
Int J Fract (2011) 171:139–150
DOI 10.1007/s10704-011-9636-4

ORIGINAL PAPER

On the enhancement of bond toughness for Al/epoxy T-peel
joints with laser treated substrates

Marco Alfano · Gilles Lubineau ·
Franco Furgiuele · Glaucio H. Paulino

Received: 15 July 2011 / Accepted: 6 October 2011 / Published online: 25 October 2011
© Springer Science+Business Media B.V. 2011

Abstract The aim of the present work is to quantify
the enhancement of bond toughness of Al/epoxy joints
associated to substrates laser irradiation. For this reason
a potential based cohesive model is employed and cohe-
sive elements are implemented within the finite element
framework. The influence of the cohesive properties on
the predicted global response of the joints is firstly ana-
lyzed. The coupling between adherents plasticity and
the cohesive properties is then discussed. It is shown
that the global response is mainly affected by cohesive
energy (the bond toughness) and cohesive strength. In
turn, a proper cost function is defined which quantifies
the deviation between numerical and experimental total
dissipated energy. Based on a sensitivity analysis of
the as-defined cost function, it is shown that an accu-
rate estimation of the bond toughness can be expected
from global data. The situation is different for the cohe-
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sive strength, whose estimation could require more
advanced experimental observations or additional tests.
The results reported in the present work allow us to con-
clude, in a reliable manner, that the laser surface treat-
ment can lead to a large improvement of bond tough-
ness.
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Cohesive zone model

1 Introduction

The design of multi-material structures in automotive
and aviation industries led to the need of bonding
together dissimilar materials in a fast and efficient way.
From this point of view, adhesive bonding provides
many advantages over traditional joining techniques.
For instance, it reduces the risk of galvanic coupling
and increases fatigue life (Adams et al. 1997; Kinloch
1987). However, the mechanical behavior of the joint
heavily depends on the adhesion at the adhesive/sub-
strate interface; indeed the occurrence of delamina-
tion and/or debonding is critical to the overall integ-
rity of built-up structures. As a consequence, one of
the most important step in the design and fabrication
of adhesive bonds is the selection or development of
suitable surface preparation techniques (Adams et al.
1997; Kinloch 1987; Baldan 2004).

Recent works carried out on this subject have shown
that laser irradiation of sample substrates is a suit-
able alternative to classical mechanical and chemical
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treatments (Man and Zhao 2006; Baburaj et al. 2007;
Belcher et al. 2010; Rechner et al. 2010; Alfano et al.
2011a,b, submitted). It allows to increase the joint
strength thanks to improved mechanical interlocking
(Man and Zhao 2006; Baburaj et al. 2007), enhanced
substrates wetting (Belcher et al. 2010; Alfano et al.
submitted) and to the effective removal of surface weak
boundary layers (Rechner et al. 2010; Alfano et al.
2011a,b). The effectiveness of surface treatments in
previous works was often qualified by means of the
apparent average shear stress1 determined using stan-
dard single lap joints. This is a somewhat qualitative
information, and while current design procedures are
not solely based on strength but also on damage and
fracture resistance, none of the previous work investi-
gated the variation of bond toughness induced by the
laser process.

In a companion paper we reported about the effect
of Yb-fiber laser substrate irradiation on the strength of
Al/epoxy T-peel joints (Alfano et al. submitted). The
T-peel test is listed among the ASTM standards avail-
able for adhesive joints (ASTM 2008). It resembles
actual geometries and stresses likely to be encountered
in service conditions and enables the assessment of
new adhesive formulations or surface preparation tech-
niques (Adams et al. 1997; Kinloch 1987). Moreover,
the T-peel joint is of simple and inexpensive fabrica-
tion. The laser surface treatment carried out in Alfano et
al. (submitted) promoted mechanical interlocking and
an increase in strength so that final failure of the T-peel
joint always occurred in conjunction with large sub-
strates plastic deformations2 Alfano et al. (submitted).
It has been observed in previous related works that the
occurrence of plastic dissipation may limit consider-
ably the application of the peel test to the assessment
of the mechanical behavior of adhesive joints (Kinloch
et al. 1994; Wei and Hutchinson 1998; Wei 2002). In
fact, if the condition for linear elastic fracture mechan-
ics are satisfied, then the steady state peel force per
unit width, which is related to the macroscopic work of
fracture, would effectively represent the bond tough-
ness of the joint. However, for thinner substrates, such
as those employed for the T-peel test reported in Alfano
et al. (submitted), plastic deformations do occur before

