<]
TUDelft

Delft University of Technology

Document Version
Final published version

Licence
CCBY

Citation (APA)
van Innis, C., Teuwen, J., & Teixeira de Freitas, S. (2026). Failure mechanisms along patterned bimaterial interfaces.
Theoretical and Applied Fracture Mechanics, 145, Article 105586. https://doi.org/10.1016/j.tafmec.2026.105586

Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright

In case the licence states “Dutch Copyright Act (Article 25fa)”, this publication was made available Green Open
Access via the TU Delft Institutional Repository pursuant to Dutch Copyright Act (Article 25fa, the Taverne
amendment). This provision does not affect copyright ownership.

Unless copyright is transferred by contract or statute, it remains with the copyright holder.

Sharing and reuse

Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without
the consent of the author(s) and/or copyright holder(s), unless the work is under an open content license such as
Creative Commons.

Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.


https://doi.org/10.1016/j.tafmec.2026.105586

Theoretical and Applied Fracture Mechanics 145 (2026) 105586

Contents lists available at ScienceDirect

Theoretical and Applied Fracture Mechanics

ELSEVIER journal homepage: www.elsevier.com/locate/tafmec

Failure mechanisms along patterned bimaterial interfaces

a,c,*

Charline van Innis ™", Julie Teuwen?, Sofia Teixeira de Freitas

2 Faculty of Aerospace Engineering, Delft University of Technology, Delft, Netherlands
Y BATir, Building, Architecture and Town Planning Department, Université Libre de Bruxelles, Brussels, Belgium
¢ IDMEC, Instituto Superior Tecnico, Universidade de Lisboa, Lisbon, Portugal

ARTICLE INFO ABSTRACT

Keywords: Further development of thermoplastic composites for advanced structural applications, such as in aerospace,
D"-ﬂem"_n requires tough interfaces at bimaterials junctions such as composite-metal interfaces. Mode I failure being the
Penetration most critical failure mode of interfaces, surface roughening or patterning techniques are commonly used to

'éoEgh'nes; improve the mode I interface toughness. Patterning typically involves creating grooves on the surface via laser
ohesive law . L. ¢ o
Interface ablation or 3D printing. However, crack propagation may follow two distinct paths: along the groove pattern

(interfacial failure) or through the polymer within the grooves (cohesive failure). Cohesive failure is often the
toughest mechanism. However, design criteria linking groove geometry to joint materials are currently lacking.
This study investigates the influence of groove dimensions, joint dimensions, and material and interface prop-
erties on the resulting failure mechanism using a cohesive zone model. First, a small-scale yielding (SSY) model is
developed. The results indicate that the characteristic fracture length of the material filling the grooves plays a
critical role in determining the failure mechanism. Specifically, cohesive failure is promoted when the groove
depth is at least ten times greater than the characteristic length, and when the groove aspect ratio (depth-to-
width) exceeds 10. Additionally, filling the grooves with a more compliant material, such as a polymer, helps to
prevent interfacial failure. Finally, a double-cantilever model is developed, indicating that the loading config-
uration significantly influences the failure mechanisms taking place. For the DCB configuration, crack propa-
gation along the interface is promoted, compared to the SSY case, owing to the bending of the adherends.

welding [4,5]. In addition, bonding can also be performed during
1. Introduction composite manufacturing through co-consolidation [6]. The critical
point regarding the failure of the assembly is the interface between the

Over the last decade, thermoplastic composites (TPC) made of high- TPC and the other material as it is prone to failure. The reliability of such

performance polymers such as polyetherimide (PEI), polyether ether assemblies can be improved through surface treatments and new design
ketone (PEEK), polyetherketoneketone (PEKK) or low-melt poly- strategies resulting in enhanced interface fracture toughness.

arylatherketone (LMPAEK) have been intensively deployed in advanced To improve the durability of TPC-metal assemblies, interface
structures such as aircrafts [1]. Like thermoset composites, they offer toughening strategies have been investigated. Mechanical interlocking
high strength and stiffness to weight ratio. However, TPCs are tougher is known to improve adhesion and interface toughness. Mechanical

and exhibit a higher impact resistance compared to their traditionally interlocking is related to surface roughness that can be created through
used thermoset counterpart [1]. Further deployment of TPCs requires sandblasting, polishing or laser ablation [6-8]. Interface patterning also
the assembly of these materials with other materials such as metals to results in enhanced mechanical interlocking. As shown in Fig. 1, inter-

face patterning refers to the design of grooves [9-15], pits [13,14,16],
pins [17] or any other pattern [16,18] with predefined dimensions.
Grooves can exhibit various geometries, such as rectangular, triangular,

design complex structures, as well as to design fiber-metal laminates.
Often, mechanical fasteners are used to join dissimilar materials in
advanced applications [2,3]. However, this results in additional weight

and thus additional fuel consumption. For both thermoset and thermo- or elliptical cross-sections and can be arranged in different configura-
plastic composites, adhesive bonding is an alternative, but adhesive tions: parallel or perpendicular to the crack propagation direction, or
joints suffer from low toughness [2]. However, unlike thermoset com- distributed in a grid pattern [13,19-21]. Such patterns are achieved

posites, TPCs can be welded through ultrasonic, resistance or induction through laser patterning via laser ablation [11,15,22,23], additive
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Nomenclature

Abbreviations

DCB Double Cantilever Beam

FE Finite element

LMPAEK Low-melt polyarylatherketone

PEEK Polyether ether ketone

PEI Polyetherimide

PEKK Polyetherketoneketone

SSY Small scale yielding

TPC Thermoplastic composite

TSL Traction-separation law

Symbols

A Groove aspect ratio [—]

a First Dundur's parameter [—]

B Width of partly built-in beam [mm]

B Second Dundur's parameter [—]

D Groove depth [mm]

d Horizontal distance from crack tip at which y = [mm]
8¢ Critical opening displacement [mm]

s Critical opening displacement of the interface [mm]
SN Normal opening displacement [mm]

57 Tangential opening displacement [mm]

E Young's modulus of partly built-in beam [MPa]
E; Young's modulus of material I [MPa]

ElL First auxiliary element

El, Second auxiliary element

€ Oscillation parameter [—]

Exx Longitudinal strain in DCB beam [—]

Sy—Nbot Force applied on node Ny, [N]

fine Force applied on the control node [N]

fy-Neop Force applied on node Ny, [N]

G Energy release rate [J/m?]

I, Cohesive energy [J/m?]

Fi Cohesive energy of the interface [J/m?]

I 2 Cohesive energy of material 1 [J/m?]

Iz Mode I cohesive energy [J/m?]

T Mode II cohesive energy [J/mz]

h Thickness of partly built-in beam [mm]

h, Length over which the partly built-in beam is built-in [mm]

h; Thickness of material I [mm]

i subscript referring to material I (i = 1,2)

K Stress intensity factor [MPa*m®°]

Keon Stiffness of the elastic part of the cohesive law [MPa/mm)]

Ky Remote mode I stress intensity factor [MPa*m®®]

Ky Crack tip mode II stress intensity factor [MPa*m®%]

Ky Remote mode II stress intensity factor [MPa*m®>]

L Groove length [mm]

l Length of partly built-in beam [mm]

[ Fracture process zone length [mm]

L Characteristic length of the interface [mm]

N Characteristic length of material 1 [mm]

Npot Node of second auxiliary element located on lower beam

N, Control node

Nigp Node of second auxiliary element located on upper beam

N; Node of first auxiliary element

N, Node of first auxiliary element

Ui Shear coefficient of material I [MPa]

Vi Poisson ratio of material i [—]

W Phase angle at a distance d from crack tip [rad]

W Phase angle at a distance x from crack tip, depends on y
[rad]

R Radius of SSY model [mm]

S Spacing between grooves [mm]

oc Cohesive strength [MPa]

ai Cohesive strength of the interface [MPa]

a} Cohesive strength of material 1 [MPa]

Oyy Tensile stress [MPa]

Te Shear cohesive strength [MPa]

Tyx Shear stress in y-x plane [MPa]

7 Angle between the crack plane and a node from out circle
in SSY model [rad]

Uney Vertical displacement of Node N, [mm]

Un1y Vertical displacement of Node N; [mm]

Unzy Vertical displacement of Node N, [mm]

Uy Horizontal displacement [mm]

uy, Vertical displacement [mm]

Uy_Bc Vertical displacement applied to partly built-in beam
[mm]

x Horizontal distance from crack tip [mm]

manufacturing [19,24,25], lithography [10,26,27] or conventional
machining [20,21]. The dimensions of the patterns such as the depth,
the width or the spacing between the features play an important role as
they influence the failure mechanism taking place along the interface
[9,10,13,22,27]. Indeed, depending on the dimensions, either adhesive
failure along the interface or cohesive failure in the thermoplastic ma-
terial filling the grooves takes place [10,28], as illustrated in Fig. 1. A
combination of both is also possible and is referred to as mixed-mode
failure.

