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In this work we investigate the effect of laser irradiation on the bond toughness of aluminum/epoxy
bonded joints. The evolution of substrate surface morphology and wettability, for various sets of laser
process parameters (i.e. laser power, line spacing, scan speed), was investigated by means of Scanning
Electron Microscopy (SEM) and contact angle measurements. A proper combination of power, line
spacing and scan speed was then selected and adhesive bonded Al/epoxy T-peel joints were prepared
and tested. For comparison, similar samples were produced using substrates with classical grit blasting
surface treatment. Finally, post-failure SEM analyses of fracture surfaces were performed, and in order
to typify the increase in bond toughness of the joints, finite element simulations were carried out using

a potential based cohesive zone model of fracture.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Adhesive bonding is nowadays an established technology
widely employed to join similar or dissimilar materials in a
variety of modern industries (e.g. automotive, aerospace, etc.)
[1-3]. The strength of adhesive joints is influenced by many
factors (e.g. adherent type, bond-line thickness), but surface
contamination and imperfect preparation are the foremost rea-
sons for their compromise. The surface layer of lightweight alloys
is indeed affected by the presence of contaminants, such as
corrosion inhibitors, lubricants, or brittle oxides. Therefore the
creation of reliable adhesive bonds requires adequate surface
preparation.

A candidate surface treatment for adhesive bonded metal
joints should allow the liquid adhesive to easily spread over
substrate surface (i.e. improved wettability) promoting intimate
molecular interaction and physical adsorption. Moreover, the
resulting morphology of the treated substrates should favor
mechanical interlocking. Various techniques are currently used
to improve wetting of solid materials; they typically involve
modification of surface chemistry and topography by means of
mechanical or chemical pre-treatments [1,2,4]. Mechanical pre-
treatments, such as abrasion and grit-blasting, are the oldest and
most common surface preparation techniques; they enhance

* Corresponding author. Tel.: +966 0 2 808 2137/4923.
! Present address: University of Calabria, Italy.
E-mail address: marco.alfano@kaust.edu.sa (M. Alfano).

0143-7496/$ - see front matter © 2012 Elsevier Ltd. All rights reserved.
http://dx.doi.org/10.1016/j.ijadhadh.2012.03.002

joints strength by increasing the surface area available for bond-
ing and promoting mechanical interlocking at the adhesive/
substrate interface. However, operators may introduce dissimila-
rities across the treated surfaces, and therefore substantial scatter
is often observed in the experimental determination of joint
strength [1,2,5]. For this reason there is low confidence in the
application of mechanical pre-treatments for technically demand-
ing applications. As an alternative, chemical pre-treatments, such
as chromic-sulfuric acid etching, chromic or phosphoric acid
anodizing, etc., may be applied. Most of them are wet treatments,
requiring the metals to be exposed to liquid organic solvents and/
or inorganic solutions [4]. They do affect substrate morphology by
the formation of (1) a rough fibrillated surface which improves
mechanical interlocking and/or (2) a porous oxide layer which
favors chemical interaction with the adhesive [1]. However,
chemical pre-treatments pose health, safety and ecological con-
cerns. For instance, in a recent directive concerning the End-Of-
Life Vehicles regulation (2000/53/EC), the EU Commission banned
the use of hexavalent chromium compounds in the automotive
industry. As a matter of fact, the identification of new environ-
mentally friendly surface preparation techniques is a subject of
critical importance in past and present research activities.

An ecological alternative to chemical treatments is offered by the
use of modern lasers. There is a growing amount of published works
which testify the potential of laser irradiation to improve the bonding
strength of adhesive joints. Laser surface treatment has been already
assessed on a multitude of substrates for adhesive bonding, e.g.
aluminum alloys [6,7], steel [8], copper and brass [9], titanium alloys
[10,11], ceramics [12], polymer-matrix composites [13]. From this
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standpoint, excimer lasers, e.g. KrF [12,13], XeCl [8], and solid
state lasers, e.g. Nd:YAG [6,7], have been mostly employed. In
these works, a remarkable increase in joint strength was observed
with respect to samples with degreased substrates. The enhance-
ment was associated to the (1) improved cleaning action of
substrate surface, (2) improved wetting and (3) formation of a
thermal oxide layer whose morphology allows to extend the
surface available for bonding. It is worth noting that because of
the fairly complexity of the laser treatment, the selection of
the process parameters in previous works was mostly made in
empirical fashion.

