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ARTICLE INFO ABSTRACT

Keywords: The fracture behaviour of joints bonded with a structural epoxy adhesive and bond line thick-
Mode I nesses of 0.1-4.5 mm has been studied. However, limited research is found on similar joints with
Fracture toughness thicker bond lines, which are relevant for maritime applications. Therefore, the effect of the

Extra-thick bond lines

adhesive bond line thickness, varying from 0.4 to 10.1 mm, on the mode I fracture behaviour of
Fracture process zone

steel to steel joints bonded with a structural epoxy adhesive was investigated in this study. An
experimental test campaign of double-cantilever beam (DCB) specimens was carried out in la-
boratory conditions. Five bond line thicknesses were studied: 0.4, 1.1, 2.6, 4.1 and 10.1 mm.
Analytical predictions of the experimental load-displacement curves were performed based on
the Simple Beam Theory (SBT), the Compliance Calibration Method (CCM) and the Penado-
Kanninen (P-K) model. The P-K model was used to determine the mode I strain energy release
rate (SERR). The average mode I SERR, Gj,,, presented similar values for the specimens with
adhesive bond line thicknesses of 0.4, 1.1 and 2.6 mm (G;,,. = 0.71, 0.61, 0.63 N/mm, respec-
tively). However, it increased by approximately 63% for 4.1 mm (G;,, = 1.16 N/mm) and de-
creased by about 10% (in comparison with 4.1 mm) for the 10.1 mm (Gy,y,. = 1.04 N/mm). The
trend of the G ,,. in relation to the bond line thickness is explained by the combination of three
factors: the crack path location, the failure surfaces features and the stress field ahead of the crack
tip.

1. Introduction

In the shipbuilding industry, there is a growing demand for total weight reduction. Lighter ships can carry higher loads, improving
the efficiency of the services, such as cargo transport. Towards this aim, traditionally steel-made components are being replaced by
composite materials. This results in bi-material adhesively bonded steel-composite structures. Moreover, the efficient production of
large shipbuilding structures leads to bond line thicknesses up to 10 mm. During the service life, the bonded regions are subjected to
multiaxial loading, which can be decomposed to simple peel and shear stresses. In the present study, the effect of the peel stresses on
those extra-thick bond lines (10 mm) is investigated by means of fracture tests under mode I loading conditions.

Research on the effect of the adhesive bond line thickness on mode I fracture behaviour has mainly focused either on joints
bonded with structural epoxy adhesives with bond line thicknesses normally ranging between 0.1 and 2 mm - mostly applied to
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Nomenclature bonded region (— oo < x < 0) (mm)
Wanbon displacement of Penado-Kanninen model in the
Latin symbols unbonded region (0 < x < a) (mm)
a specimen crack length (mm) Greek symbols
aspr estimated crack length based on Simple Beam . .
Theory (mm) 8 ( @)m ) ( 2 )m )
%o spec%men pr.e—crack length (mm) A harllf—specim()e(n displacement (mm)
B specimen width (mm) 1
K R A wave number (mm™ )
¢ specimen compliance (mm/N) A1 lastic process zone length (mm)
E tensile modulus of isotropic material (N/mm?) 1 € X P R J
B Young’s modulus of adhesive (N/mm?) | exp e>.<per1mental elastic process zone length
2 X (j=04,11, 26, 4.1, 10.1) (mm)
Gr mode I strain energY release rate (N/mm) v Poisson’s ratio of isotropic material (-)
Gl av. av.e.rage mode I strain energy release rate (N/mm) " Poisson’s ratio of the adhesive (=)
Gre critical mode I fracture energy of a bonded joint Oyietd yield strength (N/mm?)
(N,/ .mm) . [o peel stress in z-direction (N/mm?)
Gica critical mode I fracture energy of bulk adhesive ¥ Compliance Calibration Method curve fitting
(N/mm)
N . parameter (-)
Gr.com strain energy release rate based on Compliance B, [368 34 1
Calibration Method (N/mm) ¥ 3 \/; Gic” (N.mm?2)
Grpx strain energy release rate based on Penado- Q x7 ' a™ (N/mm)
Kanninen model (N/mm)
Gr.sBT strain energy release rate based on Simple Beam Acronyms
Theory (N/mm)
adherend thickness (mm) ASTM  American Society for Testing and Materials
I second moment of the beam cross-section area CCM Compliance Calibration Method
(mm™*) DCB Double-Cantilever Beam
k foundation modulus (N/mm?2) DOI Digital Object Identifier
L specimen length (mm) DW Distilled Water
mg constant to define stress state at the crack front (-) GPS glycidoxypropyltrimethoxysilane
m 3D plane stress state (-) HTSM  HighTech Systemen & Materialen
m, 2D plane strain state (-) ISO International Organization for Standardization
ms 3D plane strain state (-) JIP Joint Industry Project
n slope of log-log plot of Q versus a (-) LED Light Emitting Diode
P applied load (N) M2i Materials Innovation Institute
Peem Compliance Calibration Method estimated applied pH potential of Hydrogen
load (N) P-K Penado-Kanninen
Brax maximum applied load (N) rpm revolutions per minute
I radius of fracture process zone (mm) SBT Simple Beam Theory
Sa average areal roughness (um) SERR Strain Energy Release Rate
Sq root mean square deviation (um) TKI Topconsortium voor Kennis en Innovatie
t half of adhesive bond line thickness (mm) TNO Netherlands Organisation for Applied Scientific
w displacement of Penado-Kanninen model (mm) Research
Whon displacement of Penado-Kanninen model in the TTW Technology Foundation

aerospace and automotive applications [1-13], or on joints with flexible adhesives often with thicker bond lines [14,4,15,16].
However, limited studies were found on joints with extra-thick bond lines (10 mm) of epoxy adhesives, relevant for maritime
applications. The research done in the past has proved that there is a dependence of the fracture energy of adhesive joints on bonding
thickness, regardless of the nature of the adhesives. However, there is no single trend for this dependency.

Structural adhesives, such as epoxy adhesives, possess elasto-plastic yield performance. When these toughened adhesives are
applied in bonded joints, there are two mechanisms governing the bond line thickness dependence of the mode I fracture energy of
the joint (assuming good adhesion at the adherend-adhesive interface): the stress field at the crack tip and the consequent plastic
deformation zone. The plastic deformation zone develops ahead of the crack tip in consequence of multiple micro-cracks nucleation
through the adhesive thickness and plastification. In a bulk adhesive specimen, when tensile loaded, is assumed that this zone has a
circular shape of diameter equal to 2r,, where , is Irwin’s first order estimate of the plastic zone size (more details about 27,
estimation are given in Section 5). In a bonded joint, the physical constraints of the adherends affect the stress field at the crack tip
and, consequently, the shape and size of the plastic deformation zone. The influence of the adherends on the geometry of the plastic
zone varies with the bond line thickness [17,18].

In a bonded joint with a thin adhesive layer, the role of the interphases becomes dominant on the fracture behaviour of the joint.
The term interphase relates to the adhesive volume adjacent to the surface of the adherend, which is assumed to possess properties
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different from those of the adhesive when cured in the absence of an adherend. It has been reported that epoxide based adhesives
form interphases with an extension of up to 100 um from the adherends surfaces [19,20]. Geiss et al. [19] experimentally measured
the local deformation of the adhesive layer and its interphases in shear-loaded bonded joints. The results showed that, in the elastic
regime, the properties of the interphases were similar to those in the center of the adhesive joint. Nevertheless, the interphases
revealed to be more sensitive to strain-induced softening, which was triggered once the polymer’s yield point was exceeded. The
study of the effect of the interphase on mode I fracture behaviour is distinct from the core objective of this paper and, consequently, it
is not addressed.