Some researchers also investigated dual-scale patterning with a
smaller pattern created on a pattern characterized by a larger-scale such
as those observed on frog-pads [29]. The deployment of additive
manufacturing allowed the development of more complex patterns such
as body and face centered lattices [24]. Additive manufacturing also
inherently introduces surface roughness on the metal substrate, thereby
enhancing mechanical interlocking [30,31].

No matter the type of pattern created, the geometry and dimensions
of the features significantly influence the failure mechanisms taking
place along the interface. In addition to influence the failure of the
interface, they also influence the wetting of the metal substrate by the TP

material [32] in the case of TPC-metal joints. For example, with deep
and narrow grooves or pits, air tends to be trapped in the interface holes
[11,16]. Currently, the literature does not provide a clear consensus on
how pattern dimensions influence the failure mode, whether the inter-
face fails adhesively (Fig. 1e), cohesively (Fig. 1d), or through a com-
bination of both, often described as mixed mode failure. In this study, we
aim to explore the factors that govern the crack path along a patterned
interface using finite element modelling.

In the current study, rectangular grooves, running perpendicular to
the crack propagation direction are used as pattern. When the crack
reaches the groove, it can either follow the groove pattern leading to
interfacial failure or propagate into the material filling the groove. The
two competitive fracture mechanisms are crack deflection and crack
penetration. Crack penetration refers to cohesive failure of the material
filling the groove, i.e. the thermoplastic resin, as shown in Fig. 1d, while
crack deflection refers to interfacial failure with a crack propagating
along the patterned interface, as illustrated in Fig. 1e. Cohesive failure is
often believed to be the toughest mechanism, and is thus the one to be
favored [6,18].

Competition between crack deflection and penetration at an
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interface has been investigated by Parmigiani and Thouless [33], He and
Hutchinson [34] and Leguillon and co-workers [35,36]. Among them,
only Parmigiani and Thouless [33] use cohesive elements. They consider
a crack propagating perpendicular to an interface between two materials
A and B, with a crack initially located in material A. They reported
greater influence of the cohesive strength on the crack path than of the
cohesive energy (fracture toughness). Crack deflection along the inter-
face is reported to take place if the cohesive strength of material B is at
least three times higher than that of the interface, in the absence of
elastic mismatch between materials A and B, i.e. A and B are charac-
terized by the same Young's modulus [33]. The critical cohesive strength
value above which crack deflection takes place is influenced by the
elastic mismatch between the two materials forming the interface. A
more compliant, i.e. lower Young's modulus, material ahead of the
interface, i.e. material B, promotes crack penetration, increasing the
critical cohesive strength ratio. In addition, the ratio between the frac-
ture length scale and the specimen dimensions also influences the failure
mechanism taking place at the interface. Increasing the fracture length
scale prevents crack deflection. Experimentally, the mode I toughness of
joints is determined through double cantilever beam (DCB) tests [37]. It
has been reported that depending on the beam thickness, and thus on the
beam bending stiffness, and on adhesive properties, crack deflection and
subsequent propagation in the composite adherend can be influenced
[38]. Thinner adherends promote crack deflection in composite sub-
strates due to the larger strains developing in the adherends.

The aim of the present work is to understand the fracture behaviour
and to determine design guidelines for patterned interfaces depending
on the cohesive strength and toughness of the interface and the material
filling the grooves. A parametric finite element (FE) study is conducted
to determine under which conditions the crack propagates along the
patterned interface or cohesively in the material filling the grooves, i.e.
in the thermoplastic resin in the case of TPC-metal joints. To investigate
the influence of the cohesive zone properties, the material properties
and groove dimensions on the failure mechanism, a small-scale yielding
(SSY) finite element model is developed (Fig. 2a). This model allows to

a Grooves

b Grid
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eliminate the effects from the testing geometry, so that pure mode I is
applied at the crack tip. In the second stage, a FE DCB model is devel-
oped in order to consider the influence of the DCB geometry on the
failure mechanism (Fig. 2b). In the DCB configuration, the two adher-
ends are considered to be made of the same material to remove effects
originating from dissimilar adherends such as the introduction of a slight
mode II at the crack tip [39]. The two models are detailed in Section 2.

2. Finite element modelling

Two finite element models, shown in Fig. 2, are developed in the
present study. The first one is a small-scale yielding model (Fig. 2a) as
done by Hutchinson and Tvergaard [40-42], with details provided in
section 2.1. The second model is a double cantilever beam model
(Fig. 2b). In both models, the interface is patterned with rectangular
grooves with sharp edges, as detailed in Sections 2.1 and 2.2. Sharp
edges are considered to avoid considering the influence of the radius
associated to corner rounding. Both models involve cohesive elements to
model the interface, detailed in Section 2.3. The first model allows
investigating the influence of the material properties, the cohesive zone
properties and the groove dimensions with respect to a characteristic
length scale (Section 2.3). The use of this model is motivated by the fact
that in assemblies such as adhesive joints, the mechanical response de-
pends on the adhesive and adherend thickness [43], but also on the
loading configuration. Consequently, results obtained with one type of
joint, for example DCB, lap-shear joint or tensile butt joint cannot be
generalized due to various loading modes and structural size effects. SSY
model enables elimination of the influence of the joint geometry on the
failure mechanisms which is thus only dependent upon the loading. In
order to investigate the influence of the joint geometry on the failure
mechanism taking place along the interface, a DCB model is developed.
Consequently, the same parameters are investigated with the DCB model
as with the SSY model. However, as the bending stiffness [38] is ex-
pected to also play a role in the failure mechanism taking place, the
material 2 thickness hy, commonly referred to as the adherend thickness

¢ Pits/dimples

Interface patterns

Thermoplastic composite —p

Metal —»

Thermoplastic resin

Failure mechanisms

4/\>

d Cohesive failure e Interfacial failure

Fig. 1. Toughening of thermoplastic composite-metal interface through patterning: a) grooves, b) grid, c) pits/dimples, and the possible failure mechanisms: d)
cohesive failure corresponding to crack penetration in the filling material and e) interfacial failure corresponding to deflection along the interface.
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a
K*® (Eq. 4)

Material 1
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P,5
Material 2 E2,v2 I h,
— Material 1 t hy
Material 2 | Ey, v, I h,

yT_? l

h1 +D $ h1 El,Vl,Gcl,Fcl
I_I_I I

c Patterned interface with rectangular grooves
0 Cohesive elements
i E ) ’ D Fl . .
¢ Material 1 Ey, v, 06,12 Coheswe failure
4—><_>
s L
8¢

Cohesive elements
Interfacial failure

Material 2 E, v,

51 o

Fig. 2. Finite element geometries: a) small-scale yielding model and b) double cantilever beam model considering similar adherends made of Material 2 of thickness
h, and Material 1 interlayer of thickness h;. ¢) Schematic representation of the grooves at the interface characterized by a depth D, a length L and a spacing S and
representation of the two cohesive zones used in the model corresponding to the two possible crack paths, i.e. cohesive in material 1 (dark blue) or along the interface
(light blue). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

in the adhesive joints community, has to be considered as additional
parameter. Simulations are run using the Abaqus FE software. The mesh
is generated using the open-access mesh generator Gmsh through Py-
thon scripts.

2.1. Small-scale yielding model (SSY)

The model geometry is shown in Fig. 2a. It is made of semi-circular
parts of radius R. The upper part is made of Material 1 while the lower
part is made of Material 2. These two materials are perfectly elastic
materials characterized by a Young's modulus E; and a Poisson ratio v;
with the subscript i identifying the material. The elastic mismatch be-
tween these two materials is quantified by the first and second Dundur's
parameters [44], denoted by a and g, (respectively)

A =n)/m = Q=) /py

T =)/ + (=) py @
e (M =2u) /g — (1 - 2us)
b= A =v1)/puy + Q= v2)/py @

u; is the shear modulus of material i = 1,2 in Eqs. 1 and 2 and is given
by u; = Ei/2(1 + vy).

