress in the adhesive
during the diffusion. The final objective is to integrate this entire
model which takes into account the non-linear diffusion of water
and its effect of mechanical properties (gradients of properties), in a
finite element description of a bonded assembly to determine the
adhesive state of stress before the mechanical loading.
6. Conclusion

The study presented covers experimental work and phenom-
enological modelling of the diffusion of water as a function of
temperature in a structural adhesive dedicated to bonding.
Experiments have revealed that:

Diffusion behaviour is non-classical for temperature above
40 1C with important water uptake.
With 5% uptake, adhesive Tg decreases to 60 1C meaning that
the physical state and related diffusion kinetics change during
aging in water at 60 and 70 1C.
A cavitation phenomenon occurs during aging and is at the
origin of the important water uptake. Swelling caused by
ingression of water is the most probable consequence of water
diffusion to explain this development of cavities.

A model of diffusion is built on the ground of these observations.
Water content is divided into two parts: the ‘‘bound’’ water molecules
which diffuse in the adhesive matrix following a Fickian law and the
‘‘unbound’’ water which represents molecules in cavities.

Thanks to a relevant choice of functions and parameters, this
model is able to give good prediction of water uptake against root
time of immersion at various temperature, even if a deviation
concerning the evolution of volume have been recorded for
important mass uptake (410%).
7. Model summary

7.1. General framework

Water and polymer mass fraction

YpþYe ¼
mp

m
þ

me

m
¼ 1

Separation of water mass fraction between ‘‘bound’’ and
‘‘unbound’’ fraction

Ye ¼ Yb
e þYu

e

Mass balance

Jme

�!
¼�km Dgrad
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h i
�D0grad
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Transport equation
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Table 1

Temperature D (m2/s) S0 q (kg/m3) kl (kg s/m3) b (m2/s2) d Cu Du Eu (s�1) Su awater (m3/kg)

25 3.00E�13 3.39E�02 1180 1 3E�15 100 1600 15 1.00E�11 0.5 0.403

40 8.00E�13 3.90E�02 1180 1 3E�15 100 1500 40 4.00E�10 1 0.403

60 1.95E�12 5.08E�02 1180 1 3E�15 100 1200 90 1.20E�09 1.7 0.403

70 2.00E�12 5.93E�02 1180 1 3E�15 100 10 80 1.80E�09 1.8 0.403
Equilibrium relation (solubility) at water/adhesive interface

Yb
e þ

1

Dbord
f Yb

e

� �
¼ S0þSuYu

e

7.2. Identification

Transport equation

dYb
e

dt
¼�div �

km
r Dgrad

��!
Yb

e

h i
þ

kmbd
r grad

��!
e�dYb

e

h i� �
�

dYu
e

dt

Equilibrium relation

Yb
e þ

b
Dbord

ð1�de�dYb
e Þ ¼ S0þSuYu

e

Rate of water mass fraction entered in cavities

dYu
e

dt
¼ Eu 4CuYb3

e þ2DuYb
e

� �
e� CuYb4

e þDuYb2
e

� �
Parameter’s value to obtain results in Fig. 1 are shown in Table 1.
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