Bascom et al. [3] investigated the effect of bond thickness on mode I fracture behaviour of aluminium with an epoxy adhesive and
also investigated the toughening effects of adding elastomer particles to the epoxy adhesive (i.e., 15% of the weight of the epoxy
adhesive). The toughness of the joints with the unmodified epoxy was not affected by the bond line thickness in the studied range
(i.e., from 0.25 mm up to 2 mm). A sharp increase of almost 30 times was observed in the fracture toughness of the joints bonded with
the elastomer-modified epoxy. Moreover, the fracture toughness of these joints was found to be strongly dependent upon the
thickness of the adhesive layer. The fracture energy was maximized when the bond line thickness was about the size of the plastic
zone formed at the crack tip (i.e., bond line thickness of 0.25-0.5 mm). The maximum fracture energy was higher than the toughness
of the bulk adhesive. As the bond line thickness was reduced below this maximum, the fracture energy of the bonded joints decreased
due to restraint in the development of the plastic deformation zone (i.e., the thinner the bond, the smaller the volume of adhesive
available to accommodate strain energy by deformation). Wang et al. [21] numerically predicted the stresses in the near field of the
crack tip in bonded joints as a function of adherends/adhesive modulus ratio and adhesive thickness. The results showed that when
the bond line thickness decreased, a shoulder developed on the local tensile stress distribution with the result that higher stresses
extended along a larger distance ahead of the crack tip. This distance increased as the bond line thickness was decreasing.

The work of Kinloch and Shaw [6] supported the findings of Bascom et al. [3], however via a slightly modified argument based on
the work of Wang et al. [21]. By assuming a stress singularity at the crack tip, Kinloch and Shaw supposed that the yield strength of
the adhesive would be overreached in some zone ahead of the crack tip. Due to the fact that higher stresses spread out along a larger
distance ahead of the crack tip as the bond line thickness decreased (as reported by Wang et al. [21]), Kinloch and Shaw assumed that
the yield criterion would be exceeded at further distances from the crack tip. Consequently, this would result in more elongated
plastic deformation zones. Their theory suggested that there is, in fact, a peak in the toughness of an adhesive joint when the adhesive
bond line thickness approaches the diameter of the plastic deformation zone of a growing crack in a bulk adhesive specimen. In this
case, the height of the plastic zone is, therefore, as predicted from the bulk adhesive specimen but its length ahead of the crack tip
may be greater due to constraint from the adherends (at this bond line thickness, the adherends should offer enough constraint to
enhance the plastic zone but not enough to restrict its development). Consequently, the volume of the plastic deformation zone
should be larger in the adhesive joint than its volume in bulk adhesive specimens (i.e., the unconstrained state). As the toughness is
mainly derived from the energy dissipated in forming the plastic zone, the maximum value is then observed in this case. Moreover,
the fracture toughness of adhesive joints decreases at bond lines thinner than the bulk adhesive plastic zone diameter. Although the
presence of stiff adherends extends the plastic zone length, the volume of the plastic zone is always smaller due to thinner bond lines.
On the other hand, in joints with bond line thicknesses greater than the bulk adhesive plastic zone diameter, the constraint level from
the adherends is lower, resulting in a reduction of the length of the plastic zone, and, thus, in lower values of the fracture energy of
the joints. In this case, the toughness of the joints tends towards the toughness of the bulk adhesive.

The results of other researchers further supported the proposals of Bascom et al. [3] and Kinloch and Shaw [6] regarding the role
of the plastic zone size on the fracture energy-bond line thickness relation of bonded joints. Hunston et al. [1] conducted fracture
experiments on bonded joints composed by aluminium adherends and an elastomer-modified epoxy adhesive. Bonded joints with
adhesive thicknesses of 0.38, 1 and 2 mm were tested and the stress-whitening that occurred at the crack tip was used to evaluate the
size and shape of the plastic deformation zone. The results showed that the plastic deformation zone changes with the bond line
thickness due to the physical constraint of the adherends and the stress field at the crack tip. The maximum value of the mode I
fracture toughness was found to occur at a specific thickness where the height of the plastic deformation zone was equal to the bond
line thickness. Maloney [4] investigated the mode I fracture behaviour of aluminium joints bonded with a structural epoxy adhesive -
Araldite 2015, with bond line thicknesses ranging from 0.2 mm to 4.0 mm. Failure of the joints was observed to occur by cohesive
propagation of a single crack. Evidence of plastic damage mechanisms occurring at the tip of the growing crack was found along the
failure surface, such as stress whitening. The mode I fracture toughness of joints with bond line thicknesses of 0.2 and 0.3 mm was
found to be much lower than the toughness of the bulk adhesive specimens, while the toughness of the 4.0 mm thick bond line joints
was similar to the toughness of the bulk adhesive specimens. The joints with a finite adhesive bond line thickness of 1 mm were the
toughest ones, even tougher than the bulk adhesive specimens. This maximum occurred at a bond line thickness nearly equal to the
size of the plastic zone.

As mentioned earlier, there is no single trend to describe the dependence of the fracture energy of adhesive joints on bonding layer
thickness and in some cases the proposals of Bascom et al. [3] and Kinloch and Shaw [6] do not correlate well with the experimental
results. Ranade et al. [9] have studied the effect of the bond line thickness on the fracture energy under mode I loading conditions of
aluminium specimens bonded with a structural epoxy adhesive. The bond line thickness varied from 0.02 mm up to 4.5 mm. The
fracture energies increased with an increase in the bond line thickness up to about 2 mm and remained constant out to the maximum
bond line thickness of about 4.5 mm. An estimate of the plastic zone length was obtained by testing bulk adhesive specimens and the
result was compared to the experimental bond line thicknesses. The estimated plastic zone length was about one-fourth the bond line
thickness value of about 2.2 mm (where a plateau of the fracture toughness was achieved). No detailed analysis of the crack path was
reported and, consequently, the fracture toughness-adhesive bond thickness relation could not be fully understood. Daghyani et al.



R. Lopes Fernandes, et al. Engineering Fracture Mechanics 218 (2019) 106607

[13,12] investigated the effect of bond thickness on the mode I fracture toughness of aluminium bonded joints. A rubber-toughened
adhesive was used. The fracture toughness increased gradually up to 1 mm thick bond line, tending to a plateau afterwards. For bond
line thicknesses larger than 4 mm, there was a sharp increase in the fracture energy towards the fracture energy of the bulk adhesive
material. The authors concluded that the relationship between the fracture energy and the bond thickness is mainly controlled by the
plastic deformation of the adhesive around the crack tip as may be influenced by the constraint imposed by the adherends. Tough
fracture mechanisms were observed in thick bonds and their presence became more pronounced with increasing adhesive bond line
thickness. Cooper et al. [10] performed a combined experimental-numerical study of the fracture behaviour of a rubber-toughened
epoxy adhesive. Metallic bonded joints with various bond line thicknesses ranging from 0.25 to 2.5 mm were tested. The fracture
energies increased steadily from 2.6 N/mm at 0.25 mm bond line thickness to 5.8 N/mm at 1.3 mm and remained almost constant for
larger bond line thicknesses. The authors argued that most of the energy dissipation occurs locally in the plastic zone formed ahead of
the crack tip and that the intensity of local plasticity is the main factor in determining the fracture energy and not only the size of the
plastic zone.

As aforementioned, in bonded joints with flexible adhesives, the adhesive bond line thickness also plays a role in mode I fracture
behaviour and some studies have focused on this topic [14,4,16]. Banea et al. [14] investigated the effect of adhesive thickness on
mode I fracture toughness of a high strength and flexible structural polyurethane adhesive. The fracture toughness increased linearly
from a bond line thickness of 0.2 mm up to 1 mm, whereas from 1 to 2 mm presented an increase of 20%. The trend was justified by
the development of plastic zones ahead of the crack tip of increased sizes prior to fracture, as the adhesive layer thickness increased.
Maloney [4] also performed experiments with bonded joints consisting of aluminium adherends and an elastomeric adhesive (a silyl-
modified polymer). Two bond line thicknesses were tested: 1.1 and 4.1 mm. The mode I fracture toughness increased with the
adhesive bond line thickness. In order to better understand the damage mechanisms occurring during the crack growth, the adhesive
layer was scanned by computed tomography. The joints of a bond line of 1.1 mm presented a higher concentration of voids near each
interface than along the mid-plane of the adhesive layer. The adhesive along the free surfaces of the joints often failed in the last
place, after the adhesive in the inner region has failed by cavitation due to a critical state of hydrostatic stress. Similar failure
mechanisms were observed in joints with bond line thicknesses of 4.0 mm. The joints also displayed voids along narrow strips of
adhesive in the central region around 3 mm from any free surface, probably where the hydrostatic stress reached a critical value.