At the center of the model, grooves, shown in Fig. 2c, are inserted in
the bottom part. These grooves are filled with Material 1. The grooves
are characterized by a depth D, a length L and are spaced by a distance S.
The radius R has to be significantly larger than the pattern dimensions

[40,42,45,46] and is therefore fixed to R = 1000(L + S). To model the
two potential failure mechanisms, two cohesive zones are introduced
(see section 2.3 for the cohesive zone models). One is placed along the
interface between the two materials (light blue in Fig. 2c) while the
second one is introduced in Material 1 (dark blue in Fig. 2c). A K-field is
applied as boundary displacement (Eq. 4) which depends on the remote
stress intensity factor K given by Eq. 3 [41].

26 (1-12 1-12\"
K| = L+ 2) 3
i 1-p) ( E; E,

G is the interface energy release rate. The displacement field has two
components: the horizontal component u, and the vertical component
u,. If it is assumed that v; = v, = v, the displacement field [41] is given

by
3 ‘Kl \/7 (3 41/) i0/2+¢(0—n)—i
" p,2cosh(ze) V 27 1 — 2¢i

e—i(J/Z—e(é)—zr)—@

1 —2e

Uy + iUy
C))

s i 10/ 2+e(0—1) i
— isin@e?/2+¢0-m "”},

where 6 is the angle between the crack plane and the corresponding
node on the outer circle as shown in Fig. 2a. y, given by Eq. 5, is the
phase angle measuring the relative amount of shear to normal stress at a
distance x from the crack tip along the crack plane and depends on the
remote mode-mixity, Kj7 /K°, with K° and K§¥ being the mode I and
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mode II remote stress intensity factors. d is the distance from the crack
tip at which the phase angle is known and is equal to y.

7(x) =w(d) + €ln G) 5)

In Egs. 4 and 5, ¢, the oscillation parameter, is given by

1. /1-8

e=2ln (W) ©

It is assumed that pure mode I is applied remotely. Hence, on the
boundary d = x = R, ¥(R) = 0, i.e. K = 0. According to Eq. 4, this
leads to some mixed-mode at the crack tip as y(0) # 0. Finally, the two
elastic materials are modelled using 4 nodes plane-strain elements with
reduced integration (CPE4R) while the cohesive zones are modelled
using 4 nodes cohesive elements (COH2D4). Plane strain elements are
used as plane strain state is found in DCB joints, except along the edges
[47]. In addition, plane strain mode I fracture toughness is more critical
than plane stress mode I fracture toughness.

2.2. Double cantilever beam model (DCB)

The double cantilever beam (Fig. 2b) consists of three layers: the two
external ones correspond to the adherends of the joint while the internal
layer is referred to as the interlayer. Both adherends are made of ma-
terial 2 to limit the number of parameters, and to get rid of effects
originating from dissimilar adherends such as the introduction of a slight
mode II component at the crack tip [39]. The interlayer between the two
material 2 adherends is made of material 1 that also fills the grooves.
Indeed, in thermoplastic composite-metal joints, a thin thermoplastic
layer can be found between the metal and the thermoplastic composite
[6]. This interlayer has a thickness h;, as defined in Fig. 2b. Preliminary
results showed that this thickness does not influence the results if below
100 pm (hy/ ls1 = 0.1), while it is often limited to few microns in TPC-
metal joints [6]. Both material 2 adherends have a thickness hy. The
grooves have a depth D, a length L and a spacing S, like for the SSY
model. All materials are perfectly elastic with a Young's modulus E; and
a Poisson ratio v;. Similar to the previous model, two cohesive zones are
inserted, detailed in Section 2.3., one along the interface and the other
one in the thin layer made of Material 1. The two elastic materials are
modelled using 4 nodes plane-strain elements with reduced integration
(CPE4R) while the cohesive zones are modelled using 4 nodes cohesive
elements (COH2D4). Plane strain elements are used as plane strain stress
state is found in DCB joints [47]. Classically, a displacement boundary
condition is applied at the beam ends as shown in Fig. 2b. However,
owing to convergence issues resulting from snap-back instabilities, a
control algorithm has been implemented, based on the one of Martinez-
Paneda et al. [48]. These convergence issues are prevented by control-
ling a monotonically increasing variable during the loading history. This
variable is the relative crack face displacement at the initial crack tip
location as done by Segurado and Llorca [49], and Martinez-Paneda
et al. [48]. The algorithm is detailed in Appendix A.

2.3. Cohesive zone models

The cohesive zone elements are inserted using zero-thickness cohe-
sive elements (COH2D4), and using a linear traction separation law
(TSL), shown in Fig. 2. The TSL is characterized by a cohesive strength
o, a critical opening displacement §, and a cohesive energy I, linked to
each other via

060,
T2

I 7

Mode-mixity is considered but it is assumed that cohesive strength
and energy are mode-independent and failure takes place when

Theoretical and Applied Fracture Mechanics 145 (2026) 105586

2 2
BRER
O¢ Oc

where " and 67 are the normal and tangential opening displacement,
respectively. Consequently, the interface cohesive zone is characterized
by cohesive energy and strength I'' and ¢! while the cohesive zone
inserted to model cohesive failure in Material 1 is characterized by I'}
and o}.

The increasing linear part of the cohesive zone law is characterized
by a stiffness K,o. Turon et al. did not find any influence for K, values
larger than 10* MPa/mm [50]. In the present case, a stiffness value of
10® MPa/mm is used, although larger values were not found to change
the results. The displacement corresponding to the attainment of the
cohesive strength, for both cohesive laws, is lower than 0.056, for all
investigated cohesive parameters.

Inserting cohesive elements results in a fracture length scale [, in the
model. It is also referred to as the fracture process zone and corresponds
to the region ahead of the crack over which the cohesive elements are
damaged, i.e. softening part of the TSL, and is proportional to the
characteristic length [;. The characteristic length for cohesive failure in
Material 1 [50,51], given by Eq. 9, is taken as the reference length in the
model.

1
b=t ©

oc

The fracture process zone length is given by ., = Ml;, where M is a
parameter that depends on the cohesive zone model and geometrical
dimensions. For the most commonly used models in the literature
involving purely elastic materials, Hilleborg's [52] model and Rice's [53]
model, M is either equal or close to 1, implying L., = L. M is also affected
by the model dimensions in terms of remaining ligament ahead of the
crack tip [54], beam thickness in the case of delamination problem [55],
and cohesive law shape [50]. Consequently, as L., might be influenced by
the groove dimensions, the characteristic length ! is used as reference
length.

The meshing algorithm depends on the characteristic length and is
summarized in Fig. 3a. If the groove dimensions exceeds the charac-
teristic length, the element size is equal to maximum one fifth of [, to
avoid mesh-size dependency [50]. For groove dimensions lower than the
characteristic length, 5 elements are inserted along the dimension of
interest. If the aspect ratio of the elements surrounding the cohesive
elements exceeds a value of 3, the length of the longest cohesive element
is limited to 3 times the length of the smallest cohesive element. Mesh
details for the SSY and DCB geometries are shown in Figs. 3b to 3e for
E1/E; =0.1,T}/TL =10, 6! /6. = 1. This meshing algorithm was found
to lead to mesh convergence. For some simulations (<1%), convergence
was not achieved, but this could be solved by further refining the mesh.
Typical meshes are shown in Fig. 3.

Finally, the failure mechanism taking place thus depends on E; /E2,
Ilri, ¢l /cl, D/I! and D/L for the SSY model. E1,0! and I'! are fixed,
while D, L, E;, ¢! and Fi are varied to modify these ratios. Note that the
ol /ol and '} /T ratios investigated range between 1 and 10. To limit the
number of variables and because it has been reported to not have an
influence [9], the groove spacing S is not considered as a variable. For
the DCB model, the additional variable is hy. The material 1 interlayer
thickness h; could be considered as well as a variable but its influence on
the failure mechanism was found to be marginal. The failure mechanism
is determined based on the crack path in the model. When a crack rea-
ches a groove, cohesive failure is considered to take place if the cohesive
elements corresponding to cohesive failure fail, while interface failure is
considered if the cohesive elements located along the groove edges fail.
Simulations are run for several I'} /T and o} /ol ratios to determine the
transition curve between cohesive and interfacial failure. The full
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Inputs
- Materials: Ey, E;, v, = v,
- Cohesive: 6}, T, a¢, T

- Dimensions: D, L, S + h, if DCB

Step 1: Meshing of vertices:

rimin(Ey,Ep)
- D= - 2 > Lelem—v [
oc 50¢

_ Thmin(Ey Ep)

- D<A S | oy = D/5

O¢
Step 2: Meshing of horizontals:
- L= l§9 Letem-nh = l§/5
- L< l}% Lelem—h = L/5

Step 3: Limiting aspect ratio
- IfLelem—h > 3Lelem—v: Lelem—h = 3Lelem—v
- If3Lelem-n < 3Lelem—v: 3Lelem-h = Lelem—v

Material2
Eoyvy

Cohesive elements
Cohesive failure

Cohesive elements
Interfacial failure

Fig. 3. a) Meshing algorithm to determine the element size depending on geometrical, material and cohesive parameters. b)-e) Mesh details for E; /E; = 0.1, [ /T =

Materal 2
EoiVs

Material 2 \'E, ')

Material 2
E5,v,

10, cg /cyiC =1,D=W=S= l: for b)-c) the SSY model and d)-e) the DCB model if hy = 51;.

workflow is shown in Supplementary Material 1.

