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This paper presents a methodology for predicting moisture concentration in an epoxy
adhesive under cyclic moisture absorption-desorption conditions. The diffusion char-
acteristics of the adhesive were determined by gravimetric experiments under cyclic
moisture conditions and the dependence of diffusion coefficient and saturated mass
uptake on moisture history was determined. Non-Fickian moisture absorption was
observed during absorption cycles while moisture desorption remained Fickian.
The diffusion coefficient and saturated moisture content showed variation with
absorption-desorption cycling. A finite element-based methodology incorporating
moisture history was developed to predict the cyclic moisture concentration. A com-
parison is made between the new modelling methodology and a similar method that
neglects the moisture history dependence. It was seen that the concentration predic-
tions based on non-history dependent diffusion characteristics resulted in
over-prediction of the moisture concentration in cyclic conditioning of adhesive
joints. The proposed method serves as the first step in the formulation of a general
methodology to predict the moisture dependent degradation and failure in adhesives.

Keywords: Cyclic moisture diffusion; Epoxy adhesive; Finite element user models

1. INTRODUCTION

Adhesive joining is an attractive alternative to conventional joining
methods, such as welding and mechanical fasteners, especially in the
aerospace and automobile industries. The benefits of adhesive bonding
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include: the ability to form lightweight; high stiffness structures;
joining of different types of materials; better fatigue performance;
and reduction in the stress concentrations observed with mechanical
fasteners or the effects on the adherend of the heat associated with
welding. However, concerns about the durability of adhesive joints still
hinders their widespread use in structural applications. Moisture has
been identified as one of the major factors affecting joint durability.
This is especially important in applications where joints are exposed
to varying moisture conditions throughout their useful life. Moisture
has an adverse effect on adhesive strength, which decreases with
increasing moisture content [1,2]. Plasticisation and swelling of
adhesives occur with moisture diffusion and are among the major
factors considered responsible for the changes in strength [3].

Fickian diffusion has been used by researchers to predict moisture
concentration in adhesives [4,5]. In Fickian diffusion it is assumed
that the moisture flux is directly proportional to the concentration
gradient in a material and, thus, the concentration of moisture at a
point in a plane sheet of thickness 2/ may be determined by

B % (2n + 1)nx
= < _722 cos2l> X Coo, (1)

where C, is moisture concentration at any time interval ¢, C, is the
saturated moisture concentration, D is the diffusion coefficient, and
x is the spatial coordinate. The mass uptake, M;, at any time interval,
t, obtained by integrating Eq. (1) over the domain, is given by

Z —D(2n+21)2ﬂ2t M (2)
— 4 x M.
M= \1-% (2n + 1)

Fickian diffusion is observed in polymers well above the glass tran-
sition temperature (T,) [6]. At temperatures below T,, a non-Fickian
moisture uptake is observed, where the diffusion process deviates from
Fickian behaviour after initial uptake. Several models have been sug-
gested to predict non-Fickian uptake behaviour [7-10] including a
dual Fickian model, which is based on two Fickian processes operating
in parallel [11]. The concentration at any point may be determined by

701<2n+1>2 (2n+4+ 1)nx
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where C;., and Co., are the saturated concentrations, D; and D, are
the diffusion coefficients, and [ is the length of the diffusion path.
The mass uptake for the dual Fickian model at any time, ¢, is given by

o0 —Dy(2n+1)222t
M, = 1—%2%@ Rz X M1
= 2n+1)
(4)