The study presented herein focuses on the adhesive bond line thickness effect on mode I fracture behaviour of steel to steel joints
bonded with a structural epoxy adhesive by using the double cantilever beam (DCB) test. The range of adhesive bond line thicknesses
considered was 0.4 mm to 10 mm. Standard (i.e., the Simple Beam Theory (SBT), the Compliance Calibration Method (CCM) and non-
standard (i.e., the Penado-Kanninen (P-K) model) reduction methods were applied to the experimental load-displacement curves to
evaluate the mode I strain energy release rate (SERR). The stress field ahead of the crack tip was assessed for the range of adhesive
bond line thicknesses studied. The mode I SERR-adhesive bond line thickness relation was explained by the crack path location and
the features found on the failure surfaces in conjunction with the stress field ahead of the crack tip.

2. Experimental fracture tests
2.1. Specimens

The mode I fracture toughness was determined from the double-cantilever beam (DCB) test. The DCB specimens (see Fig. 1) were
made of S690 steel adherends, with a thickness of 3.0 mm, bonded with a structural two-component epoxy paste adhesive, Araldite

2015 (Huntsman®). Five adhesive bond line thicknesses were studied: 0.4, 1.1, 2.6, 4.1 and 10.1 mm.
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Fig. 1. Double-cantilever beam (DCB) specimen.
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Table 1
Mechanical properties of the steel S690 (according to supplier’s datasheet) and the epoxy adhesive Araldite 2015 (experimentally measured from
dog bone specimens cured 1h at 80 °C). The + symbol defines the standard deviation of the results.

Material Young’s modulus (GPa) v Yield strength (MPa) Ultimate strength (MPa)
Steel S690 210 0.3 770 832
Epoxy adhesive 2 +03 0.33 16.1 =+ 1.9 28.8 = 0.7

Steel: yield strength 0.2%; Adhesive: yield strength 0.1%.

0 1 2 3 4 5 6
Strain (%)

Fig. 2. Engineering stress-strain curve: Araldite 2015 cured 1h at 80 °C.

The mechanical properties of the steel S690 and the epoxy adhesive are given in Table 1. The steel properties were taken from the
supplier’s technical datasheet, while the adhesive’s mechanical properties were experimentally measured from tensile dog bone
specimens with a thickness of 2 mm in accordance with ISO 527 [22]. The representative engineering stress-stress curve of the epoxy
adhesive Araldite 2015 is shown in Fig. 2.

The steel adherends’ surfaces were treated before the bonding process. All the surfaces were grit blasted using aluminium oxide
(Corublast Super Z-EW nr. 100). Before and after grit blasting, the surfaces were cleaned with a clean cloth soaked with acetone.
Afterwards, the steel surfaces were immersed in a potassium hydroxide solution (alkaline cleaner), which was stirred at 300 rpm and
heated to 60 °C. The immersion in the solution lasted 10 min. As a final step prior to bonding, the cleaned steel surfaces were
immersed in a silane y-glycidoxypropyltrimethoxysilane (y-GPS) solution for 20 s in order to strengthen the adhesion at the inter-
faces. The oven cure took place at 150 °C for 1h, afterwards. The silane solution was prepared in three steps, according to [23].
Firstly, the y-GPS was hydrolysed in distilled water (DW)-methanol mixture. The volume ratios of y-GPS/DW/methanol were 10/80/
10, respectively. Secondly, the pH was set to 5-5.5 by adding acetic acid to keep the solution’s stability. Finally, the solution was
magnetically stirred for 48 h at 300 rpm at room temperature.

A manual applicator gun with a static-mixing nozzle was used to mix and apply the two-component epoxy paste adhesive, Araldite
2015. In order to have a correct mixture of both components, a small quantity of adhesive was in the first place discarded. Metallic
spacers of 5 different thicknesses (approximately, 0.4, 1.1, 2.6, 4.1 and 10.1 mm) were used to obtain a uniform adhesive bond line,
as shown in Fig. 1. Two metallic stripes and a sharp razor blade were used to build the spacers. These components were bonded by a
fast curing glue. The razor blade was placed in between the metallic stripes to create a pre-crack at the mid-thickness of the bond line.
The spacers were treated with a release agent before the specimen parts were assembled. After the bonding, the oven cure took place
at 80 °C for 1 h according to the manufacturer’s specifications. An even bond line thickness was obtained by making use of weights to
uniformly compress the specimens. At least 4 specimens were manufactured per bond line thickness. The total thickness of the
specimens was measured three times along the specimen length and the average was calculated in accordance with the ASTM D5528-
13 [24]. The average bond line thickness was taken by subtracting the adherends’ thickness.

After curing the specimens, the excess of adhesive on the sides was abraded off. For the crack length measurements, a thin layer of
white paint was applied to the side of the specimens, and black speckles were painted on top of it. This preparation was done before
any load was applied.

2.2. Test set-up

The fracture tests were performed on a 20 kN (load-cell precision of 0.5%) Zwick tensile test machine under a fixed displacement
rate of 1 mm/min. The crack length was measured by means of a 3D image acquisition system placed at the side of the specimen.
Pictures were taken every second. The crack length was defined as the straight and horizontal line distance between the load line and
the crack tip, where the load line is supposed to be coincident with the centreline of the grips’ pins. Moreover, it was assumed that
any displacement occurring in the end-blocks is negligible compared to the displacement of the arms of the specimens.
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Mechanical
extensometers |

Fig. 3. Test set-up.

Fig. 3 shows an overview of the experimental test set-up, highlighting the mechanical extensometers (used to measure the total
displacement of the specimen), the end-blocks and the 3D image acquisition system.

2.3. Fracture surfaces analysis

In order to evaluate the crack path location and to investigate the features of the fracture surfaces, a three-dimensional measuring
microscope and a fringe projection scanner (Keyence VR-3200, Japan) were used. The scanner is characterized by < 100 nm out-of-
the plane resolution with up to a 200 x 200 mm? measuring area.

3. Data reduction methods

Using the Irwin-Kies compliance formula, the mode I strain energy release rate (SERR), i.e., the driving force for steady-state crack
growth, can be expressed as
_ pdc
' 2Bda’ @)
where P is the applied load, C is the specimen compliance, B is the specimen width and da is the instantaneous crack length extension.

A straight crack front is assumed. Standard methods for the mode I energy release calculation are based on Eq. (1), differing only in
the way in which the derivative dC/da is obtained [17].

3.1. Standard methods

Literature suggests different methods to determine the specimens’ compliance, C. Some methods are based on an analytical
calculation, such as the Simple Beam Theory (SBT), while others are based on direct curve fitting of the measured compliance to the
measured crack length, such as the Compliance Calibration Method (CCM) [24]. The adhesive layer thickness effect on G is indirectly
taken into account in these methods when considering the experimental specimens’ compliance. Indeed, the finite stiffness of the
system, including the effects of the bond line, are effectively taken into account when experimental compliance is used, although the
adhesive bond line thickness does not explicitly appear in the expression of G;.

3.1.1. The Simple Beam Theory
The mode I strain energy release rate based on the SBT is given by,

P* _ 3P 4PN
BEI Bh\ BE 2

e
12

Grspr =

where a represents the crack length, E is the Young’s modulus of an isotropic beam, A is half of the total displacement and I =
defines the second moment of the beam cross-section area [24].

At fracture, the driving force equals the fracture energy, G; = Gy, denoting the crack onset in the adhesive. The initial linear
relation between load and displacement turns to a non-linear one during crack steady-state propagation. Assuming that Gy, is constant
during propagation, P and A scale as,

B |3ER}
p=24220 G3/4'A_1/2 — _A—1/2_
3 4 Ic lp (3)
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Eq. (3) provides a power-law for the steady-state, self-similar crack growth process [25].

