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Abstract

Composite materials and multi-material components often fail at their internal
interfaces/adhesive joints, and hence special attention should be given to such catas-
trophic delamination events to guarantee the system’s functional requirements. So
far, however, the majority of structural topology optimization problems have focused
on optimal distribution of the bulk materials by considering interfaces as perfectly
bonded. This motivates the introduction of optimization methods that explicitly take
into account the role of the material interfaces to optimize structures against delam-
ination. In this work, we propose a data-driven heuristic optimization approach for
the identification of optimal cohesive interfaces with linearly graded fracture proper-
ties to increase the ability of the composite structure to withstand peeling. Moreover,
for given cohesive interface properties, we investigate the applicability of the physics-
based Solid Isotropic Material with Penalty (SIMP) topology optimization approach
to optimize the internal structure of a substrate in problems where the stress field is
affected by interface delamination.
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Nomenclature

Acronyms Variable notation

2D two dimensional space K stiffness

CZI  Cohesive zone interface 4 PSO target cost function

CZM Cohesive zone model v Poisson ratio

FEA finite element analysis On normal traction

FEM finite element method T3 tangential traction

PSO particle swarm optimization E Young’s modulus

SIMP Solid Isotropic Material with Pe- ¢, critical normal gap
nalization gt. critical tangential gap

TO  Topology Optimization u displacement field

1. Introduction

Material components are often bonded together by adhesive materials, and they
play a major role in determining the strength of the whole assembly for aerospace,
automobile, fashion industry, and many other manufacturing sectors. Peeling tests
are routinely performed to assess the quality of bonding and determine the adhesive
properties requested to withstand applied loading. The peeling test gives in output
the peeling force required to delaminate a deformable layer/film from the substrate.
As compared to a fully bonded interface where the continuity of tractions and dis-
placements is guaranteed at the material discontinuity, the response of an adhesive
interface evolves during debonding, with a progressive separation and tractions that
are nonlinearly function of the displacement discontinuities [1, 2]. The expression of the
traction-separation law (TSL) relation is usually called cohesive zone model (CZM),
see [3, 4, 5, 6] for some relevant examples and functional relations.

Analytical solutions for peeling tests addressing the mixed-mode deformation
problems have been notably derived in [7, 8, 9]. Other relevant contributions to-
wards the understanding of the mechanics and failure of cohesive interfaces in statics
and dynamics, among the many published in the literature, are those in [10, 11, 12,
13, 14, 15, 16]. In terms of computational methods, the CZM for adhesive interfaces
can be efficiently implemented within the finite element method (FEM) according to
an intrinsic approach, duplicating the nodes of finite elements sharing an interface and
inserting zero-thickness interface finite elements along the adhesive interface [17]. In
case of non-conforming meshes, node-to-segment interface elements derived from con-
tact mechanics can be exploited as well, as shown in [17]. The method is robust in han-
dling non-linear problems using a full-implicit Newton-Raphson incremental-iterative



scheme. In some engineering applications, CZM is also combined with Extended Fi-
nite Element Method (XFEM) or with the phase field modeling (PFM) technique
[18, 19, 20, 21, 22| that provide a comprehensive and accurate representation of crack
initiation, delamination, propagation, and interaction with microstructural features.

In the present work, the exponential CZM formulation in [5] is adopted to de-
scribe the nonlinear response of an adhesive joining a bi-material system which may
undergo delamination. Instead of setting all the parameters of the CZM, which are
the peak tractions in Mode I and Mode II, and the critical normal and tangential
gaps for complete decohesion (or, analogously, the Mode I and the Mode II fracture
energies which are functions of the above parameters), we herein explore the possi-
bility to identify optimal properties of the interface to preserve the response of the
composite even in presence of evolving debonded regions. Specifically, the possibility
of a functionally graded interface with a linear variation of fracture energy along the
interface coordinate is explored, motivated by the fact that such kind of interfaces
could be technologically manufactured by acting on their microstructure, for instance
by varying the geometry and/or the density of mushroom micro-pillars in Gecko’s
bio-inspired adhesives [23, 24, 25, 26, 27, 28, 29]. The main objective is to assess the
potential of such functionally graded interfaces in withstanding debonding, to make
the composite material delamination-tolerant.