where M., and M, are the saturated masses and the sum of M.,
and M, gives the total saturated mass. The dual Fickian model is
largely phenomenological and, hence, does not provide an insight into
the mechanisms of anomalous uptake; however, it is a convenient
method of representing anomalous behaviour for modelling purposes.
Diffusion coefficient, D, and saturated moisture content, M, are fre-
quently determined using a single experimental moisture uptake curve
[9,12,13]. However, it has been observed that the diffusion in a polymer
is dependent on hygroscopic history. Lefebvre et al. [14] related the dif-
fusion coefficient in polymers to temperature, strain, and penetrant
concentration while considering a non-Fickian driving force and found
good correlation with experimental data [15]. Lin and Chen [16]
studied the moisture diffusion characteristics of a DGEBA/DDA epoxy
system by exposing it to a sorption-desorption-resorption cycle.
The desorption and second absorption were faster than the original
absorption, showing an increase in the diffusion coefficient. Also, the
equilibrium water content of the resorption process was greater than
the sorption process. This indicated that the material properties chan-
ged with moisture cycling. In service environments, where adhesives
are subjected to significant changes in humidity, the hygroscopic his-
tory has to be considered in order to determine accurately the moisture
concentration. This is necessary as it provides the basis for the determi-
nation of hygroscopic stresses, strength degradation, and failure and,
thus, should be incorporated in predictive modelling methods.
However, few attempts have been made to study the diffusion charac-
teristics of an adhesive under cyclic environmental conditions and,
hence, predictive models currently neglect moisture history effects.
The work presented in this paper characterises the diffusion beha-
viour of an epoxy adhesive over multiple absorption-desorption cycles.
The dependence of D and M, on cyclic moisture diffusion are studied
by experimentation and a model is proposed to predict diffusion over
multiple cycles. In the second part of the paper, a finite element
(FE) approach is used to introduce a methodology for the prediction
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of moisture concentration based on cyclic moisture-dependent
diffusion parameters. A comparison of the developed methodology
with a similar FE method in which moisture history is neglected
is presented, where both methods are used to predict the water con-
centration in a single lap joint exposed to cyclic humidity conditions.
This work serves as a first, and necessary step, in the development
of a cyclic aging strength prediction methodology.

2. CHARACTERISATION OF CYCLIC MOISTURE UPTAKE

The history-dependent moisture sorption properties of a rubber tough-
ened epoxy adhesive were determined experimentally. The adhesive
used was FM73-M (Cytec Engineered Materials Inc., Havre de Grace,
MD, USA) and comes with a polyester knitted carrier for support and
handling purposes.

Before preparation of the bulk samples, the adhesive was brought
to room temperature, in a desiccator, from its storage temperature of
—24°C. Bulk samples of 1-mm thickness were prepared by stacking
multiple layers of the adhesive film, each of 0.12-mm thickness.
During manufacture, the layers were compressed using a steel roller
to ensure that air trapped between the layers was released as this
helps to minimize the formation of voids during curing. The adhesive
layup was placed in a mould and cured in a hot press at 120°C for
1 hour [17]. The bulk samples of dimensions 60 x 40 x 1mm were
cut from the cured layup.

The moisture diffusion properties of the adhesive were determined
by the gravimetric method using the procedures and guidelines in
[18]. Before commencing the environmental conditioning, the bulk sam-
ples were dried in an oven at 50°C to constant weight. Two sets of three
samples were conditioned at 50°C, immersed in deionised water. This
temperature is well below the glass transition temperature of the
adhesive, which has been reported to be 99.7°C when cured at 120°C
for 1 hour [19]. The samples were subjected to three absorption-
desorption cycles in which the desorption was carried out in a dry oven
at 50°C until a constant weight was achieved. An AL204 electronic
balance from Mettler-Toledo GmbH, Laboratory & Weighing Technolo-
gies, Grelfensee, Switzerland, with 0.1 mg accuracy, was used to weigh
the samples at predetermined time intervals during conditioning.

The percentage moisture content in the bulk adhesive, m;, at any
time, ¢, is given by

mg —my

mi=———X 100, (5)
mi



19: 49 21 January 2011

Downl oaded At:

Modelling Cyclic Moisture in an Epoxy Adhesive 715

where m; is the mass of the specimen after initial drying and before

immersion and ms is the mass of

3. EXPERIMENTAL RESULTS

the specimen at a specified time, .

Figure 1 shows the average percentage mass uptake as a function of \/¢/1
from the absorption and desorption experiments. Repeatability of the
tests was good with a standard deviation of 11%. Considering the first
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FIGURE 1 Moisture absorption and

(b)

desorption curves for 1-mm thick FM73

bulk adhesive when conditioned at 50°C, immersed in water (a) mass uptake
by wt.% and (b) normalised mass uptake.
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moisture uptake, the rate of absorption is faster during the initial stages
of diffusion. At later stages, the absorption deviates from the initial
uptake trend and follows a different gradient. The overall diffusion coef-
ficient does not remain constant and changes with increasing concentra-
tion. After reaching an apparent equilibrium, the first absorption plot
shows a sudden increase in mass uptake at /#/I of approximately
28 /hr/mm. Similar behaviour has been reported previously [20] and
may be due to leaching of the adhesive during conditioning. In the later
stages of diffusion, swelling, chain scission, and micro-cracking of the
adhesive may occur. This can cause low molecular weight material to
leach out at later stages of diffusion. These mechanisms would be irre-
versible and, thus, no substantial effect would be observed in further
absorption cycles. The chemical composition of the polymer has a strong
impact on the diffusion properties. Hygroscopic polymers, such as
epoxies, have polar groups with strong affinity for water molecules and
the significant interaction between the moisture and the polymer can
result in a high dependence of D on concentration. It is clear from the
experimental observations that a Fickian diffusion-based absorption
model is inadequate in explaining the moisture uptake.