1 The ratio between the failure load and the nominal bonding
area.
2 Localized near the crack tip and in the L-bend regions of sam-
ple substrates.

fracture and affect the amount of external work which
is effectively available for the debonding process. As
a result the peel force does not solely represent the
work of adhesion, but it also embeds the plastic dissipa-
tion. A partition between the two contributions would
allow us to infer the bond toughness. Earlier attempts in
this direction were made using beam bending analysis
(Kinloch et al. 1994). However, later work showed that
using this approach essential features of the debond-
ing process are lost (Wei and Hutchinson 1998; Wei
2002; Yang et al. 2000) and that accurate interpreta-
tion of experimental data could be achieved using the
cohesive zone model of fracture (CZM) (Dugdale 1960;
Barenblatt 1962).

The aim of the present work is to complement the
results of our previous study (Alfano et al. submitted)
by means of an extensive series of numerical simula-
tions carried out using the CZM. The objective is to
identify the increase in bond toughness provided by
the laser process. The CZM lends itself to the analy-
sis of plastically deforming adhesive joints because it
allows to separate the energy needed to propagate the
crack from that dissipated through the plastic defor-
mation of the bonded substrates. The CZM has been
already applied with success to the analysis of adhe-
sive joints failing with large plastic deformations under
mode I (Yang et al. 1999, 2000; Kafkalidis et al. 2000),
mode II (Yang et al. 2001) and mixed mode (Yang
and Thouless 2001) loading conditions. In particular,
in the present paper, the Park-Paulino-Roesler (PPR)
(Park et al. 2009) potential based cohesive model is
employed and cohesive elements are implemented in a
FE commercial code (ABAQUS/Standard). In the case
of mode-I fracture the parameters of the PPR are the
cohesive strength (σmax ), the cohesive energy (φn), the
shape parameter (α) and the slope indicator (λn). A
sensitivity around the influence of these parameters on
the predicted peel-force versus displacement plots is
firstly carried out. The results are presented as a func-
tion of non-dimensional groups obtained from a stan-
dard dimensional analysis. Afterwards, the coupling
between fracture and macroscopic adherents plastic-
ity is discussed. It is shown that the global response
(i.e. the load-displacement curve) is mainly affected by
cohesive energy and cohesive strength. In turn, these
parameters are obtained comparing experiments and
simulations. In particular, a cost function is defined
which quantifies the difference between numerical and
experimental load-displacement curves. In such way

123123



On the enhancement of bond toughness for Al/epoxy T-peel joints with laser treated substrates 141

the combination of cohesive properties providing a rea-
sonable match between experiments and simulations
for the problem at hand is estimated.

This paper is organized as follows. Section 2 sum-
marizes the experimental results. In Sect. 3 a theoretical
background on the PPR model and details on the imple-
mentation of interface elements in the FE framework
are reported. Section 4 is then concerned with the sensi-
tivity analysis and the identification of bond toughness.
Finally, in Sect. 5 final remarks are provided to end the
paper.

2 Experimental section

Laser irradiation of samples surface has been carried
out using an ytterbium fiber laser operated in pulsed
mode (IPG, YLP1-100-100). An experimental study on
the effect of process parameters on the resulting wetta-
bility of substrate surfaces has been already described
in detail elsewhere (Alfano et al. submitted). Here we
summarize the key conclusions at the light of some
additional information. In order to set suitable process-
ing conditions different technological parameters were
investigated, e.g. average power (P), laser velocity (v)
and line spacing (LS). This choice was motivated by
the need to identify a combination ensuring improved
wetting of the solid substrates and fast processing at
the same time. Performing systematic fracture tests
was obviously unpractical, because of the high num-
ber of configurations to investigate. Thus, measuring
the wettability through the variation of contact angle
was chosen as a quick way to benchmark the quality
achieved for a specific set of process parameters. The
contact angle can be very informative in order to assess
the cleanliness of solid surface and to qualify the effec-
tiveness of a surface pre-treatment (Adams et al. 1997).
The contact angle was determined using an optical con-
tact meter using glycerol as testing liquid. It was firstly
observed that laser power levels below 100 W were not
able to improve wetting (i.e. decrease the contact angle)
and failed to provide a surface morphology prone to
mechanical interlocking. Therefore the power level was
set equal to 100 W and attention was subsequently lim-
ited to the effect of line spacing and laser speed. The
results reported in Fig. 1 show that the laser process
allows to decrease contact angle with respect to both
as-produced and grit-blasted conditions. The bars
denote the variation of contact angle recorded in two