2.4. Limitations of the model

In this study, several simplifying assumptions are made in terms of
materials, geometry, loading and failure mechanisms.

First, the materials are assumed to be perfectly elastic, although
thermoplastics and adhesives generally exhibit an elastoplastic behav-
iour. Plastic deformation at bimaterial interfaces can significantly alter
the crack path compared to a purely elastic prediction, as shown by
Tilbrook [56] compared to the elastic solution of Fleck et al. [57].
Incorporating plasticity would require additional parameters, such as
the ratio between cohesive strength and yield strength [40], thereby
increasing the number of variables.

Second, the context of the study is interface toughening between TPC

and metals. In the study, the thermoplastic can be associated to material
1, which is considered homogeneous. However, in TPC-metal assem-
blies, processing conditions such as cooling rate can induce variations in
crystallinity, leading to gradients in stiffness, strength and brittleness
[58-60]. These property gradients, as well as potential crystallinity-
dependent cohesive behaviour, are not captured by the present model.

Third, a single pattern design is considered, i.e. square grooves.
Theses grooves exhibit 90° corner in order to neglect the influence of the
radius of corner rounding on the failure mechanism taking place along
the interface. In addition, statistical variability in the geometry arising
from manufacturing is no considered.

Furthermore, perfect wetting and full filling of the grooves are
assumed. In practice, groove filling depends on both geometry and the
viscosity of the molten polymer, and partial filling may occur [13,32].
This aspect is briefly discussed in Appendix C.
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Failure mechanisms
considered by the model

Fig. 4. Possible crack paths along patterned interfaces: a) cohesive failure, b) interfacial failure, c) cohesive failure in material 1 away from the interface, d) cohesive
failure with crack deflection in the groove and e) combination of cohesive and interfacial failure. a) and b) are the only crack paths considered by the model.

In addition, crack propagation along the interface (Fig. 4b) and
straight cohesive propagation into material 1 (Fig. 4a) are the only
possible failure mechanisms. However, experimentally, other crack
paths can also be observed [28], such as cohesive failure in material 1
away from the interface or in the groove, or a combination of cohesive
and interfacial failure, as illustrated in Fig. 4c-e. Failure of grooves wall
could also take place depending on S. Considering all these crack paths
requires inserting cohesive elements between all continuum elements,
significantly increasing the computational cost of the models, or using
other modelling techniques such as the XFEM approach.

Finally, upon assembly, residual stresses develop in the assembly due
to thermal expansion coefficient mismatch [61]. These stresses can
modify the local mode-mixity, T-stress, and, consequently, the crack
mechanism.

3. Results

The influence of material and cohesive properties on the failure
mechanisms, i.e. cohesive or interfacial, is first investigated using the
small-scale yielding model in order to eliminate the influence of the
material 2 (adherends) bending stiffness inherent to the DCB geometry.
Afterwards, the influence of the DCB geometry on the failure mecha-
nisms is investigated. In both cases, the groove spacing S is kept con-
stant, equal to 10151, to limit the number of parameters. In addition, Kim
etal. [9] did not find any influence of S on the failure mechanisms taking
place along patterned interfaces.

Before discussing the results, a preliminary remark must be made
regarding their presentation. The results are shown for several groove
dimensions and elastic mismatches on graphs that depend on I'} /T and
o} /ol. For each investigated condition, a curve delimiting the transition
between the cohesive and interfacial failure mechanisms is shown. The
curves exhibit a vertical asymptotic behaviour, as shown in Fig. 5, in
agreement with the results of Parmigiani and Thouless [33]. This in-
dicates that the failure mode is mainly governed by the cohesive
strength ratio rather than by the toughness ratio. Cohesive failure takes
place for combinations of ' /I and ¢} /! located at the left side of the
transition curve. The more the curve is shifted towards the right side of
the graph, the more cohesive failure is promoted, meaning that a larger
contrast in cohesive strength between material 1 and the interface, i.e.
large ol /ol value, is required to trigger crack deflection along the
interface. The transition curves are defined by error bars owing to the
uncertainty on the exact value of ¢./c! at which the transition takes
place. Identifying this exact value is computationally demanding, and

convergence issues often arise near the transition due to intense
competition between the two mechanisms. Consequently, the error bar
interval is generally set to 0.5, although in some cases it could be
reduced to 0.25.

3.1. Small scale yielding model

The elastic mismatch between the materials on either side of the
interface, quantified by the parameter a (Eq. 1), plays a significant role
in governing the failure mechanism taking place along the interface
[33]. Before investigating its effect, the influence of the groove depth D
and length L is investigated in the absence of any elastic mismatcha =0,
E; = E;. In order to give an idea of the interface characteristic length
with respect to the groove dimensions, light grey curves are shown on
the graphs for constant values of the characteristic length scales ratio,

/L.

3.1.1. Influence of groove dimensions without elastic mismatch

The two important dimensions to investigate are the depth D and the
length L of the groove. The results are respectively shown in Figs. 5 and
6.

e Influence of the groove depth D

The first dimension to investigate is the groove depth D as increased
roughness depth is known to promote mechanical interlocking [7,8].
Fig. 5 shows the influence of the depth normalized by the reference
characteristic length I1. The length and the spacing between the groove
are fixed to L = S = 101

Fig. 5a shows the influence of the depth, the cohesive strength ratio
and the toughness ratio on the transition between the cohesive and the
interfacial failure mechanisms. For a deep groove (red curve in Fig. 5a),
i.e. D/I! =10, the results are similar to those of Parmigiani and Thouless
[33], with small differences due to the different problem geometry.
Fig. 5a shows that decreasing the groove depth to D/I} = 0.1 (green
curve) promotes crack deflection along the interface as the curves tend
to be shifted towards the left, to lower strength ratios. Consequently,
crack deflection occurs even if the interface is almost as strong as ma-
terial 1, i.e. 6} /oL ~ 1, for shallow grooves, while for deep grooves the
interface can be significantly less strong and tough than material 1, i.e.
large ¢! /6. and '} /T values, and crack deflection will still be observed.

In the case of a deep groove, the stress singularity developing ahead
of the crack tip remains confined to the upper portion of the groove.
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and L = 10[;.

However, the deformation field surrounding the crack tip generates
significant shear stresses along the interface, as illustrated in Fig. 5b.
Shear stresses along the groove edge results from differences in dis-
placements between material 1 and material 2. Deflection only takes
place when relative displacement between the two sides of the vertical

interface exceeds 6. Increasing 'l /T is similar to decreasing I': and thus
reducing the critical opening displacement of the interface 5. The
maximum deformations around the crack tip is dictated by I'! and the
material properties. If I'. decreases, lower deformations are required to
result in crack deflection, and, consequently, a higher I'' /. promotes

interfacial failure.

Opposite, a shallow groove tends to promotes crack deflection. As
shown in Fig. 5S¢, stress singularity extends to the bottom interface of the
groove. Under certain conditions, this leads to stresses exceeding ol
along that interface resulting in damage accumulation. This leads to the
nucleation of a secondary crack interacting with the main crack. This
secondary crack attracts the main crack, forcing its deflection along the
interface.