In the first desorption, diffusion takes place until a constant weight
is achieved as in a Fickian diffusion process. The desorption process is
clearly not the reverse of the absorption process. This is seen more
clearly in Fig. 1(b) in which nominal mass uptake is used and the des-
orption plots are included to allow direct comparison with the absorp-
tion plots. These results indicate a physical change in the polymer
structure during absorption. A constant D Fickian diffusion indicates
that free water removal was the major process in desorption. It was
also noted that the bulk adhesive samples achieved their original
weight after desorption and the desorption process was faster than
the absorption, which is a further indication of changing adhesive
structure due to moisture ingress. During the absorption process,
mechanisms such as chemical binding of water, swelling, and
micro-cracking take place whilst in desorption the diffusion of free
water is the dominant mechanism.

Full saturation was not achieved during absorptions as the samples
were conditioned for a predetermined time. M, and D were estimated
by least square fitting of a dual Fickian model to the experimental data.
The curve fitting was carried out in MathCAD using the genfit function,
which employs an optimised Levenberg-Marquardt method [21]. The
results of the dual Fickian curve fits are plotted in Fig. 2(a) and the
coefficients of the dual Fickian model are given in Table 1. Although
the dual Fickian model did not provide an exact curve fit to the first
absorption due to the presence of the secondary uptake, the fit is
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FIGURE 2 Curve fits of experimental moisture uptake for 1-mm thick samples
when conditioned at 50°C, immersed in water (a) absorption and (b) desorption.

considered adequate as the model provides a reasonable prediction of
the initial and final uptake and the secondary uptake requires further
study. Moreover, the dual Fickian model provides an excellent fit to the
resorption plots. The desorption process was modelled using Fickian dif-
fusion and it is seen in Fig. 2(b) that this provides a good fit to the des-
orption plots. The coefficients of the Fickian model are given in Table 2.

Summarising the absorption-desorption cycling, the absorption exhi-
bits non-Fickian behaviour while desorption follow Fickian diffusion.
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TABLE 1 Coefficients of Dual Fickian Model Determined by Curve
Fitting to Absorption Data

Diffusion cycle D, mmz/hr Do, mmz/ hr M, wt. % My, wt. %
1st absorption 3.51x1073 1.12x 1074 1.78 1.92
2nd absorption 6.04x10°3 1.62x10°* 2.32 1.68
3rd absorption 6.35x 1073 2.39x107* 2.23 1.97

2.5 A

D,/D,

05 1

1.5 A

D4/D,
-

0.5 4

TABLE 2 Coefficients of Fickian Model Determined by
Curve Fitting to Desorption Data

1.5 1

Diffusion cycle D, mm?/hr M, wt. %
1st desorption 421x1073 3.7
2nd desorption 5.39%x 1073 4.0
3rd desorption 5.39x 1073 4.2
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FIGURE 3 Changes in moisture diffusion characteristics for FM73 over
multiple absorption-desorption cycles (a) Dy, (b) D5, (¢) Dg, and (d) M.
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The secondary uptake behaviour observed during the first absorption
was not observed in further absorption cycles. The absorption-
desorption cycling caused an increase in D and M. In the dual Fickian
model, D; increased most between the first and second absorptions
while Dy showed a more linear increase over the absorption cycles, as
shown in Figs. 3(a) and (b) where D, is the absorption or desorption coef-
ficient during the first cycle. The desorption diffusion coefficient, D,
which was determined based on a Fickian diffusion model, increased
during the first and second cycle while no increase was observed during
the second and third cycles as can be seen in Fig. 3(c); M, increased
slightly during moisture cycling as shown in Fig. 3(d).

The diffusion parameters along with the cyclic moisture-dependent
properties were used to develop a new methodology for determining
the moisture concentration under cyclic humidity conditions, which
is presented in the next section.

