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MODELLING INTERFACIAL DEGRADATION USING
INTERFACIAL RUPTURE ELEMENTS

W. K. Loh

A. D. Crocombe

M. M. Abdel Wahab

School of Engineering (H5), University of Surrey, Guildford, UK

I. A. Ashcroft

Wolfson School of Mechanical and Manufacturing Engineering,
Loughborough University, Loughborough, UK

Reliable predictive modelling of the environmental degradation of adhesively
bonded structures is required for a more widespread use of this joining technique.
Recent durability modelling has coupled moisture diffusion and stress analysis,
where the joint response is controlled by continuum degradation of the adhesive.
Houwever, the joint response is more commonly controlled by degradation of the
interface. Current research extends existing durability modelling to include inter-
facial degradation and failure. Experimental studies have been undertaken to pro-
vide the moisture uptake parameters and moisture-dependent properties, both for
the constitutive behaviour of a bulk epoxy and for the fracture energy of an epoxy—
steel interface that has been exposed to various uptake levels of moisture. The
mixed mode flexure (MMF) test was used to determine the interfacial strength.
It was found that the interface fracture energy reduces with increasing interfacial
moisture concentration. Interfacial rupture elements were developed to model the
complete progression of damage within a joint from a single FE analysis. These
rupture elements were formulated for mixed mode conditions and followed a sep-
aration law that used the fracture energy and the tripping strain as the controlling
parameters. The role of these parameters was investigated, and it was shown that
as long as there is a continuous process zone these elements respond well. This can
be achieved as long as the tripping strain remains below a (mesh-dependent) criti-
cal value. Moisture-dependent fracture energies and tripping strains were then de-
termined by calibration using the initial crack length data from the MMF
specimens. These parameters were subsequently used to predict the response with
increasing crack length, and excellent predictions were obtained.
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INTRODUCTION

One of the main causes of strength reduction in adhesively bonded
joints is the degradation due to a hostile environment, such as moist-
ure and temperature. The lack of suitable predictive models for such
degradation has impeded the wider application of adhesive technology.
Using a dedicated predictive modelling methodology can lead to more
reliable estimates of the residual strength after prolonged service ex-
posure. A number of models have been proposed to predict the residual
strength and life expectancy of adhesively bonded joints exposed to ag-
gressive environments. The approaches used include mechanistic,
nonmechanistic (both used in conjunction with stress analysis or frac-
ture mechanics), correlation, and extrapolation, as illustrated in
Figure 1.

A mechanistic approach involves predicting the loss of joint
strength based upon a detailed knowledge of the kinetics and mechan-
isms of the environmental attack. The mechanisms of degradation are
related to the chemical reactions of the absorbed water with the

Mechanistic Approach J [ Nonmechanistic Approach '
Stress Analysis and Fracture
Mechanics
’———’[ Durability Prediction ]1—
{ Correlations 1 ( Extrapolations J

FIGURE 1 Different models proposed for predicting the durability of
adhesively bonded structures.
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adhesive and substrate materials such as hydrolysis (cohesive degra-
dation), oxidation (weakening of the oxide layer of the substrate),
and cathodic delamination (hydrolytic attack on a boundary of the
interface). The relations of these mechanisms with moisture con-
centration and with the mechanical properties are necessary to
characterise the degradation. This can subsequently be utilised in pre-
dictive modelling based on stress analysis and fracture mechanics.
This approach is still in the developmental stage, as characterising
the chemical degradation rate [1] on exposure to moisture is difficult.

The nonmechanistic approach [2] is different from the mechanistic
approach in that the actual details of chemical degradation mechan-
isms are not required. The degradation of mechanical properties are
characterised using a range of tests, and these properties are explicitly
related to the moisture level. Generally, it is assumed that degradati-
on is instantaneous. These form the moisture-dependent mechanical
properties that are used in durability modelling. The moisture dif-
fusion profiles across the adhesive layer can be determined using
Fickian or non-Fickian diffusion models. Stress or fracture mechanics
analyses can be used to predict the residual strength. This approach
has been used with much success in determining cohesive degradation
of the adhesive. However, it has not yet been fully used to characterise
interfacial degradation.

The correlation approach [3, 4] is a simple algebraic expression
relating the loss of joint strength with any physical or chemical
changes in the adhesive, for example, the loss of joint strength with
moisture level, hardness, swelling, or change in colour of adhesive
after exposure to a moist environment. This correlation is only appli-
cable to a limited range of adhesives and conditions. A large amount
of experimental data and statistical analysis are necessary to ensure
good correlation is obtained. Hence, this method is limited to those
adhesive systems that show strong correlation characteristics.

The extrapolation and interpolation approach [5] generally employ
mathematical functions of accelerated test data that relate degra-
dation and exposure time to predict the joint strength under service
conditions. The accelerated degradation is obtained by exposure to
high humidity and temperature. In some cases, the accelerated
condition causes abnormal degradation mechanisms that do not occur
in normal service conditions. As a result, this can seriously underesti-
mate the durability of bonded structures.

