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ARTICLE INFO ABSTRACT

Keywords: This study investigates the fracture onset and crack deflection in multi-material adhesive joints with thick
Fracture onset bond-lines (~10 mm) under global mode I loading. The role of adherend-adhesive modulus-mismatch and
Mode I

pre-crack length are scrutinized. The parameters controlling the crack path directional stability are also dis-
cussed. Single-material (i.e. steel-steel and GFRP-GFRP) and bi-material (i.e. steel-GFRP) double-cantilever
beam joints bonded with a structural epoxy adhesive are tested. The joints are modelled analytically, consid-
ering a beam on elastic-plastic foundation, to include characteristic length scales of the problem (e.g. adhesive
thickness, plastic zone) and numerically using Finite Element Model. An empirical relation, in terms of geomet-
rical and material properties of the joints, that defines the transition between non-cohesive and cohesive frac-
ture onset is found. Above a specific pre-crack length the stress singularity at pre-crack tip rules over the stress
singularity near bi-material corners, resulting in mid-adhesive thickness cohesive fracture onset. However, the
cracking direction rapidly deflects out from the adhesive layer centre-line. Positive T-stress along the crack tip
is found to be one of the factors for the unstable crack path.

Thick bond-line

1. Introduction

In shipbuilding and civil industries, demand of increased cargo
transport and renovation of bridges create a set of challenges for which
the use of a combination of steel and composite parts can be an attrac-
tive solution [1,2]. These parts need to be joined together. Adhesive
bonding can provide structural integrity while allowing for a more
smooth load transfer than bolted connections.

The use of adhesive bonding technology, in these industries, results
in bonded regions characterized by adhesive layers with a thickness of
up to 10 mm. Such adhesive thicknesses are imposed by manufactur-
ing [3] and in-service constraints, and differ from other industries such
as aerospace and automotive, where the manufacturing tolerances are
strictly controlled, resulting in much thinner bonded regions, in gen-
eral in the sub-millimetre range. On the other hand, examples of
thicker bond-lines can be found in e.g. wind turbine blades, where
thickness can go up to few centimeters. [4].

With such bond-line thicknesses, a weakness to be recognized, from
both the scientific and applied points of view, is the stress gradient at
the bi-material adhesive-adherends edges and corners, exacerbated by
differences in materials properties [5-9]. Locally, peel forces arise and
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might result in local damage and fracture onset, in case the bonded
region is subjected to external loading. The fracture mode I loading
case is the most critical for an adhesive joint and, therefore, is the
object of study in this paper.

Moreover, structural epoxy adhesives are often indicated, by the
shipbuilding and civil engineers, to be used in the bi-material joints.
Their elastic-plastic material characteristics, in addition to the afore-
mentioned geometric length scale of the thickness of the adhesive
layer, introduces a material length scale of a plastic radius [10]. When
the yield strength of the adhesive is exceeded in the region near a
crack tip, plastic deformation occurs in a small region, as it is restricted
by the surrounding material, which remains elastic. This plastic defor-
mation is considered as responsible for dissipation of the majority of
the external loading. Control over e.g. the number, the localization
and size of the plastic regions is highly desired and in principle could
increase both reliability and overall performance of the joint in sus-
taining external loading [11].

The double-cantilever beam (DCB) specimen has been an attractive
configuration for the study of crack propagation under mode I loading
conditions in composites and in adhesively bonded materials due to its
experimental and theoretical simplicity. The theoretical description of
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Nomenclature
Latin Symbols
a crack length (mm)
Ayotal total crack length (mm)
Aorotal initial total crack length (mm)
ag initially unbonded length (mm)
B specimen width (mm)
c bonded length (mm)
Ci_4 constants of integration (-)
E tensile modulus of isotropic material (N/mm?)
E, adhesive Young’s modulus (MPa)
E.dher adherend Young’s modulus (MPa)
,; adherend bending modulus (MPa)
Exx UD lamina longitudinal, x-direction, modulus (MPa)
E, UD lamina transverse, z-direction, modulus (MPa)
G, adhesive shear modulus (MPa)
Gadher adherend shear modulus (MPa)
Gre critical mode I fracture energy (N/mm)

Gicpi-mat  critical mode I fracture onset energy of bi-material adhe-
sive joint (N/mm)

Gy UD lamina shear modulus in xz-direction (MPa)

Gy UD lamina shear modulus in xy-direction (MPa)

Gy UD lamina shear modulus in zy-direction (MPa)

h arm thickness in a homogeneous DCB specimen (mm)

Radher adherend thickness (mm)

hérrp final thickness of the laminate after post-cure cycle
second moment of the beam cross-section area (mm®*)

k foundation stiffness (MPa)

k. adhesive constant defining stress state (-)

Kadher adherend constant defining stress state (-)

K interface corner stress intensity factor (MPa,/mm)

K stress intensity factor of opening mode (MPa+/mm)

Kn stress intensity factor of shear mode (MPa,/mm)

K7° remote mode I K-field (MPa,/mm)

K4 constants of integration (-)

L specimen length (mm)

L. bonded region length in elastic regime (mm)

Iy length between the loading point and the origin (mm)

L, plastic zone length (mm)

my constant defining stress state in the adhesive (-)

P applied load (N)

2 critical load at fracture onset (N)

P normalized load ()

Pui_mx  normalized load of bi-material adhesive joint (-)

B, normalized critical load at fracture onset (-)

P.pi-ma normalized critical load at fracture onset of bi-material
adhesive joint (-)

r radial distance from the crack tip (mm)

L Irwin’s estimate of the radius of the plastic zone (mm)

Ri_» constants of integration (-)

S equal to (ﬁ + m) (1/MPa.mm™)

T stress acting parallel to the crack plane (MPa)

w displacement in z-direction (mm)

wy (x) deflection in region 1 of Yamada’s model (mm)
wa(x) deflection in region 2 of Yamada’s model (mm)
ws(x) deflection in region 3 of Yamada’s model (mm)
2t, adhesive bond-line thickness (mm)

Greek Symbols

a Dundurs parameter (-)

p Dundurs parameter (-)

Y constant related to the order of singularity (-)
A half-opening displacement in DCB specimen (mm)
Aa pre-crack length (mm)

Al critical pre-crack length (mm)

Alexper.  €xperimental pre-crack length (mm)

Aleyxpmax  Maximum experimental pre-crack length (mm)
e oscillation index (-)

&y strain component in y-direction (-)

A wave number (mm 1)

a1 elastic process zone length (mm)

Va adhesive Poisson’s ratio (-)

Vadher adherend Poisson’s ratio (-)

Uxz UD lamina Poisson’s ratio (-)

Ouimae  Ultimate (maximum) strength (MPa)

Oxx stress component in x-direction (MPa)

Oyield adhesive yield strength (MPa)

Oyy stress component in y-direction (MPa)

o> remote stress component in y-direction (MPa)

¥y
Oyy—homogencous  Stress component normal to a crack in homogeneous

material (MPa)
Oyy—interface Stress component normal to bi-material interface (MPa)

Oxy stress component in xy-direction (MPa)
2A total opening displacement in DCB specimen (mm)
2A normalized displacement (-)

Superscripts & subscripts
adher 1 adherend 1
adher 2 adherend 2

GFRP GFRP adherend

steel steel adherend

Acronyms

ASTM  American Society for Testing and Materials
CLT Classical Laminate Theory

CTE Coefficient of Thermal Expansion
DCB Double-Cantilever Beam

DIC Digital Image Correlation

FE Finite Element

FEM Finite Element Modelling

DW Distilled Water

GFRP Glass Fibre Reinforced Polymer

GPS glycidoxypropyltrimethoxysilane
ISO International Organization for Standardization
UD Unidirectional

the DCB configuration has been modified and extended to cover the
effects of various parameters (e.g. bond-line thickness or shear defor-
mation of adherends). The name originates from the work of J.J. Ben-
bow and F.C. Roesler [12], in which each arm of the specimen is
treated as a built-in cantilever beam having a length equal to the
length of the crack. The test and the data treatment incorporates easily
measurable quantities - macroscopic displacement and external force,
used to establish fracture driving parameters.