To conclude, crack deflection takes place either (1) when high shear
stress develop along the interface due to crack tip strain field or (2) when
normal stresses are generated at the bottom face of the groove due to
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crack tip stress singularity.
e Influence of the groove length

The influence of the groove length L on the failure mechanism is
shown in Fig. 6. A combined effect of the groove length L and the groove
depth D is observed. A decrease in groove length tends to prevent
interfacial failure (shifting of the curves towards the right). However, for
a given length L, the position of the transition curve also depends on the
groove depth as observed when comparing Fig. 6a, b and c. Two cases
must be therefore distinguished. The first one corresponds to deep
grooves such that D > II. In this case, the transition curves tend to
overlap each other for grooves aspect ratio, defined by A = D/L, lower
than 10. This corresponds to groove length L longer than I}. For higher
aspect ratios, cohesive failure is the only observed failure mechanism for
cohesive strength ratios ¢} /ol lower than 10. The second case corre-
sponds to groove with a depth lower or equal to the characteristic length
II. In that case, the transition curve moves to the right, indicating a
preference for cohesive failure, when the groove aspect ratio exceeds a
value of 1. When the aspect ratio is about 10, no deflection is predicted
by the simulations for 6! /6t < 10. The conditions for which no inter-
facial failure is observed for 6. /6L < 10 are highlighted by stars in Fig. 6.
To conclude, the finite element model only predicts cohesive failure for

any values of ¢} /o lower than 10 if the groove length is lower than the
characteristic length, i.e. L < I}, and if the aspect ratio is at least equal to
10, i.e. A > 10.

For short grooves, i.e. L < I, the phenomenon resulting in cohesive
failure is depicted in Fig. 6d. The stress field generated by the presence
of the crack extends beyond the end of the groove. If the stress at this
location exceeds ¢, damage accumulates along the interface, nucleating
a secondary crack on the same plane as the main crack. These cracks
interact together, forcing the main crack to propagate straight through
material 1. However, the groove length at which this happens also de-
pends on the depth as there is a competition between this mechanism
promoting cohesive failure and the mechanism promoting deflection
that depends on the groove depth.

To conclude, to promote cohesive failure, groove depth and length
are important. They can be linked to each other through the aspect ratio
A. It is found that deeper and shorter grooves tend to promote cohesive
failure, and to be more specific, cohesive failure is always observed
when 6} /6l < 10 if A = D/L is larger than 10, and L is smaller than I}.
Cohesive failure is believed to be the toughest mechanism and should
thus be favored. Rougher surfaces, corresponding to deep grooves in the
present case, are reported to promote cohesive failure owing to me-
chanical interlocking [8]. However, the present results show that not
only roughness, and thus depth, is important, but also the groove length,
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which corresponds to the autocorrelation length of the surface rough-
ness. This last parameter has received comparatively less attention in the
literature, yet the present study indicates that it influences mechanical
interlocking.

3.1.2. Influence of the elastic mismatch

In adhesive joints and thermoplastic-metal joints, the grooves are
filled with adhesive or thermoplastic respectively, characterized by a
lower Young's modulus than the metal. There is thus an elastic
mismatch. At bimaterial interfaces, the crack tip stress field is affected
by the elastic mismatch which results into the development of shear
stresses if a mode I loading is applied at the outer boundary of the SSY
model [62]. This results in some mode-mixity at the crack tip, influ-
encing the toughness and the failure mechanisms. The influence of the
elastic mismatch on the transition between cohesive and interfacial
failure is investigated and the results are shown in Fig. 7 for D/I} ratios
equal to 10, 1 and 0.1, while the groove length and spacings are fixed to
L =S8 =101 to limit the number of variables.
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In Fig. 7a, b and c, the black curve is the reference curve corre-
sponding to a case without any elastic mismatch. Material 1 being stiffer
than material 2 (a« < 0, dashed curves in Fig. 7) results in a shift of the
curve towards the left. Hence, a stiffer material 1 than material 2 tends
to promote deflection. On the opposite, a softer material 1 tends to
prevent deflection as the curves are shifted towards the right. The higher
the elastic mismatch (larger |a|), the more the transition limit is influ-
enced, in agreement with the results of Parmigiani and Thouless [33].
However, comparing Figs. 7a to 7c, it is also observed that the shallower
the groove, the less the elastic mismatch tends to have an influence on
the transition between the two failure mechanisms as the curves tend to
overlap each other.

Fig. 7d shows the stress field ahead of the crack tip fora < 0, a =0
and a > 0. A rotation of the stress field is observed for a # 0, resulting in
a mode II component different from zero, as illustrated in Fig. 7d. These
stress distributions have an influence on the failure mechanism. For
a > 0, the vertical edge of the groove is under compression, preventing
deflection as interfacial failure is only caused by shear. Opposite, when
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a < 0, this edge is loaded under tension as shown in Fig. 7e, promoting
interfacial failure. However, once interfacial failure takes place, the
motion of the groove material (material 1) is prevented by the sur-
rounding material (material 2). Hence, full interfacial failure cannot
take place, and a second crack starts in material 1 and join the initial
crack tip. This mechanism is referred to as “cohesive failure due to
constraint” and has already been reported by Yukimoto et al. [27] under
mode II loading.

Elastic mismatch can influence the crack path selection. For example,
when cohesive failure takes place, this can lead to slight deflection away
or inside the groove, as illustrated in Fig. 8. Indeed, a crack propagating
close to a bimaterial interface tends to propagate towards the interface if
propagating in the stiffest material, or away of the interface if propa-
gating in the most compliant material [57,63-65]. Such cracks paths are
not considered in the current model as inserting cohesive elements be-
tween all continuum elements would significantly increase the compu-
tational cost. However, this could be analyzed by looking at the hoop
stresses [66] ahead of the crack tip or with the XFEM method.

To conclude, the elastic mismatch influences the failure mechanism
taking place along the interface. A more compliant material 1 tends to
promote cohesive failure, opposite to a stiffer material 1. This results
from the stress-state at the crack tip. The stress-state also depends on the
geometry of the sample and on the applied loading. Consequently, this
must be considered to maximize the overall joint toughness.

3.1.3. Influence of mode-mixity

The influence of mode-mixity on the transition between cohesive and
interfacial failure is investigated. Indeed, thermoplastic-metal interfaces
generally exhibit a pronounced dependence on fracture mode, with
mode II fracture toughness, i.e. 'y, often exceeding mode I toughness, i.
e. I, a trend widely documented in mixed-mode studies of laminated
and hybrid material systems where in-plane shear requires greater en-
ergy dissipation than opening-mode fracture [67,68]. Despite this, joints
frequently possess higher tensile strength than shear strength. Conse-
quently, transition between cohesive failure and interfacial failure
cannot be understood from toughness ratios (I'y/T) alone as the
relative cohesive strengths in shear and tension (z./o.) might also play a
significant role.

Fig. 9a investigates the combined influence of mode-mixity, elastic
mismatch and groove depth for an aspect ratio equal to 1 and ' /T =
10. The toughness ratio 'y, /Iy is set to 10 for both the interface and
material 1 while keeping 7. = o.. No influence on the cohesive strength
ratio leading to interfacial failure is found for D = L = Il. This is

Material 1
a>0

Material 2

Fig. 8. Potential crack paths observed when cohesive failure takes place due to
the elastic mismatch between materials 1 and 2. The blue lines correspond to
the crack paths imposed by the cohesive elements in FE the model. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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attributed to the crack path being governed by tensile loading at the
bottom of the groove. In contrast, when D = L = 101, variations in
mode-mixity induce clear shifts in the transition behaviour for a > 0.
Under these conditions, the groove edges experience predominantly
shear loading. Consequently, increasing mode II toughness raises the
critical displacement required to drive interfacial crack propagation,
thereby promoting cohesive failure. For a < 0, there is no change as the
groove vertices experience tensile stresses as shown in Fig. 7e. This
agrees with the trends found by Parmigiani and Thouless [33].

The combined influence of aspect ratio and mode-mixity for D = I}
and a = Ois investigated in Fig. 9b. For an aspect ratio of 1, mode-mixity
does not influence the failure mechanism taking place, while a right-
ward shift for an aspect ratio of 2 is found. Consequently, mode-mixity
can influence the aspect ratio for which cohesive failure is always
observed if 6. /! is larger than 10. This critical aspect ratio can decrease,
but the accurate value depends on other groove dimensions and elastic
mismatch.

Finally, when I'y /T is set to unity and the cohesive strength ratio is
set to 7. /6. = 1/+/3. In Fig. ¢, the transition curve is shifted to the left,
indicating that decreasing the shear cohesive strength favours interfacial
failure. This outcome aligns with cohesive zone modelling studies of
polymer composite interfaces, which report that reduced shear strength
significantly weakens resistance to mixed-mode interfacial cracking
[69]. Notably, when the results are expressed in terms of 7./s}, the
curves collapse as the ratio between the blue and red dots in Fig. 9c is
about /3, underscoring that the ratio between normal and shear cohe-
sive strengths predominantly governs the onset of interfacial failure.