Among these approaches, the nonmechanistic approach is suitable
for numerical modelling, as the degradation is directly related to the
moisture concentration. This can be achieved using sequential or fully
coupled diffusion—-mechanical analysis.
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A durability framework for an environmentally degraded ad-
hesively bonded structure has already been established [2], as shown
in Figure 2. The flow of the framework outlines the important degra-
dation modes and controlling parameters that are needed for
durability modelling using a nonmechanistic approach. The moisture
diffuses into the bonded joint through bulk and interfacial diffusion.
Whether transported through the bulk or along the interface, the
moisture then degrades both the adhesive and interface, thus affecting
the failure criteria. The stresses developed as a result of external or
internal loadings can affect the degradation, and the degradation in
turn can affect the stress distribution. The coupling effect of the
dependencies of degradation is complex and difficult to isolate. If all
the modes of degradation have been characterised, the controlling
parameters and failure criteria of the bonded joint can be formed
and used in predictive modelling.

The modelling can be divided into distinct sections; bulk degra-
dation and interfacial degradation. Modelling bulk degradation using
finite element analysis has been successfully implemented utilising
degradation parameters such as bulk diffusion and moisture-depen-
dent constitutive properties in stress analysis. Crocombe [2] first
presented durability modelling of a lap joint using the nonmechanistic
approach where a full nonlinear coupled diffusion—mechanical analysis
was undertaken to study the response of FM1000 adhesive (Cytec

Moisture Load Moisture
v

A

£ Bulk Diffusion 14 --------------------- ] frommmmnm e :l Interfacial Diffusion j

Stress

{ Bulk Degradation 14 -------- i ] e L eeeneen Interfacial Degradation J
< N —:{

Adhesively Bonded Structures

h 4

> Failure Criteria w‘r

{Residual Strength and Service Life Prediction J

FIGURE 2 Durability framework for environmentally degraded adhesively
bonded joints.
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Industries, West Patterson, NJ, USA) after exposure to moisture.
Hambly [6] investigated the durability of steel-E32 (Peruaboud,
Eastleigh, UK) butt joints using a three dimensional FE model. Wahab
et al. [7] used coupled diffusion—mechanical analyses to study the
durability of single lap and butt joints, with residual strain taken into
account.

However, modelling interfacial degradation and damage has not
received as much attention, even though this is the most critical mode
of degradation. Fracture testing is the most common method of char-
acterising the interfacial strength. Chang et al. [8] evaluated the inter-
facial fracture energy of an epoxy/steel joint after exposure to a moist
environment and found that it reduced as the moisture content
increased. Spelt and Wylde [9] and Wylde and Spelt [10] studied the
fracture strength of two epoxy adhesives using double cantilever
beams (DCB) after exposure to a moist environment. Moidu et al.
[11] investigated the fracture energy of two aluminium-epoxy peel test
systems under moisture attack. Jackson et al. [12] performed the 90°
peel test to characterise the fracture energy over a range of relative
humidities. In general, a reduction of fracture energy with increasing
moisture content is found. An attempt has been made to use an ana-
Iytical failure criterion to predict the residual joint strength [13]. How-
ever, its application is somewhat limited because the failure criterion
consists of parameters that are not applicable to other systems.

Another approach is actually to model the separation of material
and crack propagation based on the fracture energy of the interface.
There are three categories of modelling separation of materials [14];
a cohesive crack approach, crack band approach, and nonlocal con-
tinuum approach (damage mechanics). In the crack band approach,
the fracture process zone is modelled within a layer of continuum ele-
ments having a finite height. The evolution of damage within that
layer of elements is controlled by a constitutive model with softening
formulated using the dissipation energy [15-17]. In the nonlocal con-
tinuum damage models, the entire fracture process zone is explicitly
modelled. However, it has only been demonstrated on small-scale
structures [14]. A fine mesh is required around the fracture process
zone for both the crack band and the nonlocal continuum approaches
in order to obtain good results [18, 19]. This generally results in high
computational cost. These two methods are suitable for modelling
cohesive damage but not interfacial debonding. This is because the
height of the fracture process zone is not small, and it is difficult to
form a traction free surface once the crack has propagated.

In the cohesive crack approach, the assumption is made that
the fracture process zone height is negligibly small and it has
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traction-transferring capability. The energy dissipation within the
fracture process zone is controlled by a defined force-displacement sep-
aration law. This can be efficiently modelled in FEA using interface
elements. This concept was pioneered by Hillerborg et al. [20]. The
algorithms for crack propagation using a cohesive crack approach
can be divided into two different techniques. These are the “remesh-
ing” and “nonremeshing” techniques for unknown and known crack
paths, respectively. Remeshing, after the formation of a new crack
face, avoids mesh distortion and maintains good mesh around the
crack tip for subsequent solutions [14]. Nonremeshing techniques
are applicable when the crack path is known a priori, such as a crack
along the interface of a bimaterial system. Needleman [21, 22] and
Tvergaard and Hutchinson [23] developed an interfacial separation
law to analyse crack growth problems of bimaterial systems in
small-scale structures. Ungsuwarungsri and Knauss [24] studied the
different separation laws for modelling damage in composites and
adhesives. Shirani and Liechti [25] and Hadidimoud et al. [26] de-
veloped an interface element based on a separation law developed to
model the debonding of a bonded joint. These may be developed to
model the progressive damage along an environmentally degraded
interface. Such work has not been found in the literature.