4. PREDICTION OF CYCLIC MOISTURE DIFFUSION
4.1. Finite Element Approach

The finite element method (FEM) provides a means of predicting
moisture concentration in complex geometries with variable boundary
conditions and allows coupling with a mechanical analysis incorporat-
ing damage and failure predictive models [22—-24]. FEM is capable of
modelling transient moisture diffusion but many of the commercial
software packages lack a built-in capability for modelling moisture
diffusion or have limited implementations. The alternative is to use
a direct analogy between conduction heat transfer and moisture diffu-
sion. Solutions to the heat conduction equation are given in [25] and
correspondence between the equations of heat transfer and diffusion
is described in [26]. Diffusion is governed by Fick’s first and second
laws, which are given in Eqgs. (6) and (7):

aC
F=-D%° (6)
aC _92C

where F is the flux, D is diffusion coefficient, C is concentration, and
t is time. The corresponding heat transfer equations are given in
Egs. (8) and (9):

T

F= ox

(8)
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2
(e o
ot cp) Ox?
where T'is temperature, & is thermal conductivity, p is density, and c is
the specific heat. By comparing the above equations, diffusion may be
modelled by equating D with k£ and C with T. The p and ¢ may be taken
as unity for a system with a single material.

In order to incorporate the cyclic moisture dependency in a
predictive model, the empirical relationships of D and M., with
the number of diffusion cycles, n, were determined by least squares
curve fitting. As before, the curve fitting was carried out in
MathCAD and the results are shown in Fig. 3. The form of functions
used for curve fitting of D1, D4, and M, is given in Eq. (10) and that
for D, is given in Equation (11):

an® +c (10)
xe”", (11)

where a, b, ¢, x, and y are constants obtained by curve fitting and
given in Table 3.

The overall methodology for predicting cyclic moisture diffusion is
illustrated in Fig. 4. The FE model is assigned history-dependent
diffusion properties determined by experimentation. Since in-built
material models are not adequate for this purpose, a user subroutine
was implemented, which is described in the next section. The dual
Fickian diffusion may be determined by post processing the results
of two Fickian diffusion models. In the case of multiple cycles, the
moisture history and state of material from one analysis is transferred
to the next analysis by post processing routines and the analysis may
continue for any number of cycles. The detailed implementation of
the user subroutine is discussed in the next section.

TABLE 3 Constants Obtained by Curve Fitting for
Empirical Diffusion Characteristic Functions

Diffusion variable a b c
D, -0.8321 -3.056 1.832
Dy 0.2884 -11.7 1.288
M. 0.2144 0.4574 0.7856

x y
Dy 0.677 0.3814
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FIGURE 4 Methodology for modelling cyclic moisture diffusion.

4.2. Cyclic Moisture-Dependent Predictive Model

The cyclic moisture-dependent model was implemented in the
commercial finite element code ABAQUS. Subroutine, UMATHT,
is available in ABAQUS for introducing a user-defined material
and was used to implement the moisture history dependence. The
structure of the subroutine is illustrated by the flow chart in
Fig. 5. The moisture history of the adhesive was maintained during
the analysis by the use of scalar internal state variables, denoted
by SV. Three state variables were used: the first state variable
stores the moisture history in the form of absorption-desorption
cycles; the second variable stores the nature of the diffusion
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Inputs
1. Dy, Dy, Dy, My, Cyit, Volume (V)
2. Constants for moisture history dependent relationships
3. Flag variable (FV)

D, =an” +¢, D,=a,e™ D,=a;n

!

Calculate flux |

A 4

Is SV2
changed?

SV3=5V3 + % SV3=0
le I
YES
SV1=SVi+1
NO
End <

FIGURE 5 Structure of user-defined material subroutine UMATHT.

process, i.e., absorption or desorption; while the third state variable
records the amount of moisture diffused during a single absorption
or desorption.
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The moisture cycling is based on a minimum amount of moisture
absorbed in the adhesive that would change the diffusion characteris-
tics of the adhesive. The critical concentration is an input parameter to
the user subroutine, which is used to avoid minute fluctuations in
moisture concentration when determining completion of a diffusion
cycle. As the boundary conditions are changed, small changes in con-
centration may occur causing the user subroutine to determine many
diffusion cycles. Thus, an absorption-desorption cycle is established
when the moisture concentration at a point in the adhesive exceeds
a critical concentration upon change of boundary conditions. The
internal state variables were implemented as solution-dependent
variables.