Therefore, the material parameter identification of the CZM parameters becomes
an inverse problem. To solve it, non-gradient-based algorithms which can be included
within a category of data-driven approaches are genetic algorithms [30], particle
swarm optimization [31], Cuckoo search algorithm [32], evolutionary algorithms [33],
to name a few. In the literature, data-driven machine learning models [34, 35, 36, 37]
have been employed to gain insights into the traction-separation relationship and the
underlying physics of interface problems. Several researchers [38, 39, 40, 41] worked on
non-gradient optimization models for inverse parameter identification of CZM inter-
face properties. Optimization methods play a crucial role in accurately determining
the CZM parameters. In this direction, the fracture mechanics field is experienc-
ing significant transformation due to advancements in machine learning, data-driven
methods, and modern computing tools. These models are essential for predicting
material fracture behavior with greater reliability. By utilizing different optimization
algorithms and rigorously validating the results, researchers can improve the fidelity
and practical applicability of CZMs in engineering applications. In the present study,
the particle swarm optimization (PSO) algorithm will be employed since it overcomes
local minima issues compared to the above-mentioned optimization models, and it
has already been proven to be efficient for non-convex strongly nonlinear problems
in the context of plasticity and cohesive fracture [42] and for material identifica-
tion problems in phase field fracture [43]. In conclusion, data-driven modeling offers
substantial promise in various areas, including identifying physical parameters and
discovering new physics when creating new materials.

The second objective of the work is to assess the possibility to make a bi-material



component with an imperfect adhesive interface tolerant to interfacial defects by act-
ing on the optimization of the topology of the surrounding continuum. Topology
optimization is carried out for this class of inverse problems based on physics-based
simulated data. Relevant publications on topology optimization (TO) used in simpler
contexts without fracture are available in [44, 45, 46, 47]. The technique is usually ap-
plied to design lightweight structures preserving the mechanical response [48]. Since
then, several topology optimization techniques, including density-based [49], level-set
method [50], Evolutionary Structural Optimization (ESO) [51], Bi-directional Evolu-
tionary Structural Optimization (BESO) [52], and others have been proposed in the
literature. Those methods exploit optimization techniques to distribute the material
inside the design space with a design variable which can take dichotomic values (1 for
the solid, 0 for the empty region), or with a continuous variation in that range. The
level set method, ESO, and BESO optimization approaches use the discrete design
variable approach. The continuous technique uses a solid isotropic material with pe-
nalization (SIMP) approach. It is specifically utilized in density-based optimization,
where the method of moving asymptotes (MMA) [53] and the Optimality Criteria
(OC) [54] are employed to solve the topology evolution of structural problems within
the design constraints. The Optimality Criteria (OC) method is more widely used
than the Method of Moving Asymptotes (MMA) because it has a more straightfor-
ward explanation and implementation. OC involves updating design variables based
on analytical expressions derived from optimality conditions, making it computation-
ally efficient and often faster for compliance minimization problems. The MMA is
more complex to implement but is recommended for nonlinear topology optimization
problems that involve multiple loading conditions, constraints, and objectives. How-
ever, since our current work does not involve such complexities, the OC method is
herein selected. In recent research, TO has been effectively applied to enhance the
toughness of heterogeneous adhesive films [55] by strategically arranging stiff and soft
material blocks, or exploring functionally graded materials in the context of phase-
field fracture [56].

In the present work, we seek topology optimization of the substrate corresponding
to a certain portion of the deformable layer peeled off. The interface response is again
described by a linearly graded CZM, as analyzed in Sec.2. The substrate stiffness is
considered as an objective function with volume constraints. The sensitivity analysis
of the objective function with respect to the design variable is carried out, and the
OC method is applied to evolve the design variable with design iterations until the
user-defined condition is met. Finally, the optimized substrate topology is determined.
The evolution of the optimal substrate topology patterns for different volume fractions
is analyzed, and different amounts of interface delamination are also investigated to
assess the robustness of the identified topology under perturbations in the extent of
the onset of delamination.