The main objectives in this research are to assess the interfacial
strength parameters and to create a predictive modelling technique
for interfacial degradation in adhesively bonded structures. They
include experimental characterisation of the moisture diffusion para-
meters, moisture-dependent constitutive properties, and the interfa-
cial fracture energy. The interfacial strength was determined using
a mixed mode flexure (MMF) test configuration over a range of moist-
ure exposures. An interfacial rupture element was developed to model
progressive crack propagation based on the cohesive zone approach.
This rupture element was incorporated into a finite element code to
predict the response of the MMF where the controlling parameters
are determined over a range of moisture levels. Some aspects of this
experimental work have been reported elsewhere [27] and are only
summarised briefly in this article.

MATERIALS AND AGEING ENVIRONMENTS

The adhesive used, Araldite AV119, is a one-component rubber-
toughened epoxy adhesive produced by CIBA Polymers (Vantico,
Duxford, UK). The curing condition used for AV119 was a temperature
of 120°C for 2h. Three moisture environments, 81.2% relative
humidity (RH), 95.8% RH, and full water immersion, were considered.
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Saturated salt solutions were used to generate the two relative humid-
ities; whereas distilled water was used for the full immersion. Various
levels of moisture content were achieved by removing the specimens
from the ageing chambers at times up to and including saturation.
Moisture levels in bulk specimens that were partially saturated were
identified by their average moisture concentration, whilst in joint
specimens they were identified by the moisture concentration at the
interface. The ageing environment chambers were placed in an oven
at 50°C and were monitored closely with a digital hygrometer to
ensure that the desired environment had been achieved. The joint sub-
strates used were mild steel, treated with an alumina grit blast and an
ultrasonic degrease.

MOISTURE UPTAKE AND TENSILE TESTS

The rate of degradation of adhesively bonded structures is governed by
the moisture uptake. It is necessary to model the moisture diffusion
correctly in order to predict the residual strength of an adhesively
bonded structure. The moisture uptake response of 0.8 mm thick films
of AV119 were determined using a gravimetric approach. The moist-
ure content (mwt,) in a bulk adhesive can be calculated at any ex-
posure time using Equation (1), where M, is the initial weight of the
dry bulk specimens and M; is obtained from the subsequent periodic
weighing of the exposed bulk specimens:

M, — M,
tTo x 100% (1)

mwt; =
Figure 3 shows the percentage moisture content as a function of
\t/2, where ¢ is the time of exposure and [ is the half thickness of
the bulk adhesive film. It can be noted that, in all cases, the rate
of mass uptake was greater at the beginning of the exposure and
gradually diminished as the moisture content approaches the satu-
ration level. The saturation level increases with relative humidity as
expected [28-30]. A saturation level (mwt.) of 3.06%, 5.01%, and
7.6% was recorded for 81.2% RH, 95.8% RH, and full water immersion,
respectively.

Fickian diffusion is commonly used to model the diffusion behaviour
of moisture into adhesive polymers [31]. Considering the one-dimen-
sional case, the analytical solution giving the temporal and spatial
moisture concentration (c¢) at time ¢ and distance x from the mid-plane
is shown in Equation (2), where c,, is the maximum equilibrium
moisture concentration and D is the Fickian diffusion coefficient. As



09: 07 22 January 2011

Downl oaded At:

1142

Moisture Content, mwt, (%)

W. K. Loh et al.
9 v e St o + T T T T T T T T
® 81.2% RH
gl * 958%RH R
1 © Water G
7 _
64 ]
54 0 L e
44 N
34 A ez i
24+ A
+ 0.8 mm thick bulk AV119
14 dash lines - Fickian diffusion .
1 solid lines - Dual stage Fickian diffusion 4
0 I e o e T S e s e e
0 1x10°  2x10°  3x10°  4x10°  5x10°  6x10°  7x10°  8x10°

Y (1)

FIGURE 3 Experimental, single Fickian and dual-stage Fickian diffusion
data for 0.8 mm thick specimen for the range of ageing environments.

it is experimentally difficult to measure moisture concentration at a
point in the medium, the expression is integrated giving the fractional
mass uptake (mwt;/mwt.,) as a function of time in Equation (3). This
equation can be used to model the moisture uptake. Equation (4) is a
simplified form of Equation (3) that is used to determine the Fickian
diffusion coefficient. This equation is a close approximation to
Equation (3) up to a fractional mass uptake of about 60%:

4]2 2l

- %i (;1)" exp l—D(2n + 1)27121,‘] cos((zn + l)nx), @

mwt; 8 & 1 —D(2n + 1)%n%t
= 1 _—
muwts 2 r;) (2n + 1)® x [ 412 ’ (3)
mwt; 2 lﬁ (4)

mwt, LV =w
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The experimental data are fitted with a Fickian diffusion model. These
predicted results (dashed lines) are shown in Figure 3. From this fig-
ure, it can be seen that the standard Fickian diffusion model with con-
stant diffusion coefficient failed to reproduce the experimental uptake
fully. The Fickian diffusion overpredicts the experimental results after
the initial linear uptake region. This observation has also been
reported elsewhere [32, 33]. This suggests that the uptake is anomal-
ous. In order to fit the uptake, a dual-stage Fickian diffusion model
was employed.