3.1.2. The Compliance Calibration Method
From an empirical analysis, in the Compliance Calibration Method (CCM), the relation between P, 2A and a is expressed as [26],

Peem = (x71-a™)-2A = Q-2A. @

The mode I strain energy release rate based on the CCM is expressed as,

_nPA _ nPA n 1n phtl =1
GI-CCM_E_W_W.X P A,
Px (5)

where n equals the slope of the log-log plot of Q versus a (i.e., logQ = —logy — nloga). According to the SBT, n should be equal to 3
[26].

Similarly, as explained in SBT, at crack onset and post-propagation, the driving force equals the fracture energy, G; = G.
Assuming that Gy, is constant during the crack growth process, the load, P, as a function of A is given by,

n 1

1 (n-1) (n—1)

P= (—BG“)"”(Z)H N D) = BA ().
n X

(6)

3.2. Penado-Kanninen model: the Euler-Bernoulli beam on the Winkler elastic foundation

In the SBT, the bonded region is considered infinitely stiff. The crack tip opening displacement is, thus, 0, so it is the root rotation,
and the presence of the fracture process zone ahead of the crack tip is disregarded. However, in reality, the scenario is rather
different. In fact, the beams are not fixed at the crack tip due to the flexibility of the adhesive layer. Indeed, this flexibility may lead to
some vertical displacement of the beams within the bonded zone, inducing root rotation of the beams near the crack tip region. The
Winkler elastic foundation was seemingly the first approach developed to depict the root rotation effect [27,28].

The Winkler correction for DCB specimens with softer and thicker interlayers was subject of the study of several researchers
[29-32]. Penado [32] developed a method to determine the compliance and the energy release rate of the DCB specimen with an
adhesive layer based on modifying the Kanninen’s “augmented DCB model” ([29]) for crack propagation analysis of a homogeneous
specimen. The Penado-Kanninen (P-K) model is obtained by considering a finite length beam, which is partially free (representing the
unbonded part of the specimen) and partially supported by an elastic foundation (representing the bonded region), see Fig. 4. The
DCB specimen is symmetric about the x-axis along the centreline of the adhesive layer. Only half of the specimen is represented in
Fig. 4 (bond line of thickness t). The simplest theories are used: the Euler-Bernoulli beam theory and the Winkler foundation for the
free and the bonded regions, respectively [25].

The solution of the displacement of the Penado-Kanninen beam model is given by,

w(x)

p [Barx? — ’x* + 6aA% + 3la +31x+3) 0<x<a
"~ 6EIN3

3eM[cos(Ax)ald + asin(Ax)A + cos(Ax)] —oo0 <x<0 @

where 1 is the wave number, an inverse of which defines the elastic process zone length. The process zone length, A, in the context
of the elastic foundation is interpreted as the distance (from the crack tip) over which the positive peel stress is distributed. The 17!
length exits beyond the crack tip due to the flexibility of the adhesive. The 1 is defined as,

where k = mq (%)B,

A=4

[k
¥ ®

where E is the adherends’ elastic modulus, E, is the Young’s modulus of the adhesive, t is half of the thickness of the adhesive layer,
and B is the specimen width. Moreover, k is the foundation modulus describing the stiffness of the springs and depends on the
geometry and material properties of the adhesive. Finally, constant mq (g = 1 — 3) allows for the arbitrary formulation of the stress
state at the crack front. Specifically, m, is expressed as,

m =1 )

Wanbon

k

>
< >

X = = X a

Fig. 4. DCB specimen modelled according to Kanninen-Penado model [25].
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for the plane stress conditions in all directions (3D plane stress state) [33];

1

A (10)

for in-plane strain conditions and plane stress conditions in the transverse direction (2D plane strain state) [34];

(1 - Va)

"I 200 + )] an

for the plane strain conditions in all directions (3D plane strain state) [35]. v, is the Poisson’s ratio of the adhesive, presenting elastic
or elasto-plastic behaviour. In the case of an (incompressible) elastomeric adhesive, the foundation modulus should be modelled
differently and, hence, the interested reader is referred to [15,36] for more details.

The strain energy release rate is determined using the compliance method. The beam displacement at x = a is given by,

P (1
A = Wyppon (X = a) (7/13113 + 22a® + Aa + 3).

T Ee3 (12)

The displacement given by Eq. (12) corresponds to half of the specimen. Therefore, the whole specimen displacement is equal to 2A.
The strain energy release rate, Gy, is then given by,

rdc_ P
2B da BEIX?

GI-P-K = (/12112 + 2a + 1)

13)

Eq. (8) seems of fundamental importance revealing an inherent effect of the adhesive thickness on the elastic process zone length, 171
The foundation modulus k decreases as the adhesive layer thickness increases, leading to smaller values of 1. As the elastic process
zone length is the inverse of 4, its value increases with increasing adhesive layer thickness. The strain energy release rate is directly
affected by the increase of the adhesive layer thickness.

3.3. Mode I SERR: the relation between the Simple Beam theory and the Penado-Kanninen model

The mode I energy release rate was previously derived from the Simple Beam theory and the Penado-Kanninen model, and is
expressed as,
P2a2
Grspr = ——,
PSR BET (14)

P2
GI-P-K = W(/lzaz + 2a + 1)

(15)
Eq. (15) can be re-written as,
2 1
Grpx = Grsprel1 + — + —= |
1-P-K I-SBT ( Ta /lzaz) (16)

Eq. (16) reveals that the value of Grpx tends to the value of Grsgr when da — oo, which means that the bonded region would be
infinitely stiff and, consequently, the opening displacement, as well as the root rotation at the crack tip, would be null.

4. Results
4.1. Load-displacement curves

The test results corresponding to the representative specimens of each bond line thickness are shown in Fig. 5. The experimental
load-displacement, P-2A, curves are consistent for each specimen within the same test series. In fact, the initial stiffness and peak load
were similar in each of them as well as the post-peak region, from the crack onset up to complete failure. The average peak load is
summarized in Table 2.

Moreover, in Fig. 5 are also plotted analytical predictions of the experimental curves. The initial linear part of the P-2A curve is

predicted based on the SBT (P = %EI %) and the P-K model (from Eq. (12)). The propagation region is predicted from the SBT and the
a5
CCM. For each representative specimen, the average values of G| by applying the SBT and the CCM are determined and used as Gy, in

Egs. (3) and (6), respectively. Concerning the SBT prediction, please note that the estimated crack length (aSBT = i/ gEI %) is used to

calculate Gy as reported by [28,37]. Finally, the experimentally measured crack lengths are plotted as a function of the displacement
(the crack length range is restricted by the area analysed by the acquisition image system). The points highlighted in Fig. 5 are used in
Section 5 for P-K model validation.
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Fig. 5. Load-displacement curves (experiment vs. predictions) and experimentally measured crack lengths. The points highlighted are used in
Section 5 for P-K model validation.

Table 2
Average peak load and corresponding standard deviation per bond line thickness.

2t 0.4 mm 1.1 mm 2.6 mm 4.1 mm 10.1 mm

Peak Load 311 + 18.2 304 + 12.7 308 + 18.2 413 + 8.4 380 + 15.8
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(b) 2¢ =1.1 mm.

(c) 2t =2.6 mm.

(d) 2t =4.1 mm.

(e) 2t =10.1 mm.

Fig. 6. Failure surfaces of the representative specimens per bond line thickness - optical view.

4.2. Failure surfaces

The failure surfaces of the representative specimen of each bond line thickness are shown in Fig. 6, which exhibit cohesive failure
(i.e., the crack propagated within the adhesive layer). In order to evaluate the crack path location and to investigate the features of
these surfaces, a three-dimensional measuring microscope and a fringe projection scanner (Keyence VR-3200, Japan) were used.
These measurements are presented in Fig. 7 (only one of the two failure surfaces is shown). The colour bar refers to the height of the
adhesive remaining on the adherend surface. The bare steel regions (dark blue) were defined as the reference surface. There is some
variation on the average bond line thickness within each set of specimens per bond line thickness, which leads in some cases to
average bond line thicknesses higher than the average nominal thickness. However, unique features can be found on each set of the
steel-steel DCB specimens. Even inside each set, different waviness and corresponding roughness profiles can be noticed on the failure
surfaces, which explains the non-smooth behaviour of each P-2A curve. The average areal roughness, S,, and the root mean square
deviation, Sy, of the entire failure surface (Area Total) and some arbitrary regions (Areas 1-4 in Fig. 7) of each representative
specimen are given in Table 3 (a Gaussian filter is applied according to ISO 25178-2:2012. S, is the arithmetic average of the absolute
values of the profile height deviations from the mean line (defined by the waviness), S, is the root mean square of the profile height
deviations from the mean line).