M.F. Kanninen [13] developed the “augmented DCB model” for
crack propagation analysis of a homogeneous specimen as shown in
Fig. 1(a). The model takes direct account of the region behind the
crack by considering a finite length beam which is partially free (rep-
resenting the unbonded part of the specimen) and partially supported
by an elastic foundation (representing the bonded region). The math-
ematical description of the model is based on the simplest theories: the
Euler-Bernoulli beam theory and the Winkler foundation. This model
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(a) M.F. Kanninen [13]: homogeneous DCB specimen
modelled by considering a finite length beam which is
partially free (Euler-Bernoulli beam) and partially sup-
ported by an elastic foundation (Winkler foundation).
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(b) F. Van Loock, M.D. Thouless, N.A. Fleck (2019)
[14]: adhesive joint with semi-infinite crack subjected
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Fig. 1. Comparison of mode I geometries used to analyse adhesive joints.

remarkably gives information about the region in front of the crack, in
particular the elastic process zone, 1!, which is interpreted as the dis-
tance (from the crack tip) over which the positive peel stress is dis-
tributed. Therefore, this model can form a phenomenological basis
for cohesive zone models as crack tip opening displacements and stress
are incorporated. However, this analysis, which can be considered as
meso-scale, was intended for fracture of homogeneous materials and,
therefore, did not include an adhesive layer. Later on, F.E. Penado
extended M.F. Kanninen’s analysis to adhesive joints, by including
the adhesive layer in the analysis [15]. Moreover, S.E. Yamada mod-
elled the bonded region by considering a beam on an elastic-plastic
foundation [16].

At this stage, it seems reasonable to postulate that the limit of appli-
cability of various models is related to the adhesive thickness. As the
adhesive thickness tends to zero, like in laminated materials, either
J.J. Benbow and F.C. Roesler [12] or M.F. Kanninen [13] approxima-
tions will suffice. For sufficiently thick bond-lines, local stress gradi-
ents should be expected, however, meso- and local-scale analysis
should be used, such as F.E. Penado’s and S.E. Yamada’s analyses
[15,16]. Finally, once adhesive thickness tends to infinity, in the pres-
ence of a embedded crack, stress intensity asymptotic analysis will be
necessary [10].

Following the early works of J. Dundurs and D.B. Bogy [17,18], it
has been recognized that the so-called basic interface problem (two
dissimilar material bonded along shared interface under remote load-
ing) introduces local stress gradients due to the material properties
mismatch. Such singular stress field, in case of materials containing
a crack, comes as complementary to the crack tip stress field.

In 1987, J.W. Hutchinson et al. [6] investigated competition
between the crack tip singular field and materials mismatch induced
stress gradient near the interface, leading to formulation of conditions
for a sub-interface crack growth. Here, authors noted that the stable
sub-interface crack growth is unlikely and once the crack front onsets
in cohesive manner within any of the two joined materials, configura-
tional (= directional) stability of the crack follows another criterion
(Cotterell-Rice theory [19]). From this work, we learn that only a neg-
ative non-singular term at the crack tip (which refers specifically to the
so-called T-stress explained at a later stage) can guarantee stable crack
growth. The basic interface problem enriched by the presence of an
interface crack was pursued by Z. Suo and J.W. Hutchinson [20,21].
The classic square root dependence of the stresses on the distance
away from the crack tip remains, however, material mismatch enforces

use of complex variables and adds additional term to the power depen-
dence of the stress on the distance from the crack tip.

F. Van Loock et al. [14] studied adhesive joints subjected to a
remote mode I K-field of magnitude K*. The joints, composed by an
elastic adhesive layer of thickness 2t, sandwiched between two elastic
adherends, contained a semi-infinite crack as shown in Fig. 1(b). The
normal stress component o,, distribution (perpendicular to the crack
plane and within the adhesive layer) ahead of the crack tip was deter-
mined by finite element analysis for different values of modulus-
mismatch ratio E}“:h (E, and E,g being the Young’s modulus of the
adhesive and adherend, respectively). o,, is shielded by the presence
of stiffer adherend material. As the mismatch in modulus increases
(decreasing ﬁ), the stress distribution tends to the solution for a

semi-infinite crack in an adhesive layer between two rigid adherends
and subjected to an uniform opening displacement. The stress is pre-
dicted to be independent of crack length and decreases with an
increase in bond-line thickness [22].

A certain gap between different approaches exists, specially when it
comes to implementation into the DCB-like geometries where the
bond-line is once used as a crack and once as containing the crack.
In fact, the standard DCB treatment skips adhesive thickness (as in
ASTM D 5528 [23]), implying that the same models could be used
for thin and thick bond-lines. Use of composites and bonded materials
is associated with carrying a bending-type of loading, while most of
the geometries investigated use idealized, remotely applied tensile
loading. Such approach ultimately omits important length scale intro-
duced by bending as outlined by the analysis of M.F. Kanninen in [13].
The load acting over the crack region cannot be treated as uniform,
contrary to the case of remotely applied tensile loading as in [14].
Effects of plastic radius are barely investigated within the outlined
framework, however role of this region is known as critical [24].

The literature available shows that a proper analysis of DCB joints
characterized by dissimilar materials and thick adhesive bond-lines
with small crack length, which are representative of engineering appli-
cations, is missing. In the present paper, the geometry under consider-
ation is shown in Fig. 2. Two adherends with finite thickness are
bonded together with an adhesive of thickness 2t,~10 mm. A pre-
crack of length Aa is cut at mid-thickness of the adhesive bond-line.
With such adhesive bond-line thickness, stress gradient arises at bi-
material edges and corners. Length Aa plays a critical role on fracture
onset locus in current approach. The definition of Aa follows the ide-
alization of unloaded region of material adjacent to the crack surfaces
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Fig. 2. Current approach: influence of Aa length on fracture onset in adhesive
joint with finite thickness adherends under global mode I loading.

in an infinite homogeneous plate with a crack as postulated by A.A.
Griffith [25,10]. The unloaded region is approximated by a triangle
with the base length corresponding to Aa and a height of 2zAa. Aa
must be sufficiently large so the corners near the interfaces are
unloaded, as illustrated in Fig. 2 by the red diffusion lines. In other
words, Aa must be sufficiently large to create a singular stress field
around the pre-crack tip, in which the threshold stress is first attained
rather than at bi-material edges and corners, resulting in fracture onset
at the pre-crack tip.

The primary objective of this study is to investigate the fracture
onset and crack deflection in adhesive joints with thick bond-lines
(~10 mm) under global mode I loading. More specifically, the role
of adherend-adhesive modulus-mismatch and the role of pre-crack
length, Aa, are scrutinized. The parameters controlling the crack path
directional stability are also discussed. Single-material (i.e. steel-steel
and GFRP-GFRP) and bi-material (i.e. steel-GFRP) DCB joints bonded
with a structural epoxy adhesive are tested. The tests are aided by a
3D image acquisition system. Moreover, the fracture tests are modelled
analytically by considering a beam on elastic-plastic foundation - S.E.
Yamada [16], and numerically.

2. Experimental
2.1. Materials and preparation

2.1.1. Materials used

Fig. 3 shows the three DCB configurations tested. The adherends
were made of either S690 steel, with a thickness of 3.0 mm, or glass
fibre reinforced polymer (GFRP) laminate, with a thickness of
8.6 mm. The adherends were bonded with a structural two-
component epoxy paste adhesive, Araldite 2015 (Huntsman®) with a
bond-line thickness of 10 mm.