The dual-stage Fickian diffusion model consists of two standard
Fickian diffusion models in parallel. Both of the standard Fickian dif-
fusion models have their own diffusion coefficients (D, and D) and
saturation levels (mwt,, and mwits,,). The sum of each saturation
level gives the total saturation. A least-mean—square approach, to-
gether with a univariant search method [34], were developed to obtain
the best-fit diffusion parameters (D, Dy, and mwt,,,) for the experi-
mental results. The experimental results were first converted into
polynomial functions, which were needed to implement the least-
square fit over the uptake curve. The diffusion parameters from the
fitting processes are listed in Table 1. The dual-stage Fickian model
results for each moisture uptake experiment (solid lines) are also
shown in Figure 3. The results show an excellent fit to the uptake be-
haviour in all cases. The first Fickian diffusion is fast and could result
from the moisture diffusing into existing voids available in the micro-
structure. The second stage uptake is slower and could result when
volumetric swelling occurs and voids enlarge slowly. This argument
is supported by the swelling behaviour observed [35].

Moisture-dependent mechanical properties of environmentally aged
bulk AV119 were determined using uniaxial tension tests. The dog-
bone specimens were exposed to the same ageing environments for a
range of exposure times. After exposure the specimens were tested
using an Instron 5500 test machine (Instron, High Wycombe, UK)
with a 5 kN load cell. Testing was conducted in an ambient laboratory
environment at a constant crosshead speed of 0.5 mm/min. The moist-
ure-dependent elastic moduli extracted from these tests are shown in

TABLE 1 Dual-stage Fickian Diffusion Parameters for 0.8 mm Thick AV119

Ageing environment D, (m?/s) Dy (m?/s) muwtq (%)
81.2% RH 100.0 x 10714 11.0x 10714 1.071
95.8% RH 100.0 x 10714 14.0 x 10714 1.503

Water 100.0 x 1014 5.0x 10714 1.824
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FIGURE 4 Moisture-dependent constitutive properties of AV119.

Figure 4 as a function of fractional mass uptake based on a saturation
value of 7.60%. The elastic modulus shows a steady and significant re-
duction to 38% of its dry value. It is believed that the reduction of elas-
tic modulus is due to the disruption of the hydrogen bond between the
molecular chains and hydrolysis degradation (chain scission) in the
adhesive. Another mechanism is the increased creep response that will
occur as the moisture is absorbed. However, as the testing has been
carried out significantly below the glass transition temperature of
the saturated adhesive, it is believed that creep deformation will not
be significant. The moisture-dependent elastic moduli were used for
durability modelling to incorporate the effect of cohesive degradation
of the adhesive.

INTERFACIAL FRACTURE ENERGY

The MMF configuration, shown in Figure 5, was employed in the
present work to assess the interfacial strength after long-term
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FIGURE 5 Details of the MMF specimen.

exposure to moisture. The MMF specimen was loaded in three-point
bending, and the mode mixity maintained the failure locus on the
interface. The steel substrates were bonded with a 0.4mm thick
adhesive layer. A 20 mm precrack was introduced at the epoxy-steel
interface using a Teflon™film. The thicknesses of the MMF substrates
were sufficient to prevent them from yielding during testing. Prior to
bonding, the substrates were grit blasted and subjected to ultrasonic
cleaning in acetone. Subsequently, a layer of adhesive was cast on
the steel substrate, forming an open-faced specimen. Before ageing
the adhesive, two layers of a proprietary metal primer paint were ap-
plied around the in-plane perimeter of the steel/epoxy bond line to
avoid moisture ingress and premature cathodic delamination at the
exposed interface. Controlled levels of moisture content in the joint
were obtained by determining the exposure times of the open-face spe-
cimens from the separate gravimetric moisture uptake tests of the ad-
hesive film. The interfacial moisture concentrations were determined
analytically using the dual-stage Fickian diffusion model. The levels
have been expressed in terms of an equilibrium saturation
Coo = 71.60%. After exposure, the adhesive layer of the open-faced speci-
men was lightly abraded with emery paper, wiped with acetone, and
bonded to the lower substrate with Araldite®™ 420A/B (Vantico,
Duxford, UK). This is known as the secondary bond. Instead of curing
the secondary bond at room temperature for one or two weeks (which
might cause further degradation or strength recovery), curing was
accelerated by placing the joint in the corresponding environmental
conditioning chamber (i.e., 81.2 or 95.8% RH) for 10h at 50°C. This
was shown to result in full secondary bond strength. For water immer-
sion, the secondary bond is cured at room temperature for a week.
Further details of this experimental work can be found elsewhere [27].
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FIGURE 6 Experimental (markers) and predicted (lines) failure loads of the
MMF specimens at different crack lengths.