Fig. 1 Variation of contact angle as a function of laser spacing
and speed. The error bars are referred to the difference recorded
in the contact angle observing the liquid drop in the directions
parallel and perpendicular to the processing direction. The insets
show the glycerol drop resting on treated surfaces obtained for
increasing laser speed and at the higher spacing. V denotes the
volume of the glycerol drop and �t is the time window employed
to observe the evolution of contact angle

orthogonal directions.3 For the investigated combina-
tions of the process parameters, best results in terms
of wetting were obtained for line spacings lower than
150µm. Below this value the results slightly depended
on process parameters. For the subsequent mechanical
tests, the combination of P = 100 W, LS = 50µm and
v = 750 mm/s was selected.

The mechanical tests were carried out using sym-
metrical T-peel joints with AA6082T6 sheet metal
substrates (thickness h = 1.5 mm, width B = 25 mm)
bonded with an epoxy adhesive (Loctite Hysol 9466),
whose properties are reported in Loctite Hysol 9466
(2006). The thickness of the adhesive layer was set to
ha = 0.25 mm using metallic spacers. The metal sub-
strates were bent at 90◦ before bonding and the bent
portions had a length L = 100 mm. An initial pre-crack
was introduced using thin teflon sheets. The top parts
of the samples (�= 40 mm) were held in the grips of a
tensile testing machine, and the peel-force versus cross-
head displacement curves were recorded as the speci-
men were broken under quasi static loading conditions.
In particular, the results of the mechanical tests are
reported in Fig. 2. A remarkable increase in maximum

3 It is emphasized that for some combinations of the process
parameters a patterned surface was obtained and as a conse-
quence the shape of the liquid drop was elongated in the lasing
direction.
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Fig. 2 Experimental load-displacement curves for grit blasted
and laser treated samples. The dashed lines represent the error
bands at±1s(s: standard deviation). The continuos and the dotted
line represent the fitting curves of experimental results for laser
treated and grit blasted samples, respectively

peel load (and elongation at failure) with respect to
standard grit blasting was recorded. The greater scat-
ter observed for grit blasted samples can be addressed
to the lower reproducibility of this surface preparation
technique. Note that the error bands were determined
considering the average of five consecutive measure-
ments. Gross substrate plastic deformations occurred
before final failure in the laser treated samples. These
were localized around the crack tip and in the L-bend
region of the substrates (see Alfano et al. 2011c). For
this reason, the peel force is no longer a valid indicator
of the strength of the joint (Kinloch et al. 1994; Wei and
Hutchinson 1998; Yang et al. 1999, 2000; Wei 2002).
Finally, a transition from adhesive to cohesive failure
was observed after the laser treatment.

The increase in peel load and the modification of
the failure mechanisms testify the improvement in the
mechanical behavior of the joint with laser treated sub-
strates. The finite element simulations reported next are
therefore aimed to reveal the achieved variation of bond
toughness.

3 Analysis of debonding using a potential based
cohesive model

3.1 Theoretical background

Finite element simulations of debonding were carried
out using cohesive elements implemented in ABAQUS.

The cohesive elements are based on the unified poten-
tial for mixed fracture proposed in Park et al. (2009).
The potential represents the distribution of fracture
energy in conjunction with separation of fracture sur-
faces. As the present paper deals with a symmetrical
90◦-peel test, opening conditions (mode-I) prevails and
mixed mode effect can be neglected. In this case, the
potential can be simplified