A recent contribution on the subject has been provided in [5,14].
In particular, a preliminary investigation on the effect of ytterbium
(YD) fiber laser irradiation on the strength of Al/Mg single lap joints
was carried out. Increased bonding strength and maximum elonga-
tion at failure were reported with respect to samples with grit-
blasted substrates. The result was addressed to the effective removal
of any weak surface boundary layer which could fail prematurely
under load. However, a detailed analysis regarding the effect of laser
process parameters on substrate morphology and wettability was
not made. In addition, similar to almost all the works mentioned
above, the strength of the joints was qualified by means of the
average shear stress, i.e. the ratio between the failure load and the
nominal bonding area; but it should be recognized that the
simplistic calculation of the average shear stress provides little or
no information on other important joint properties, for instance on
the bond toughness. This last is a key parameter for most structural
models of joints and interfaces [15-17], therefore it is of great
interest to determine its modification.

Motivated by the previous limitations, the present work aims
to further assess the effect of Yb-fiber laser irradiation on the
strength of Al/epoxy joints. In order to select a proper combina-
tion of the main technological laser process parameters (i.e. laser
power, line spacing, scan speed), the morphological modifications
and the wettability (i.e. contact angle) of treated surfaces were
investigated using a Scanning Electron Microscope (SEM) and the
sessile drop technique (ASTM Standard 724D). Adhesive bonded
T-peel joints with laser treated substrates were then prepared and
tested and, for comparison, identical samples were produced
using standard grit-blasting. The T-peel joint was selected
because of the ease of use and the physical resemblance to actual
in-service debonding problems [18,19]. The variation of bond
toughness associated to the different surface treatments was
assessed. To this aim finite element simulations were carried
out using the Park-Paulino-Roesler (PPR) potential based cohesive
zone model of fracture [20].

2. Laser irradiation of AA6082-T6
2.1. Process description

Aluminum (AA6082T6) substrates were irradiated using a
ytterbium fiber laser operated in pulsed mode (IPG, YLP1-100-
100). A projective optical system directed and defocused the laser
radiation on the sample surface. The morphological modification
of the substrate depends on adjustable laser process parameters;
the following technological parameters were investigated in this
work: laser power, line speed and spacing. The laser process
involved multiple scans over the sample surface at variable scan
speed (V) and line spacing (LS), considering two power levels (P).
The parameters considered for the experiments are summarized
in Table 1. A schematic depiction of the laser scanning process
and the investigated combinations of V, P and LS are given in
Fig. 1. The process was carried out at ambient temperature and in
an atmospheric environment.

Table 1
Laser process parameters employed for substrate surface
irradiation.
Process parameter Value
Laser wavelength, nm 1064
Pulse repetition rate, kHz 100
Pulse width, ns 150
Pulse energy, mJ 1
Average power (P), W 40/100
Scan speed (V ), mm/s 500/750/1000
Programmed line spacing (LS), mm 0.05/0.10/0.15

2.2. SEM observations of treated surfaces

A Scanning Electron Microscope (FEI NOVA NanoSEM 630
FESEM) was used for a qualitative analysis of the laser-treated
surfaces. In particular, selected SEM observations are reported
in Fig. 2. As produced and grit blasted surfaces are also reported
for comparison in Fig. 2(a) and (b). The surface of as produced Al
substrates is almost flat, however after grit blasting random
ridges and grooves were produced. The surface roughness
is clearly increased, although there are little indications of
crevices and pits prone to the enhancement of mechanical
interlocking.