The GFRP laminate was manufactured with quadraxial E-glass fab-
ric (nominal thickness of 0.9 mm), which consists of a stacking of four
unidirectional (UD) layers of E-glass lamina with the orientations
—45°/90°/445°/0°. A rubber modified epoxy based vinyl ester resin
was used to impregnate the E-glass fabric stacking sequence. The GFRP
laminate was manufactured by vacuum infusion. After a period of 24 h
at fv laboratory temperature (~23 degrC), the laminate was post-cured
at 60 °C during 12 h in an oven, following supplier’s specifications.
The mechanical properties of the UD-0° GFRP lamina were experimen-
tally determined and are given in Table 1. The mechanical properties
of the steel S690 and the epoxy adhesive are listed in Table 2. The steel
properties were taken from the supplier’s technical data-sheet, while
the adhesive’s mechanical properties were experimentally measured
from tensile dog bone specimens with a thickness of 2 mm in accor-
dance with ISO 527 [26].
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2.1.2. Assumption concerning symmetry of the bi-material specimen

The bi-material steel-GFRP DCB specimens were manufactured by
following the Strain Based Design criterion developed by W. Wang
et al. [27] to guarantee pure mode I loading at the crack tip. The Strain
based criterion is given by,

—adher1 3,2 __ pf—adher23,2
Ef( hadherl - Ex hadher27 (1)

where E*1-2 i5 the effective bending modulus of adherend 1 and 2,
respectively. For the steel adherend, E. 5*? is equal to material Young’s
modulus (see Table 2). The effective bending modulus of the GFRP lam-
inate, E-°"* s calculated by applying the classical lamination theory
(CLT). More details in [28].

By considering the steel adherend thickness, h., equal to 3 mm,
the GFRP adherend is designed to meet the Strain based criterion.
The lay-up of the GFRP laminate is given in Table 3 as well as
Ef-C"R? and the final thickness of the laminate after post-curing (the
final thickness is smaller than the nominal one due to the manufactur-
ing process constraints).

2.1.3. Surface preparation and bonding

The surfaces of the steel adherends were grit blasted using alu-
minium oxide (Corublast Super Z-EW nr. 100). Before and after the
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) solu-
tion for 20 s in order to strengthen the adhesion of the adhesive at the
interfaces. The steel adherends were then oven cured for 1 h at 150 °C.
The silane solution was prepared in three steps according to G. Li et al.
[29]. 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.

The surfaces of the GFRP laminate were manually abraded with
sandpaper (grid 180). During this process, care was taken to not affect
the fibres of the laminate. Before and after the sanding, the GFRP sur-
faces were cleaned with a clean cloth soaked with isopropanol.

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 first discarded. Metallic spacers of approxi-
mately 10 mm were used to obtain a uniform adhesive bond-line, as
shown in Fig. 3. Two metallic strips and a sharp razor blade were used
to build the spacers. These components were bonded by a fast curing
adhesive. While the metallic strips designated the length of initially
unbonded zone and the distance from the load application point -
ay, the razor blade placed in between the metallic strips created an
additional pre-crack of length Aa at the mid thickness of the adhesive
bond-line - see Fig. 3. To facilitate post-bonding removal, the spacers
were covered with a release agent. After the bonding process, curing
took place at 80 °C for 1 h according to manufacturer’s specifications.
An even bond-line thickness was obtained by making use of weights to
uniformly compress the specimens. After curing the specimens, the
excess of adhesive on the sides was removed by abrasion. In some
cases, the length Aa of the existing pre-crack was extended. The total
thickness of the specimens was measured at three locations along the
specimen length and the average was calculated in accordance with
the ASTM D5528-13 [23]. Finally, prior to testing, to enable Digital
Image Correlation (DIC) evaluation, a thin layer of white paint was
applied to the side of the specimens with the black speckles painted
on top.
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Fig. 3. DCB specimen: the three tested configurations.
Table 1
Mechanical properties of the UD-0° GFRP lamina.
A
y
A e
GO
F
Material E,, (MPa) E,, = Ey, (MPa) Gy, (MPa) Gyy (MPa) G, (MPa) Uz
UD-0° GFRP lamina 37861 12047 5003 4125 3692 0.252
Table 2
Mechanical properties of steel S690 and epoxy adhesive Araldite 2015.
Material E (MPa) Oyiera (MPa) Gultimae (MPa)
Steel S690 210000 0.30 770 832
Epoxy adhesive 2000 + 300 0.33 16.1 £1.9 28.8 £ 0.7

Steel: yield strength 0.2% offset; Adhesive: yield strength 0.1% offset.
" experimentally measured from dog bone specimens cured 1 h at 80°C
" supplier’s technical data-sheet

Table 3
GFRP laminate: lay-up based on the Strain based design criterion [27] (the lay-
up is defined from the bottom to the top of the laminate).

Criterion Lay-up hrp Ei-GFRP

(mm) (MPa)

Strain [0° +45° 90° —45°]5/[+45° 90° —45°  8.60 21996
based 0°]s

h¢prp — final thickness of the laminate after post-cure cycle.

2.2. Test set-up

The mode I fracture energy was determined from the DCB test. The
DCB specimens were tested in a Zwick tensile test machine, equipped
with a 20 kN load cell (precision of 0.5%) under the displacement rate
of 1 mm/min. The tests were carried out to failure at laboratory con-

ditions (temperature of 23 °C and relative humidity of 55%). The 3D
image acquisition system was placed at the side of the specimen
(VIC-3D system by Correlated Solutions, Inc.) with pictures taken
every second after the load application. Four to five specimens per
joint configuration were tested.

The reason to use the 3D image acquisition system was twofold: (i)
monitoring of the crack growth throughout the test and, (ii) to obtain
full-field displacement and strain fields over the specimen’s surface
using DIC technique. The speckle images were processed using Vic-
3D 8 software. A parametric study of the effect of the subset and step
size on the displacement and strain results was performed. The subset
size was set to 29 and the step size was set to 7 pixels. 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 coin-
cident with the centre-line of the grips’ pins. Moreover, it was assumed
that any displacement occurring in the end-blocks is negligible com-
pared to the displacement of the arms of the specimens.
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3. Modelling methods
3.1. Beam on elastic-plastic foundation

Incorporating relevant length scales, the adhesive thickness, the
elastic stress field and the plastic fields can be tedious when using full
three dimensional continuum approach. Instead, this work will use an
extension of the known Kanninen model [13] for the DCB geometry. S.
E. Yamada [16] extended Kanninen’s model by including adhesive
plasticity effects at the crack tip. We follow his model assuming elas-
tic/perfectly plastic response of the adhesive while the beam remains
elastic. The physical model and mathematical formulation are split
into three domains/regions as seen in Fig. 4:

e Region 1, (deflection w,), is the free part of the beam;

e Region 2, (deflection ws), is the part of the beam which is sup-
ported by a perfectly plastic foundation due to the yielding of the
adhesive. The stress condition at the crack tip is dominated by a
vertical component. Therefore, within the plastic zone, an uniform
uni-axial stress is assumed;

e Region 3, (deflection wj3), is the part of the beam which is sup-
ported by an elastic foundation.

The DCB specimen is assumed to be symmetric about the x-axis
along the centre-line of the adhesive layer. Only half of the specimen
is represented in Fig. 4 (bond-line of thickness t,).

The governing equations of the structural response are,

2
E‘Idd:” =P +x), L <x< -1, (2)
4
Ef(Idd:? = —6,B, -, <x<0 (3)
£ d w3
EIdx —kws, 0<x <L, (4)

in which E'I is the bending stiffness of the beam (I = Bhlfdz"”, being hgner
the thickness of the beam), w; is the deflection in regioni (i =1,2,3), x
is the location in reference to the boundary of elastic and plastic
regions, I; is the length between the loading point and the origin, [, is
the plastic zone length, P is the applied force, o, is the yield strength
of the adhesive, B is the width of the specimen. Finally, k is the founda-
tion stiffness defined by,

E.B

k=m, =

)

where m, is parameter of order one, t, is the thickness of the founda-
tion (half the thickness of adhesive bond-line), E, is the Young’s
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modulus of the adhesive. Constant m, (q = 1,2) allows for arbitrary
formulation of the stress state at the crack tip. Specifically, m, is
expressed as,

m1:1,

(6)
assuming plane-stress in both out-of-plane and in-plane directions [30],

1 —v,)

FECTAIETAL ™

my =
assuming plane-strain in both out-of-plane and in-plane directions [31],
where v, is the Poisson’s ratio of the adhesive.