The article work is organized as follows: the mathematical framework for the
cohesive zone modeling (CZM) for a graded interface is outlined in Sec.2. Sec.3 ad-



dresses the problem of identification of optimal properties of linearly graded cohesive
interface by exploiting the PSO algorithm. Sec.4 discusses how to find the optimal
structural topology of a substrate under the influence of imperfect adhesive bonding,
by exploiting the SIMP gradient-based optimization algorithm. Finally, the article
conclusions are provided in Sec.5.

2. Graded cohesive zone interface model

The current work assumes the structure behavior obeys small strain deformation
theory. As shown in Fig.1, we consider a continuum domain €2 in which a deformable
substrate B1 and a second material B2 are connected by an adhesive which mathe-
matically provides continuity of tractions at the interface and an evolving separation
in the normal and in the tangential directions (defined in local reference system). By
the principle of virtual work, which leads to the weak form of the mechanical system,
the total energy including the contribution of cohesive tractions at the interface reads:

5H:/J5sdQ—/b5udQ—/ 5ud89t—/ teon 0AU dOS), (1)
Q Q o s

where o represents the Cauchy stress tensor, de denotes the virtual variation of the
strain field associated to the displacement field u, b and t represent the body forces
and the imposed boundary tractions acting on 2 and 9€);, respectively. The vector of
cohesive tractions is t ., which contributes to the virtual work through the associated
virtual variation of the relative displacement vector dAu along the interface 0€;.
The finite element formulation associated to the cohesive interface model used in
the present work is based on the 4-node zero thickness interface finite element whose
matrix expression and algorithmic implementation as a user element can be found in
[17] and are omitted here for the sake of brevity. The formulation implemented in [17]
within the research finite element software FEAP [57] has been re-implemented here
in a user element for the open source finite element research code DAEdalon [58] based
on MATLAB R2022, which facilitates the interaction between FEA and optimization
algorithms, without the need of introducing input/output software interfaces.
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fig. 1. Schematic representation of a zero thickness interface element.

Due to the external load applied to the structure, the cohesive interface region can
delaminate and this phenomenon is governed by a Mixed Mode traction-separation
relation. Here, for its versatility, we consider the version proposed by Tvergaard [5],
although any other functional relations could be analogously exploited, without any
loss of generality. The o, and 7; cohesive tractions composing the vector t.., are
nonlinear functions of the normal and tangential gaps ¢, and ¢;:

dn
Op = Omax —— .f(/ﬁ)
gnc
Gt (2)
Tt = Tmax —— f(ﬁ)
Gtc
where g,,. and ¢, are the critical normal and tangential gaps for complete decohesion
under pure Mode I or Mode II deformation, f(/3) is a function which establishes a
measure of mode mixity, and opay, Tmax are the maximum normal and tangential
tractions that the interface can withstand, respectively, in pure Mode I or Mode II
deformation. For the Tvergaard CZM we have:

) ()

f(ﬂ):{%(1—25+52), for 0< B <1

0, otherwise

and



The CZM relation is graphically shown in a qualitative manner in Fig.2 in terms
of teon v8. ¢, and ¢g;. Under pure Mode I conditions, the area below the t.on vs. g,
curve for g; = 0 leads to the Mode I fracture energy Gic. Similarly, the area below
the teon vs. gy curve for g, = 0 leads to the Mode II fracture energy Gpc. Here, we
shall consider two functional forms for the CZM relation: (i) homogeneous properties
throughout the interface (i7) linearly graded fracture toughnesses.

In both cases, maximum tractions are the same, while the graded interface model
introduces a linear dependency of the critical normal and tangential displacements
upon the interface coordinate = defined in the global reference frame, see Fig.3.
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fig. 2. Tvergaard exponential law cohesive zone model
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fig. 3. Linear graded interface model: critical cohesive normal and tangential gaps, gn,
and g, for complete decohesion vs. interface position x/L, where L denoted the maximum
extension of the interface. The curve in black shows the value of the parameters for an
interface with uniform properties averaged over the interface length.

3. Optimum functional grading properties of cohesive interfaces

In this section, we analyze the failure of linearly graded interfaces and we compare
their performance with that of an interface with uniform averaged properties. Then,
we show how to apply a data-driven machine learning technique to automatically find
the properties of the linearly graded interface to maximize the functional performance
of a structure subject to delamination.

