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Abstract

The adhesive layer in the adhesive joints can experience different modes of loading. Although the fracture energy of adhe-
sive is generally considered to be a material parameter, it is found to be a function of the joint configuration too. Thus, to
accurately simulate the behaviour of bonded joints, it is recommended to obtain the fracture energy of the joints using the
same substrate(s) as in real applications. In some applications, it is necessary to join dissimilar substrates using adhesives.
However, for pure mode fracture tests it is essential to reach the desired loading mode even in a dissimilar joint. Not only
the joint configuration but also the environmental conditions need to be considered in fracture tests. In this condition,
due to the aging, the stiffness of substrates and adhesive layer might change, and as a result, the adhesive may experience a
mixed-mode loading condition. The current study aims to investigate the variation of the mode mixity for dissimilar dou-
ble cantilever beam adhesive joints with composite/metal substrates subjected to cyclic aging. At different stages of the
aging cycles, the mode mixity was calculated during the test using displacement fields obtained by digital image correlation
and based on the Williams series expansion. In addition, the variation of flexural stiffness of polymer matrix composite
substrates after cyclic aging was investigated using a three-point bending test Finally, based on the variation of composite
substrate flexural stiffness and using the finite element method, the variation of the mode-mixity ratio was calculated
numerically and compared to the experimental results. The obtained results show that during the cyclic aging the mois-
ture diffusion decreases flexural stiffness of polymer matrix composite substrates significantly, but the variation of sub-
strate flexural stiffness deviates the mode mixity in the aged double cantilever beam specimens.
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Introduction joints, the achievement of pure mode I loading is a chal-
lenging issue. There are some investigations in which
researchers studied different methods to achieve pure
mode I in dissimilar DCB specimens. For instance,

One of the most important advantages of adhesives is the
possibility of bonding different materials such as metals,
composites, and plastic. Fiber-reinforced polymer (FRP)
composites have attracted the most attention as a profit-
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scientists used the criterion based on equality of the flex-
ural stiffness of two substrates to obtain pure mode I
loading.'>™'® Some investigators'>'® have claimed that
in this kind of designed dissimilar DCB adhesive joints,
there are some shear stresses in the adhesive layer and
the flexural stiffness-based criterion is not accurate to
obtain pure mode I loading in dissimilar DCB joints.
Wang et al.'® presented a new design criterion to obtain
pure mode I loading in dissimilar DCB adhesive joints
which are based on the equality of the longitudinal
strain distribution at the interface of the substrates. The
results of some investigations'®'? show that matching
the longitudinal strain distribution in dissimilar DCB spe-
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cimens is a general and more accurate approach to achieve
pure mode 1.

The investigation of the mode mixity of brittle materi-
als is an approach proposed by some authors. One of them
is based on the mode I and II stress intensity factors
(SIFs).?° Ayatollahi and Nejati®® showed that the mode
I and II SIFs can be obtained using an over-deterministic
approach based on Williams series expansion. They mea-
sured these parameters by fitting the displacement fields
with the Williams series expansion in different points
near the crack tip.

In many applications of dissimilar adhesive joints with
polymer matrix composite/metal substrates such as
marine structures®' and shipbuilding,’ these joints are
exposed to environments with different humidity levels.
In aging conditions, polymer matrix composite and adhe-
sive absorb moisture and as a result, the mechanical and
chemical properties of them change significantly.***> In
addition, aging can create dimensional variations in
polymer matrix composite substrates, known as hygro-
thermal effects.”® Previous research showed that the
fiber/matrix interface bonding can be affected by moisture
uptake.?’*® Compared to monotonous aging, studies on
cyclic aging for the composite are relatively rare.
However, a few scientists have studied the variation of
the mechanical behaviour of composite material as a sub-
strate in adhesive joints after cyclic aging.?*~°

In this study, the mode-mixity variation of dissimilar
DCB specimens with CFRP/aluminium substrates

SN S

exposed to cyclic aging is investigated. For this
purpose, dissimilar DCB specimens with CFRP/alumin-
ium substrates were made according to the longitudinal
strain distribution criterion. Then, DCB specimens were
exposed to cyclic aging and after a different number of
aging cycles, the specimens were tensile tested. Using
the DIC technique, the mode mixity of the un-aged and
aged DCB joints was calculated. To determine the mode
mixity, the ratio of SIFs (Kj; / K;) was calculated during
the tensile tests. To this end, the displacement fields
were calculated using the DIC approach. Then, by an
over-deterministic method which, is called the digital
image correlation over-deterministic (DICOD) approach,
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modes I and II SIFs were obtained. In the numerical
section, the variation of the mode-mixity before and
after aging was calculated numerically. Finally, the
experimental results were successfully compared with
numerical results.