The solution to the differential equations reads as,

p Pl
W](X) :6EfI +ﬁx +R1X+R2, (8)
X
__oB 4 G 3 G,
Wz(x) = 24E£Ix + 6 X + 2 X +C3X+C47 (9)
ws(x) = K;j cos(4x) cosh(4x) + K cos(4x) sinh(4x) + Kj sin(4x)

x sinh(4x) + K3 sin(4x) cosh(4x), (10)

with R;_», C;_4,K;_4 being constants of integration to be found through
a boundary value problem and in which 4, defined by,
P

= 11
4E.I’ ()

is the wave number, the inverse of which defines the elastic process
zone length. The process zone length, 17!, 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
of the crack tip due to finite rigidity of the adhesive. Expanding and
substituting for k and I, Eq. 11 can be rewritten in a non-dimensional
form as,

A tuhge, = 3mg E_? (12)

EX

which reveals the relation between the bonded structure characteristic
length scales (left hand side) and adherend/bond-line material mis-
match (right hand side).

The results of the constants of integration and the plastic zone
length for the case where the bonded region is sufficiently long
appear in Appendix I. Please note that once [, approaches zero in
Egs. (2)-(4), the problem turns into elastic foundation only, i.e.
M.F. Kanninen model [15]. Additionally, once [, approaches zero,
there will be no characteristic length ™' and the beam is treated
as fixed at the crack tip like in J.J. Benbow and F.C. Roesler
studies [12].

|l

™~

Fig. 4. DCB specimen modelled according to S.E. Yamada’s model [16]: elastic-plastic foundation.
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3.2. Finite element (FE) model

The proposed analytical methodology is aimed in indicating and
including characteristic length scales of the problem. However, the
problem at hand involves additional, local phenomena of three dimen-
sional (3D) nature such as corners, beyond its capability and intention.
While the asymptotic analysis is involved later for discussion, for bet-
ter comprehension a 3D numerical model of the DCB bonded joints
was built in Abaqus®. The joints were modelled using 8 node linear
brick elements (C3D8). The adherends were modelled as linear elastic,
using the material properties given in Tables 1 and 2. The adhesive
was modelled as elastic-plastic, using the input data from R.L. Fernan-
des et al. [32]. The number of elements through-the-thickness direc-
tion of the GFRP adherends was defined by one element per lay-up
layer. For the steel adherends, 10 elements were used in thickness
direction. When needed, a seam crack embedded in the adhesive part
was included in the model. The mesh was refined in the areas of inter-
est, i.e. crack tip region and adherend-adhesive interfaces. A coarser
mesh was applied in the rest of the model. A mesh convergence study
was performed to guarantee mesh independency of the numerical
results. In order to simulate the real constraints during a DCB test,
the following boundary conditions and loading were applied: 1) the
left end of the lower edge of the bottom adherend was constrained
from all displacements, rotations were not constrained; 2) the left
end of the top edge of the top adherend was constrained from displace-
ment in longitudinal direction; 3) a load was applied on the left end of
the upper edge of the top adherend, equal to the load taken from the
experimental tests. A mesh overview with the applied boundary condi-
tions is shown in Fig. 5.

4. Experimental results and models validation
4.1. Normalized load vs. displacement curves: stiffness during loading

Fig. 6(a), (c) and (e) show the representative load vs. displacement
(P — 2A) curves of the three tested configurations: steel-steel, GFRP-
GFRP and steel-GFRP, respectively. Two curves for different values
of Aa are presented per joint configuration because length Aa influ-
ences fracture onset locus. In each configuration, the difference in
specimens’ compliance is expected as the initial total crack length,
Aol = Ao + Aa, as shown in Fig. 2, is not the same in all specimens.
Moreover, oo also affects the maximum load of each specimen.
The load-displacement curves show an initial linear region, followed
by a smooth transition before crack propagation. This transition is
result of plastic effect. The propagation region is initially characterized
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by a drop on the applied load. After that, the load decreases gradually
with increasing displacement up to final failure. The smooth propaga-
tion region gives evidence that the fracture process zone was similarly
throughout the test.

In addition, Fig. 6(b), (d) and (f) show the normalized load vs. dis-
placement (P — 2A) curves of the three tested configurations. For the
sake of simplicity, the normalization is performed by following the
simple beam theory [23]. The shear deformation of the adherends is
also included. The shear effect is specially important for the GFRP
adherends as the ratio j2%. is approximately 4, which corresponds to
the stubby beam geometry, whilst its value is higher than 10 when
considering the steel adherend. The load and displacement normaliza-
tion is given by,

- 2P 3P
pP= Ototal N 13
BEf(I * BGadherhadher l ( )
. 2A
A =2 (14)
Aorotal

where G, is the shear modulus of the adherend. In the bi-material
joints, the bending stiffness of both adherends must be taken
separately,

3P n 3P
2B Gsleel hsleel 2B GGFRP hGFRP ’

P =

2
P—"gf"a‘ S+ (15)

where S is given by,

1 1

S= +
f—steel f—GFRP .
Ex Is(ee] Ex IGFRP

(16)

This normalization allows the comparison of initially linear part of
the experimental curves with any other bonded joints, regardless the
materials and joint geometry (for instance, ag, length and adherends
thickness), so that differences between the observed and calculated
slopes can be attributed to the finite through-the-thickness stiffness
of the adherend and the adhesive bond-line [15], as these parameters
are not taken into consideration in the performed normalization.

The normalized curves of the experimental steel-steel and steel-
GFRP bonded joints show the same initial slope, regardless of the ini-
tial crack length, as expected [Fig. 6(b) and (f), respectively]. In the
GFRP-GFRP bonded joints [Fig. 6(d)], the trend is different and the
slopes of the initial linear part of the curves do not overlap. In fact, this
result is unexpected. The only reason found for the difference is the
presence of a kink in the initial linear part of the curve.

In Fig. 6(b), (d) and (f), the linear part of P — 2A curves with the
highest Aa is compared with the linear part of the results obtained

>

Fig. 5. Typical mesh details with applied boundary conditions (steel-steel joint as an example).
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Fig. 6. Experimental load vs. displacement curves: raw (P — 2A) and normalized results (P — 2A).

from the finite element analysis. Although there is a better agreement
between the experimental and numerical results of the steel-steel
joints, the difference between the experimental and numerical results
in the other two configurations is less than 15%. Moreover, FE results
for the case Aa = 0 mm are also plotted in Fig. 6(b), (d) and (f). This
way, one can observe the spectrum of the structural response of the
adhesive joints from Aa = 0 up to Ad@ = Adexpmax, Where Alexpmax is the
largest Aa experimentally implemented.

4.2. Normalized critical force at fracture onset

The critical force at fracture onset, P, is analysed and a normaliza-
tion is performed, being the critical force equal to the maximum load,
P,... Distinction is made between cohesive and close to interface frac-
ture onset - see Fig. 7, regardless of joint configuration. The normaliza-
tion is done by following the simple beam theory [23,32]. The critical
fracture onset energy, Gy, and normalized PP, are given by,

P> (3AET\}
G = C[ x ’ (17)
BELI\ P.
- p..
Pc _ ¢-Aototal . (18)
\/Gi.BELI
For the bi-material joints,
2 %
1% 2A
c,bi—mat — - P ol 1
Greoi-ma = 2 BS (19)
H PC‘ otal
Pc.bi—mal = ﬂ \/‘§ (20)

v2GB
Fig. 8 shows the critical force at fracture onset [Fig. 8(a)] and the

normalized critical force [Fig. 8(b)] as a function of bond-line thick-
ness. The results for the bond-line thickness range 0.4-4 mm were
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(a) Close to interface fracture (b) Cohesive fracture onset.

onset.

Fig. 7. Fracture onset locus.

taken from R.L. Fernandes et al. [32,28]. This normalization allows the
comparison of fracture onset, regardless the material and geometric
properties of adhesive joints.

Similar values of P, are observed in Fig. 8(b), regardless of the
bond-line thickness and fracture onset type. Looking into more detail
to the results of adhesive joints with approximately 10 mm thick
bond-line, the P, difference between cohesive and close to interface
fracture onset is, in average, less than 10%. The similar results of b,
indicate that the adhesive was able to deform as a response to the
external loading, even though in some cases the critical stress was first
attained in a region close to one of the adherend-adhesive interfaces
due to materials modulus-mismatch ratio, as it is explained in a later
stage. Moreover, these results also show that the surface pre-
treatments were suitable and led to good adhesion at the interfaces,
without interfering with the overall performance of the joints, i.e no
adhesive failure occurred.