3.1. Analysis of a linearly graded cohesive interface

The 2D numerical model of the peeling test that will be used as benchmark for
the analyses is shown in Fig.4. The deformable layer with a height of 0.05 mm is
peeled off from a stiffer substrate which is 1 mm deep. The lateral size of the whole
numerical model is L = 1 mm. The progress of separation till failure of the interface
is governed by the traction-separation (TS) law.

The Youngs’ modulus of the deformable layer is set equal to 2.8 GPa, and that of
the substrate 73 GPa, which is a physical scenario for a thin deformable layer bonded
onto an almost rigid substrate. For what concerns the boundary conditions, Fig.4, the
bottom left corner node is constrained in the horizontal and vertical direction while
the remaining nodes at the bottom edge are constrained on the vertical direction. For
the deformable layer, horizontal displacements at the nodes belonging to the edge on
the left are constrained.



Contact constraints were incorporated into the CZM using the penalty method
active in compression with a stiffness £, = 1000 N/mm? to avoid the compenetration
of materials along the interface. The linearly graded interface properties for the
Tvergaard CZM are: 0pax = Tmax = 20 MPa, g,.= g;. € (2.5 — 7.5) mm. Hence, the
critical normal and tangential gaps vary linearly from 2.5 mm at z = 0 to 7.5 mm
at x = L, as shown in Fig.3. For this benchmark problem, the Mode I and Mode II
TSL properties are the same.

FEM simulations are conducted under plane strain assumptions. The peeling test
problem has been discretized with 4-noded isoparametric quadrilateral elements. The
substrate has been discretized with 100 x 4 elements, since it is almost rigid. The
interface region has been discretized with 100 elements along its length, while the
deformable layer has been discretized with 100 elements along its length and 6 over
its thickness, to capture its bending deformation.

05 Deformable layer A\
!

Cohesive interface region

Substrate

> 5 5

fig. 4. Model sketch of the peeling test.

1.00

The top right corner of the deformable layer is subject to a prescribed displacement
as external loading. The corresponding force P is computed as a reaction force in the
node. For the model test problem chosen, the mentioned loading leads to Mixed-Mode
delamination. The evolution of the reaction force P for an interface with uniform
properties and for a linearly graded one are shown versus the imposed displacement
in Fig.5, with a typical trend as reported in the literature [11, 59, 12]. The linearly
graded interface, although in average has the same properties of the uniform one,
has a spatial distribution of its fracture toughness which is highly beneficial, since it
offers a stronger opposition to the onset of debonding through its higher value of G¢
at x = L. As a consequence, the peak force for the onset of debonding is enhanced.
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fig. 5. Reaction force P versus imposed displacement for a linearly graded interface in
comparison to an interface with uniform properties.

Looking into more details on what happens along the interface in the two scenarios,
we notice that the interface with graded properties generates a non-uniform normal
traction at the interface which is quite different as compared to the uniform case, see
Fig.6. Normal traction curves vs. z/L superimposed to those figures correspond to
an increasing applied displacement (moving from the curve in red to the one in light
black). The graded interface allows delaying the onset for delamination as compared
to the interface with uniform properties, see the red curve at x/L = 1 that, for the
uniform one, is already approaching zero while for the graded interface has a residual
value of about 10 MPa, i.e., it is still partially bonded.
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3.2. Machine learning identification of graded interface properties

The benchmark test in Sec.3.1 motivates the development of a machine learning
technique that can automatically identify the properties of a linearly graded cohesive
interface to achieve a desired (target) mechanical response. For those problems, the
target response can be the maximum reaction force measured during the peeling
test, or even a measure of the error in a suitable norm between the predicted force-
displacement curve and the experimental one to be identified.

For what concerns the candidate algorithms, there are numerous nature-inspired
[31, 30, 32], evolutionary [60] and population [61] based algorithms available in the
literature. In the present work, particle swarm optimization (PSO), a machine learn-
ing algorithm best suited for data-driven inverse problems [42, 43], is exploited to
identify the interface properties. PSO [31] is a nature-inspired algorithm that looks
for the best answer inside the solution space. It does not rely on the gradient of the
objective function, whose functional expression is unknown, while it requires the sam-
pling of the objective function in the hyper-parameter space, so it can be considered
as a data-driven approach.