Theoretical background

Calculation of SIFs using an over-deterministic
technique

In the cracked components, which are subjected to
in-plane loading, the distribution of the linearly elastic
stresses in front of the crack tip can be expressed using
the Williams series expansion.>' These equations can be
written as follows:

where 0 and r are the polar coordinates of points near the
crack tip, as illustrated in Figure 1, n is the coefficients
order, and 4, and B, are the coefficients relating to the
modes I and II loadings, respectively. For calculation of
modes I and II SIFs (K; and Kj;, respectively), the first
coefficient in the Williams series expansion (i.e. n=1),
can be used. Equation (2) shows the described relations

K] = \/271’141, K[[ = \/277731 (2)

As can be seen from equation (2), modes I and II SIFs
can be obtained using the stress distribution around the
crack tip. In addition, the SIFs can be calculated using
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the Williams series expansion, based on the displacement
distribution near the crack tip. Equations (3) and (4)
present the relations between the displacement fields
and the constant coefficients of the mode I and II loadings
(4, and B,).

the Williams series expansion (equations (3) and (4)),
the first coefficients of the expansion can be calculated.
The same approach was used to match the displacement
fields for both the DIC and FEM results to the Williams
series expansion. The absolute displacement values
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where u(r, 8) and v(r, 0) are the horizontal and vertical
displacements, respectively, as shown in Figure 1. E and
v are the elastic modulus and Poisson’s ratio, respectively.
In these expansions, G = E/2(1 +v) is the shear modulus,
k is a constant parameter equal to (3 — 4 v) for plane stress
and (3— v)/(1+ v) for plane strain conditions, and
fn1 (r, 9), fnz(r, 0), g,i (r, 9), gﬁ(r, ¢) are functions
which are constant at each point. It should be considered
that, before using the displacement fields, the rotation and
rigid body motions should be omitted from the deforma-
tions. In equations (3) and (4), the horizontal and vertical
rigid body motions correspond to coefficients of 4y and
By, respectively. Also, the rotation is represented by B,
in the Williams series expansion.

To obtain the displacement fields around the crack tip
in the adhesive layer, the DIC method is considered in
combination with the FEM. Using these approaches, a
large number of data points, including polar coordinates
and their horizontal and vertical displacements, were
obtained. Therefore, for the calculation of mode I and II
SIFs based on the Williams series expansion, an over-
deterministic method was proposed. After calculation of
the displacement fields near the crack tip, some data
points were used as the input data for the over-
deterministic technique. By fitting the level of displace-
ments obtained from the DIC technique and the FEM to

+§:L3nr'§1>< i(—k—g+(—l)"> sinE0+Ecos(ﬁ—2)6} 3)

2 2
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obtained with DIC can, however, deviate from the
results of the FEM. The displacement fields obtained by
the DIC method are based on real conditions, while a
certain simplification in the FEM leads to errors in the
values obtained. Some phenomena such as residual stres-
ses and test and manufacturing errors affect the DIC
results while they are not taken into account in the FEM
simulation. In order to investigate the real condition of
aged samples and to analyse the possible effects of
residual stresses and manufacturing errors, the mode-
mixity variations obtained with DIC and FE methods

Y,VA -

Crack 0

Figure I. Crack tip stresses in a Cartesian coordinate system.
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Digital camera
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‘ White light source

Figure 2. Typical experimental setup for the digital image
correlation (DIC).

were compared. In this study, to calculate SIFs based on
DIC and FEM results, a large number of data points
was applied by considering (N=5, M=5) in equations
(3) and (4), respectively. Ayatollahi and Nejati*® used
the over-deterministic method based on the Williams
series expansion to calculate SIFs of cracked specimens.
They concluded that the SIFs obtained using the over-
deterministic method based on the Williams series expan-
sion are in good agreement with the analytical or numer-
ical results published in earlier papers.

The zone selected ahead of the crack tip where the data
points are taken play an important role in the results since
the linear elastic fracture mechanics (LEFM) assumption
should be valid for the points selected. Since the Williams
solution is based on the LEFM theory, the points used in
this equation should be far enough from the crack tip to
make sure they experience elastic deformations.