4.3. Deflection in bonded region

To evaluate the applicability of Yamada’s model (meso-/process
zone scale - see Fig. 4) and to further validate the FE models, the exper-
imental deflection curves in the bonded region are compared with the
analytical and numerical results. The experimental results are obtained

by the DIC technique with pictures taken from the region close to the
adherend-adhesive interfaces. Figs. 9 and 10 show curves representa-

8
83 ¢

150

G}

= NN

O Cohesive fracture onset data from [32,33]
O Cohesive fracture onset
A Close to interface fracture onset
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Fig. 9. Deflection in bonded region of steel-steel joint: Aa = 2 mm.

tive for the steel-steel specimens with Aa =2 and 3.9 mm, respec-
tively, Figs. 11 and 12 show the deflection curves representative for
the GFRP-GFRP and steel-GFRP specimens with Aa =5.7 and
5.2 mm, respectively, corresponding to the two different stages of
loading: the linear elastic region, and at the moment of fracture onset,
i.e. at the maximum load. Both plane-stress and plane-strain conditions
are considered in the analytical model [Egs. 6 and 7], while the numer-
ical results are taken from both the side and the centre (B = +12.5 mm

i

§e 9 g

v
04+

027 O Cohesive fracture onset data from [32,33]

O  Cohesive fracture onset
Close to interface fracture onset

0 2 4 6 8
Bond-line thickness (mm)

(a) Pc vs. bond-line thickness.

0 2 4 6 8 10
Bond-line thickness (mm)

(b) Pc vs. bond-line thickness.

Fig. 8. Critical load, P, vs. normalized critical load, P, as a function of bond-line thickness.
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Fig. 10. Deflection in bonded region of steel-steel joint: Aa = 3.9 mm.

and B = 0 mm, respectively) of the model at the adherend-adhesive
interfaces. The curves are shifted from x = —[, to x = 0 for visualiza-
tion purpose.

The agreement between different approaches is very encouraging,
specially that no parameter fitting or adjustment was performed and
entire models rely on properties measured through either tensile or
bending testing of constituents. Besides, both the analytical and the
FE models are based on a single value of the crack length, which can-
not be treated as unique due to the crack front curvature [33-35]
established at the fracture onset. Excellent agreement is observed
between the experimental DIC and the FE results once comparing
deflection as evaluated at the specimen side. At the same time, a very
good agreement exists between the FE results for deflection along the
specimen centre-line and the analytical model. The analytical results
considering plane-stress conditions are higher than when considering
plane-strain conditions. In the plane-stress case, in general, the adhe-
sive bond-line appears too “soft”. Please note that the plane-strain
and plane-stress conditions are only applied to the adhesive. Effects,
such as anticlastic curvature of the adherends, are not included in
the analytical model.

One can observe that the analytical model stays in better agreement
with the experimental deflection in bonded region for smaller values
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Fig. 11. Deflection in bonded region of GFRP-GFRP joint: Aa = 5.7 mm.

of Aa [Fig. 9]. In fact, the analytical model does not consider Aa (i.e.
it does not take into account the fact that Aa is inside the thick
bond-line) and local effects due to Aa, and thus, in general, the crack
front stress singularities cannot be captured. Therefore, the case of
Aa = 0 corresponds to the “foundation” representation. Here, how-
ever, one need to acknowledge, that such effects should be limited
due to the development of the plastic zone at the crack tip.

5. Discussion
5.1. Fracture onset

5.1.1. The role of adherend-adhesive modulus-mismatch

In an adhesive joint with dissimilar adherends, in the case of near-
surface fracture onset, the adherends-adhesive modulus-mismatches
dictate the point of fracture initiation, i.e. the fracture onset locus is
determined by the highest adherend-adhesive modulus-mismatch
[36,37].

At the adherend-adhesive edge, singular stress is produced due to
material mismatch and the threshold value is dependent upon material
and geometrical properties, as shown by J. Dundurs and D.B. Bogy
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Fig. 12. Deflection in bonded region of steel-GFRP joint: Aa = 5.2 mm.

[38,5]. The material mismatch is evaluated from Dundurs parameters
a and p, which are given by,
_ Gadher(ka + 1) - Ga(kadher + 1)
Gadher (ko + 1) + Ga(Kagner + 1)

21

_ Gadher(ka - 1) - Ga (kadher - 1)
Gadhcr(ka + 1) + Gu(kadhcr + 1) ’

(22)

where the subscripts ‘adher” and “a” refer to the materials for the
adherend and adhesive, respectively. Guue: and G, are the shear moduli,
k; = 3 — 4u; for plane strain and k; = (3 — v;)/(1 + v;) for plane stress (v;
are the Poisson’s ratios with i = adher, a). The parameter a can be
interpreted as a measure of the dissimilarity in stiffness of the two
materials. The adherend material is rigid relative to the adhesive as
a > 0 and compliant as a < 0. The parameter f, as will be clear soon,
is responsible for the near-crack tip oscillatory behavior at the bi-
material interface [7].

There have been a lot of studies on the characterisation of the stres-
ses at the adherend-adhesive corners of various joint geometries [5-9].
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Within the framework of linear elasticity, the stress component normal
to the bi-material corner of many adhesive joints is of the form,

Oyy—interface — Kr771 (r - 0)7 (23)

where r is the radial distance from the corner, K is the interface corner
stress intensity factor and the y — 1 is the order of the singularity.
Please note that only the leading term is presented as only the crack
tip region is of interest. Both K and y depend on geometric and material
properties of the joint. An increase of the singular stress is expected
with a large mismatch between the two materials [9,37]. Depending
on joint configuration, y can be real or complex. For the problem of a
crack at the interface between two dissimilar homogeneous materials,
y =1/2 +1ie [6,7], resulting in,

Oyy—interface — R (K’ﬁl /2“6) s

1 (1-p
*%‘“(m)

Please note that Eqs. 23 and 24 are brought here to only illustrate
how the stress field is affected by the materials mismatch at bi-
material interfaces (parameter ¢ defined in Eq. 25).

In the special case of g = 0, the stress component normal to the
crack tip has exactly the same form as that for homogeneous materials,
ie.,

(24)

(25)

Oyy—homogeneous — Kril/z- (26)

Although experimental evidence corroborates the effect of the
modulus-mismatch, as reported in R.L. Fernandes et al. [28], FE anal-
ysis was carried out to further investigate this effect. Three adhesive
joints were modelled: steel-steel, GFRP-GFRP and steel-GFRP with
adhesive bond-line of 10 mm. For comparison, two important features
were kept the same in all models, i.e. no pre-crack in the adhesive
layer (Aa = 0 mm) and same applied load (P, of representative steel-
steel joint with Aa = 2 mm, close to interface fracture onset).

The strain ¢, contours of the three models are shown in Fig. 13.
The adhesive joints with two equal adherends show symmetric strain
distribution, having the highest strain values at the corners as shown
in Fig. 13(a) and (b). However, in the case of dissimilar adherends,
the strain distribution is not symmetric and the highest strain values
are found in the region close to the adherend-adhesive interface with
the higher modulus-mismatch, i.e. steel-adhesive interface as can been
seen in Fig. 13(c). In fact, the steel-adhesive modulus ratio is 105,
while a ratio of approximately 6 is obtained when considering the
GFRP adherend.

The Dundurs parameters for each adherend-adhesive pair are listed
in Table 4. Due to the adhesive bond-line thickness, the joint response
to external loading is dominated by the adhesive and, thus, the adhe-
sive plays a major role in the fracture onset process. Therefore, plane-
strain conditions are considered. The positive a values show that both
adherends are stiffer than the adhesive. As typically, f is approxi-
mately a/4. As aforementioned, an increase of the singular stress is
expected with a large mismatch between the two materials [9,37].
Therefore, the steel-epoxy interface is more prone to failure under con-
dition that Aa = 0, as both Dundurs parameters are higher for this pair
of materials. This is corroborated by the results in Fig. 13(c) and by
experimental evidence. In the steel-GFRP adhesive joints, for the cases
of close to interface fracture onset, the locus of failure was always
nearby the steel-adhesive interface. More on that later in sub-
Section 5.2.2.