Fig. 8 presents the longitudinal profiles of the failure surfaces of the representative specimens and thus the overall crack path
profile. The height profile of the remaining adhesive layer on the failure surface in respect to the reference surfaces (dark blue regions
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Fig. 7. Failure surfaces of the representative specimens per bond line thickness - height view. The colour bar refers to the height of the adhesive
remaining on the adherend surface. The bare steel regions (dark blue) were defined as the reference surface (for interpretation of the references to
colour in the colour bar, the reader is referred to the web version of this article).

Table 3
The average areal roughness, S,, and the root mean square deviation, S, of the representative specimen of each test series. Area Total corresponds to
the entire fracture surface, excluding the edges. The other areas are represented on each representative specimen in Fig. 7.

Onset region i Middle region | End region
Area 1 &2 i Area 3 . Area 4
Area total Area 1 Area 2 Area 3 Area 4
2t = 0.4 mm Sa (um) 93.79 123.71 52.14 88.92 129.64
Sq (um) 115.45 140.91 65.25 107.36 146.76
2t = 1.1 mm Sa (um) 279.89 161.63 - 349.55 307.21
Sq (um) 358.76 183.42 - 400.66 364.42
2t = 2.6 mm Sa (um) 381.28 244.40 - 371.18 119.44
Sq (um) 469.29 307.96 - 393.06 146.44
2t = 41mm Sa (um) 459.06 226.87 - 237.49 260.00
Sq (um) 536.19 281.62 - 287.01 307.61
2t = 10.1 mm Sa (um) 2687.75 148.60 417.37 741.79 244.24
Sq (um) 2970.89 209.84 506.24 869.02 301.07
2 2 3
— )y =5mm
—15 —y-lsmm| o _ 25
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Fig. 8. Height profile of the remaining adhesive layer on the failure surface in respect to the reference surfaces (dark blue regions in Fig. 7) along the
specimen’ s length direction of the representative specimens: (a) Bond line thickness (2t) of 0.4 mm; (b) 2t = 1.1 mm; (c) 2t = 2.6 mm; (d)
2t = 4.1 mm; (e) 2t = 10.1 mm. The height profile is plotted at y’ = 5, 12.5 and 20 mm (for interpretation of the references to colour in the colour bar,
the reader is referred to the web version o.f this article).
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in Fig. 7) is plotted along the specimens’ length direction, more precisely at three specific values of the specimen width, namely at
y’ =5, 12.5 and 20 mm. In fact, Fig. 8 shows that the height profiles of all specimens do not coincide along the specimen’s width,
being the more uniform the representative specimen with the thickest bond line of 10.1 mm. This means that the failure surfaces are
not symmetric along the width and, therefore, the crack front did not propagate uniformly along the width direction.

In the representative specimen with the thinnest bond line (i.e., approximately of 0.4 mm), the failure surface is, in the initial part
(from the initial crack length up to 70 mm), characterized by some peaks, as is highlighted in Fig. 7(a). This region is followed by a
smoother one, where the crack seems to propagate in the mid-thickness of the bond line (i.e., perfectly cohesive propagation). This
feature can also be observed in Fig. 8(a). More heavy peaks appear afterwards, for crack lengths larger than 100 mm. The S, and S,
were determined in some arbitrary regions and the results corroborate the description presented previously, see Table 3. By in-
creasing the adhesive bond line thickness up to 1.1 mm, the crack kept propagating inside the adhesive layer, however in a plane
more remote from the mid-bond line thickness plane. Although the crack path approached regions really close to the epoxy-steel
interface, it should be noticed that interfacial failure did not take place (a thin layer of adhesive is found on the complementary
failure surface). As can be seen in Figs. 7(b) and 8(b), for crack lengths larger than 80 mm, two different regions can be observed and
the failure surface asymmetry along the width direction becomes more pronounced.

In the representative specimens with bond lines of 2.6 and 4.1 mm, the crack started propagating in the mid-thickness of the
adhesive layer, as shown in Fig. 8(c) and (d), respectively. However, its locus direction changed towards regions close to one of the
epoxy-steel interfaces, afterwards. As previously commented, interfacial failure never took place. In the final region of the failure
surface of the 2.6 mm thick bond line specimen, the crack propagated in a more central plane (i.e., near the mid-thickness of the
adhesive layer). The average areal roughness and corresponding standard deviation were determined in arbitrary regions (Fig. 7(c)
and (d)) to show the changes on the local average roughness and the results are presented in Table 3. Finally, in the thickest
specimens, with a bond line thickness of 10.1 mm, the crack onset moved towards the steel-epoxy interface due to geometry sin-
gularity (Figs. 7(e) and 8(e)) [38,39]. This change on the crack initiation location led to propagation along one of the steel interfaces.
The presence of a thin layer of adhesive on these regions of the failure surfaces is indicative of the non-occurrence of adhesive failure.
During the crack growth, the crack propagated through the weakest regions throughout the thickness and longitudinal directions of
the bonded area, leading to a change on the crack propagation plane. For instance, in Fig. 7(e) is shown that the crack propagated
from a region close to one interface to a region close to the second interface in the crack length range of 60-120 mm.

The fact that the average areal roughness, S,, does not provide any information on the shape, size or frequency of surface features
is worthy of comment. The fracture energy of a bonded joint is dependent on the parameters mentioned in the last sentence. For
example, the average areal roughness of Area 1 of the representative specimens with a bond line thickness of 0.4 and 1.1 mm is
123.71 and 161.63 um, respectively. In the former specimen, this area is characterized by several peaks, whereas in later specimen a
smoother area is found. The surface with the higher frequency of peaks is expected to lead to higher fracture energy as the total
surface area is larger and thus more external work is needed for crack growth. The results of the fracture energy are presented in the
next sub-section.

4.3. Resistance-curves

The Resistance-curves, also called as R-curves, of the representative specimens of two adhesive bond line thicknesses are presented
in Fig. 9. The mode I fracture toughness is plotted against the experimentally measured crack length. Three curves are shown, which
are determined based on: the SBT (Eq. (2)), the CCM (Eq. (5)) and the Penado-Kanninen model (Eq. (13)). It is important to call
attention to the fact that the experimentally measured crack lengths are plotted in Fig. 5, allowing the correlation between the R-

1.6 i i i 1.6 i i i
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----P-K 3D plane stress
1.2¢ —P-K 2D plane strain| - 121 1
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£ 1 £ 1
£ £
Z 0.8r 1 Z 0.8F ]
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Fig. 9. Resistance-curves of the representative specimens of two bond line thicknesses: the mode I fracture toughness is plotted against the ex-
perimentally measured crack length.
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Table 4
Penado-Kanninen model: the effect of the stress state at the crack tip, of the adhesive’s Poisson’s ratio v, and of the bond line thickness on the
coefficient m,, the foundation modulus k and the wave number A.

2t 0.2 mm 10.1 mm

va (5) mq (=) k (GPa) A (mm~1) k (GPa) A (mm~1)
0.33 m; = 1.00 250 0.27 10 0.12
mp = 1.12 281 0.28 11 0.12
m; = 1.48 370 0.30 15 0.13
0.4 m; = 1.00 250 0.27 10 0.12
m = 1.19 298 0.28 12 0.13
m; = 2.14 536 0.33 21 0.15

E, = 2GPa; E = 210 GPa; B = 25 mm; h = 3 mm.

curves and the corresponding P-2A curves. Moreover, the effect of the stress state at the crack tip on the fracture toughness is also
evaluated by using three different m, coefficients to calculate the Gy.px. Regardless of the bond line thickness, the three curves (i.e., P-
K plane stress, P-K plane strain 2D, and P-K plane strain 3D) present almost identical results. Table 4 summarizes the effect of the
stress state at the crack tip, of the Poisson’s ratio v, and of the adhesive bond line thickness, 2¢, on the foundation modulus and the
wave number, k and 4, respectively. The correction made in order to allow for plane strain conditions at the crack tip is not negligible
for adhesives with high Poisson’s ratio (for example, v, = 0.4). Indeed, for such adhesive, the value of k by considering 3D plane strain
conditions is almost twice the value of k given by the 3D plane stress conditions, regardless of the bond line thickness. However, as
the studied adhesive, Araldite 2015, has a Poisson’s ratio of 0.33, the correction for the plane strain conditions is not necessary.