DIC method

The DIC technique is an optical method for the calculation
of displacement fields using the comparison of captured
images. In this approach, the images should be captured
before and after loading the specimen using a digital
camera. The correlation process of the captured images
is generally executed in three steps, as briefly described
below.

The specimen’s surface should be prepared for the DIC
process in such a way that the captured digital images
should have a suitable random speckle pattern.
Therefore, the specimen should be painted white. After
drying, the paint should be sprayed by a black mist of
paint until a random speckle pattern is achieved. Finally,
the specimen is fixed in the tensile testing machine (see

Table |. Mechanical properties of adhesive and substrates
(subscript I: longitudinal/fibre direction; subscript 2: transverse
direction).

Material E, (MPa) E, (MPa) G|; (MPa) 9,

UD-CFRP 81,000+5500 9350+700 8100+950 0.35

Aluminium 71,000+3500 - - 0.33
7076-T6

Araldite 201 | 15504150 - - 0.45

Figure 2). During testing, the (un)deformed images of
the specimen are captured before and after deformation.
These images are correlated for the calculation of the dis-
placement fields. More details about this method are pre-
sented by Hild and Roux.*?

Experimental procedure

Materials

The dissimilar DCB adhesive joints were made by
bonding of CFRP and aluminium 7075-T6 substrates.
For adhesive bonding, the structural epoxy adhesive
Araldite 2011 (Huntsman, Basel, Switzerland) was used.
The CFRP substrates were manufactured using the
vacuum infusion technique where unidirectional T300
carbon fibres were added to reinforce the matrix.
Araldite LY 5052 Resin and Aradur 5052 Hardener
with a weight ratio of 100/38 (resin/hardener) were used
as the matrix of the CFRP laminates. The CFRP laminate
was cured according to the manufacturer datasheet, 1 day
at 23 °C followed by 1 h at 100 °C. The mechanical prop-
erties of aluminium 7075-T6, CFRP laminates, Araldite
2011 adhesive are summarized in Table 1. To obtain
these properties samples were manufactured with alumin-
ium 7075-T6, CFRP and Araldite 2011 and tested accord-
ing to ASTM E8, ASTM D3039 and ASTM D638,
respectively. For each case, three specimens were pre-
pared and tested.

Geometry

Two kinds of specimens were fabricated and tested,
including dissimilar DCB adhesive joints and CFRP sub-
strates. The CFRP substrates were used to measure the
effect of cyclic aging on the flexural stiffness and dissimi-
lar DCB specimens with CFRP/aluminium substrates
were used to calculate the variation of mode-mixity
before and after aging. Figure 3 schematically shows the
considered dissimilar DCBs with CFRP/aluminium
substrates.

To accelerate the aging effect on the fracture properties
of DCB specimens Costa et al.>* proposed a mini DCB
shown in Figure 3 They revealed that there is no signifi-
cant difference in fracture energy obtained by the standard

Adhesive layer (t=1.2 mm)
Ih(:mp
| T

(a)

Spacer

ay,=20 mm

Fiber orientation (b)

Figure 3. Schematic of a dissimilar double cantilever beam
(DCB) specimen, (a) side view and (b) top view.
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DCB with regular size and the tested mini DCBs.
Therefore, in this research to accelerate the aging
process, mini DCB specimens were manufactured and
tested. For the CFRP substrates, after curing, the laminate
was cut into samples of 5 mm by 120 mm. These dimen-
sions of the DCB samples are based on the geometry of
the mini DCB proposed by Costa et al.>* The fibre orien-
tation was along the substrate length (see Figure 3(b)).
Some of these CFRP substrates were used as adherend
to prepare dissimilar DCB specimens and some were
aged without bonding and were tested in a three-point
bending test setup. One side of these CFRP substrates
was sealed with aluminium foil to prevent moisture
absorption from the sealed surface.

As mentioned before, in a dissimilar DCB specimen,
the achievement of pure mode I loading is challenging.
In order to achieve a pure mode I loading in dissimilar
DCB joints, the thickness of substrates was specified
based on the longitudinal strain criterion (see equation
(5)). This approach has been already verified using FEM
simulations in dissimilar DCB adhesive joints including
CFRP and GFRP substrates.'®'?

2 _ 2
EAluminiumhAlum,‘nium - ECFRPhCFRP (5)

where E denotes Young’s modulus and / represents the
thickness of the specimen.

The thickness of the aluminium and CFRP substrates
were considered as 4 and 3.75 mm, respectively. It
should be noticed that for the aluminium and CFRP sub-
strates, the thickness tolerances were 0.05 and 0.2 mm,
respectively.