The history dependence of diffusion characteristics is incorporated
by using the relationships developed in Section 3. The user subroutine
uses a flag variable (FV) to determine the appropriate diffusion coeffi-
cients in the case of dual Fickian diffusion, where two parallel Fickian
models were used to obtain the total moisture diffusion. The moisture
history is transferred between sequential analyses by using a Python
script and the SDVINI subroutine. SDVINI is an ABAQUS subroutine
for initiating state variables.

5. COMPARISON OF MOISTURE PREDICTION
METHODOLOGIES

In this section, two cases of multiple absorption-desorption in an
adhesive joint are considered in order to illustrate the effect of
including the cyclic moisture absorption on the prediction of moisture
concentration. In the first case, the diffusion parameters are based
on a single absorption curve while diffusion parameters determined
from multiple absorption-desorption cycles are used in the second
case, which incorporates the effects of the changes in D and M, dur-
ing cyclic diffusion. The history dependence of diffusion parameters
is implemented via the developed user subroutines.

A single lap joint was modelled with aluminium adherends bonded
by adhesive FM73. Diffusion was assumed to be taking place through
the bulk adhesive only; i.e., no interfacial diffusion was considered.
However, where appropriate, interfacial diffusion can be included in
the proposed modelling approach by introducing a thin layer with
higher diffusion coefficient at the interface. Using symmetry, only
one quarter of the adhesive layer was modelled. The adherends, as
non-absorbing, did not need to be explicitly included in the model
and are represented only by an insolubility boundary condition. Fillets
were also not included in the model as they would not affect the
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FIGURE 6 Single lap joint geometry with finite element mesh of the adhesive
layer used for modelling the cyclic moisture diffusion.

comparative study. The boundary conditions were applied in the form
of normalised moisture concentration and specific boundary conditions
for each case are discussed later. A refined mesh with 0.3 x 0.3 mm,
four node, linear 2D quadrilateral heat transfer field elements was
used. Figure 6 illustrates the geometry of the single lap joint and
the meshing of the adhesive layer.

Four cyclic conditioning environments, with absorption or deso-
rption times of 1200, 2400, 4800, and 9600 h, were considered and each
conditioning environment consisted of three absorption-desorption
cycles. A typical multi-cycle conditioning environment is shown in
Fig. 7, in this case with absorption and desorption cycles of 2400 h.

5.1. Case I: Predictive Modelling Using Diffusion Parameters
Based on a Single Moisture Uptake Curve

The diffusion coefficients determined by curve fitting a dual Fickian
diffusion model to the first experimental absorption data were used
to predict concentration in the adhesive layer after multiple
absorption cycles. The boundary conditions were applied in the form
of normalised moisture concentration (C/C,). The dual Fickian model
was implemented by running two sequential analyses with D =D; and
D=D; and a script was used to add the concentration at each
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FIGURE 7 Cyclic moisture conditioning environment for finite element
modelling.

integration point, providing the dual Fickian moisture uptake. The
absorption cycles were followed by desorption cycles, which were based
on a Fickian diffusion model. The first diffusion coefficient obtained
for the dual Fickian model, D, was used to predict the desorption.
The concentration predicted in the first step was used as the initial
concentration for the next analysis step. The analysis continued until
the completion of the required environmental cycling.

Figure 8 compares concentration profiles after the first absorption
for the four conditioning environments, the plots showing concentra-
tion at the centre of the adhesive layer (as illustrated in Fig. 6). It
can be seen that the amount of absorbed moisture increases with
absorption time; however, saturation is still not reached even after
9600 h of absorption. Figure 9 plots the moisture concentration in
the adhesive layer after the first desorption cycle and shows that some
moisture remains in the adhesive layer at the end of the desorption for
all cycle times. The amount of moisture is a maximum at the centre of
the overlap except for the desorption cycle of 1200 h. The diffusion pro-
cess is governed by the moisture activity in the adhesive layer. At the
start of the desorption, there is a high concentration gradient in areas
close to the edges of the joint because saturation was not achieved dur-
ing the previous absorption. This drives diffusion towards the centre of
the overlap, in addition to the drive for diffusion towards the edges of
the adhesive caused by the introduction of the “dry” boundary condi-
tion. Thus, during the initial stages of the desorption, both absorption
and desorption processes are occurring simultaneously in different
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FIGURE 8 Moisture concentration in the adhesive layer after first absorption
cycle.