The Grpx gives higher values than the Gy.sgr, which is expected according to Eq. (16), and the difference between the SBT and the
P-K curves gets larger as the adhesive bond line increases. The thicker the bond line, the higher the amount of energy dissipated by
plastic deformation in the adhesive layer in the region ahead of the crack tip due to larger plastic deformation zones. In fact, the
foundation modulus varies inversely with the bond line thickness, and, consequently, an increase in the bond line thickness leads to a
smaller k and a smaller value of 1 (from Eq. (16) — see Table 4). Therefore, as A appears as a denominator in the terms inside the
parentheses in Eq. (16), the factor, by which G spr is multiplied to obtain Gyp.k, increases leading to a higher offset in the fracture
toughness curves of both methods.

Regardless of the adhesive bond line thickness (and the methodology employed), the R-curves are characterized by a peaked or
“saw-tooth” appearance, which shows that no steady-state, self-similar regime was reached (i.e., G| is not constant in the propagation
region). Indeed, in Section 4.2 was demonstrated that the crack did not always propagate along the same plane (i.e., along the same
adhesive layer height). These changes on the crack path position along the adhesive layer thickness are also reflected in the ex-
perimental P-2A curves by the non-smooth behaviour (see Fig. 5). Looking at the crack locus, this means that its direction has several
times changed during the crack growth process and, consequently, it has affected the plastic zone size and shape. As energy dis-
sipation mainly occurs in the plastic deformation zone, the non self-similar regime in the R-curves is then attributed to the alteration
of the size of this zone. More details about the variation of the mode I fracture toughness on each bond line thickness are given in
Section 5.

Hereinafter, only the results considering m; are reported because the mode I fracture toughness results kept independent of the
stress state considered, see Fig. 9.

4.4. Analytical load-displacement curves

As aforementioned, analytical predictions of the initial linear part and crack growth region are shown in Fig. 5. By considering a
G = Gy = const. during the propagation process, an analytical P-2A curve can be obtained from the SBT and the CCM. For each
representative specimen, the average values of G; by applying the SBT and the CCM are determined and used as Gy, in Egs. (3) and
(6), respectively. Concerning the SBT prediction, please note that the estimated crack length (aspr = i’f%) is used to calculate G as

reported by [28,37]. Two examples of the logQ-loga relation are shown in Fig. 10 and the average value of the exponent n determined
for each representative specimen is presented in Table 5.
3EI2A
2a8

Eq. (12)). The SBT prediction matches well the DCB specimens with thin adhesive bond lines (i.e., 2t = 0.4 — 1.1 mm). By increasing
2t, the level of agreement between the analytical and experimental curves gets lower. On the other hand, the P-K model predicts the
behaviour rather well in the range of bond line thicknesses of 0.4 — 2.6 mm. For thicker bond lines (i.e., of 4.1 and 10.1 mm thick), the
predicted compliance by the P-K model is higher than the experimental as the crack has propagated asymmetrically close to one of the
two interfaces for both cases. These results were expected because the SBT does not allow for flexibility of the bonded joint near the
crack front (the beams are assumed to be fixed at the crack front), leading to an overestimation of the experimental stiffness. This
flexibility effect becomes more meaningful as the bond line thickness gets thicker and thicker.

In the propagation region (see Fig. 5), the SBT gives better predictions than the CCM. Good agreement between experimental data

The initial linear part of the experimental P-2A curves (see Fig. 5) is estimated from the SBT | P =

) and the P-K model (from
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Fig. 10. logQ-loga relation (experiment vs. prediction).

and the theoretical SBT relation was also shown by Budzik et al. [28] and Salem et al. [37]. Eq. (3) provides a power-law for steady-
state, self-similar crack growth. However, the experimental results display non-smooth behaviour and, as shown previously in the R-
curves of each representative specimen, a steady-state condition was not reached during the experiments. This fact explains the
differences between the analytical and experimental P-2A curves. Finally, the accuracy of the CCM predictions depends on the
evaluation of the parameters n and y, which gets more precise for a larger number of data (i.e., when the range of crack lengths
experimentally measured is larger, there will be a better fitting of the entire propagation region). For a better agreement of the CCM
predictions, n and y should be updated for every increment of a. However, by using the average values of these two parameters (i.e.,
nand y), good predictions are obtained in the range of the experimentally measured crack lengths. Alternatively, the critical fracture
energy or the ¢ (from Eq. (3)) could be updated for the SBT model, which would allow considering the more local character of Gy.

5. Adhesive bond line thickness effect on mode I fracture toughness

Fig. 11 shows the trend of mode I fracture toughness based on the P-K model, Eq. (13), considering m; — 3D plane strain (note that
only these results are plotted because the mode I fracture toughness results kept independent of the stress state considered, see Fig. 9)
as a function of the adhesive bond line thickness. The maximum (“A” symbol) and minimum (“v” symbol) values of G; of each single
specimen are represented and plotted against the average thickness of the corresponding bond line (the bond line was measured three
times along the specimen length and the average was calculated). Two error bars are also plotted, giving the range of scatter on the
thickness and G; results of each bond line thickness. The average value of G;, which is represented by a bullet point, “*”, corresponds

to the mean of all points (maximum and minimum) plotted for each bond line thickness. The deformation zone length ahead of the
1

crack tip of each bond line thickness is also plotted, i.e., 21, + Ajfelxp where j = 0.4,1.1,2.6,4.1,10.1 mm and A;, corresponds to the
value of the experimental 1! of thickness of j mm (more details about the calculation of 2r, and /ljielxp are shown later in this section).
For clarity, the deformation zone length comprises both the plastic zone length and the elastic fracture process length, A;;Xp. The
energy dissipation mainly occurs in the plastic deformation zone. However, the elastic process length also contributes to the work
done by the external applied displacement.

Overall, a good agreement between the minimum and maximum values of G; was found (i.e., the minimum and maximum values
of Gy form two distinct groups), as can be seen in Fig. 11. The results of the specimens with a bond line thickness of 0.4 mm were the
exception, which is justified by the different waviness and corresponding roughness profiles found out in the failure surfaces of each
specimen. The average mode I fracture toughness, G;,,, presented similar values for the specimens with adhesive bond line thick-
nesses of 0.4, 1.1 and 2.6 mm (Gy,y. = 0.71, 0.61, 0.63 N/mm, respectively). However, it increased by approximately 63% for 4.1 mm
(G1av. = 1.16 N/mm), and it decreased by about 10% (in comparison with 4.1 mm) for the 10.1 mm (Gy,,. = 1.04 N/mm).

In a bulk adhesive specimen, the plastic deformation zone for a growing crack assumes a rounded shape of diameter equal to 2#,,

which is given by [6],

1 E,-Gye. . .
2n, = —a—;” for in-plane stress conditions,
Oy 17
Table 5
Average value of the exponent n of each representative specimen per bond line thickness.
2t 0.4 mm 1.1 mm 2.6 mm 4.1 mm 10.1 mm
n 2.2686 2.8196 2.4876 2.1666 2.5346
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Fig. 11. Adhesive bond line thickness effect on Mode I fracture toughness: P-K model results, considering 3D plane strain conditions. The maximum
(“a”) and minimum (“v”) values of G; of each specimen are plotted against the average thickness of the corresponding bond line. Two error bars are
also plotted, giving the range of scatter on the thickness and G; results of each bond line thickness. The average value of G (i.e., “*” symbol)
corresponds to the mean of all points (maximum and minimum) plotted for each bond line thickness. The red dashed line gives the limit of 2z,
considering plane strain conditions. The black dashed lines give the limit of 2r, + /Ij‘_lexp, where j = 04,1.1,2.6,4.1,10.1 mm.