Using laser irradiation a fraction of the laser beam energy is
absorbed by the material, thus promoting material melting, sur-
face morphological modifications and the formation of a thermal
oxide layer. The comparison among the SEM pictures reported in
Fig. 2 demonstrates the effect of the laser process parameters. For
instance, Fig. 2(c) and (f) illustrates the effect of the average
power (P) on the resulting surface morphology. Specifically, laser
powers of 40 W and 100 W were employed, while the other
process parameters where set equal to LS=150pum and
V=1000 mmy/s. The SEM observations demonstrate that the level
of surface modification is strongly affected by the laser power.
Indeed, at 100 W extensive morphological modifications are
generated. On the other hand, at 40 W substrate surface is
relatively unaffected by the process, and only a partial melting
can be observed. For this reason, the subsequent analyses are
referred to the higher power level.

If we now compare Fig. 2(d) and (e) we can appreciate the
effect of increasing the laser spacing, from 50 um to 150 pm, on
the resulting surface morphology. For the smaller laser spacing it
is not possible to distinguish the different laser scans made during
the process. On the other hand, if the spacing is increased the
formation of surface patterns becomes remarkable; in addition,
the presence of a multitude of sharp asperities and oxide particles
can be observed. These last formed during the process for the
rapid condensation of the expanding gas or plasma during cool-
ing [5]. Finally, comparing Fig. 2(e) and (f) one can appreciate the
effect of laser speed when the spacing is held constant at 150 pm.
When the speed increases from 500 to 1000 mmy/s, the depth of
the pattern decreases because the time available for the laser
beam to heat substrate surface decreases. In order to understand
how the variation of surface morphology affects wettability the
analysis of contact angle is discussed next.

3. Wettability of treated surfaces
3.1. Theoretical background
When a liquid drop is brought in contact with a solid surface

and rests in equilibrium on it, the molecular forces acting at the
interfaces must balance according to the Young’s equation which
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Fig. 1. (a) Schematic representation of the laser scanning direction over the sample surface and (b) associated combinations of the investigated process parameters. 0s and

0r denote the contact angles determined in the side and front directions.

Fig. 2. SEM observations of (a) as-produced surface; (b) grit blasted surface; laser treated surface with (c) P=40 W, LS = 150 um, V=1000 mm/s, (d) P=100 W, LS = 50 pm,
V=500 mm/s, (¢) P=100 W, LS = 150 pm, V=500 mm/s, (f) P=100 W, LS = 150 pm, V=1000 mm/s. The laser beam was directed in the x-direction, i.e. from top to bottom.

d

Fig. 3. (a) Equilibrium shape of a small liquid drop (L) deposited on a solid surface (S) in the presence of its vapor (V). The contact angle results from the balance of surface
tensions at the three phase point of contact. (b) Contact angle for a liquid drop resting on a hydrophilic (0 less than 90°) and (c) hydrophobic (0 greater than 90°) surfaces.

(d) Contact angle of a glycerol drop on as produced AA6082T6 surface.

is given as follows [1,2] (cfr. Fig. 3 (a)):
Ysv =7y €08 O+7ygp, (1)

where ys, and y;,, are the surface energy of the solid-vapor and
liquid-vapor interface, y; is the surface energy of the solid-liquid
(SL) interface and 0 is the contact angle which the liquid subtends
with the solid. Therefore, the final shape of the liquid drop (i.e.
wetting) will depend upon the relative magnitudes of the forces

existing at the three phase point of contact shown in Fig. 3(a).
If the liquid wets the surface properly, it will spread to form a
very low contact angle (0). This means that wettability of a
surface could be assessed from the contact angle qualitatively.
As shown in Fig. 3(b) and (c), wetting occurs when 0 is less than
90°, instead if 0 is greater than 90° then the liquid does not wet
the surface. Clearly, to achieve wetting ys, should be large, while
v and 7y, should be small. It follows that for a given surface
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Fig. 4. Variation in contact angle as a function of the laser process parameters for a glycerol liquid drop resting on AA6082T6 laser treated surfaces taken in the (a) side and

(b) front directions (cf. Fig. 2).

tension, liquids will spread easily over solid surface with higher
surface tension.