The resulting MMF specimen was loaded in three-point bending at
a displacement rate of 0.05 mm/min. A test control was set to detect
the small drop in initial peak load that occurred as the crack extended.
On detection, rapid unloading was applied to avoid further crack
propagation. Then the specimen was reloaded again at the same
speed. During this reloading process, the crack length corresponding
to the fracture load just recorded was measured using an in situ video
microscope. This test cycle was repeated and multiple crack propaga-
tions were obtained for the MMF specimen.

The failure loads at different crack lengths of the MMF tests are
shown in Figure 6. The peak load at crack length 20 mm decreased
as the interfacial moisture concentration in the adhesive increased.
The failure load also reduced as the crack length increased. The crack
lengths obtained were approximate, as the formation of voids and
small crack openings made exact measurements difficult. Figure 7
shows a plot of failure load against moisture concentration at the
interface for a 20mm crack length. The fracture load was reduced
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FIGURE 7 Variation of initial peak load (at 20mm crack length) and the
interfacial moisture-dependent fracture energy of steel/AV119 interfaces as
a function of interfacial moisture concentration.

by 80% of the initial dry joint fracture load as the joint saturated with
moisture. The sharp reduction of the fracture load at modest interfa-
cial moisture concentrations indicates the sensitivity of interfacial
degradation to moisture. Beyond 0.4c.., the degradation gradually
diminishes, approaching a possible threshold residual strength. The
fracture load appears to be a unique function of interfacial moisture
concentration even when the joints were exposed to different environ-
ments and for different exposure times. The exposure times and envir-
onments used to obtain the interfacial moisture concentrations seen in
Figure 7 are summarised in Table 2. Visual observation indicated that
the failure was in the interfacial region in all cases. Further investi-
gation of the failure locus of this test configuration using advanced
surface analysis techniques can be found elsewhere [36].

Finite element (FE) analysis incorporating linear elastic fracture
mechanics (LEFM) was used to determine the fracture energy of the
MMTF test configuration. A two-dimensional linear elastic plane strain
model of the MMF specimen with 20 mm crack length was generated
using eight-noded quadrilateral isoparametric elements. Singular



09: 07 22 January 2011

Downl oaded At:

1148 W. K. Loh et al.

TABLE 2 Exposure Details for the MMF Open-faced Specimens

Interfacial moisture Ageing environment Exposure
concentration (c/c..) (%RH) time (h)
0.0041 95.8 3.4
0.0312 95.8 7.2
0.0853 95.8 14.4
0.3248 81.2 240
0.3981 81.2 720
0.5719 95.8 240
0.6592 95.8 720
0.9735 Water 1320

elements were used to model the crack tip. The steel substrates were
assigned a modulus and Poisson’s ratio of 207 GPa and 0.33, respect-
ively. The moisture-dependent elastic modulus of the adhesive layer
was determined using the moisture profile resulting from a diffusion
analysis. The moisture uptake of the open-faced MMF specimen was
analysed using the dual-stage Fickian diffusion parameters given in
Table 1. The moisture profiles obtained were used to determine the
moisture-dependent elastic modulus, based on the data in Figure 4. A
constant Poisson’s ratio of 0.4 was used. The experimental fracture
load was applied at the mid-span of the specimen. The fracture
energies for this test configuration at different interfacial moisture
concentrations were determined and are shown in Figure 7. The sharp
reduction of fracture energy is apparent, and the reduction gradually
diminished as interfacial moisture concentration exceeded 0.4c...
Beyond this level, only 10% of the dry fracture energy is retained. This
moisture-dependent fracture energy forms a fracture parameter for
the interfacial rupture element in durability modelling. This FE
modelling work is an enhancement of the work reported earlier [27],
which assumed a constant moisture profile across the adhesive layer.

INTERFACIAL RUPTURE ELEMENT

The interfacial separation process can be considered as a macrome-
chanism of failure of two different bonded materials rather than
modelling the micromechanism or atomic separation process. Such
interfacial failure can mostly be found in adhesively bonded struc-
tures. A separation law was introduced to characterise phenomenolo-
gically the separation or process zone that occurs ahead of the crack
tip and along the interface. This separation law, in some respects,
resembles the Barenblatt model [20]. The crack is assumed to weaken
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FIGURE 8 Schematic illustration of the damage formed ahead of the crack
tip along the interface.

when the stress at the crack tip reaches the maximum stress and then
soften as the crack opening increases, as shown in Figure 8. This
softening region is called the fracture or process zone. This process
zone corresponds to the weakening of the material ahead of the crack
tip, such as the formation of voids. The work done in opening the crack
to form a new crack area is the fracture energy.