5.1.2. The role of pre-crack length, Aa: crack tip singularity, diffusion lines
and corner singularities

As explained in sub-Section 2.1.3, a pre-crack of length Aa is cre-
ated during the bonding procedure at the mid-thickness of the adhe-
sive bond-line in all specimens. The total crack length is equal to
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Fig. 13. Evolution of strain field, ¢,,, for different adhesive joint configura-
tions and corresponding adherends-adhesive modulus-mismatches. No pre-
crack is modelled, Aa = 0 mm, and same load is applied in all models. The
results are taken along the mid-width of the model (B = 0 mm).

(c) Steel-GFRP adhesive joint.

Qo and it is defined as the straight and horizontal line distance
between the P load line and the pre-crack tip, as illustrated in Fig. 2.
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The fracture onset is dominated by the singular stress field around
the existing pre-crack tip up to a certain bond-line thickness. For
higher bond-line thicknesses, geometric discontinuities, such as cor-
ners, and material discontinuities, such as adherend-adhesive inter-
faces, create local singularities where the threshold stress is attained
first. To overcome this situation, a critical pre-crack length must be
defined, Aa. .

As postulated by A.A. Griffith [10], when a crack has grown into a
homogeneous solid to a specific depth, a region of material adjacent to
the free surfaces is unloaded. The criterion to define Aa should be sim-
ilar to Griffith’s diffusion line approach, i.e. Aa must be sufficiently
large so the corners near the interfaces are unloaded, as illustrated
in Fig. 2 by the red diffusion lines. In other words, Aa must be suffi-
ciently large so the stress threshold is first attained at the crack tip than
at the corners. In the infinite plate with a crack, the unloaded region is
approximated by an triangle with the base length corresponding to Aa
and a height of 2zAa [25]. This, for the problem at hand, would imply
that as long as the adhesive thickness fulfil the criterion
2t, > 2.(2rAa), the corners are unloaded and the crack can only onset
from the crack tip. It is clear that the critical length Aa depends on the
bond-line thickness.

Therefore, the effect of the length of Aa on the fracture onset locus
was experimentally investigated. Two types of bonded joints with
10 mm thick adhesive bond-line were studied: 1) single-material:
steel-steel and GFRP-GFRP, 2) bi-material: steel-GFRP. Fig. 14 shows
three examples of specimens with different Aa lengths and the corre-
sponding strain, ¢,,, contours at fracture onset are shown in Fig. 15.
Regardless of the joint type, the strain contour distribution demon-
strates clearly a change in the location of the region with high strain
values, indicated with red colour, as the length of Aa is increased.
For a small Aa of approximately 2 mm [Fig. 15(a)], the strain contour
shows a red region that expands all over the bond-line thickness up to
the adherend-adhesive interfaces, resulting in fracture onset close to
one of the adherend-adhesive interfaces. However, for longer Aa’s
[Fig. 15(b) and (c)], the higher strains are concentrated around the
pre-crack tip, leading to cohesive fracture onset. These results strongly
support Aa as a length that determine the point of fracture onset.

In order to better show the strain contour evolution for increasing
values of Aa, numerical simulations were ran. The load correspondent
to fracture onset moment of a representative steel-steel adhesive joint
with Aa = 3.9 mm was applied on FE models with varying Aa length
from O up to 6 mm. The results are shown in Figs. 16 and 17, and were
taken at the mid-width of the specimen (B + 0 mm). One should
observe that the numerical and experimental strain contours should
only be compared qualitatively. In fact, the FE model represents sharp
bi-material corners and pre-crack tip unlike the experiments, in which
finite radii exist at those regions.

For Aa = 0 mm, one can observe a singularity at the corners of the
bond-line in Fig. 16(a). By increasing Aa from 2 up to 6 mm, one can
observe a change in the location of the singularity, i.e. the higher val-
ues of the strain are found in the pre-crack tip region as shown in
Figs. 16(b), 17(a) and (b). Moreover, an increase of Aa leads to larger
unloaded areas, indicated by the dark blue colour in the cracked adhe-
sive region. However, the corners do not need to be completely
unloaded to have cohesive fracture onset, as shown in Fig. 17(a) where
AQeyper. is considered and has resulted in cohesive fracture in the exper-
imental tests. For cohesive fracture onset, the stress threshold must be
first attained at the pre-crack tip region rather than at the bi-material
corners.

From the proposed elastic-plastic model, two length scales are iden-
tified. The first one, [,, in some cases can be interpreted as crack tip
plastic radius, thus, solely associated with the material properties,
including yield stress and critical fracture energy, of the adhesive
material [10]. However, the process zone can further extend above
the plastic radius depending on the second length scale. The second
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Table 4

Dundurs parameters for different material combinations under plane-strain conditions.
Adherend/Adhesive Gadher (MPa) G, (MPa) Vadher () v, () a (=) A
Steel/Epoxy 80769 752 0.300 0.33 0.98 0.25
GFRP/Epoxy 3897 [28] 752 0.252 0.33 0.65 0.15

Aa~=2.0 mm
Close to interface
fracture onset

(a) Steel-steel bonded joint. (a) Steel-steel bonded joint.

0.00187

)
25
=
o

Aa=5.7 mm : @ e [-]
Cohesive fracture onset }

Adhesive

Q
s
%
2

-0.00300

(b) GFRP-GFRP bonded joint. o
(b) GFRP-GFRP bonded joint.

0.00157

0.00042

| Aa=~4.8 mm
Cohesive fracture onset

-0.00300
(c) Steel-GFRP bonded joint.

(c) Steel-GFRP bonded joint.
Fig. 14. Examples of experimentally investigated Aa’s.

Fig. 15. Strain, ¢,,, contour at fracture onset moment for three different
specimens.
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g, [-]
0.02947
0.02672
0.02397
0.02122
0.01847
0.01572

- 0.01297
0.01022
0.00747
0.00472
0.00197

—0.00078
—0.00353

Max: 0.029
ax L

(a) Aa =0 mm.

-0.00353
~0.00423

L.

Fig. 16. Evolution of strain field, ¢,,, in steel-steel joint with increasing Aa.
The results are taken along the mid-width of the model (B = 0 mm).

(b) Aa =2 mm.

characteristic dimension, associating distribution of the stress field
along the joint with overall joint geometry and material properties,
emerges as A~'. The parameter 1 is the characteristic length defined
to solve the differential equation of a beam supported by an elastic
medium. This parameter is function of the geometry and mechanical
properties of the adhesive bond-line and adherends [15], as given by
Eq. 11. Importantly, it is a parameter that is measurable and corre-
sponds to the distance over which oy, > 0. We postulate existence of
two non-dimensional parameters which can be used to craft an adhe-
sive joint failure map:

e Case 1: :—" > 1 and Aa = 0 - the plastic regions builds up through the
entire bond-line thickness and the joint will most likely fail in cohe-
sive manner.

e Case 2: I—" > 1 and Aa > 0 - the joint will most likely fail in cohesive
manner.

e Case 3: %" < 1 and Aa = 0 - the joint will fail at or close the interface
with the highest material mismatch.

e Case 4: :—P < 1 and Aa > 0 then another parameter needs to be taken

. -1 .
into account - £—. This parameter can be treated as a more general

case of Griffith’s diffusion line approach, which should enable cap-
turing effects of bond-line confinement [39]. In specific, for the
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&y L
0.03408
0.02947
0.02672
0.02397
0.02122
0.01847
0.01572
0.01297
0.01022
0.00747
0.00472
0.00197
-0.00078
—0.00353
—0.00829

L.

e [-]
2003533
0.02947
0.02672
0.02397
0.02122
0.01847
0.01572
0.01297
0.01022
0.00747
0.00472
0.00197
~0.00078
~0.00353
~0.01207

(a) Adexper. = 3.9 mm.

L.

Fig. 17. Continuation... Evolution of strain field, ¢,,, in steel-steel joint with
increasing Aa. The results are taken along the mid-width of the model
(B = 0 mm).