It is worth noting that surface roughness may affect wett-
ability of a solid surface. Many attempts to model the effect of
surface roughness on the contact angle with liquids have been
carried out. In the treatment proposed by Wenzel [1,2] a para-
meter r was introduced in order to characterize the contact angle
of a rough surface. It is defined as the ratio of the actual (A) to the
projection area (Ag) of the solid. In particular the contact angle for
a given liquid on a rough surface, 0y is expressed as follows:

Aéocos 05 =1 cos 0Os,
where s is the contact angle observed on a smooth surface.
Therefore, according to Wenzel’s model, increasing the roughness
will always amplify the current wettability regime, i.e. an hydro-
philic surface will become more hydrophilic and vice versa.
Therefore, if 0s is less than 90°, then roughening the surface
(r increases) will result in 0; being even smaller, thereby provid-
ing an improved wetting. Conversely, for a smooth hydrophobic
surface, i.e. 0; greater than 90°, the roughening will further
increase the contact angle and then decrease the wettability.

cos 05 = @)

3.2. Experimental determination of contact angle

The analysis of contact angle can be very informative in order
to assess the cleanliness of solid surface and to qualify the
effectiveness of a surface pre-treatment [1]. The contact angle,
0, was measured using an optical contact angle meter (CAM 200,
KSV Instruments Ltd, Finland). Glycerol drops were employed as
testing liquid on as produced and laser treated samples. Note that
for a given liquid, the value of 0 at any time instant is affected by
the spreading of the liquid drop, which in turn depends on the
surface topography of the substrate. The contact angle may
decrease with time owing to the penetration of the liquid in the
asperities of the substrate. In order to spread out capillarity
effects, measurements were carried out by means of drop shape
analyses considering a 25-frame movie (~20s duration) col-
lected after drop deposition on sample surface. As a consequence,
the values of 6 quoted herein are referred to the equilibrium
advancing contact angle, i.e. the values recorded toward the end
of the above mentioned time interval.

The contact angle which the liquid drop formed with the as
produced surface is shown in Fig. 3(d). A value equal to 83° was

recorded before any surface preparation. The values of 0 deter-
mined on laser treated surfaces for different combinations of laser
process parameters are reported in Fig. 4. In particular, owing to
the peculiar topography which can be delivered by the process,
the liquid drop may be elongated in the direction of the laser scan
(anisotropic wetting). For this reason, the contact angle was
determined in the front (0f) and side (0s) directions (cf. Fig. 1).
We note that the values of 0r and 05 recorded for combinations of
the laser process parameters included in the ranges
LS=50-100 pum and V=500-1000 mm/s are quite similar and
are lower with respect to that measured on the as produced
surface.!

The variation in 0 conforms with the Wenzel regime, indeed,
following to sample roughening by means of the laser process an
increase in wetting (reduction of 6) was observed. However, for
the surfaces obtained at the highest laser spacing (the patterned
ones), no matter the laser speed, the contact angle is much closer
to that measured on as produced substrates. Waugh et al. [21]
observed a similar behavior on patterned nylon 6,6 substrates.
They stated that a change from Wenzel regime to a mixed state
wetting regime affected the measured contact angle. The mixed
state is a mixture of Wenzel and Cassie-Baxter regimes. Accord-
ing to the latter, a liquid drop may rest upon the roughened
surface peaks forming air-gaps with the underlying surface
patterns, giving rise to a higher contact angle [22].

In order to pre-treat the substrates employed for the fabrica-
tion of the T-peel joints the combination of process parameters
denoted by (2,1) in Fig. 2 was chosen. It belongs to the range of
process conditions outlined above and which provided improved
wetting and also prevented surface patterning. Fig. 5 illustrates
the values of 0r and 0s, as a function of time, for this combination
of process parameters; the values of contact angles obtained for
as produced and grit blasted surface are reported for comparison.
These results clearly show that the values of 0 in the front and
side direction are almost identical, and that there is a substantial
improvement of wetting for the laser treated surface with respect
to as produced and grit blasted samples.

1 Note that wettability was also investigated for the surfaces treated at the
lower power level (40 W); however, the contact angles showed a slight sensitivity
to laser spacing and speed, indeed surface modifications made with different
combination of laser parameters delivered essentially the same results in the front
(F) and side (S) directions. On the average 0 = 75° was recorded.
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Fig. 5. Comparison among the contact angles for as produced, grit blasted and
laser treated substrates. The combination of laser process parameters to which the
results are referring to is as follows: P=100 W, LS =50 um, V=750 mm/s. The
insets in the graph show the liquid glycerol drop before and after the laser process.