The separation of two initially coincident points within the process
zone is illustrated in Figure 8 where 0, and J; are the normal and
tangential components of the displacement across the interface. The
idealised separation law acting on these two points is defined accord-
ing to Figure 9, where the force acting on these two points is controlled
by a nondimensional crack separation, A. Although any unloading
profile can be used, it was found that the shape is of minor importance
[24, 37]. The nondimensional crack separation measure, A, as defined
in Equation (5), takes into account the mode of separation where o),
and J; are the critical displacement values of these components. These
critical displacements are assumed equal (6], = J; = ). This assum-
ption was based on the finding in [38] where the ratio J;/J; has
relatively little influence on the overall response of the prediction.
The same assumption was also used in Shirani and Liechti [25]. The
separation law is defined such that the interface adhesion force
increases initially with 1 and reaches the ultimate force, F,. This is
followed by unloading, where the interface weakens and completely
separates when 1 is equal to unity. The continuous piecewise force
functions F(2) for this triangular separation law can be easily derived.
During the unloading process, the potential energy, @, that has been
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FIGURE 9 Separation force as a function of nondimensional displacement for
the interface separation.

absorbed from the system is given by Equation (6) and can be related
to the fracture energy, G. The normal and tangential forces, F,, and F},
acting on these two points have been derived in Equation (7) by differ-
entiating Equation (6):

1
O(6,,5) = & / F(3)d, (6)
S
00 F() (5, 00 F() (6,
Fo=oo =t (5—) Fi= -T2 (). (7)
E, = GAaw = %Fu(ér — 0u), (8)

F()) = \/F2 + F2. (9)

The work done (E,,) to create a crack extension of Aa with width w is
given in Equation (8), where G is the fracture energy of a material or a
bimaterial interface. The work can be related to the energy absorbed
by the spring element using Hooke’s law, where 6, is the equivalent
release displacement and J, is the equivalent tripping displacement
(which is normally negligible with a high initial stiffness). The equiva-
lent release displacement, J,, can be obtained when F), is known and is
related to the critical mode I and II release displacements (5, and o).
The resultant force, F(1), is the magnitude taking into account the two
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components in Equation (9). The above formulation forms the separ-
ation law for the mixed-mode loading where F, and G are the main
controlling parameters. The equations above can be rewritten for pure
mode I or II separation.

The mixed-mode separation law presented was incorporated into
the ABAQUS finite element code (HKS (UK), Warrington, UK). This
was achieved by developing a new user element. This element
is named a rupture element and is a three-noded element for two-
dimensional problems, as shown in Figure 10a. Multiple rupture
elements can be placed along the predefined separation path or crack
path. In the case of interfacial failure, these elements are placed along
the interface, as shown in Figure 10b. The distance between adjacent
rupture elements is the crack extension (Aa) or the element height, /,,
(for square elements).

There are two approaches that can be used to trigger the separation
and unloading of the two nodes. The first is by predefining the tripping
force (F',) directly. The alternative approach is to use a predefined trip-
ping strain (ers) in the ductile (adhesive) continuum adjacent to the
interface, which is determined from displacements at node 1 and node
2. The latter is considered here because it gives a more realistic
measurement of the strain of the ductile layer prior to separation,
and there is evidence [26] that such an approach is more compatible
with a nonlinear continuum response which will follow in a later
development of this work.

The connection between node 1 and node 2 has no stiffness, and
these nodes are located at transversely adjacent nodes in the adhesive
4-noded quadrilateral isoparametric continuum elements, as shown in

A.
Dl

A_“I
Node 1-1-@

/

"
Node 2

[e—— N
Node 3 9,

FIGURE 10 (a) Rupture element structure, (b) Arrangement of multiple rup-
ture elements along the interface in a finite element model.
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Figure 10(b). The function of these two nodes is to estimate the con-
tinuum strain (¢,) of the adhesive adjacent to the interface, which is
used to trip the separation process. The continuum strain is calculated
using Equation (10), where [, is the distance between node 1 and node
2 (for an element orientated in the y direction):

Re _le
I ~’

Ee =
where

R, = /(L. + Ay)® + Ax2. (10)

A spring element that follows the separation law is placed between
nodes 2 and 3, which are initially coincident and are located on the
interface. The force between these two nodes increases steeply with
a high initial stiffness to ensure connectivity when the structure under
study is loaded prior to tripping. As the continuum strain (¢,) reaches
the predefined tripping strain (erg) the process of unloading starts and
nodes 2 and 3 begin to separate. The work done by the spring is
defined in Equation (8). Release starts when the separation reaches
the critical value (1=1) and the spring force drops to zero. The
rupture element is effectively terminated and removed when it has
completed the cycle. Benchmark models have been developed to verify
the response of the rupture element. These include a compact tension
model where the predicted failure response compares well with an
existing fracture mechanics analytical solution [39]. It was also found
that the tripping strain and fracture energy control the response and
require fine tuning.