(b) Aa =6 mm.

plate made from a single material 2! — oo and the % — 00, imply-
ing that the stress is applied to the specimen remotely, i.e. oy, = o},
and the original diffusion lines argument applies. In an adhesive
joint, some transition Aa, defined as Aa.;, must exist at which
the failure will change from interfacial (singular field at the cor-
ner/edge) to cohesive (singular stress field at the pre-crack tip),
possibly resulting in diffusion lines as illustrated in Fig. 2.

All experiments carried out in this study correspond to case 4. An
estimation of 2r,~1 mm under plane-strain conditions is reported in
a previous publication of the same authors, please see R.L. Fernandes
et al. [32]. Therefore, r, < t,. Besides, in all joints was created a pre-
crack at the mid-thickness of the adhesive bond-line during the manu-
facturing procedure, i.e. Aa > 0. From the experimental results, it was
found out that, that regardless of the joint type, a ratio of A’L:[ < 2leads
to cohesive fracture onset (i.e. at mid-adhesive thickness), considering
both plane-strain and plane-stress conditions. Table 5 summarizes the
experimental Aa’s considered for all joint types as well as the ratio %
and corresponding failure type at fracture onset. The empirical relation
for cohesive fracture onset can also be expressed as

(SE;,B/Ef(I).(Aam-t_)4 > 2t,, so that for a given material mismatch
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Table 5
Empirical relation between 2! and Aa under plane-strain conditions.

Composite Structures 266 (2021) 113687

Joint type t, (mm) 1;8181 (mm) 1(;&.1“, (mm) Aa (mm) 1:{;1 /Aa (=) 2’63‘1{}’ /Aa (=) Fracture onset
Steel-steel 5.0 7.5 - 0.6 12.5 - Close to interface
5.0 2.0 3.9 Close to interface
5.0 3.9 1.9 Cohesive
GFRP-GFRP 5.1 - 9.4 0.8 - 11.8 Close to interface
5.0 5.1 1.8 Cohesive
5.0 5.7 1.6 Cohesive
Steel-GFRP 5.0 7.5 9.4 0.5 15.1 18.9 Close to interface
5.0 4.8 1.5 1.9 Cohesive
5.0 5.2 1.4 1.8 Cohesive

(Aagi./ hmmcr)“~(ta /Haaner) is the scaling relation for transition into cohe-
sive fracture onset.

5.2. Crack path selection

The issue of crack path selection and stability depends upon local,
crack tip loading and can be addressed in terms of the asymptotic
stress field around the crack tip [40,41,37]. Let (r, 8) be polar coordi-
nates centered at the crack tip of a crack in a homogeneous material.
The stresses ahead of the crack tip (¢ = 0) are given by,

e N e M A N R

(27)

where K; and K are the stress intensity factors of opening and shear
modes, respectively, T is a stress acting parallel to the crack plane
and O(y/r) represents higher order terms. Please note that Eq. 27 is
brought here to show how physically the T-stress term contributes to
the stress field ahead of the crack tip. The T-stress is determined in
sub-Section 5.2.1.

According to B. Cotterell and J.R. Rice [19], if a straight crack
advancing in a homogeneous material with Ky = 0 is perturbed due
to some micro-heterogeneity, a positive T-value drives the crack away
from the straight trajectory while a negative T-value drives the crack
back to initial trajectory. N. Fleck et al. [40] and B. Chen et al.
[42,41,43] concluded that, similarly to the homogeneous materials,
the magnitude of T-stress plays an important role in the directional sta-
bility of cracks in adhesive joints (stable cracks grow in a straight, non-
wavy manner). The T-stress decreases with the thickness of the adhe-
sive, resulting in higher probability of stable crack propagation if the
thickness of the adhesive layer decreases. On the other hand, as the
adherend thickness decreases, the T-stress increases due to the effect
of adherend bending. Moreover, the T-stress also depends on the resid-
ual stress originating from joint manufacturing, due to the mismatch of
the coefficients of thermal expansion and shrinkage.

Fig. 18 shows the representative crack growth paths in case of
cohesive fracture onset for the adhesive joints investigated in this
study. One of the features, observed by naked eye, of crack onset
and growth in these joints is the deflection of the crack from the
straight trajectory along the centre of the adhesive thickness. The
adherends constraint effects in thick bond-lines are relieved to some
extent and, thus, the adhesive bond-line is not entirely constrained.
In the absence of stabilizing factor of compressive stresses (which
are at a large distance from the crack tip, of order A7}, if compared
to the asymptotic field), the crack is found to rapidly deflect out from
the mid-adhesive thickness. Therefore, parameters such as the local
crack tip loading, which may not be predominantly in mode I, and
the T-stress control the unstable crack growth [40,41,43]. To better
understand this behaviour, in the following sub-section, the T-stress
at the crack tip is analysed for two different bond-line thicknesses con-
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sidering steel-steel joints. Moreover, the overall shape of the crack
path per joint configuration is discussed thereafter.

5.2.1. The role of T-stress

To quantify the T-stress in steel-steel DCB specimens with varying
bond-line thickness (4 and 10 mm), finite element analysis was carried
out. Both the adhesive and adherends were modelled as elastic mate-
rials (T-stress is calculated based on the load level and linear elastic
material properties). The overall description of the 3D-models and
material properties can be found in sub-Sections 3.2 and 2.1, respec-
tively. As the T-stress depends on the residual stress in the adhesive,
a thermal gradient representative of the cooling part of the curing
cycle (from curing temperature, 80 °C, to laboratory temperature,
23 °C) was also included in the models. The coefficients of thermal
expansion used in the models are listed in Table 6. The calculation
of T-stress along the crack front is conducted within ABAQUS® pro-
gram. Five contours were used in the analyses as a good independence
of the T-stress distribution was obtained. Therefore, only the T-stress
distributions taken from the outer contour (contour number 5) are
shown.

Fig. 19 shows the results of the T-stress distributions along the
crack tip for two different bond-line thicknesses: 4 and 10 mm. The
first moment of crack growth visually identified during the experimen-
tal tests was picked as the loading case — points highlighted in Fig. 19
(a) and (b). As shown in Fig. 19(c), the T-stress increases with increas-
ing bond-line thickness. These results are in agreement with the find-
ings of B. Chen et al. [42]. Therefore, it seems that non-straight crack
paths are more likely to occur in joints with a 10 mm thick adhesive
bond-line than in joints with a bond-line of 4 mm. N.A. Fleck et al.
[40] reported that the presence of mode II loading component and pos-
itive T-stress at the crack tip leads to crack kinking towards the
interface.

5.2.2. Characteristic length of unstable propagation

Representative crack trajectories of each joint type investigated in
this study are presented in Fig. 20. These trajectories can be analysed
in terms of initial Aa length:

e In case of Aa < Aa.;, the fracture onset locus occurred close to one
of the adhesive-adherend interfaces [Fig. 20(a)]. In the steel-GFRP
joints, that interface was the adhesive-steel one. Afterwards, two
different crack propagation behaviours were observed: i) asymmet-
ric propagation along a remote plane from the mid-adhesive thick-
ness GFRP-GFRP and steel-GFRP joints, ii) alternating
propagation within the bond-line, although closer to one interface
than the other in some segments of the bonded area - steel-steel
joints.

e In case of Aa > Aa.;., the fracture onset was cohesive, i.e. onset
locus at mid-adhesive thickness [Fig. 20(b), (c) and (d)]. After-
wards, the direction of cracking was towards one of the adherends.
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|

Crack path

(a) Steel-steel joint.

(b) GFRP-GFRP joint.
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k path

GFRP

Adhesive

Crack path

GFRP

(c) Steel-GFRP joint.

Fig. 18. Examples of crack growth paths in adhesive joints with 10 mm thick adhesive bond-line.

Table 6
Coefficients of thermal expansion (CTE).

Material CTE (x105°C™) Reference
Steel 1.17 [44]
Araldite 2015 9.5 Supplier’s technical data-sheet
GFRP 0.86 (longitudinal) [44]
2.21 (transverse) [44]

In the steel-GFRP joints, the crack always steered away towards the
steel adherend. The crack propagation occurred then along a
remote plane from the adhesive centre-line up to the final failure.

500

0 2 4 6 8
Displacement (mm)
(a) P—2A: 2t, =4 mm, atota) = 40.6 mm [32].