4. Mechanical testing of T-peel joints
4.1. Joint preparation and testing

The joint analyzed in the present work is a T-peel aluminum
(AA6082T6) joint bonded with a toughened, industrial grade bi-
component epoxy adhesive (Loctite Hysol 9466). According to the
manufacturer data sheet, the fully cured adhesive is able to provide
high peel resistance and high shear strength; the Young modulus,
determined using the ISO 527-3 standard procedures, is E,=1.7 GPa
[23] while the Poisson ratio is assumed to be v, = 0.35 [2]. It is worth
noting that the Hysol 9466 has been already employed in previous
related works and additional technical information are given in the
published literature. For instance in [24], tensile static tests were
performed on bulk samples and limited plasticity was observed thus
denoting an essentially brittle behavior. The mechanical stress—strain
curve of the aluminum alloy was determined by means of tensile
tests [25]. The geometrical dimensions and boundary conditions of
the T-peel joint are schematically depicted in Fig. 6. The thickness of
the adhesive layer was set to 0.25 mm by using metallic spacers. The
specimens were cured according to the manufacturers specifications,
i.e. 7 days at 22 °C in normal atmospheric conditions, to avoid the
occurrence of significant residual stresses.

Prior to bonding, samples substrates were surface treated in order
to enhance the adhesion at the metal/polymer interface. As stated in
the previous section, the selected combination of laser process
parameters was P=100 W, LS = 50 pm, V=750 mm/s. Laser irradia-
tion was projected on a rectangular bonding area equal to
45 x 25 mm?. The subsequent mechanical tests were performed
under quasi-static loading conditions using a universal testing
machine (Instron 8500 plus). The load was imposed under displace-
ment control with a cross-head speed rate of 0.02 mm/s. For the sake
of comparison samples with grit blasted (alumina grit 80) substrates
were prepared and tested. To ensure statistical reliability, a series of
five specimens was bonded for each surface preparation process.

The experimentally determined peel force versus displacement
curves of grit blasted and laser treated samples are reported in Fig. 7.
The results show an increase in maximum load and elongation at
failure for laser treated samples. Owing to the improved adhesion at
the metal/polymer interface, extensive substrates plastic deforma-
tions occurred before final failure. The higher scatter observed in the
P-6 curves for grit blasted samples can be addressed to the poor
reproducibility of this surface treatment.

25 mm

E

100 mm

—| |—1.5mm

45 mm

40 mm

100 mm

Fig. 6. Geometry and boundary conditions of the T-peel Al/epoxy sample
employed in order to assess the effect of laser irradiation on the bonding strength.
The radius of curvature in the bent portion of the substrates is 10 mm.
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Fig. 7. Load displacement curves for the T-peel joints with grit blasted and laser
treated substrates. The error bars are referred to the scatter observed over five
consecutive measurements.

4.2. Analysis of failure surfaces

In order to clarify the difference observed in joints response,
fracture surfaces were analyzed in detail. A post failure visual
inspection revealed a fundamental difference in the mechanism of
failure: fracture was adhesive (i.e. interfacial) for the joints with
grit blasted substrates and cohesive for those with laser irradiated
substrates. The visual inspection also revealed that in the course
of interfacial fracture the failure path occasionally shifted from
the upper to the lower interface and vice versa. This is schema-
tically illustrated in Fig. 8(a). On the other hand, cohesive failures
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occurred with the main crack running closer to one interface and
then leaving a layer of adhesive on both fracture surfaces;
however one surface retained more adhesive than the other.
The situation is depicted in Fig. 8(b).

The fracture surfaces were also analyzed using a Scanning
Electron Microscope operated under low vacuum conditions. The
specific points probed during the SEM analyses are schematically
illustrated in Fig. 8. In particular, Fig. 9(a-c) shows the fracture
surfaces of the joints with grit blasted substrates. The failure
surface observed from adhesive side, Fig. 9(a), is basically a
replica of the morphological features of the grit blasted substrate.
On the other hand, the SEM image taken from substrate side,
Fig. 9(b) and (c), shows a bare surface. These results confirm that
the mechanical pre-treatment carried out by means of standard
grit blasting was not able to promote a strong interaction at the
substrate/adhesive interface.