To conclude, the results show that mode-mixity influences the point
at which failure transitions from cohesive to interfacial, but only under
conditions where the interface is primarily subjected to shear. When the
failure path is governed by tensile fields, such as at the bottom of
shallow grooves, the effect of mode-mixity becomes negligible.
Conversely, in geometries or loading conditions that create shear-
dominated regions, higher mode II toughness promotes cohesive fail-
ure, whereas reduced shear cohesive strength promotes interfacial fail-
ure. Mode-mixity can thus influence the critical aspect ratio for which
cohesive failure is always observed for 6!/l > 10. Mode-mixity in
terms of cohesive energy tens to decrease this ratio while mode-mixity in
terms of cohesive strength tens to increase it.

3.1.4. Double cantilever beam model

The mode I fracture toughness of interfaces and joints is often
determined using the double cantilever beam configuration. Mode I
opening of the crack is induced by bending the DCB arms. In the present
study, the total deflection of the beam depends on the crack length, the
interface fracture toughness, the material 2 thickness hy, and the ma-
terial 2 Young's modulus E,. Bending also results in horizontal strains,
exx given by

~ 12r}
~ | Ez:hy

o Influence of material 2 thickness and properties

(10)

Exx

The influence of the material 2 thickness hy on the failure mechanism
is shown in Fig. 10. Again, the failure mechanism depends on I'! /Il and
ol/cl. As for the SSY model, the cohesive strength ratio o} /ol is the
cohesive parameter influencing the transition between the two failure
mechanisms. In Fig. 10, the groove depth and length are kept constant
such that D = L = I}, while the groove spacing is fixed to S = 10L. It is
found that increasing the thickness, hy, prevents crack deflection along
the interface as the transition curve is shifted towards the right side of
the graph in Fig. 10. This indicates that the DCB geometry influences the
observed failure mechanisms along the patterned interfaces. Referring
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a strength ratio about 1, interfacial failure is observed.

to Eq. 10, decreasing material 2 thickness increases the bending strains
and, consequently, the tensile stress acting along the groove vertices,
favoring the opening of the cohesive elements located along that inter-
face, promoting interfacial failure. This agrees with Fig. 10.

The material 2 Young's modulus E; also influences the bending
strains close to the groove vertices. Its influence is investigated in
Fig. 11. If E, increases, while E; is kept constant, cohesive failure is
promoted if T}/T% < 5, as shown in Fig. 11a. However, the Young's
modulus does not seem to have an effect on the transition between the
cohesive and interfacial failure mechanisms for large toughness differ-
ences, 1"} /l“i > 5. As E; is fixed, a increases if E; increases, which can
influence the results as previously observed. In Fig. 11b, « is kept con-
stant, equal to 2/3, while E; and E, are varied. A limited influence of the
Young's modulus is then found. Comparing Fig. 11a and b suggests that
the influence of the Young's modulus on the failure mechanism origi-
nates from the change in elastic mismatch. The larger the elastic
mismatch, the more cohesive failure is promoted, in agreement with the
results of the SSY model.

Eq. 10 indicates that increasing hy and E; results in lower bending
strains &,,. The bending strains act as tensile strains along the groove
edge, opening the cohesive elements located along the vertices. The

12

higher the bending strains, the higher the tensile stresses acting along
the groove vertices, which are no longer only subjected to pure mode II.
Consequently, interfacial failure is promoted. It is expected to observe a

similar influence of E; and hy on the results as exxa(Ezhz)’O‘s. If only
bending strains matter, doubling E, is expected to have the same in-
fluence as doubling h,. However, this is not observed when comparing
Figs. 10 and 11a. Hence, it can be concluded that, for fixed groove di-
mensions, the thickness of material 2 has a stronger influence on the
failure mechanism than its Young's modulus. An hypothesis of this
stronger influence of h; is that as h; increases, D/h, decreases and that
this last ratio influences the failure mechanism. Whether or not D/h;
influences the failure mechanism will be investigated in what follows.

e Influence of the groove depth

The influence of the groove depth is shown in Fig. 12a and b. The SSY
model predicted an influence of the groove depth, with deeper grooves
promoting cohesive failure. Opposite to the results of the SSY model,
deeper grooves tend to promote interfacial failure when the DCB ge-
ometry is considered, as shown in Fig. 12a. As the depth of the groove
decreases, cohesive failure is promoted, shifting the transition curve
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for 6} /ol <1, and the exact transition value could not be determined.

towards the right in Fig. 11a. However, this shift is less marked than for
the SSY model. Fig. 12b shows the influence of the depth normalized by
the beam thickness. For D/h; = 0.2, increasing the beam thickness re-
sults in a slight promotion of cohesive failure as the curve is slightly
shifted towards larger ag /aé values. However, for D/h, = 0.05, there is
no clear trend. Indeed, the curves more or less overlap. At large
toughness differences, thinner material 2 adherends tend to slightly
promote cohesive failure compared to a thicker material 2 adherends.
However, when the interface and material 1 are characterized by similar
toughness, a thicker material 2 adherend promotes cohesive failure. For
a given D/hy, the thicker material 2, the deeper the groove. These results
highlight the fact that there is competition between cohesive failure
promoted by deep grooves (see section 3.1.1) and interface tensile
stresses resulting from material 2 bending.

Increasing D/hy promotes interfacial failure. Simulations show that
the deeper the groove for a given material 2 thickness, the higher the
bending strains for given applied load and displacement. The situation
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can be seen as a partly built-in beam. The material 2 adherend is built-in
only over a portion 1 — D/h2 of its thickness. Appendix B shows that the

smaller the built-in part, and thus the higher D/hy, the higher the
bending strains. Shallower grooves also tend to promote deflection due
to crack tip stress field interaction with the interface at the bottom of the
groove as explained in Section 3.1.1. Hence, for any beam thickness hy,
there is a depth D promoting cohesive failure which depends on the D/h,
effect and on the depth effect explained in Section 3.1.1. The thicker
material 2, the deeper the optimal groove and the more cohesive failure
is promoted.

e Influence of the groove length

As for the SSY model, the influence of the groove length L is inves-
tigated. The groove depth, D, is kept constant equal to I}, while the beam
thickness is varied. Fig. 13 shows that, similar to the SSY model, cohe-
sive failure is promoted by shorter grooves. In addition, interfacial
failure is no longer observed once the groove aspect ratio, A = D/L, is
larger or equal to 10. Again, cohesive failure is observed for short
grooves when the stress-field induces damage ahead of the crack tip as
illustrated in Fig. 6d. It is important to note by comparing Fig. 13a and b
that the material 2 thickness also has an influence on the critical aspect
ratio above, which cohesive failure is always observed. Indeed, for a thin
material 2 adherend (Fig. 10a), interfacial failure is still observed for
large toughness ratios when ¢’ /6. is larger than 7 (blue points), while
cohesive failure is reported for the same groove geometry and the same
properties for a thicker material 2 adherend (Fig. 13b — blue stars). This
means that for thin material 2 beams, a higher groove aspect ratio D/L is
required to ensure cohesive failure.

To conclude, the DCB model showed that the loading configuration
influences the failure mechanisms taking place along a patterned
interface. Material 2 bending promotes interfacial failure as it induces
tensile stresses along the groove edge. Consequently, the deeper the
groove, the more interfacial failure is promoted, opposite to the results
of the SSY model. This effect depends on D/h,. Shallower grooves can
promote cohesive failure but below a certain depth, interfacial failure is
again promoted as observed with the SSY model. Finally, cohesive
failure is promoted when the groove aspect ratio exceeds a value of 10,
as observed for the SSY model.
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Fig. 11. Influence of material 2 Young's modulus on the failure mechanisms depending on I'} /T'. and o} /oL, with D = L = 1.. a) Fixed E;, while E, and « vary. b)
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hy = 101:. The elastic mismatch between material 1 and material 2 is set to a = 2/3. Triangles indicate that crack deflection along interface is observed for these

values, while * mean that only cohesive failure is observed.

4. Discussion
4.1. Model validation

The developed finite element model is compared to previous results
concerning crack deflection at an interface and to experimental results
obtained for adhesive joints and bimaterial interfaces.