�(�n) = φn + 	n
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δn
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where λn is the slope indicator and σmax is the cohesive
strength. The remaining terms are give as follows, 	n
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m the non-dimensional exponent
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The intrinsic cohesive zone model for the normal cohe-
sive stress, σn , is obtained from Eq. 1 as follows
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Therefore there are four independent unknown param-
eters which need to be determined in order to fully
define the cohesive interaction (σn), i.e. φn , σmax , λn ,
α. In Fig. 3 the cohesive interaction, σn , is plotted for
various sets of cohesive parameters; in general, at first
increases, when �n = δnc it reaches a maximum (i.e.
the cohesive strength, σmax ), then it softens and falls to
zero when the opening displacement reaches the final
crack opening width (δn). The so described evolution of
σn with δn is also schematically depicted in the inset of
Fig. 3. It is emphasized that the softening curve depends
on the chosen value of the shape parameter (α).
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Fig. 3 PPR based intrinsic cohesive relation of normal deb-
onding for various combinations of fracture parameters (φn =
1.5 N/mm, σmax is expressed in [MPa]). The inset is a schematic
depiction of the intrinsic traction separation relation which illus-
trates the meaning of the cohesive parameters

3.2 Implementation of cohesive elements
and development of the FE model

Similarly to previous related works (Yang et al.
1999; Högberg 2006; Alfano et al. 2009, 2011d),
in the present paper it is assumed that the role of
the adhesive layer is to provide a traction-separa-
tion relation across the interface between the two
adherents. Therefore the development of a finite ele-
ment model of the T-peel joint requires cohesive ele-
ments for modeling crack initiation, evolution and
final failure and continuum elements for the sur-
rounding bulk material. The cohesive elements are
herein formulated exploiting the principle of virtual
works. The internal work done by the virtual strain
(δε) in the domain (�) and the virtual crack open-
ing displacement (δ�) along the crack line (c)
is equal to the external work done by the virtual
displacement (δu) at the traction boundary (), it
follows

∫
�

δεT σ d� +
∫
c

δ�T T dc =
∫


δuT P d, (6)

where T is the traction vector along the cohesive zone
and P is the external traction vector. The crack face
opening is interpolated by means of standard shape
functions, i.e.

⎡
⎢⎣

∫
�

BT EB d� −
∫
c

NT
c

∂T
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⎤
⎥⎦ d =

∫


NT P d,

(7)

where N and Nc are matrices of shape functions
for bulk and cohesive elements, respectively; B is
the derivative of N; d are nodal displacements and
E is the material tangential stiffness matrix for the
bulk elements. These integrals are numerically eval-
uated by a classical Gauss-quadrature rule. Finally,
∂T
∂�

is the jacobian stiffness matrix, which is given as

∂T
∂�

=
∣∣∣∣∣

∂Tt
∂�t

0

0 ∂Tn
∂�n

∣∣∣∣∣ . (8)

Note that the traction Tn is equivalent to the cohesive
interaction for normal de-bonding (σn) introduced pre-
viously, while Tt is corresponding value in the tan-
gential direction, which however does not enter our
calculations. The stiffness matrix and load vector of
the cohesive elements are assembled in a user-defined
subroutine within the commercial FE code ABAQUS.
In the FE model the whole adhesive layer was replaced
by a single row of cohesive elements with a finite
thickness equal to the nominal adhesive layer thick-
ness. As a consequence the macroscopic constitutive
behavior of the layer is expressed as a function of
the opening displacement �n and is captured through
the cohesive interaction σn derived using the PPR
potential.4 The area under the traction-separation rela-
tion mimics the energy dissipated within the adhe-
sive layer and represents the bond toughness of the
joints.

The size of cohesive elements was chosen observ-
ing that for element sizes ≤0.1 mm the total dissipated
fracture energy (area under the global load-displace-
ment curve) was mesh independent. Therefore, element
size was set equal to 0.1 mm throughout the numerical
simulations.

For the sample substrates four-nodes continuum
elements were employed and plane-strain and large dis-
placement conditions were considered. As noted pre-
viously, extensive plastic deformations were recorded
during the experiments, for this reason the stress-strain

4 This is a simplified kinematics which only accounts for con-
stant peel and shear deformations through the thickness of the
layer (Fedele et al. 2009).

123



144 M. Alfano et al.

curve of the aluminum alloy was employed as input for
the numerical simulations. The uniaxial stress-strain
curve was modeled by a piece-wise representation of
the experimental data obtained during testing (Alfano
2010). The tensile behavior was generalized to multi-
axial stress states assuming isotropic hardening and
using the von Mises yield surface. However, it should
be noted that J2 flow theory provides satisfactory results
when the cohesive strength does not largely overcome
the yielding strength. When σy/σmax ≈ 4 ÷ 6 the con-
ventional plasticity theory does not give rise to suffi-
cient stress elevation at crack tip to produce decohesion.
In such cases the strain gradient theory of plasticity has
been recommended (Wei and Hutchinson 1998; Wei
2002).