FE MIODELLING OF MMF WITH RUPTURE ELEMENTS

The rupture element developed was included in the FE model of
the MMF test. Interfacial debonding was modelled using moisture-
dependent interfacial fracture parameters, namely the fracture energy
and the tripping strain. A FE model of the MMF was generated using
four-noded quadrilateral elements with refinement along the interface
as shown in Figure 11. The predefined crack path was located along
the interface between the upper substrate (steel) and the adhesive
(AV119). This crack path had an initial precrack length of 20 mm.
Multiple rupture elements were introduced along the crack path with
their node 3 attached to the upper substrate and node 1 and node 2
attached to the adhesive layer. The maximum and minimum element
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FIGURE 11 MMF finite element model with a predefined crack path along
the interface of the upper substrate and the adhesive. The closeup view shows
the mesh refinement. The spacing of the rupture elements is constant at
0.25 mm.

sizes used were 2 x 2mm and 0.25 x 0.1 mm, respectively. The dis-
tance between rupture elements was kept constant at 0.25mm. An
elastic modulus and Poisson’s ratio of 207 GPa and 0.33, respectively,
were used for both steel substrates. The moisture-dependent elastic
modulus of AV119, shown in Figure 4, was specified for the adhesive
layer. This allowed the elastic modulus to vary across the adhesive
thickness based on the predicted dual-stage Fickian moisture distri-
bution. The moisture distribution was determined in a separate FE
analysis of the open-faced specimen and then input as a predefined
field variable into the mechanical analysis. The model was completed
with appropriate boundary conditions applied at both ends of the
specimen, and a displacement-controlled loading was applied at the
mid-span. Both are shown in Figure 11. In order to avoid nonconver-
gence due to local instabilities, ABAQUS provides a facility for intro-
ducing local damping forces using a stabilise option. A value of
1x 108 was used for the damping factor in the ABAQUS stabilise
option.

The rupture element has two important fracture parameters that
control the response of the structure. These fracture parameters are
the fracture energy and the tripping strain. The fracture energies
for the rupture elements were determined from the moisture concen-
tration at the interface based on the relationship shown in Figure 7.
This relationship was coded in the rupture element subroutine and



09: 07 22 January 2011

Downl oaded At:

1154 W. K. Loh et al.

the moisture concentration at the interface was used to determine the
fracture energy. This allowed the fracture energy to be controlled by
the moisture profile. This left the tripping strain as the final para-
meter to be determined.

A series of simulations were carried out at five levels of moisture ex-
posure for a range of tripping strains. The predicted failure load of the
MMF specimen using a particular tripping strain was recorded. The
results of these analyses are shown in Figure 12. The predicted failure
load seems relatively insensitive up to a certain level of tripping
strain. In this region, the predicted failure load is controlled mainly
by the fracture energy. This is named the energy-dominated region.
The process zone length decreases with increasing tripping strain.
The critical level of tripping strain was found to occur when the pro-
cess zone reduced below the length of Aa. In this situation, there is
not a continuous dissipation of energy as the crack extends. The range
of the energy-dominated region is dependent on the mesh size used.
Figure 12 shows the effect of mesh and tripping strain on the

35 T T \ T T T T T T 7 £

Ie =0.25x0.1 mm

3.0+

25+

g I, =0.0625 x 0.0625 mm
°~_° 2.0 .
?
S Interfacial moisture 1
o concentration/ Fracture energy A
. —*—0.000c_/ 743.8J/m’
i —0—0.000c_/ 743.8J/m’
—#—0.004c_/ 593.8J/m” 1
—%—0.085¢_/ 285.5J/m’
0.5+ ——0.398c_/ 102.3J/m’ 1
¢, =17.60% —A— 0.974c_[ 52.07J/m?
0.0 — /¥
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FIGURE 12 Tripping strain calibration curve for MMF specimens at differ-
ent levels of moisture concentration.
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energy-dominated region. The smaller mesh (/, =0.0625 x 0.0625 mm)
enabled a greater range of tripping strain to remain within the energy-
dominated region compared with the coarser mesh. This is because a
smaller process zone length can be modelled with a finer mesh. The
failure loads obtained from both mesh sizes within the respective en-
ergy-dominated regions were the same. This shows that the results
were independent of mesh size as long as the analysis remained in this
region. Beyond this energy-dominated region, the predicted failure
load increased linearly with the tripping strain. This region is named
the “strain-dominated region”. The solution is closest to linear elastic
fracture mechanics when the process zone length is smallest but has
not entered the strain-dominated region. With huge process zone
lengths, which correspond to very small tripping strains, the LEFM
solution is not obtained and it would be necessary to increase the frac-
ture energy to obtain the same predicted failure load. Hence, it is
necessary to choose the tripping strain within the energy-dominated
region to give a good correlation with the experimental data. The

30 M T T T T T M T T v T T T T T
Interfacial moisture concentration/ Fracture energy
T——0.000c_/ 743.8J/m’ -+ 20.000c, | g,
251 —0—0.004c_/ 593.8J/m’ /’
o
| —*—0.085c_/285.50/m* o
—=#—0.398¢_/ 102.3J/m’ .,,v"
20T —o—0.974c_/52.07J/m} ’ w0 E
=z L ¢ =7.60% / E
z : F
o 154 s
g o S 2
S 3
430 x
1.0+ 8
(8]
0.5+
420
0.0 T 1 t Tt —t }

'0.00 ' 0.65 ' 0.10 , 0.15 ' 0.120 ' O.|25 I 0.130 035 040 045 ’ 0.50
Displacement, A (mm)
FIGURE 13 The force-displacement and crack-growth response of the MMF

specimen obtained using the interfacial rupture elements at different levels
of interfacial moisture concentration.
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dotted line shown in Figure 12 shows the calibrated tripping strain
used for each level of moisture concentration or fracture energy. The
calibrated tripping strains (erg) as a function of interfacial moisture
concentration were coded into the rupture element subroutine. Each
time this routine was called, the tripping strain and fracture energy
were calculated based on the interfacial moisture concentration at
the rupture element under consideration on the predefined crack path.
This will be used in the future when modelling joints that have not
been exposed in an open faced condition, where the moisture distri-
bution varies continuously along the crack path.