Parmigiani and Thouless [33] developed a model predicting whether
a crack deflects along an interface or penetrates into the adjacent ma-
terial, depending on the cohesive strength and fracture toughness of the
second material and of the interface. Their configuration differs from the
present one: in their case, the crack first propagates through a block of
material A before reaching the A-B interface, and if deflection occurs, it
can proceed both upwards and downwards. In contrast, in the present
work the crack propagates along the A-B interface before reaching a
block of material B, and can only deflect downwards. Parmigiani and

14

Thouless reported a stronger influence of the cohesive strength ratio
than of the toughness ratio, with an asymptotic trend for large toughness
ratios. Similar observations are made here. For a = 0, the results of
Parmigiani and Thouless are compared to the present results if D = L =
101! in Fig. 3. For toughness ratios below 2, the transition between
mechanisms occurs at similar strength ratios, while differences appear
for larger toughness ratios. These discrepancies likely stem from dif-
ferences in model configuration. They also found that increasing the
characteristic length relative to the model dimensions promotes pene-
tration, corresponding in the present notation to decreasing groove
length L, which indeed promotes cohesive failure. Finally, they showed
that crack penetration, equivalent here to cohesive failure, is favored by
minimizing the elastic mismatch magnitude, |a|, when toughness is
mode-independent. However, if mode II toughness is significantly
higher than mode I toughness, increasing @, and thus having material B
significantly more compliant than material A promotes crack
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penetration. This agrees with the actual results as it is found that
cohesive failure is promoted if the grooves are filled by a more compliant
material.

The finite element results can also be compared to experimental data
found in the literature. Several researchers investigated interface
toughening through groove patterning using lap-shear tests [9-15].
However, these results cannot be directly compared to DCB configura-
tions because the loading mode alters the stress state. For example,
Akman et al. [22] reported maximum shear strength for grooves with A
~ 5, while lower aspect ratios (A < 1) promoted interfacial failure.
Similarly, Liu et al. [15] observed interfacial failure for A = 0.5 and
cohesive failure for A ~ 1, despite shallow grooves. These trends agree
qualitatively with the present findings as higher aspect ratios promote
cohesive failure, but the difference in loading mode might explain why
cohesive failure occurs at lower A in lap-shear tests. Similar parametric
study for lap-shear joints is left for further investigations. Suzuki et al.
[10] and Sun et al. [11,12] performed DCB tests along interfaces
patterned with grooves. However, the present results cannot be applied
to the cases investigated by Sun et al. [11,12] as in the absence of
grooves, cohesive failure is already reported and the grooves are used to
modify the stress state ahead of the crack and not to promote mechanical
interlocking. Suzuki et al. [10] performed DCB tests and finite element
simulations using cohesive zone elements, considering both cohesive
and adhesive failure. This is the only study to which the present results
can be compared. They assumed mode-dependent cohesive laws, i.e.
different cohesive strength and energy in tension and shear. The groove
edges are mainly loaded under shear and therefore the cohesive prop-
erties under shear are considered for interfacial failure, while the ma-
terial filling the grooves is mainly loaded under mode I, hence the tensile
cohesive properties are considered. This gives a cohesive strength ratio
ol /ol equal to 5 and a toughness ratio ' /T. equal to 4. For a groove
depth D about 0.01L}, and a equal to 0.5, they report a shift from
interface to cohesive failure at an aspect ratio, A = D/L, about 2.5. As
the grooves are much smaller than the adherend thickness, it is assumed
that the bending of the adherends can be neglected. Hence, these results
are compared to those shown in Fig. 5¢ in which their transition point is
shown. A good match is observed as the SSY model predicts a transition
between cohesive and interfacial failure for similar values of 6} /¢. and
I'}/Ti for these groove dimensions.

4.2. Design criterion based on FE results

Section 3 highlights the influence of the material and interface
properties, and the groove dimensions on the failure mechanisms taking
place along patterned interfaces. It has been found that the depth D and
the length L of the groove have an important influence on the failure
mechanisms. A groove aspect ratio D/L equal or larger than 10 induces
cohesive failure if L < I1. In addition, the stress state at the crack tip also
influences the failure mechanism. This stress state depends not only on
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the loading configuration but also on the relative stiffness of the mate-
rials on both sides of the interface. For example, if material 1 is stiffer
than material 2, interfacial failure is promoted due to the development
of tensile stresses acting along the groove vertices. In the DCB configu-
ration, these tensile stresses additionally arise from the bending of the
adherends.

In the present work, the spacing between the grooves has not been
discussed because it has been found to not an have influence on the
failure mechanisms taking place along the patterned interface for given
material and cohesive properties, in agreement with the results of Kim
et al. [9]. However, the spacing influences the stress distribution ahead
of the crack tip, in the groove walls. The shorter the spacing, the higher
the stresses acting on the groove walls, increasing the probability of wall
failure, a mechanism not considered in the present case, as shown in
Fig. 14. Such failure mechanism has been reported by Maressa et al.
[70]. The S/L ratio at which this mechanism will take place depends on
the strength of the wall material. Consequently, without considering
wall failure, the design criterion of A > 10 to promote cohesive failure
remains valid for any spacing S. Decreased spacing results in a tough-
ening effect due to the shielding effect arising from the presence of a
stiffer material ahead of the crack as the grooves wall material 2 is stiffer
than material 1 filling the grooves. This is in agreement with the results
of Kim et al. [9], who only reported an influence of the spacing on the
fracture toughness of the interface.

Two practical design questions arise from these findings when
considering cohesive failure as the mechanism to be favored:

o If interface properties are known, any design within the cohesive
failure region of the design space is a valid candidate.

o If interface properties are unknown, assume the interface is signifi-
cantly weaker than the material filling the grooves. In this case, deep
grooves with a high aspect ratio (A > 10) are recommended. For DCB
specimens, a large ratio of groove depth to adherend thickness
(D/hy) is also crucial. This constraint reduces design flexibility
compared to the first scenario.

As an example, one considers I'} /I, equal to 1 and ¢} /6% equal to 4.
Under these conditions, Fig. 10a predicts interfacial failure even when
the groove aspect ratio is 2, if D=1! and D/h, = 0.2. Conversely,
cohesive failure is observed under the same conditions if hy is doubled.
In the second case, an aspect ratio A of 2 is sufficient to ensure cohesive
failure, and therefore long grooves can be machined in the adherend. If
the interface properties are unknown, an aspect ratio of about 10 would
be recommended to guarantee cohesive failure, which would result in
significantly shorter grooves. In more extreme cases, this might even
necessitate a change in manufacturing technology. For example, long
and deep grooves can be introduced through conventional machining,
whereas grooves only of a few tens of micrometers in length or depth
would require laser patterning through laser ablation or even more

120 160 200

Fig. 14. Normal stress distribution for grooves with D =1}, hy = 10L}, L = 0.5I! and spacing settoa) S = 0.11},b) S=0.5! andc) S =I!. 6} /6! isset to 4 and '} /T,

is set to 2.
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advanced (and more expensive) techniques such as lithography. This
highlights the trade-off between design goals and manufacturing feasi-
bility. Furthermore, extreme groove geometries can lead to trapped air,
altering the failure mechanism, as reported by Andarabi et al. [13], an
important practical consideration. This is briefly investigated in Ap-
pendix C. The less the groove is filled with material 1, the more inter-
facial failure is promoted.

Determining interface and material properties, as well as joint di-
mensions, is crucial for designing the interface pattern and selecting
suitable manufacturing technologies. It is important to note that these
properties evolve during in-service life, as assemblies may be exposed to
chemicals, humidity, and thermal cycles. In humid environments, water
ingression reduces material strength, and adsorption at the interface
often occurs faster than absorption in the adhesive [71-73]. As a result,
interface properties degrade more rapidly, potentially shifting the fail-
ure mode from cohesive to interfacial. The degradation rate depends on
surface treatment, interface roughness, and pattern [74,75]. A more

Theoretical and Applied Fracture Mechanics 145 (2026) 105586

tortuous interface can slow down water transport, except when voids
such as trapped air are present, which facilitate ingression. Under
thermal cycling, mismatched thermal expansion coefficients generate
tensile residual stresses at the interface, further promoting interfacial
failure [76], while temperature variations also affect polymer properties
[77]. These examples highlight the need to assess material and interface
properties not only after manufacturing but also after exposure to ser-
vice conditions to ensure proper design.

In general, the advice to design a tough interface is to promote
cohesive failure as this leads to higher toughness. This requires having a
large groove aspect ratio. However, interface fracture toughness can be
influenced by other parameters such as the complete filling of the groove
by material 1 [13]. In addition, it is important to note that cohesive
failure is assumed to be the toughest mechanism when the groove di-
mensions range from few micrometers to hundreds of micrometers. Such
dimensions are achieved through additive manufacturing or laser
ablation. However, Maloney and Fleck [78,79], Cordisco et al. [80] and
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Zavattieri et al. [42] dealt with macroscopic patterns with dimensions
above 1 mm. In these cases, a crack following the interface pattern re-
sults in a strong toughening effect. Hence, adhesive failure can also lead
to a toughening effect. Determining the influence of groove dimensions
and the failure mechanism on the toughening effect is part of further
investigations.