4 Determination of the bond toughness of the joint

4.1 Global versus local approaches

An analysis of the literature reveals that there are
two viable routes available for the determination of
cohesive parameters which can be roughly grouped in
global and local approaches. Global approaches allow
to identify the cohesive properties by iteratively adjust-
ing finite element predictions, e.g. load-displacement
curves, deflections and/or deformed shape of the sam-
ple, to the corresponding experimental quantities (Yang
et al. 1999, 2000, 2001; Kafkalidis et al. 2000; Yang
and Thouless 2001; Gustafson and Waas 2009). Local
approaches are based on a similar inverse procedure,
however, the experimental input data are now repre-
sented by point values (Ji et al. 2010), or full field
sets (Fedele et al. 2009; Shen and Paulino 2011), of
surface opening displacement taken in the near crack
tip region. Using local approaches information on the
precise shape of the traction separation law can be
obtained. Such knowledge can be of critical impor-
tance, for instance, in order to design tough adhesives.
In this case a weak phase (e.g. rubber particles) is
introduced to trigger damage development and induce
an intrinsic toughening effect (Cavalli and Thouless
2001). Therefore, a detailed knowledge of the cohe-
sive model may help to assess the variation of the final
opening displacement in the process zone as a function
of the content of the weak phase.

Although it is important from a fundamental pro-
spective, a detailed knowledge of the cohesive model

may not always be necessary for predictive modeling
of plastically deforming adhesive joints. For instance
in the work by Yang et al. (1999), the cohesive energy
and the cohesive strength for an adhesive layer were
determined from the analysis of residual radius of cur-
vature of plastically deforming wedge-loaded DCB.
The so obtained parameters were employed without
any modification to successfully predict the experi-
mentally observed load-displacement curve of T-peel
samples made up with same materials and with nomi-
nally identical bond-line. It was stated that for the pre-
diction 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 sec-
ondary importance. Likewise in the present work the
identification of cohesive model parameters will be
based on global load-displacement data recorded for
the T-peel joints and presented in the previous section.
In particular the cohesive parameters in the numerical
model will be adjusted so that to achieve a match with
the experimental quantities. However, we emphasize
that it is not the intention of this paper to identify the
full set of cohesive parameters; rather, the focus is on
the enhancement of bond toughness which follows to
the laser surface preparation process. The centerpiece
of our identification procedure is a sensitivity analysis
aimed to assess the sensitivity on the simulated load-
displacement curves to the parameters embedded in the
PPR cohesive model.

4.2 Sensitivity analysis

The results of the sensitivity analysis are now presented.
The data set employed to the purpose is represented by
the load-displacement curves (P-δ) generated using the
numerical model with a priori known material param-
eters. The objective is to understand how the varia-
tion of cohesive properties affects the simulated P-δ
curves. The analysis has been implemented in ABA-
QUS/Standard, which has been interfaced with Mat-
lab (The Mathworks, Inc.). We firstly note that in
our previous study (Alfano et al. 2011c) the effect of
different values of α was analyzed and it was con-
cluded that it does not significantly affect the P-δ
curve. A similar conclusion concerning the shape of
the CZM was also drawn in previous related works
which reported about the analysis of crack growth in
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elasto-plastic solids (Tvergaard and Hutchinson 1992;
Yang et al. 1999). For this reason, in the following
numerical simulations the shape parameter was set
equal to α = 3. However, it is recognized that the shape
of the cohesive model may play a role, for instance
when the substrates deformation is dominated by lin-
ear elasticity, as shown in Alfano et al. (2009), Alfano
(2006).