Joint manufacturing

For the manufacturing of dissimilar DCB adhesive joints,
the bonded surfaces of the CFRP laminates were manually
lightly sanded with 240 grit sandpaper without causing
any damage to the fibres. Before and after sanding the sur-
faces were cleaned with acetone. For the aluminium
surface treatment, all the bonded aluminium surfaces
were grit blasted using aluminium oxide. During the grit
blasting the air pressure was three bars and the grit blast-
ing pistol was at a distance of 5 cm from the specimen
surface with an angle of 30°. Before and after grit blasting,
the aluminium surfaces were cleaned with a cloth soaked
with acetone. Then the aluminium substrates were
immersed in the sol-gel AC-130 (3M, Unitek) bath for
2 min, and then they were dried at ambient temperature
for 60 min. Finally, primer EW-5005 (3M, Unitek) was
sprayed on the aluminium surfaces using an airbrush,
and the aluminium substrates were again dried at
ambient conditions for 30 min and cured at 121 °C for

g Fracture and three
i | Wetting chamber ‘ ‘ Dryingichamber ‘ points bending tests
/ \ / [T=25+1°C \ / Y
| RH< 4% | @P Adhesive joint | |

— ; ]
. e |

i ] I ) v @

[ i [ 1 P

v

S

] T=25+1°C |
| Distilled water |

Be——— P | CFRP substrate
\\ I

==~ P/2 P/2

Silica gel powder \\\ Sealed surface

\

(b) 84 days

First cycle

—t

100

4th cycle

Environmental moisture concentration (%)

14 days 7 days

Exposure time

Figure 4. Schematic diagram of the aging conditions (a) and exposure time (b).
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60 min. After the surface treatment, Araldite 2011 was
mixed with a weight ratio of 100/80 (resin/hardener)
using a mixer machine for 2 min at 2300 r/min. After
mixing, the adhesive was applied by hand, using a
syringe on the surfaces. The adhesive joints were cured
for 40 min at 80 °C according to the manufacturer’s tech-
nical datasheet. To control the thickness of the adhesive
layer, spacers made of metal coated by a release agent
were used on both sides of the DCB specimens. For all
the specimens the thickness of the adhesive layer was
1.2 mm. In order to have enough input data for the over-
deterministic technique used for the displacement fields
obtained by the DIC method, the adhesive thickness con-
sidered in this study is more than the common adhesive
layer thickness used in the literature. A sharp razor
blade was used to make a pre-crack in the middle of the
adhesive layer during the fabrication. Both the spacers
and the razor blades were removed after curing and
before testing (see Figure 3(a)).

Test procedure

The fabricated specimens (dissimilar DCB adhesive joints
and CFRP substrates) were exposed during 14 days by
immersing the substrates in distilled water, followed by
7 days drying for each cycle, and for a total aging duration
of 84 days, as shown in Figure 4(b). The aging and drying
temperatures were both set to 25+ 1 °C. For the aging
process, the substrates were immersed in distilled water
while for the drying step the substrates were kept at a rela-
tive humidity of 4% for 7 days using a box containing
silica gel powder. Each consecutive wetting-drying
shows one cycle and this wetting-drying process was
repeated 4 times (four cycles).

@ _ LI

CFRP
substrate

]
I

N Adhesive layer
Aluminum
substrate

4! Moisture diffusion from environment

4+ Moisture diffusion between CFRP and adhesive layer
=< Sealed surface

®) _ HUUUL

————  CERP
] substrate

Figure 5. Moisture diffusion conditions in (a) double cantilever
beam (DCB) adhesive joint and (b) carbon-fibre reinforced
composites (CFRP) substrate sections.

In each cycle after the moisture absorption, some dis-
similar DCB specimens and CFRP substrates were taken
out of the distilled water and were tested in tensile and
three-point bending, respectively. Figure 4(a) illustrates
a schematic of aging conditions and fracture and three
points bending tests.

In dissimilar DCB adhesive joints during the wetting
and drying the moisture diffusion occurs in the CFRP sub-
strate, adhesive layer and interface region. In CFRP sub-
strates, the moisture absorption and desorption happens
in three faces. Figure 5 shows the moisture diffusion con-
ditions in dissimilar DCB adhesive joints and CFRP
substrates.