The method is based on a certain number of swarm particles dispersed in the solu-
tion space, and we seek to converge to a solution which is minimizing the cost function
% . The model test problem (see Fig.4) with linearly graded interface properties is
herein examined. The cost function to be minimized is herein defined as the error
in the L2 norm between the predicted and the desired reaction force-displacement
curve:

2() = —%Z 2]1—((’;;] (5)




where ARz4(x) = Rxs — Ray(x). Rxs denotes the history of simulated reaction
forces for the range of imposed pseudo-time steps d (d = 1,...,N). The model
test problem is conducted under displacement control till the N values of applied
displacement are imposed, for a given set of PSO model parameters. Analogously,
Rx:(x) represents the target value of the reaction forces for the same values of the
N imposed displacements. Rmay(x) = max(max(Rz,), max(Rz,(x))) denotes the
maximum value of the reaction force out of the Rx,, Rx.(x) values considering N
imposed displacements. The cost function would tend to Z(y) = 1 if the PSO
simulated curve and the target response are the same. The properties chosen to
numerically generate the target response for a linear graded interface are o, =
Tmax = 20 MPa, g,. = ¢;, € (2.5 — 7.5) mm.

For the inverse parameter identification problem, three properties are considered
as free parameters: the maximum normal traction, o,.y, the critical normal gap
(gn.)r for the interface at x = L, and the critical normal gap (g,.)o at © = 0. The
Mode IT model parameters: the maximum shear traction, 7., the critical tangential
gaps (9i.)r, (gre)o for the interface at © = L, © = 0 respectively are set the same
as Mode I model parameters during analysis and therefore are not included in the
parametric space.

The feasibility domain is defined sufficiently wide to explore all the physical solu-
tions of the problem that are of potential interest:

T = {10 < 0, < 30 MPa;0.01 < (gn.)o < 4 mm;5 < (g,.)r, < 10 mm} (6)

In the PSO algorithm, the swarm particles are composed of particle position and
velocity vector. The particle position vector at the k-th iteration is given as

k
=V (7)

where \/i{ is the velocity vector of the constriction factor-based approach [62] given
by Eq.(8):

k k—
\/. :mx(\/‘ 1+CC><r1x(P%‘—X?)ﬂLScXI“zX(PIg{—X%{))
(8)

where ¢ = C. + S, p > 4

2
K= ,
‘2—<p—\/<p2—490‘

being k a constriction factor and ry,ry are random numbers between 0 and 1. To
guarantee stability [63], ¢ was set as 4.1 and C. = S, = 2.05, where C,, S. represent,
respectively, the cognitive coefficient and the social coefficient, whose terminology
comes from applications of PSO to problems in behavioral economics. P¥ is the best
solution for the particle ¢ until iteration k, and Plg‘; is the best solution computed
among all the swarm particles.

The application of PSO to the present problem leads to the evolution of swarm
particles’ position within the design solution space shown in Fig.8. The identified
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interface fracture properties at the end were 0,,,, = 20.0001 MPa, (g,.)o = 2.5221
mm, and (g,,)r = 7.5 mm, which are very close to the values used to generate the
target curve.

The evolution of the cost function is depicted in Fig.7(a), and the comparison
between the identified response and the target response at convergence is shown in
Fig.7(b).
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(a) Cost function (b) Identified response at convergence

fig. 7. (a) Cost function vs. number of PSO iterations; (b) comparison between PSO
identified response and target response at convergence for the peeling test problem with a
linearly graded interface.
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4. Topology optimization of substrates prone to delamination

In this section we deal with structural design topology optimization problems
under the influence of cohesive interface fracture. Before that, an initial background
of topology optimization and a few benchmark problems will be discussed.