areas of the adhesive layer. Desorption from the overlap centre starts
only after a higher concentration in the surrounding material is
achieved. Owing to this simultaneous absorption and desorption dif-
ferent parts of the adhesive may be subjected to different diffusion
rates. Figure 10 shows a typical desorption process where the adhesive
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FIGURE 9 Moisture concentration in the adhesive layer after first desorption
cycle.
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i
£y 5
0

FIGURE 10 Contour plots of normalised moisture concentration in the
adhesive layer during a typical desorption process. Localised concentration
gradients result in simultaneous absorption and desorption in different areas
of the adhesive layer. Arrows indicate direction of moisture transport.

layer is not fully saturated at the start of the desorption. As the
desorption cycle starts, diffusion to the middle of the adhesive
layer continues from the surrounding high concentration areas. This
continues until the centre of the adhesive layer achieves a higher
concentration than the surrounding material because of moisture
transport towards both the edges and centre from this region.

The experimental results, as shown in Fig. 1, showed that
desorption was faster than absorption and, thus, the residual moisture
predicted in the adhesive layer using an absorption-based diffusion
coefficient will tend to result in an over-prediction of the moisture
concentration. Figure 11 compares the moisture concentration in the
adhesive layer after repeated cycles of 4800 h and it can be seen that
the moisture concentration increases with each absorption cycle.
As the values of D and M, remain constant between diffusion cycles,
the increase in moisture concentration can be attributed to the
residual moisture left in the adhesive after each desorption process.
The amount of residual moisture also increased after each desorption
as the moisture accumulated over desorption cycles; however, the
increase in residual moisture becomes less with increasing number
of cycles. The increase in residual moisture can be attributed to the
fact that the adhesive layer did not achieve saturation during absorp-
tion and moisture flowed towards the centre of the adhesive layer from
surrounding areas during subsequent cycles. The residual moisture in
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FIGURE 11 Moisture concentration in the adhesive layer after absorption-
desorption cycles of 4800 h each.

the adhesive layer is reduced when the cycle time is increased to
9600 h, as shown in Fig. 12. Owing to the increased absorption time,
less residual moisture is predicted in the adhesive layer during each
desorption of 9600h. As water distribution in the adhesive layer is
more homogeneous than with the 4800 h cycles, the difference between
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FIGURE 12 Moisture concentration in the adhesive layer after absorption-
desorption cycles of 9600 h each.
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residual moisture at the centre of adhesive layer after repeated cycles
is greatly reduced.

5.2. Case IlI: Predictive Modelling Using Diffusion
Parameters Based on Multiple Diffusion Cycles

To demonstrate the effects of history-dependent diffusion characteris-
tics on moisture concentration prediction, the modelling methodology
described in Section 4.2 was applied to a single lap joint subjected to
the same environmental conditions as that for Case I in Section 5.1.
Figure 13 compares the concentration profiles at the middle of the
adhesive layer for the 4800h cyclic conditioning environment. The
predicted concentration after the first absorption processes is similar
for both Case I and II, as seen by comparing Figs. 11 and 13, since
the diffusion coefficients are the same for the first absorption. How-
ever, because of the faster desorption, the amount of residual moisture
after the first desorption is less in Case II than in Case I. The moisture
concentration after the second absorption was higher in Case II even
though the amount of the residual moisture was less at the start of
the absorption than in Case I. This was because of the effect of using
moisture-dependent absorption coefficients. The third absorption, in
Case II, also predicted a higher moisture concentration than in Case I.

In the case of 9600 h cycles, the moisture concentration in the first
absorption is the same in both cases, as may be seen in Figs. 12 and 14.
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FIGURE 13 Moisture concentration in the adhesive layer, using multi-cycle
model, after absorption-desorption cycles of 4800 h each.
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FIGURE 14 Moisture concentration in the adhesive layer, using multi-cycle
model, after absorption-desorption cycles of 9600 h each.

In the second absorption, higher moisture concentration is predicted
in Case II than in Case I and the moisture absorption predicted after
the third absorption is also higher in Case II than in Case I, which is
consistent with the predictions with the 4800h cycles. The residual
moisture after each desorption is also lower in Case II than in
Case 1. The longer cycles also result in lower residual moisture at
the end of the desorption cycles.