Similar analyses were carried out for the laser treated sub-
strates and are reported in Fig. 9(d-f). Comparing Fig. 9(d) and (e),
it is possible to confirm that fracture was cohesive in the adhesive
layer, indeed significant portion of adhesive interlocked in the Al
substrate can be appreciated. In particular, Fig. 9(d) shows the
failure surface from the adhesive side. The arrows indicate Al
globular oxide particles formed during the laser process which
detached from the mating substrate. These particles are also
observed in Fig. 2. The voids observed on the fracture surfaces,
i.e. Fig. 9(e) and (f), may be addressed to the presence of air
trapped during dispensing of the adhesive. On the other end
Fig. 9(e) shows the failure surface from the substrate side. The
arrows point on typical substrate micron sized features which
nicely interlock with the adhesive. The detail enclosed by the
square area in Fig. 9(e), which is shown at higher magnification in
Fig. 9(f), demonstrate the highly strained area where cohesive
fracture of the adhesive can be observed (the lower arrows);
the upper arrow points to a typical region showing imperfect
wetting at adhesive/substrate interface. This issue can be
explained in terms of the specific interaction between the cold
curing adhesive employed for bonding and the surface asperities
created during the surface treatment. Indeed, the surface rough-
ness can affect the spreading of the adhesive, because it cannot
fully penetrate the adherent and/or it gels before a complete
penetration. From this standpoint capillarity forces and adhesive
viscosity may play an important role. Finally, it is instructive
to note that mechanical tests carried out on single lap joints
with nominally identical substrates and laser surface treatment
showed near interfacial fracture without the occurrence of sig-
nificant mechanical interlocking [5]. However, this result is not
surprising, indeed it is well known that the locus of failure and
the crack propagation behavior also depend on the mode mixity
of external loads; failure tends to be more interfacial as the mode
Il component of the load (i.e. shear) increases [26].

CRACK GROWTH DIRECTION

5. Simulation of debonding using a potential based cohesive
model

5.1. Theoretical background and modeling approach

Based on the SEM observations reported in the previous
section, it is possible to infer that the improved peel load of the
laser treated joints is a direct consequence of the increased
surface area available for bonding and sites of mechanical keying
between the adherents and the adhesive. It is now interesting to
quantify the enhancement of bond toughness. Note that laser
treated samples failed with extensive plastic deformation of the
metal substrates owing to the improved adhesion at the adhesive/
substrate interface. However, the intrinsic bond toughness of the
joints is associated with the energy dissipated within the adhe-
sive layer and it is distinct from the total energy absorbed, which
includes the contribution of the plastic deformation of the
adherents. Incorporating a cohesive zone model (CZM) of fracture
into non-linear finite element simulations which account for
plasticity in the metal substrates, the energy dissipated by
plasticity can be segregated from that absorbed during fracture
of the adhesive layer.

In the present paper the debonding process of the T-peel joints
was simulated using a potential based cohesive model, namely
the PPR (Park-Paulino-Roesler) potential based cohesive model
[20,27]. In the case of mode I fracture, the intrinsic cohesive zone
model for the normal cohesive stress, o, is obtained as the first
derivative of the potential, ¥(4,), with respect to the opening
displacement 4, and is given as follows:

I N AN\*!
0”‘6@‘0‘7(5) <1_57>

m A\™! An

where ¢, is the mode I fracture energy, m is a non-dimensional
exponent and « is the shape parameter which controls the shape
of the softening branch of the cohesive model; the final crack
opening width §, is given by

bn= i1y (1) (B 1) @

where onqy is the cohesive strength and A, is the slope indicator,
which controls the initial stiffness of the model [20,27]. When the
normal opening displacement equals the final crack opening
width, the normal cohesive interaction is set to zero. It is worth
noting that in our model there are four independent cohesive
parameters which need to be determined: cohesive strength
(0max), fracture energy (¢,), shape parameter (o) and slope
indicator (4,).