Initially, the undegraded MMF specimen having an interfacial frac-
ture energy of 743 J/m” and a tripping strain (erg) of 0.03 is discussed.
The applied displacement at the mid-span of the specimen initially
caused the specimen load to increase linearly, as shown in Figure 13.
The load peak occurred at about 2.5 kN and, subsequently, the crack
grew at a high rate for about 5 mm accompanied by a sharp drop in
the load. This crack growth was unstable because the stress and strain
field for a fixed displacement increased as the crack extended over the
5mm length. This behaviour was also observed in the experiments
where the first crack length measured was generally more than

FIGURE 14 Typical transverse stress distribution and deformation plot of
the undegraded MMF specimen for increasing crack length (top to bottom).
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FIGURE 15 Typical force (F, F,,, and F,) displacement (1) response obtained
from one of the elements in the MMF model.

25 mm. Between crack lengths of 25 mm to 35 mm, the rate of crack
growth reduced with a gradual drop of load. Beyond this, the load
applied increased slowly with increasing crack length. This is because
more displacement was needed to strain the adhesive and increase
the crack opening when the crack length approached the mid-span
of the specimen. The specimen became a simple beam when the crack
growth passed the mid-span position and the rate of crack growth was
very slow. This is where the slope of the crack length curve flattened
out. Deformation plots of the MMF specimens for different crack
lengths are shown in Figure 14. These plots were obtained at different
time steps, showing that the stress concentration moves together with
the crack extension along the interface.

Each of the rupture elements in the MMF model behaved exactly as
the required behaviour shown in Figure 9. A typical response of the
(mixed mode) rupture element is shown in Figure 15 where the
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rupture element force F(1) varies with the nondimensional 1. The rup-
ture element was loaded linearly to the tripping force, F,, which was
controlled by the tripping strain (erg) and linearly unloaded until re-
leased, as expected. Similarly, the rupture element force-displacement
response for each direction of separation is shown in Figure 15. The
mixed mode is clearly seen where both components of forces, F,
and F;, were taken into account. The sum of the work done by each
component is equal to the total work done, E,,. This is related to the
fracture energy, G. The work done in each mode is dependent on the
behaviour of the separation and is not predefined and will vary with
element location within the MMF specimen.

The loading histories for higher levels of interfacial moisture con-
centrations are shown in Figure 13. The figure shows the reduction
of peak load as the moisture concentration increased. The failure para-
meters (moisture-dependent fracture energy and tripping strain) were
calibrated using the initial crack length MMF load response. These
parameters can be validated by using them to predict the response
of the MMF specimens over the entire crack length range. The results
showing the failure load at each crack length are depicted in Figure 6.
All lines shown are predicted results obtained from a single analysis
for each interfacial moisture concentration. The results show excellent
correlation with the experimental results. These analyses used the
calibrated data based on results at a crack length of 20 mm, and this
gave good predictions for the remaining crack lengths.

CONCLUSIONS

The moisture-dependent interfacial fracture energy and mechanical
properties of an adhesive have been characterised using a range of
experimental techniques. These include characterisation of the moist-
ure diffusion using gravimetric techniques and a dual-stage Fickian
model, determination of the moisture-dependent mechanical proper-
ties of bulk adhesive using thin film tensile tests, and determination
of the interfacial fracture energy using mixed mode flexure (MMF)
fracture tests. These tests provide the durability parameters required
for predictive modelling using a rupture element. The techniques are
equally applicable to other adhesive/substrate systems.

In order to model interfacial failure, special rupture elements were
successfully developed and implemented in ABAQUS. This is based on
a cohesive crack approach and is formulated for mixed-mode con-
ditions. As the element softens a prescribed value of energy is dissi-
pated. The softening response is activated at a critical level of
adjacent continuum strain. Using a discrete approach such as FEA,
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the tripping strain used must be less than a certain mesh-dependent
value to ensure that the energy controls the failure load of the system.

The rupture element developed was incorporated into the MMF
model. The mixed-mode behaviour of the rupture element followed
the separation law specified. The expected progressive damage along
the interface of the MMF joint was obtained from a single analysis.
A smaller mesh size was considered, and the results showed that
prediction was mesh-independent as long as the tripping strain used
ensured the analysis remained in the energy-dominated region. The
tripping strain at different levels of moisture concentration were
calibrated and incorporated into the rupture element along with the
moisture-dependent fracture energy. These provided the moisture-
dependent fracture parameters for the rupture element and, sub-
sequently, gave excellent prediction of the experimental results of
the MMF test configuration over the entire range of crack lengths.
Expressing the fracture parameters in terms of moisture concen-
tration allows future use of the rupture elements in situations where
there is a moisture profile along the interface.
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