A Zwick tensile test machine, equipped with a 1-kN
load cell (precision of 0.5%) was employed to test the spe-
cimens. For dissimilar DCB adhesive joints, the fracture
test was carried out under a constant displacement rate
of 0.2 mm/min and for the CFRP substrates the displace-
ment rate in three-point bending tests was set to 0.5 mm/
min. The tests were carried out at laboratory conditions
(temperature of 23 °C and relative humidity of 35%).
Three repeats of each dissimilar DCB adhesive joint and
CFRP substrates were tested.

DIC was used to measure the displacement fields near
the crack tip during the fracture test The obtained dis-
placement fields were used to analyse the mode mixity
of the DCB specimens. Digital camera images were cap-
tured continuously from the specimen’s side surface
with a constant rate of one picture every second. The
DIC setup consisted of an 8-bit ‘Point Grey’ camera
with a resolution of 5MP, equipped with a
‘XENOPLAN 1.4/23’ lens. The software used for captur-
ing the images was VIC-Snap 8, a product of ‘Correlated
Solutions Inc.” Using this setup, the resolution of the cap-
tured images was about 2048 X 2048 pixels. The output
from the tensile test machine was used to synchronize
the captured images with their corresponding load and
displacement at different measurement times. The DIC

White light source [tS8

3 .::q

Figure 6. Experimental setup for the double cantilever beam
(DCB) test.
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ol w'm’é‘

Adhesive layer

Bottom point

Figure 7. Region of interest on the surface of the double
cantilever beam (DCB) specimens.

setup was installed at a distance of 65 cm from the speci-
men surface. Figure 6 illustrates the experimental setup.

After capturing images, the acquired data was pro-
cessed using Vic-2D 6 software. A parametric study on
the effect of the subset and step size on the displacement
fields was performed. The subset and step size for the cor-
relation process were defined as 31x31 and 5 pixels,
respectively. The region of interest in front of the crack
tip including the adhesive layer was selected for calcula-
tion of the displacement fields. The region of interest
and subset situation for DCB adhesive joints are presented
in Figure 7.

The image of the deformed specimen was captured for
all dissimilar DCB specimens, when the tensile load
reached 50 N. Using the DIC approach, the displacement
fields in the region of interest were measured. It should be
noted that the obtained results of the DIC method are in
the pixel unit and should be converted to mm. In the cap-
tured images each mm includes 52 pixels. This data

acquisition process was repeated for the dissimilar DCB
specimens before aging and after the first, second and
fourth aging cycles. The obtained results were used for
an over-deterministic method and a comparison of the
mode-mixity qualitatively. In this approach, the difference
of the horizontal displacements between the top and
bottom points in the adhesive layer at the x-location of
the crack tip was measured in DCB adhesive joints (see
Figure 7).

On the other hand, the CFRP substrates were tested
under three points bending loading conditions before
and after cyclic aging in order to simulate the moisture
uptake of the CFRP substrates in the DCB joints. Using
the test data, the variation of flexural stiffness as a func-
tion of aging cycles was obtained. As the sealed surface
is used to mimic the adhesive surface in the DCB joints,
in all the bending tests, the sealed surfaces were posi-
tioned at the bottom surface that experience tensile stres-
ses (see Figure 4(b)). Before the test, the aluminium foil
was removed from the CFRP specimens.

Details of the FEM analysis

In the numerical process, the vertical and horizontal dis-
placement fields of the dissimilar DCB specimens were
calculated using Abaqus®. In the simulation section, the
mechanical properties of the adhesive and substrates
were defined according to Table 1. The 8-node biquadra-
tic plane strain quadrilateral, reduced integration elements
(CPES8R) were used during the simulation process. For the
numerical simulation, Abaqus®/Standard solver was
employed. Based on the mesh convergence analysis, a
total number of 5340 elements were found to be sufficient
in the adhesive layer for reaching mesh-independent
results. Figure 8 represents the mesh pattern for the dis-
similar DCB adhesive joints.

Figure 8 shows the boundary conditions applied in the
FE simulation. To simulate the boundary conditions

u,=

Selection zone

e i] CFRP substrate "

]

|f‘"',
=777 Pre-crack length

‘ Aluminum substrate

Figure 8. Fe mesh pattern in the dissimilar double cantilever beam (DCB) adhesive joints and selection zone.
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Figure 9. Flexural stress—strain curves for a different number of aging cycles for carbon-fibre reinforced composites (CFRP)

specimens.

similar to the experimental tests, the centre point of the
hole in the block bonded to the bottom substrate was con-
strained from all displacements. A tensile load was
applied on the centre point of the hole of the top substrate.
The displacement fields near the crack tip were obtained
using a FE simulation under a 50 N tensile load. Then,
the calculated displacement for the nodes near the crack
tip was used as the input data for the over-deterministic
approach. In this step, using the numerical developed
code, the polar coordinates of the nodes in the adhesive
layer near the crack tip were extracted and by fitting the
Williams series expansion to the inputted data, the
modes I and II SIFs were calculated numerically.