ADHESIVE LAYER
- FULL WETTING
A
(d) (3) | AIR POCKET
S S OF OF 5% 5 S5 &7
LOWER SUBSTRATE LOWER SUBSTRATE
a b c

Fig. 8. Schematic depiction of fracture surfaces for samples with (a) grit blasted and (b) laser irradiated substrates showing the failure path through the joints and the
locations of SEM observations. (c) Schematic of the observed mechanism of adhesive wetting illustrating areas of full wetting and the formation of air pockets on substrate

surface (the drawings are not to scale).
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A cohesive element embedding the potential based cohesive
model was implemented in ABAQUS Standard. Details concerning
the implementation and the finite element model are reported
elsewhere [27,28] and only the key features are summarized herein.
The specimen was modeled using plane-strain four-nodes conti-
nuum elements for the bulk material, and the stress-strain curve of
the Al alloy was employed as input for the numerical simulations. In
particular, the tensile behavior was generalized to multi-axial stress
states assuming isotropic hardening and using the von Mises yield
surface. Similar to the work reported in [15,16,29,30], the entire
adhesive layer was replaced by a single row of cohesive elements. It
is assumed that the role of the adhesive layer is to provide a
traction-separation relation across the interface between the two
adherends [29]. Notice that the bond toughness of the joint usually
includes the energy required to overcome the intrinsic bonding
forces, the energy associated to microcracking of the adhesive layer,
and the plastic (or visco-elastic) energy dissipation eventually
occurring in the course of fracture [16]. Replacing the adhesive layer
by a single row of cohesive elements, the above mentioned energy
contributing terms are directly embodied in the traction-separation
relation. This modeling approach has been employed successfully
for thin adhesive layers and moderately though adhesives, i.e. when
the plastic dissipation is small compared to the intrinsic work of
fracture [29,15,16]. The previous conditions actually conform with
the epoxy adhesive employed in our experiments.

It should be also noted that the position of the crack path in the
adhesive layer directly affects the significance of ¢, and o me. When
using grit blasted substrates fracture occurs at the Al/epoxy inter-
face, therefore ¢, and g are regarded as characteristic properties
of the interface. However, samples with laser irradiated substrates
failed within the adhesive layer as a consequence of the improved
adhesion at the interface. It follows that the previous cohesive
properties should be regarded as characteristic of the adhesive layer.

5.2. Results and discussion
The parameters of the PPR were identified comparing the global

measured peel-force versus displacement curves with the numerical
counterpart obtained through the finite element simulations. This is

an example of global approach in which the cohesive properties are
identified by iteratively adjusting finite element predictions (e.g.
load-displacement curves, deflections and/or deformed shape of the
sample) to the corresponding experimental quantities [29,31]. Local
approaches are based on a similar inverse procedure but make use
of full field sets of surface opening displacement taken in the near
crack tip region [32].

Local approaches can provide precise information on the shape of
the traction separation relation, however a detailed knowledge of
the cohesive model may not always be necessary for predictive
modeling of plastically deforming adhesive joints. For instance the
work by Yang et al [29] showed that the prediction of macroscopic
load-displacement curves, or deformed shape of the sample, the
cohesive strength and cohesive energy were the only information
needed and that the shape of the cohesive model was of secondary
importance. A sensitivity analysis to cohesive fracture parameters
carried out in [27,33] provided results in agreement with the
previous statements, indeed the 4, and o had a negligible influence
on the global load displacement curve. For this reason these
parameters were set equal to =3 and A,=0.06, respectively.
Therefore, iterations have been made to identify the values of ¢,
and oe providing a reasonable match between experiments and
simulations. The results which provided the best fit with the
experiments are reported in Fig. 10. It is apparent that there are
different combinations of ¢, and omex Which can provide a reason-
able match between experiments and simulations.

This non-uniqueness of the identified values of ¢, and omax
was investigated by the authors in a separate contribution [33]. In
particular, a cost function which quantifies the difference
between numerical predictions and experimental load-displace-
ment curves was defined. A sensitivity analysis of the cost
function demonstrated that there is a low sensitivity of the
simulated global load-displacement curve to cohesive strength
while a reasonable identification of cohesive energy could be
carried out based on global data. Therefore the analysis of the
results reported in Fig. 10 allows us to infer that, on the average,
the bond toughness for the joints with laser irradiated substrates
was up to four times greater than that of the joints with grit
blasted substrates.
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Fig. 10. Comparison between numerical and experimental force versus displace-
ment curves for T-peel sample with grit blasted and laser irradiated substrates.