In our modeling approach the stiffness of the adhe-
sive layer is captured by the stiffness of the cohesive
model (kn). In the PPR model the elastic behavior can
be controlled by the slope indicator, which is given by
λn = δnc/δn (cfr. Fig. 3). At the initial stage of loading
the normal separation is very small, and the cohesive
relation provided by Eq. 5 can be linearized in term of
�n ; therefore the stiffness of the cohesive model can
be calculated as follows

σn = ∂2�

∂�2
n

· �n =
[
φn

δ2
n

( α

m

)m+1 (m

α

)m
(m + α)

]

�n = kn�n . (9)

It has been observed in Alfano et al. (2011c), and also
during the development of the present work, that a wide
variation5 of the slope indicator, and then of kn , does
not affect the initial slope of the simulated load dis-
placement curve (i.e. the macroscopic stiffness of the
joint). Then, in the subsequent numerical simulations,
the slope indicator has been set equal to λn = 0.06.
The remaining unknown cohesive parameters are the
cohesive strength and the fracture energy. A sensitivity
analysis has been carried out in order to assess their
effect on the predicted P-δ curve. The dimensionless
peel force per unit width of the sample (P̄ = P/B) can
be expressed as a function of the following dimension-
less parameters

P̄

σyh
= f

⎛
⎜⎜⎜⎜⎝

δ

h
,

φn

σy h
,

σy

σmax︸ ︷︷ ︸
cohesive properties

,
σy

E
, n︸ ︷︷ ︸

substrates elasto-plastic properties

⎞
⎟⎟⎟⎟⎠,

(10)

i.e. the opening displacement, cohesive parameters and
elasto-plastic properties of the substrates, respectively.
Note that E is the Young modulus, σy is the yield
strength and n is the hardening exponent. These last,
as well as the geometrical features of the sample (e.g.

5 Up to two orders of magnitude.

Fig. 4 Sensitivity of the non-dimensional load-displacement
curves to cohesive energy and cohesive strength (λn = 0.06
and α = 3)

length of the L-bend portion of the sample, the pre-
crack-length, etc.), were deliberately excluded from the
analyses and regarded as constants and equal to the val-
ues reported earlier in the paper. The finite element sim-
ulations were carried out in displacement control and
the actual ranges of displacements recorded during the
experiments were employed. The results of the sensitiv-
ity analyses are summarized in Fig. 4. The open sym-
bols are referred to the range of experimental results
observed for grit blasted samples. It is inferred that
when the fracture energy increases the area under the
P-δ curve (global dissipated energy) increases. In addi-
tion, for constant fracture energy, a variation of cohe-
sive strength within the chosen range only slight affects
the load-displacement curve. Likewise, numerical sim-
ulations were carried out in the range of the experimen-
tal results pertaining to laser treated samples. We note
that the results are pretty sensitive to both σmax and φn .
Indeed, for constant cohesive energy, the slope of the
P-δ curve increases with increasing values of cohesive
strength. This effect may be addressed to a leveraging
effect of plastic deformations in the metal substrates
(Tvergaard and Hutchinson 1992; Yang et al. 1999) and
it is also in agreement with Yang et al. (2000), where
the elevation of the peel force with increasing cohe-
sive strength was illustrated. In summary, the results
in terms of P-δ curves are always sensitive to cohesive
energy. The sensitivity to σmax increases as the energy
increases and is associated to the occurrence of addi-
tional plastic dissipation. The interplay between plas-
ticity and cohesive properties is further investigated in
the next section.
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4.3 On the interplay between cohesive properties and
plastic dissipation in the metal substrates

It may be now of interest to quantify the plastic dis-
sipation in the metal substrates as a function of the
non-dimensional cohesive parameters. From this stand-
point, we note that the total external work w carried out
to fracture the sample is given by the sum of the recov-
erable strain energy (we), the total plastic dissipation
(wp) and the total fracture energy (w f ). Therefore, it
follows

w = we + wp + w f . (11)

The results are shown in Fig. 5, where the ratio wp/we

is reported as a function of the dimensionless cohe-
sive strength and fracture energy. The ranges chosen
of cohesive parameters match the ones employed in
Fig. 4, so that a direct comparison can be made. The
results show that in the case of grit blasted samples
there is little or no plastic dissipation when the fracture
energy is low (φn/σyh ≈ 0.002); however, the plastic
dissipation increases as the energy increases, although
it looks pretty independent of the cohesive strength.
On the other hand for laser treated samples, the plastic
dissipation is higher and depends on both the cohesive
parameters. In this case the plastic dissipation is much
sensitive to cohesive energy than to cohesive strength.
A comparison among of present results with previous
related works is now carried out. In particular, Wei