Results and discussion

Aging effects on the flexural stiffness of CFRP
substrates

During these tests, using the DIC technique, the deflection
of the specimens was calculated and the flexural stiffness
of un-aged and aged substrates was measured based on
ASTM D7264. Figure 9 shows the flexural stress—strain
curves for CFRP substrates after a different number of
aging cycles.

Table 2. Flexural modulus and strength for different aging
conditions.

Aging Flexural modulus Flexural strength
conditions (GPa) (MPa)

Un-aged 81.2 (£2.3) 457 (x15)

Aged (I cycle) 74.6 (+1.6) 443 (21)

Aged (2 cycles) 66.8 (+3.2) 421 (£23)

Aged (4 cycles) 56.8 (+2.2) 394 (+24)

As shown in Figure 9, cyclic aging affects the stress—
strain curves and the amount of stiffness decreases with
increasing aging cycles in the CFRP substrates. The
Chord approach, which is defined in ASTM D7264, was
used to measure the flexural modulus of the CFRP sub-
strates. For calculation of the flexural Chord modulus,
the considered strain range was 0.002 (starting at 0.001
and ending at 0.003). The flexural modulus in different
aging conditions is reported in Table 2.

As can be concluded from Table 2, during the aging
process the flexural modulus and strength of CFRP sub-
strates decrease with increasing aging cycles. This trend
was also observed by previous researchers.?’

Displacement fields analysis

For calculation of the displacement fields in un-aged and
cyclically aged dissimilar DCB joints, the region of inter-
est was defined in front of the crack tip. The horizontal (U)
and vertical (V) displacement fields calculated from the
DIC method in front of the crack tip under a tensile load
of 50 N are illustrated in Figure 10.

As mentioned before, using the difference of horizontal
displacement between the top and bottom interface (see
Figure 6), the mode mixity of DCB can be investigated
qualitatively.'®'® In pure mode I DCB joints, the horizon-
tal displacement at the top and bottom interface is the
same, but in mixed-mode dissimilar DCB specimens,
the adhesive layer experiences shear strain and the hori-
zontal displacement changes along with the adhesive
layer. The difference of the horizontal displacement
between the top and bottom points in the adhesive/sub-
strate interface for un-aged and aged DCB specimens is
reported in Table 3.

As can be seen from Table 3, in the un-aged dissimilar
DCB adhesive joint, the difference of the horizontal
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Figure 10. Typical horizontal (U) and vertical (V) displacement fields in front of the crack tip for un-aged (a) and cyclically aged double
cantilever beam (DCB) specimen after one cycle (b), two cycles (c), and four cycles (d) aging.

displacement between top and bottom points in interfaces
at the x-location of the crack tip is smaller than the aged
specimen showing that un-aged specimen experiences
more mode I loading in comparison with aged specimens.
This result was expected because in the un-aged dissimilar
DCB specimen the flexural stiffness of CFRP substrates is

equal to the initial stiffness which was considered during
the design process following the longitudinal based strain
design criterion.® The comparison of the results in Table 3
shows that the difference of the horizontal displacement
between the top and bottom points of the adhesive
increases with increasing aging cycles. Therefore, the
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Table 3. Difference of the horizontal displacement between
the top and bottom points.

Aging conditions |Urop — Usattom| (mm)

036x103x1.42x 107*
326% 1073+5.84% 10~
4.18x1073+6.45x 1074
643%x 1073+8.25%x 107*

Un-aged

Aged (I cycle)
Aged (2 cycles)
Aged (4 cycles)

amount of shear strain in the adhesive layer and mode II
deformation increase after aging. According to the
results in Table 3, the mode mixity of dissimilar DCB spe-
cimens increases with aging cycles due to the reduction in
flexural stiffness of CFRP substrates after cyclic aging
(see Figure 9).

Verification of the over-deterministic approach

Before using the over-deterministic technique for calcula-
tion of the mode I and II SIFs, the numerical code devel-
oped based on this method was verified. To achieve this,
the calculated mode I and II SIFs from the FE over-
deterministic (FEOD) method were compared with SIFs
calculated directly from the FE analysis. It should be
noticed that in the FE analysis the flexural stiffness of
the aged CFRP substrates was set as shown in Table 2.
Table 4 represents and compares the calculated SIFs for
un-aged and aged dissimilar DCB specimens under a
tensile load of 50 N calculated using the FEOD technique
and direct FE method.