However, it is recognized that the transferability of the present
laboratory results to different joints design can be troublesome
because of the existence of constraint effects. Specifically, Kafka-
lidis et al. [31] demonstrated that the cohesive strength of
plastically deforming adhesive joints is affected by the constraint
level in the joint. In other words, they showed that ¢4 decreases
for increasing thickness of the adhesive layer or decreasing
thickness of the adherents. As a result, adhesive joints made-up
with nominally identical materials and fabrications procedures,
may show different values of omg according to the specific
constraint level. On the other hand, the variation in o and 6,
was such that the cohesive energy remained approximately
constant. For this reason we expect the identified range of ¢, to
be fairly representative of the mode I bond toughness of the joint
and that, in principle, could be employed for predictive modeling
of similar joints made up with nominally identical materials and
similar bond-line thickness.

In order to cross-check the so obtained values of the fracture
energy the test protocol described in [34] was employed. The test
protocol provides guidance on conducting peel tests and to
convert peel strength to adhesive fracture toughness. It makes
use of an elastic-plastic bending solution [35] to determine the
amount of plastic energy dissipated in the peeling arms. As a
result, the adhesive fracture energy can be segregated from the
total external energy required to generate peel fracture. Notice
that precise details on the equations involved are reported in
[34,35] and are omitted herein for brevity. The obtained values of
adhesive fracture energy for samples with grit blasted and laser
treated substrates were equal to ~22kJ/m? and ~4.3]/m?,
respectively. Therefore, there is a reasonable agreement between
the upper bounds values of the energy reported herein and those
calculated with the protocol. The main reason for the deviation
between the results obtained using the protocol and the CZM can
be readily understood if one recognized that the sample geometry
employed in the present work does not exactly conform that
considered for the theoretical analysis reported in [35]. Indeed,
there is a relatively large un-bonded portion (Fig. 6) which
undergoes elastic and/or plastic deformation in the course of
fracture. These deformations give raise to an additional contribu-
tion to the overall stored/dissipated energy which should be
removed from the fracture energy. The finite element modeling
approach employed herein captures this feature thereby provid-
ing lower bound estimates.

6. Closure

The present work addressed the effect of Yb-fiber laser
irradiation on aluminum substrates for adhesive bonding. The
evolution of substrate surface morphology and wettability, for
various sets of laser power, line spacing and scan speed, was
investigated by means of SEM analysis and contact angle mea-
surements. The results showed that the laser process ensures
material removal thereby cleaning out any weak layer. Using a
laser power of 100 W, there was a range of process parameters
which provided enhanced wettabilty of the solid surface. How-
ever, it was noted that increasing the laser spacing has a
detrimental effect on the obtained contact angle; this issue was
explained in terms of a transition from Wenzel's to a mixed state
wetting regime, where the liquid drop sits on substrate asperities
forming air pockets.

Adhesive bonded Al/epoxy T-peel joints with laser treated
substrates were prepared and tested and for comparison, identical
samples were produced using grit-blasted substrates. An
increased peel load was observed for laser treated samples, and
a post-failure SEM analysis revealed that the morphological
modifications promoted enhanced mechanical interlocking. In
order to typify the increase in bond toughness of the joints, finite
element simulations were carried out using a potential based
cohesive zone model of fracture. The numerical results allowed us
to conclude that the bond toughness of the joints with laser
treated substrates can be up to four times greater than that of grit
blasted samples.

We finally emphasize that the selected combination of laser
parameters does not lead to any significant surface patterning.
However, recent experimentations in conjunction with finite
element analyses have suggested that the strength and the
toughness of an interface between two materials can be enhanced
by manipulating surface roughness [36-40]. In particular, it has
been observed that micro-patterned surfaces can improve
mechanical interlocking thereby leading to material damage and
energy absorption and then to the inhibition of crack propagation
(i.e. interfacial toughening). This topic will be the subject of the
follow-up work.
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