12

According to B. Chen et al. [41,43], the energy available for the
crack to grow decreases as the crack approaches an adhesive-
adherend interface due to the rigid boundary of the adherend. As
the adherends are tougher than the adhesive, the crack does not nor-
mally propagate into them. Instead, the crack follows the direction
with the lowest critical fracture energy, being in the present study a
straight path remote from the adhesive mid-thickness. N.A. Fleck
et al. [40] found out that under remote mode I load, for some material
combinations, there is an additional straight path, satisfying Ky = 0,
off the adhesive centre-line, near one of the interfaces.

B. Chen et al. [41] numerically predicted the crack trajectories of
directionally unstable cracks in DCB specimens for different values
of adhesive thickness and different material systems characterized by

400

Displacement (mm)
(b) P—2A: 2t, = 10 mm, atotal = 43.1 mm.

10}

——4 mm thick bond-line
\ - - -10 mm thick bond-line 1

T-stress (MPa)

10

0 5

15 20 25

Width (mm)

(c) T-stress distribution along the crack tip.

Fig. 19. Experimental load vs. displacement (P — 2A) curves and T-stress distribution at crack tip for DCB steel-steel specimens with different bond-line

thicknesses.
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Steel

(b) Crack trajectory in steel-steel joint - cohesive fracture onset.

6. =060 e

) ’BSICCIZO P 2 5
Steel
Adhesive

GERP |

a =051

“GFRP

0.65; 8

GFRP

(d) Crack trajectory in steel-GFRP joint - cohesive fracture onset.

Fig. 20. Representative crack trajectories for different adhesive joints configurations with 10 mm thick bond-line.

Dundurs parameter a, Eq. 21. According to the authors, the crack tra-
jectories for different material combinations are similar in shape,
although the characteristic length, i.e. the horizontal distance in which
the crack alternates its location from a region near to one adhesive-
adherend interface to a region near to the opposite interface, decreases
as the Dundurs parameter a increases. Both the critical local mixed-
mode loading and the T-stress at the crack tip are found to occur at
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smaller crack lengths for higher material mismatch and, consequently,
the characteristic length is predicted to be smaller.

In the present study, only the steel-steel joints with Aa < Aa;, pre-
sented alternating crack propagation within the adhesive bond-line
[Fig. 20(a)]. By comparing these crack trajectories with the predictions
of B. Chen et al. [41], one can conclude that there is a qualitative
agreement between both, but not a quantitative one. The numerically
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predicted characteristic length (around 20-30 mm) is smaller than the
experimental one (approximately 70 mm). These results may be
explained by the fact that a load was applied horizontally to maintain
a positive T-stress level in the numerical models, which might have
resulted in higher values of T-stress and, thus, in more directionally
unstable crack propagation (i.e. more wavy pattern) [40]. For the
GFRP-GFRP and steel-GFRP, it seems that the critical loading condi-
tions and stresses at crack tip did not reach the critical values, and
the cracking direction along the remote plane off the adhesive
centre-line was kept.

6. Concluding remarks

This study aimed in investigating the fracture onset and crack
deflection in adhesive joints with thick bond-lines (%10 mm) under
global mode I loading. Single-material (i.e. steel-steel and GFRP-
GFRP) and bi-material (i.e. steel-GFRP) double-cantilever beam joints
bonded with a structural epoxy adhesive were tested. The joints were
modelled analytically. To link the experimental findings to existing
theoretical models, the behaviour of the different joints was also
assessed numerically.

The Yamada’s analytical model (based on the Euler-Bernoulli beam
theory and on a beam supported by an elastic-plastic foundation for
the free and the bonded regions of the adhesive joint, respectively)
gives fairly good agreements with the experimental results, specially
taking into account that no parameter fitting or adjustment was per-
formed and the entire models rely on properties measured through
either tensile or bending testing of constituents.

Both the initially linear part of the experimental load-displacement
curves and the critical force at fracture onset were normalized by fol-
lowing the simple beam theory. These steps allow the comparison of
the results here presented with the results of any other adhesive joints,
regardless the materials and joint geometry.

The normalization of the critical force at fracture onset was made
by considering joints with varying adhesive bond-line thickness (from
0.4 to 10 mm) and by distinguishing between cohesive and close to
interface fracture onset (both failure types only happened for 10 mm
thick bond-line). Similar values of the normalized critical force at frac-
ture onset were found, regardless of the bond-line thickness. The dif-
ference between cohesive and close to interface fracture onset was
less than 10% for the joints with a bond-line of 10 mm. This indicates
that the adhesive was able to deform as a response to the external load-
ing, even though in some cases the critical stress was first attained in a
region close to one of the adherend-adhesive interfaces.

For thick adhesive bond-lines, such as 10 mm thick ones, geometric
discontinuities, such as corners, and material discontinuities, such as
adherend-adhesive interfaces, create local singularities where the
threshold stress for fracture onset is attained first. To overcome this sit-
uation, a critical pre-crack length must be defined, Aa.; . The defini-
tion of Aa. follows the idealization of unloaded region near crack
surfaces in an infinite homogeneous plate with a crack as postulated
by A.A. Griffith;

For the case r, < t, and Aa > 0, an empirical relation, in terms of
geometrical and material properties of the joints, that defines the tran-
sition between non-cohesive (i.e. at or close an adherend-adhesive
interface) and cohesive fracture onset was found - for a given material
mismatch (Aa / had}m)"N(ta /Pagner). In general, for Aa < Aag: the
stress singularity near the bi-material corner rules over the stress sin-
gularity at the pre-crack tip. The bi-material corner with the highest
modulus-mismatch, characterized by the highest Dundurs parameters,
dictates the region of fracture initiation; for Aa > Aa..: the stress sin-
gularity at the pre-crack tip is dominant, resulting in cohesive fracture
onset.

In all joints with cohesive fracture onset, the cracking direction
rapidly deflected out from the adhesive layer centre-line. Positive T-
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stress along the crack tip was numerically found considering 10 mm
thick bond-line, being one of the factors for the unstable crack path.
The crack propagation occurred then along a remote plane from the
adhesive centre-line up to the final failure.
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Appendix A

Ten unknown coefficients and the plastic zone size are obtained by
satisfying boundary conditions at x = L.,

dw

dx; =0, (28)
d*w

dx; =0, (29)
and continuity conditions at x = —I,,

w1 = Wy, (30)
dWl o sz

W G
d2W1 _ d2W2 3
7= (32)
d3W1 _ d3W2 33
e 9
and at x = 0,

Wy = w3, (34)
dW2 _ dW3

W (%)
d2W2 _ d2W3 36
e (36)
dSWZ _ d3W3 37
e e (37)
d4W2 - d4W3 38
dc* T oaxt (38)

The mathematical details of the solution procedure appear in [16].
The results for the case where the bonded region is sufficiently long
are,
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P
=— 39
yl O'yB El ( )
(I — 1,)PA?
=P 40
72 UyB ) ( )
oyB
= 41
73 E)f(I/.lg I ( )
Ay =71 =14 1/73 +2p,, (42)
C = 73/12(71 — ), (43)
1 272
Co=y3h{rs— 5/1 L +rdl ), (44)
Cs = (Ky +K4)A, (45)
Cy =Ky, (46)
o,B
Ky =2, 47
T aE? 47
Kg = 7K1, (48)
C,
Ks =—%, 49
3 22 ( )
K4 = —Ks, (50)
R :%(Alp)3+c3, (51)
V3 4
=2 . 2
R, 247 [(AL,)" + 6] (52)
When I, is not positive, the plastic zone does not exist. Though Eq.
47 is no longer valid, the set of equations Egs. (39)-(41), (43), (44),
(48), (49) and (50) can still be solved by setting [, = 0 and eliminating
Eq. 38,
P
C = i (53)
(I —1,)P
Cy = Tlp (54)
P (I —1,)P
K=t 55
YT2ER T 2B (53)
Kz = —Kl, (56)
K4 = 7K3, (57)
Rl = 7(K1 7K4)ﬂ7 (58)
Rz = K]. (59)

Appendix B. Data DOI

The data required to reproduce these findings are available at:

https://doi.org/10.4121/13148441.
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