As can be seen from Table 4, the mode I and II SIFs
measured directly from the FEM and from the FEOD
technique in un-aged and aged specimens are in very
good agreement. The difference can be due to the possible
numerical errors in the over-deterministic process.
Therefore, the over-deterministic technique based on the
Williams series expansion can be applied as an accurate
approach in order to obtain the SIFs in dissimilar DCB
adhesive joints, either from the displacement fields
obtained from FE or DIC methods.

In addition, the comparison of the mode I and II SIFs
obtained from FEOD and direct FEM for the un-aged
and cyclically aged specimens shows that with the
increase of aging cycles, the Kj/K; ratio increases
from 0.28% to 5.7%, and the dissimilar DCB specimens
experience a higher mixed-mode level after cyclic
aging. The maximum mode mixity, which is calculated

for the dissimilar DCB specimens after four aging
cycles is smaller than 7%. In this aging condition, the flex-
ural stiffness of CFRP substrates decreases to 70% of the
flexural stiffness of un-aged specimens. However, after
four aging cycles, the dissimilar DCB specimens experi-
ence a mode mixity very close to the mode I condition
and mode II loading can be ignored after cyclic aging.
As a result, despite the significant effect of cyclic aging
on the flexural stiffness of the CFRP substrates, the
mode mixities of aged dissimilar DCB specimens are
close to zero and these specimens can be considered as
a mode I DCB specimen. It should be noted that in the
FE analysis the effect of aging on the elastic modulus of
the adhesive layer was not simulated and for all the
un-aged and aged DCB specimens, the mechanical prop-
erties of un-aged adhesive were assigned to the adhesive
layer (see Table 1). Previous investigations®*~® show
that moisture diffusion decreases the elastic modulus of
the adhesive materials and makes them more ductile. In
the DCB specimen simulation, with a decrease of the
elastic modulus of the adhesive layer, the mode I and II
SIFs decrease as well, but the K;; / K; ratio does not
change significantly with the wvariation of elastic
modulus of the adhesive layer. On the other hand, for
the dissimilar DCB specimens, the moisture diffusion
into the heart of the adhesive layer takes a long time
from the side surface of the adhesive and this moisture dif-
fusion affects the adhesive layer properties considerably.

SIFs calculation DICOD method

In the previous section, the numerical code developed in
this study using the over-deterministic method based on
the Williams series expansion was verified. After the val-
idation of the numerical code, the mode I and II SIFs in the
un-aged and cyclically aged dissimilar DCB specimens
were obtained. They were based on the displacement
field measured from the DIC technique. Figure 11 repre-
sents the values of SIFs measured for un-aged and aged
dissimilar DCB adhesive joints when the tensile load
reached 50 N using the DICOD and FEOD methods.

As can be seen in Figure 11, in the un-aged dissimilar
DCB joints, the Kj;/K; ratio obtained from DICOD,
which shows the amount of mode mixity, is not zero.
This mode mixity obtained from DICOD can be the
result of experimental and numerical errors.
Experimental errors such as in the CFRP substrate and
the dissimilar DCB joint fabrication and numerical

Table 4. Mode | and Il SIFs were calculated using the FEOD technique and the direct approach using the FEM.

FEOD FEM (direct)
Aging conditions K; (MPa,/mm) Ki (MPa,/mm) & (%) K; (MPa/mm) Ky (MPa/mm) R (%)
Un-aged 14.95 0.06 0.44 15.87 4.42e-2 0.28
Aged (I cycle) 17.26 0.31 1.81 16.12 0.17 1.05
Aged (2 cycles) 17.54 0.82 4.66 16.46 0.48 292
Aged (4 cycles) 16.68 1.07 6.43 17.01 0.97 5.70
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Figure I1. Mode | and Il SIFs were obtained using the DICOD and FEOD methods.
DICOD: digital image correlation over-deterministic; FEOD: finite element over-deterministic.