5. Conclusion

Surface patterning with grooves is often investigated as toughening
strategy in adhesive joints and other polymer-metal junctions.
Depending on the groove dimensions (length L, depth D and spacing S),
failure can be either cohesive or interfacial, or a mix of both. Several
dimensions have already been investigated previously [9,10,13,22,27].
However, a clear design criterion ensuring cohesive failure has not been
established. Crack deflection and penetration are known to be depen-
dent on material and interface strength and toughness [33]. In the
present study, the influence of dimensions and cohesive properties is
investigated using two cohesive zone models. The different dimensions
are compared to the characteristic length scale of the groove material I.
First, a SSY model is implemented to investigate pure mode I dis-
regarding the influence of bending of the adherends taking place in a
DCB configuration. For both models, the main conclusions are illus-
trated in Fig. 15 and are summarized here-below:

- The stronger and the tougher the material filling the grooves, with
respect to the interface, the more crack deflection is promoted.
Deeper grooves (high D) promote mechanical interlocking and,
therefore, promote cohesive failure. D/I! should exceed a value of 10
to avoid interaction with the bottom interface of the groove and
avoid interfacial failure.

Short grooves (low L) promote mechanical interlocking, promoting
cohesive failure as shown in Fig. 15a. There is a combined influence
with the depth. This led to a minimum aspect ratio D/L equal to 10 to
ensure cohesive failure and a groove length shorter than L.

The elastic mismatch between the adherend and material filling the
grooves influences the transition between the two failure mecha-
nisms. In general, a more compliant material filling the grooves, i.e.
material 1, promotes mechanical interlocking, as shown in Fig. 15b.
The influence of the elastic mismatch decreases as the groove depth
decreases.

Mode-mixity influences the transition between the two mechanisms.
A high T’y /Ty tend to promote cohesive failure while decreasing
7. /0. promotes interfacial failure.

In the DCB configuration, bending of the arms results in tensile
stresses acting along the vertical edges of the groove. These stresses
promote crack deflection along the interface. To promote cohesive
failure:

Appendix A. Control algorithm for DCB model
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- Bending strains are minimized by using stiffer or thicker adherends,
promoting cohesive failure as shown in Fig. 15c. Although, the
adherend thickness has more influence on the failure mechanism
than the Young's modulus that is also affecting the elastic mismatch
between the adherend and the material filling the grooves (material
1)

- There exists an optimum groove depth as increasing D/h; and
decreasing D promote interfacial failure.

- An aspect ratio D/L of 10 is found to promote cohesive failure even if
the interface is significantly less strong than the material filling the
grooves, similar to the SSY model if L < lsl, as shown in Fig. 15c.

To conclude, the failure mechanism taking place along a patterned
bimaterial interface depends on the pattern dimensions. The optimal
dimensions depend on the material and interface properties, but an
aspect ratio A larger or equal to 10 is found to lead to cohesive failure in
all investigated cases if L < II. Regarding the DCB configuration, thin
adherends and large D/h; can shift the critical aspect ratio value towards
higher values. However, optimum design also depends on the patterning
technique (milling, additive manufacturing, laser ablation). Hence, op-
timum design is a savant combination of material and interface prop-
erties, adherends dimensions and manufacturing technology. The stress-
state at the crack tip also influences the results. Minimizing tensile
stresses acting along the groove vertices promote cohesive failure.

Owing to the lack of experimental data to compare these numerical
results to experiments, experimental studies are recommended as
further work.
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In the DCB model, some snap-back instabilities are observed. This happens when interfacial failure, i.e. crack propagation along the groove edges,
and when a crack propagating cohesively reaches the upper interface of the groove, which might be characterized by a significantly lower toughness.
This results in convergence issues. To avoid them, a control algorithm is implemented, similar to what has been proposed by Martinez-Paneda et al.
[48] and Segurado and Lorca [49]. Under displacement controlled conditions, when a snap-back instability takes place, the applied force suddenly
drops at the nodes to which the displacement boundary condition is applied. This leads to convergence issues. To avoid this, we need a variable
increasing monotonically during the whole loading history. This variable is the relative opening displacement of the crack faces at the location of the
first cohesive elements. Relative opening displacement of the crack faces cannot be directly applied as boundary conditions. Hence, it requires to
create two auxiliary elements. The first auxiliary element, denoted as El;, connect the two nodes located at the extremity of the first cohesive element,
N; and N, to a control node, denoted as N, as shown in Fig. Alb. The second element, denoted as El,, connects the two nodes on which the
displacement boundary condition are normally applied in a DCB model, Ny, and N, and the control node.

The vertical relative opening displacement of N; and N, are linearly related to the vertical force applied on the control node, fyxc, (by)
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nyc = Un1y — Un2y (A1)

The applied vertical loads on Ny, and Nyom leads to the opening of the DCB and is related to the vertical displacement of the control node, uyy. such
that

y

uNcy :fy—Ntop = 7fy—Nbot (A2)
a b
Ntop
El, Material 2 El| M
N Material | Ve $TTTTT11
Material 2 R h N,

Nbot

X
Fig. Al. Definition of the reference and control nodes N, and of the auxiliary elements El;and El, required to implement the control algorithm preventing
convergence issues due to snap-back instability.N; and N3 correspond to the top and bottom node of the first cohesive element, respectively, while Ny, and Ny are
the upper left and bottom left node of the DCB geometry, respectively.
This algorithm is implemented into the Abaqus model using user-defined stiffness matrices. More information regarding the implementation can be
found in the documentation linked to [48]. In addition, the right end of the DCB is considered as being built-in.

Appendix B. Partly built-in beam

A finite element model is built. It considers a beam of Young's modulus E, thickness h, width B, and length 1. The beam is built-in at its right end,
while a displacement is applied at the left side, as shown in Fig. B1. The beam is built-in only over a certain part of its thickness. The length over which
it is built-in is denoted as h.. The beam is model with 4 nodes plane-strain elements with reduced integration (CPE4R). For all simulations, a
displacement of 1 mm is applied.

A

l y
uy_BC X‘J

Fig. B1. Schematic of the partly cantilevered beam model. The green dot is the reference node where the horizontal displacement is determined in Fig. C2. h is the
total bema thickness, 1 its length and h, is the thickness over which the beam is built-in. (For interpretation of the references to colour in this figure legend, the reader
is referred to the web version of this article.)

As the beam bends, the part of the right edge, which is built-in, does not move. However, the non-built-in part moves along the x and y direction.
The horizontal displacement of the right top node is determined for several h,/h ratios and given displacement u,_pc. Fig. B2 shows that as h./h
increases, the vertical displacement of the top right node decreases.

A parallel has to be made with the patterned DCB arm. The non-built-in part corresponds to the groove vertical edge. Consequently, the deeper the
groove (lower h,/h), the higher the horizontal strains acting along the interface as the vertical displacements are larger.
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Fig. B2. Evolution of the horizontal displacement at the top right node (green dot in Fig. B1) of the partly built-in beam with he/h. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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Appendix C. Partial filling of grooves

Imperfect filling of the grooves is expected to shift the transition curve towards lower cohesive strength ratio, promoting interfacial failure. Two
main reasons can be attributed to this effect. First, imperfect filling results in stress in higher stress concentrations. Secondly, the bonded area is lower
as the filling material (material 1) is not bonded to the adherend material (material 2). In order to address this comment, simulations have been run for
L=D=1andL =D =10L, with a = 0 by modifying the python code generating the mesh to remove 10 and 50% of the elements at the bottom of the
groove. Simulations are only run for the SSY model.

Fig. Cla shows that imperfect filling results in a leftward shift of the transition curve, promoting interfacial failure. The less the groove is filled, the
more interfacial failure is promoted. Figs. C1b to e show the stress distributions near the groove for D =L = I}, ¢} /6. =25 and I't /T, = 2. It is
observed that incomplete filling decreases the tensile stresses. Hence, mainly shear stresses act around the crack tip, resulting in interfacial failure. In
addition, stress concentrations are found at the bottom corner of the filling material, initiating interfacial failure at the top and bottom corner of filling
material edge.
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Fig. C1. a) Influence of the groove depth D and groove filling on the transition between cohesive (left of the curve) and interfacial failure (right of the curve)
depending on I'} /T and 6} /cl. b-c) Tensile stress distribution for b) complete filling and c) 90% filling. d-e) Shear stress distribution for d) complete filling and )
90% filling. b-e) The snapshots are taken for a remote K* equal to 1.58 MPay/m.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.org/10.1016/j.tafmec.2026.105586.
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