2, = % E"'UGZIC'*’ ﬁ for in-plane strain conditions,

y a as)
where v, is the adhesive Poisson’s ratio, G, is the critical mode I fracture toughness of the bulk adhesive, and oy is the yield strength
of the adhesive. The stress state near the crack tip varies from plane stress in the edge regions to plane strain in the central regions of
the bonded joints. The tensile stress necessary for yielding is higher under the influence of plane strain conditions, leading to a
smaller plastic zone, as can be deducted from Egs. (17) and (18).

The length 2, for the epoxy adhesive here studied is presented in Table 6. The plane stress and plane strain conditions are
considered. Moreover, the plane strain plastic zone length, 27, is represented by means of a dashed red line in Fig. 11. For de-
termining 2, in Egs. (17) and (18), a oy of 16.1 MPa is used (from Table 1). The average value of Grp.x of 4.1 mm thick bond line is
considered as the critical mode I fracture toughness of the bulk adhesive, Gy.,. Considering the scenario that the maximum mode I
fracture energy for the specimen geometry and materials used in the present study is attained for a bond line thickness of 4.1 mm
thick bond line, the bulk adhesive mode I toughness would be smaller as shown by [6,4]. Consequently, by considering Grp.x of
4.1 mm thick bond line as the critical mode I fracture toughness of the bulk adhesive, Gy, the prediction of 2r, is overestimated.
However, for the purpose of the discussion of the results, the tendency between the length of the analytical plastic zone and the
theoretically one would remain the same, as it is described in Section 5.2.

5.1. Displacement & stress field ahead the crack tip

Figs. 12(a), (c) and (e), 13(a) and (c) present the prediction of the transverse displacement in the bonded region, wy,,, for all
studied bond line thicknesses based on the P-K model. The crack tip is located at x = 0. The points used for model validation are
represented in Fig. 5. These points were selected from the propagation region (after B,,). The peel stresses profile, o,,, in the adhesive
layer is shown in Figs. 12(b), (d) and (f), 13(b) and (d). The calculations are based on the displacement field, w(x), determined by the
P-K model, Eq. (7),

Table 6
2r, - The plastic process zone length, Egs. (17) and (18).
Plane stress Plane strain
2rp (mm) 2.88 1.08
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Fig. 12. Displacement & stress field ahead of the crack tip based on the P-K model, considering m; (— oo < x < 0). The crack tip is located at x = 0.
Two arbitrary points in the propagation region were selected for each representative specimen: a;, P, (i = 1 — 6) — see Fig. 5.
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wherei = 1 — 10 and represents the points chosen in the propagation region of the representative specimens. An upper limit from the
yield strength of the bulk adhesive, from Table 1, is also plotted in Figs. 12(b), (d) and (f), 13(b) and (d) to define the length of 17,
which is the distance over which the positive elastic peel stress is distributed up to the yield strength, oy. In addition, both the plane
strain and plane stress plastic zone length are plotted in Figs. 12(b), (d) and (f), 13(b) and (d). The region under peel stresses, o,
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Fig. 13. Displacement & stress field ahead of the crack tip based on the P-K model, considering m; (— oo < x < 0). The crack tip is located at x = 0.
Two arbitrary points in the propagation region were selected for each representative specimen: a;, P, (i = 7 — 10) — see Fig. 5.

Table 7
2Wynbon (x = a): Experimental vs. analytical results, considering m;. The reader is referred to Fig. 5 to identify the location of the Point i on the
corresponding P-2A curve.

2t 0.4 (mm) 1.1 (mm) 2.6 (mm) 4.1 (mm) 10.1 (mm)
Point i 1 2 3 4 5 6 7 8 9 10
P; 285.69 238.94 256.51 191.13 284.50 191.06 363.27 306.23 313.67 249.23
a; 46.11 57.99 47.77 68.67 42.84 67.98 45.46 57.17 43.91 63.15
20 2.37 3.40 211 3.60 2.06 4.67 2.27 3.04 2.22 3.87
2Wynbon (X = a;) 1.95 311 2.05 4.19 1.80 4.26 2.80 4.36 2.31 4.97
% Error -18 -9 -3 16 -13 -9 23 43 4 28

higher than the adhesive’s yield strength, oy, is the so-called plastic zone.

The values of 2wyppen i (X = a;) were compared with the experimental ones, 2A;. The results using m; — 3D plane strain are sum-
marized in Table 7. Reasonable agreement is found between the analytical and the experimental displacements regardless of the
adhesive bond line thickness, as shown in Table 7. However, the deviations from the experimental results are higher in the thicker
specimens, namely the ones with a bond line thickness of 4.1 and 10.1 mm, as is shown in Table 7. In these specimens, the change of
the crack path location along the adhesive layer thickness affects the total displacement, 2A, which is not taken into account in the P-
K model. The P-K model assumes that the crack is located at the mid-thickness of the adhesive layer. Moreover, in the derivation of
the P-K model is assumed that the stiffness of the adhesive layer can be neglected in the unbonded region of the specimen when
51 < 0.05 and the adhesive layer is thin. When that is not the case, in order to have more accurate predictions, an effective adherend
height, which takes the adhesive’s stiffness in consideration, should be implemented [32,37].

The elastic fracture process zone length, /1;(;, was determined from the experimental results (i.e., from the wy,pon — a curve
computed using the experimental data P, a;). As aforementioned, AE‘X}, is defined as the distance over which the positive peel stress is
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Table 8
Aequj: Experimental results, considering ms.

2t (mm) 0.4 1.1 2.6 4.1 10.1
15(17 0.95 1.95 3.26 3.51 6.31

distributed up to the yield strength of the bulk adhesive, see Figs. 12(b), (d) and (f), 13(b) and (d). The values of /le’x%, are summarized
in Table 8. As expected, the elastic fracture process zone length increases with the adhesive bond line thickness. Concerning the
region of o, in the plastic domain, its length is overestimated by the plane stress plastic zone length (the light grey shaded region
length up to x = 0 in Figs. 12(b), (d) and (f), 13(b) and (d)), which is expected as the plane stress conditions are representative of the
edge regions. There is a better agreement between the theoretical (Table 6) and the experimental predictions of the length of the
plastic region when considering plane strain conditions (the light blue shaded region length in Figs. 12(b), (d) and (f), 13(b) and (d)).
Indeed, the stress state near the crack tip in the central regions of the bonded joints are better represented by the plane strain
conditions.

5.2. Discussion

According to Kinloch and Shaw findings [6], the specimens with a bond line thickness of 1.1 mm would be the tougher ones as
2t = 2r, (plane strain conditions) — see Table 6. Although this is not the case for the adhesive investigated in this study, their theory
can still support the overall trend of G; as a function of the bond line thickness. Moreover, Irwin [18] showed that in a tensile loaded
panel, the plastic deformation zone has a circular shape of diameter equal to 2r,. In a bonded joint, the physical constraints of the
adherends affect the shape and size of the plastic deformation zone and, consequently, the fracture toughness of the joint. The
influence of the adherends on the geometry of this region varies with the bond line thickness and is discussed hereafter.

In the specimens with thin bond lines of 0.4 mm, the effect of the adherends constraint is more pronounced, leading to higher
confinement of the crack tip and higher local peel stresses, as shown in Fig. 12(b). The adherends’ constraint effect seems to expand
the plastic deformation zone as the length of this region is higher than 2, (plane strain conditions), resulting in a more elongated
deformation zone with an elliptical shape, as reported by Kinloch and Shaw [6] and Wang et al. [21]. By increasing the bond line
thickness up to 2.6 mm, the adherends’ constraint effect gets smaller, and, consequently, the plastic deformation zone length de-
creases and it seems to converge to the length of the plane strain 27, as can be seen in Fig. 12(f). In the range of bond line thicknesses
of 0.4 to 2.6 mm, it would be expected an increase on the average value of G| as the physical constraint becomes less pronounced for
thicker bond lines and, naturally, the deformation zone becomes larger in volume. However, the experimental results show a different
trend. Similar average G; values are obtained in the range of 0.4 to 2.6 mm thick adhesive layer. The high deviations from the average
G on each of these bond lines affect the final result. Indeed, as shown in Sections 4.1 and 4.2, the joint strength slightly decreased in
the specimens with a bond line of 1.1 and 2.6 mm in comparison with the thinnest ones with a bond line thickness of 0.4 mm.
Furthermore, the failure surfaces and crack paths present some differences. In the thinnest specimens, the surfaces are characterized
by several peaks (Fig. 7(a)). For the thicker specimens of a bond line of 1.1 and 2.6 mm, the failure surfaces appear smoother and the
changes on the crack path plane location might have prevented the full development of the deformation zone, leading in the end to
similar results of G;. Table 8 shows that /1;(:, increases with the bond line thickness. However, it did not seem to affect the average
value of G in the bond line thicknesses range of 0.4-2.6 mm, which shows that energy dissipation mainly occurs in the plastic
deformation zone.