Fig. 5 Plastic dissipation in the metal substrates as a function
of cohesive strength (σy/σmax ) and for different values of the
fracture energy (φn/σy h)

and Hutchinson (1998), Wei (2002) showed that when
plastic deformation does occur the extent to which the
peel force (per unit width) excess the work of adhesion
is determined by the ratio between the cohesive strength
and yielding stress (σmax/σy). When this ratio is less
than two, plastic dissipation is nearly negligible com-
pared to the bond toughness because the local stress
levels around the crack tip are such that there is little or
no plastic deformation. On the other hand, plastic dissi-
pation becomes increasingly important when the ratio
is larger than 3. However, the results reported in the
present work show that extensive plasticity may occur
even for low value of the cohesive strength. Indeed,
the domain of σmax explored to build Fig. 5 is such
that 0.04 ≤ σmax/σy ≤ 0.4. Therefore the tractions
acting on the substrates within the process zone are
not high enough to induce extensive plastic deforma-
tions around the crack tip. This is also confirmed by the
numerical simulations, which displayed plastic defor-
mations localized at some distance behind the crack
tip6 and triggered in the metal substrates before crack
initiation. In other words, the active plastic zone was
located behind the advancing crack tip. Interestingly,
Yang et al. (1999, 2000) reported essentially a similar
conclusion in studying crack propagation in adhesive
bonded thin metal sheets, such as those analyzed in
this work. An outcome of their study, which is relevant
to the present discussion, is that extensive plastic dis-
sipation may occur when σmax/σy ≤ 1. They stated
that the normal tractions acting in the process zone
increase the state of triaxiality and make more difficult
for yielding to occur, while the substrates deform with-
out applied surface tractions behind the failed cohe-
sive elements. We believe a similar mechanism holds
for our simulations. In addition, we observe that in
the T-peel joint the dissipation is enhanced because
the stress concentration occurring at the L-bend por-
tions of the sample promotes additional plasticity ear-
lier during the test. Moreover, the initial pre-cracked
portion of the sample further increases the bending
moment acting in the region in proximity of the crack
tip and trigger plastic dissipation even before crack ini-
tiation. So the plastic dissipation associated to crack
growth is related to gross plasticity in the metal sub-
strates.

6 Especially at the traction free compressive surfaces of the sub-
strates.
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4.4 Identification of bond toughness

Based on the results reported in the previous section,
the model response determined in terms of global load-
displacement curves has a different sensitivity to cohe-
sive energy and cohesive strength. We now want to
assess the existence of suitable ranges for these cohe-
sive properties providing best fit with the experimental
measurements. To this aim response maps are built to
assess wether or not each parameter of the model (φn

and σn) can be determined independently for the spe-
cific set of experimental data available. Once again we
emphasize that our main interest is to gain an under-
standing on the increase of bond toughness of the joint
after the laser process. We may obtain such informa-
tion looking at the combination of cohesive parameters
which allows to achieve a match between experimental
and simulated P-δ curves. Specifically, a cost function
was built where the difference between experimental
and simulated responses is quantified considering the
L2 norm of the total dissipated fracture energy (area
under the P-δ curve). In particular

� = ‖U (δg)exp − U (δg)num‖2, (12)

where

U (δg) =
δg f∫
0

P · dδg, (13)

and δg is the global opening displacement and the
subscript gf denotes the final value at which failure
(separation of the bonded substrates) was recorded. A
simple rectangle quadrature rule has been applied and
the experimental energy has been determined consider-
ing the polynomial interpolating function of the aver-
age of five consecutive displacements. Note that the
automatic assignment of parameter values to the FE
model was managed interfacing Matlab and ABAQUS
by means of a shell script. This choice for the cost
function is similar to that made in Gustafson and Waas
(2009), Lee et al. (2010). In particular, in Gustafson
and Waas (2009) a sensitivity analysis was carried
out using the kriging method; the influence of cohe-
sive parameters (cohesive energy, cohesive strength and
shape of the model) on the finite element predictions of
the maximum load at onset of fracture was analyzed.
In Lee et al. (2010) the sensitivity analysis to cohe-