errors during the calculation of displacement fields using
image correlation and over-deterministic technique can
affect the Kj/K; ratio. As expected, the results in
Figure 11 show that the mode-mixity ratio of the aged dis-
similar DCB adhesive joints obtained from different
methods increases with aging cycles. The K / K; ratio
based on DIC results for the DCB specimens after four
cycles of aging reaches 10.84%. The comparison of the
K / K; ratios obtained from DICOD and FEOD techni-
ques show that in all dissimilar DCB adhesive joints the
mode mixity obtained using the DICOD method is
bigger than the FEOD results. For instance, in the dissimi-
lar DCB specimen after four cycles of aging, the K, / K;
ratios obtained from DICOD and FEOD methods are
10.84% and 6.43%, respectively. It should be mentioned
that the numerical code which is used for the FEOD and
the DICOD methods is the same. Therefore, the difference
in the Kj; / K; ratio obtained from DICOD and FEOD is
possibly due to the difference in the displacement fields
obtained through the DIC approach and FEM. As men-
tioned before, for un-aged and aged dissimilar DCB speci-
mens there are some experimental errors such as errors in
the CFRP and DCB fabrication and test procedures, which
affect the displacement fields during the mode I fracture
test In the aged dissimilar DCB adhesive joints there are
some residual stresses in the adhesive layer and within
the CFRP substrates induced by the moisture swelling.
In CFRP laminates, the moisture-induced dimensional
swelling along the fibre direction is significantly smaller
than in other directions and the swelling creates a small
expansion along the fibre direction.>” Because of the limi-
tation in dimensional swelling of CFRP substrates along
the fibre direction, some residual stresses are induced in
the CFRP and the adhesive layer, simultaneously. The
residual stresses can affect the displacement fields in
front of the crack tip during the tensile test and change

the mode mixity of the specimens. Based on the obtained
results, the maximum difference of the Kj; / K, ratio as a
result of swelling in the aged specimens after four
cycles of aging is about 4%. Another reason for the differ-
ence in the displacement fields obtained from DIC and
FEM is the effect of moisture diffusion on the mechanical
properties of the adhesive layer, which were not taken into
account. As mentioned before, these parameters decrease
mode I and II SIFs and change the mode mixity. On the
other hand, during the aging process, moisture diffusion
can occur from the adhesive layer to the CFRP substrates.
Therefore, in reality, the CFRP absorbs a small amount of
moisture from the adhesive layer and this parameter was
not considered in the numerical simulation.

Conclusion

In this paper, using experimental and numerical techni-
ques, the effect of cyclic aging on the mode mixity of dis-
similar DCB adhesive joints was studied. For this
purpose, DCB joints with CFRP-aluminium substrates
were made and exposed to cyclic aging. Then, the
unaged and cyclic aged specimens were tested under
tensile load. During the tensile tests, the displacement
fields were measured using the DIC method. Using an
over-deterministic approach based on the Williams
series expansions and by considering the DIC results,
mode I and II SIFs for unaged and aged specimens were
calculated for different numbers of aging cycles. On the
other hand, through three-point bending tests, the vari-
ation in flexural stiffness of CFRP substrates was mea-
sured as a function of aging cycles. To verify the results
of the over deterministic method, in the numerical
section, joints were simulated using FEM. The SIF
values obtained directly from the FE analysis were com-
pared with the results of the FEOD technique.
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According to the obtained results, the following points
can be concluded:

e The flexural stiffness of the CFRP substrates decreases
significantly after cyclic aging, and with increasing
aging cycles the flexural stiffness decreases continu-
ally. The obtained results show that the flexural stift-
ness of CFRP substrates that were aged during four
cycles is 70% of the flexural stiffness of un-aged
specimens.

e In the dissimilar DCB adhesive joints with the CFRP
substrate, the Kj; / K; ratio increases with increasing
aging cycles, and this parameter reaches 10.84% after
four cycles of aging. This shows that the adhesive
layer experiences more shear strain with increasing
aging cycles.

e The difference of the horizontal displacement between
the top and bottom interface of the adhesive layer can
be used as a primary parameter for comparison of the
mode mixity in un-aged and aged dissimilar DCB spe-
cimens. When the mode mixity increases, the value of
this parameter increases.

e In general, the %1 ratio calculated from the experimental

tests is higher than the numerical results and this differ-
ence can be the result of experimental errors, such as
residual stress created by swelling in the CFRP sub-
strates, the effect of aging on the mechanical properties
of the adhesive layer and/or moisture diffusing from the
adhesive layer to the CFRP substrates.

e The comparison of the numerical and experimental
results show that the difference of the K; / K ratio cal-
culated from the experimental and numerical sections
increase with increasing aging cycles, which can be
the result of increasing the residual stress in the
CFRP substrates and/or the effect of moisture diffusion
into the adhesive layer during the cyclic aging.
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