In the specimens with a bond line of 4.1 mm, the adherends’ constraining effect is supposed to be even lower due to the total
thickness of the bond line. Therefore, the deformation zone should be fully developed, leading to higher energy dissipation before
crack propagation, and consequently, to higher G; values. In fact, there was a rise of approximately 84% in the average value of Gy
from a bond line of 2.6 mm to a bond line of 4.1 mm. The joint strength was the highest amongst the studied bond line thicknesses, as
is shown in Fig. 5(d). According to Kinloch and Shaw [6], the plastic deformation zone for this bond line thickness should have height
equal to 21, and length longer than 2r,. The results in Fig. 13(b) agree with Kinloch and Shaw theory regarding the increase in the
length of the deformation zone. Nevertheless, the P-K model assumes perfectly cohesive crack propagation (i.e., at the mid-thickness
of the bond line), which is not representative of the real crack path profile of the 4.1 mm thick adhesive bond line specimens (see
Fig. 7(d)). In fact, the change on the crack plane might have affected the shape, size and direction of the deformation zone, namely in
the regions where the crack propagated close to one of the interfaces. Consequently, the real deformation zone length might be
slightly different from the estimated by the P-K model. However, despite the real crack path, it seems that the deformation zone could
develop more in the specimens with a bond line thickness of 4.1 mm than in the ones with 2.6 mm thick adhesive bond line as it is
shown by the higher average G; value obtained.

Finally, in the specimens with a bond line of 10.1 mm, the crack grew alternating between the two interfaces (but always within
the adhesive layer). Consequently, the propagation occurred most likely under mixed mode conditions, because no geometrical and
material symmetries were observed during crack propagation. As a consequence of the crack path location, the deformation zone was
physically constrained just in one side (by the adherend), which might have reduced its size, and, subsequently, the mode I fracture
toughness. The estimation of Ae‘xt, and the plastic deformation zone from Fig. 13(d) might not be representative of the experiment due
to the crack plane location. As aforementioned, in the P-K model is assumed that the crack is located at the mid-thickness of the bond
line. The deeper understanding of possible reasons behind alternating crack path are distinct from the core objective of this paper,
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and hence the interested reader is referred to [40-44] for more details.

Although the same adhesive was used in the present study and on the study of Maloney [4], two different trends of the mode I
fracture toughness as a function of the adhesive bond line thickness were obtained. Maloney’s results show an increase on the mode I
fracture toughness from a bond line thickness of 0.2 mm up to 1.1 mm (G, = 0.19 and Gy, = 0.73 £ 0.07 N/mm, respectively). At this
thickness, a maximum on the fracture toughness is observed. For thicknesses higher than the optimum, the mode I fracture toughness
tends to the bulk adhesive toughness, Gic = 0.64 + 0.07 N/mm. The reader should note that Maloney’s specimens were cured 16 h at
60 °C, while the specimens manufactured for the present study were cured 1h at 80 °C. By comparison of the experimental stress-
strain curves of both cured systems, a more flexible behaviour is found on the system cured at 80 °C with an average failure strain of
about 5%, while the system cured at 60 °C presents a failure strain of about 3%.

The research done in the past has proved that there is a dependence of the fracture energy of adhesive joints on bonding thickness,
regardless of the nature of the adhesives. However, there is no single trend for this dependency. Some studies [3,6,1,4] affirm that the
critical mode I fracture energy is directly related to the size of the process zone forming in the adhesive material ahead of the crack tip
and its variation with adhesive layer thickness is determined by the constraint effect from the adherends. In the present study, the
average mode I fracture toughness, Gy ,,, presented similar values for the specimens with adhesive bond line thicknesses in the range
of 0.4mm to 2.6 mm, and it increased by approximately 63% for the joints of 4.1 mm thick bond line. Further increase in the
thickness of the adhesive layer led to a decrease of about 10% in Gy,,. (in comparison with 4.1 mm thick bond layer). These results
show that the increase in bond thickness does not always lead to an increase in the critical fracture energy. The reasons for the trend
of these results are attributed to: (a) the crack path, which influences the stress field ahead of the crack tip and, consequently, the size
of the deformation zone, and (b) the differences in the fracture surfaces’morphology.

6. Conclusions

The effect of the adhesive bond line thickness, varying from 0.4 to 10.1 mm, on the mode I fracture behaviour of steel to steel
joints bonded with a structural epoxy adhesive was investigated. This range of bond line thicknesses is relevant for maritime ap-
plications, where the efficient production of the superstructures leads to required thicker bonds than for aerospace applications. An
experimental test campaign of double cantilever beam (DCB) specimens was carried out in laboratory conditions. Five bond line
thicknesses were studied: 0.4, 1.1, 2.6, 4.1 and 10.1 mm.

Analytical predictions of the experimental load-displacement curves were performed based on the Simple Beam Theory (SBT), the
Compliance Calibration Method (CCM) and the Penado-Kanninen (P-K) model. The P-K model was used to determine the mode I
strain energy release rate (SERR). The average mode I SERR, Gy ,,, presented similar values for the specimens with adhesive bond line
thicknesses of 0.4, 1.1 and 2.6 mm (Gy,,. = 0.71, 0.61, 0.63 N/mm, respectively). However, it increased by approximately 63% for
4.1 mm (Gy,. = 1.16 N/mm), and decreased about 10% (in comparison with 4.1 mm) for the 10.1 mm (Gy,,. = 1.04 N/mm). The trend
of the Gy ,y. in relation to the bond line thickness is explained by the combination of three factors: the crack path location, the failure
surfaces features and the stress field ahead of the crack tip.

In all tested specimens, the crack has propagated cohesively (regardless of the bond line thickness). However, the crack showed a
tendency to propagate with an alternating trajectory (i.e., the crack grew along an alternating path along the bond line thickness).
This behaviour affects the stress field ahead of the crack tip and, consequently, the extent of the deformation zone ahead of it (i.e.,
crack propagation in the mid-thickness of the adhesive layer allows the full development of the process zone, while propagation in a
plane more remote from the specimen mid-plane restricts the development of this zone). Among all tested bond line thicknesses, it
seems that the alternating crack path pattern affected the least the thinnest bond line of 0.4 mm, leading to similar values of the
average G in the range of 0.4-2.6 mm. Moreover, the average joint strength was higher and the failure surfaces were rougher in the
bond line of 0.4 mm than in the specimens with bond lines of 1.1 and 2.6 mm. Although the alternating (wavy) pattern on the crack
path was also present in the specimens with an adhesive layer thickness of 4.1 mm, it is thought that the deformation zone could
develop further than in the bond line thickness of 2.6 mm, which is corroborated by the higher Gy, value obtained. Finally, in the
thickest specimens (=10 mm), the crack onset moved towards the steel-epoxy interface due to geometry singularity. The crack grew
alternating between the two interfaces. As a consequence of the crack path location, the deformation zone was physically constrained
just on one side, which might have decreased its size, and, subsequently, the mode I fracture toughness.

The mode I fracture toughness-bond line thickness trend presented in this study shows that the increase in bond thickness does not
always lead to a rise in the critical fracture energy. The reasons for this trend are attributed to: (a) the crack path, which influences
the stress field ahead of the crack tip and, consequently, the size of the deformation zone, and (b) the differences in the fracture
surfaces’morphology.
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