6. DISCUSSION

Moisture cycling affects polymers in several ways including: the
increased free volume due to swelling [16], the reaction of water with
the polymer, leaching of material, micro-cracking, and the progressive
damage mechanisms. Carter and Kibler [27] suggested that water in a
polymer can exist in free or bound states. If there are chemical reac-
tions between the polymer and the water, the water becomes attached
to the polymer and is not free to move, whereas, the water present in
the free volume of the polymer is free to move. The free volume exists
in a polymer due to the gaps between the polymer chains and depends
on the density and physical state of the polymer. The diffusion of water
in a polymer depends on the available free volume within the polymer;
a higher free volume results in a higher capacity for absorption of
water. A Langmuir-type model was suggested by Carter and
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Kibler to predict the moisture concentration, which has additional
parameters to those used in Fickian diffusion; the probability that
bound water may be released and the probability that free water
may become bound. It has also been suggested that during initial
moisture uptake, the moisture enters the free volume of the polymer,
which does not cause swelling of the polymer [28]. During later stages,
when most of the free volume is filled, the absorbed moisture distorts
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FIGURE 15 Normalised moisture concentration at the overlap centre after
absorption for (a) 4800 h and (b) 9600 h conditioning.
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the polymer network and causes swelling. As the polymer swells,
additional free volume may become available for diffused water.

It may be seen from Fig. 3 that the absorption-desorption cycles
affect D and M, in a different manner. The rapid initial uptake of
water by the adhesive may occur as water occupies the free volume
of the adhesive. In later stages of sorption, swelling of the adhesive
occurs and a lower value of D is observed. In addition to swelling,
the interaction of water may also cause micro-cracking and chain
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FIGURE 16 Normalised moisture concentration at the overlap centre after
desorption for (a) 4800h and (b) 9600 h conditioning.
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scission of the adhesive, resulting in more sites for absorption
becoming available. During the desorption, a Fickian diffusion curve
indicates that free water diffusion is the predominant process as any
bound water is less able to detach due to the chemical attachment.
However, it is also possible that chain scission can lead to mass loss
by leaching of the adhesive [29].

Comparison of the modelling methodologies where the effect of
hygroscopic history is ignored (Case I) and included (Case II) show
that the predicted moisture concentrations were different in both
cases. This is true for absorption as well as desorption cycles. The pre-
dicted concentration after absorption in Case II either increases or
stays the same between cycles and has no clear trend under different
absorption times, as shown in Figs. 15(a) and (b). Thus, the amount of
moisture in the adhesive layer, along with history-dependent diffusion
coefficients, present a unique diffusion situation in each absorption
cycle, which is difficult to predict based on a general pattern.

In general, the desorption cycles in Case II predicted a lower resi-
dual moisture at the end of each cycle than Case I, as can be seen in
Figs. 16(a) and (b). This is the result of the use of moisture-dependent
diffusion coefficients, which increase with each desorption cycle. The
lower predicted moisture when using history-dependent moisture
uptake may mean that higher strength is retained by the adhesive
after desorption. The residual moisture in Case I and Case II followed
the same trend as it either increased or remained the same. This is
true for the 4800 h cycle as well as the 9600 h cycle.

7. CONCLUSIONS

The experimental investigation of cyclic moisture diffusion showed
that the absorption of moisture in the adhesive is a non-Fickian pro-
cess and the rate of absorption varies with the moisture history of
the adhesive. Desorption is a Fickian process; however, the rate of des-
orption increases with moisture cycling. M, increased because of
moisture cycling. The observed change in the nature of the absorption
and desorption processes with cycling indicates that the structure of
the adhesive is changed by moisture absorption.

A comparison of moisture predictions based on diffusion parameters
from a single absorption curve (Case I) and history-dependent
diffusion parameters (Case II) revealed that the amount of residual
moisture predicted in Case I is always greater than in Case II. If equi-
librium is not reached during a cyclic situation, localised desorption
and absorption processes occur in the adhesive layer and the use of
the corresponding diffusion coefficients is necessary for a correct
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moisture prediction. Neglecting the moisture history-dependent
diffusion coefficient can result in over or under prediction of moisture
during absorption. Since the diffusion rates in absorption and deso-
rption are different and also have different dependencies on moisture
history, it is necessary to use a methodology including moisture
history for accurate prediction of degradation and residual joint
strength of environmentally cycled adhesive joints.
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