sive properties (cohesive strength and initial stiffness
of the model) was carried out considering the whole
load-displacement curve. However, it should be pointed
out that in these works the effect of substrates plas-
ticity was not accounted for. The ranges of cohesive
strength and cohesive energy employed to build our
response maps were chosen in such a way to have out-
put load-displacement curves in the range of exper-
imental results.7 In the case of grit blasted samples
the following ranges have been chosen for cohesive
strength and cohesive energy: φn = 0.6 ÷ 1.2 N/mm,
σn = 0.25 ÷ 25 MPa; and for laser treated samples:
φn = 2.5 ÷ 4.5 N/mm, σn = 5 ÷ 100 MPa. The sur-
face plots of the cost function (�/�max ) are given in
Fig. 6 and the corresponding contour plots in Fig. 7. It
is apparent that for grit blasted samples combinations
of φ and σmax minimizing the cost function exist. The
values of cohesive strength around which the minimum
is located were not included in the range investigated
in Figs. 4 and 5. This feature can be also assessed from
the analysis of contour plots reported in Fig. 7. It looks
that minima values of �/�max are embedded in the
region φn = 0.7 ÷ 0.9 N/mm, σn = 0.25 ÷ 5 MPa. The
load displacement curve obtained using the average
values of cohesive parameters within these intervals is
reported in Fig. 8. On the other hand, in the case of laser
treated samples a single combination of the cohesive
parameters which minimizes the cost function could
not be identified. In particular, the minima of �/�max

fall in the following ranges: φn = 3.2 ÷ 3.8 N/mm and
σmax = 20 ÷ 85 MPa. While the range observed for
cohesive energy looks reasonably narrow, that of cohe-
sive strength is somewhat wide. As a result, very differ-
ent values of cohesive strength could lead essentially
to the equivalent load-displacement curve. This is also
confirmed by the simulated load-displacement curve
reported in Fig. 9, which have been obtained using the
end-values of the intervals.

5 Discussion and concluding remarks

Previous works showed that the use of σmax and
φn in cohesive models of fracture provides excellent
predictive capabilities8 for plastically deforming adhe-

7 The simulations were carried out in displacement control and
the actual end-displacement observed during the experiments
was employed.
8 In terms of global response.
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Fig. 6 Surface plots of the cost function ( �
�max

) obtained for
samples with a grit blasted and b laser treated substrates

sive joints (Yang et al. 1999, 2000). However, the results
reported in the present work illustrated the low sen-
sitivity of the simulated load-displacement curves of
T-peel joints to cohesive strength. A similar issue was
also discussed in previous related works (Kafkalidis
et al. 2000; Sun et al. 2008). It was clearly pointed out in
Sun et al. (2008) that, depending on the specific geom-
etries and materials under examination, the numeri-
cal simulations may show low sensitivity to cohesive
strength. Those authors showed that cohesive energy of
a plastically deforming adhesive joint could be deter-
mined comparing numerical and experimental load-
displacement curves, while the simulated response was
not sensitive to cohesive strength. Therefore an addi-
tional test coupon was designed with higher sensitivity
to cohesive strength for identification purposes. On the
other hand, it was observed in Kafkalidis et al. (2000)
that the cohesive strength depends on the constraint
level in the joint. Specifically, σmax decreases as the
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) obtained for
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level of constraint in the joint decreases (i.e. increasing
the thickness of the adhesive layer or decreasing the
thickness of the adherents) while cohesive energy is
relatively unaffected.9 As a result the analysis of adhe-
sive joint with different constraint levels may require
a re-calibration of cohesive strength. For this reason
we expect the identified value of bond toughness to be
fairly representative of the mode I bond toughness for
the present T-peel joints with laser treated substrates.
Therefore, on the basis of the previous results, and

9 It was experimentally observed that σmax and δn depended on
the geometry of the system (substrates and adhesive thicknesses)
in such a way that the cohesive energy (φn) remained approxi-
mately constant.
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Fig. 8 Comparison between experiments and simulations for
samples with grit blasted surfaces. The shaded area represents
the range of the experimental results

Fig. 9 Comparison between experiments and simulations for
samples with laser treated surfaces. The shaded area represents
the range of the experimental results

the above discussion, we may conclude that the bond
toughness is up to four time greater than that recorded
on samples with grit-blasted substrates. However, it is
apparent that the determination of the full set of cohe-
sive properties would require alternative procedures
other than those based on global experimental data.
Future works will focus on this matter.
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