4.1. Topology optimization implementation

The algorithm for topology optimization proposed in [54] is examined in the
present work. The design domain, denoted as €, is discretized into N, finite ele-
ments, and each element e is assigned a topology density variable ¢.. The solid
isotropic with penalization (SIMP) material interpolation [64] is incorporated in the
design domain, which is controlled by the continuous design density variable ¢.. The
design variable ¢, ranges between 0 — 1, which varies within the discrete element of
the structure, being 0 a void material and 1 a solid material. Hence, the material is
interpolated as follows:

E (¢e) = Epin + <Z5€ (EO - Emin) ;e € [O, 1] (9>

where E (¢.) denotes the Young’s modulus of the e-th element, E.;, is a dummy
Young’s modulus much smaller than the other ones to model a void (here we set it
equal to 107). Ej is the Young’s modulus of the material whose structural topology
has to be optimized, p is a penalty coefficient and in the literature a value of 3 [65] is
typically chosen to ensure a clear distinction between a solid and a void.

The mathematical formulation of the current topology optimization problem reads
as follows:

N
Minimize: C(¢) = U'KU = ) " E, (¢.) u/ kou,
e=1

subject to : KU =F

Ne Ne
Zgbeve/ (Z Ue) - f

0<¢.<1l; e=12...,Ne

(10)

where C'(¢) is the objective function that depends on the design variable ¢, and it is
proportional to the internal work of the mechanical system. Here, v, represents the
e-th elemental volume in the design domain, such that the material distribution has
to comply with the prescribed volume fraction f. K, U, and F denote, respectively,
the assembled global stiffness vector, the displacement vector, and the load vector.

The optimization problem in Eq.(10) can be solved by means of optimality criteria
method [54, 66] based on the following heuristic updating scheme:

max (0, . —m) if ¢.B? < max (0, ¢, —m)
P =< min (1,0, +m) if ¢.B7 > min (1, ¢, — m) (11)

¢ Bl otherwise

15



where m is a positive moving limit, n = 1/2 is a numerical damping coefficient, and
B, is obtained from the KKT optimality condition given below:

)

where A is a Lagrangian multiplier chosen to satisfy the volume constraint and its
appropriate value can be found by employing a bisection algorithm. Moreover, the
sensitivities of the objective function ¢(¢) and the material volume v concerning the
element densities ¢, are computed as:

9c(9)
I¢e

9v(9)
0.

To ensure the existence of solutions to the topology optimization problem and to
avoid the formation of checkerboard patterns [67, 68] the sensitivity filtering technique
[65] is introduced as follows:

- _p¢€_1 (EO - Emin) U;Fkoua
(13)
=1.

Djen. We,j¢j7
pPe = : (14>
max(a, e) D jen, Wej

0c(¢)
0

where

Ro—7re;
=< for r.; < Ry
W, . = R ej 15

7 { 00 for re; > Ry (15)

being p. the sensitivity filter which modifies the sensitivities of the objective function
c(¢) in Eq.(13); N, is the subset containing the surrounding elements within the
filtered radius Ry to the e-th element; o in Eq.(14) is set equal to 1073 to avoid
division by zero. W, ; is the linearly decaying cone shape weighted filtering function
of elements e and j, ¢; is the non-filtered density of the j-th element within the
filtered radius Ry, r.; is the distance between the center of the element e to that of
the element j.

4.2. Numerical examples

The above algorithm is applied to a series of benchmark problems without the
issue of delamination to identify a structural topology that is able to maximizing
its stiffness (or, viceversa, minimize its compliance). The results of the optimum
topology of the benchmark problems with also details on the portion of the material
withstanding tensile (in red) or compressive (in black) stress states is provided in the
Appendix.

Now, the methodology is challenged here in relation to the problem geometry
already investigated in the previous section, where a thin layer is peeled off from
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the substrate; see the sketch in Fig.9. In this problem, the interface region has
been discretized with 75 elements along its length, while the deformable layer has
been discretized with 75 elements along its length and 8 over its thickness, and the
optimization region (substrate) is discretized with 75 x 75 elements. The top right
corner of the deformable layer has a prescribed displacement imposed, that leads to
a reaction force P during the evolution of delamination.

.05 Deformable layer /N
!

Cohesive interface region

Optimization Region | 1.00

Substrate

p B B

fig. 9. Sketch of peeling test with boundary conditions for a substrate with a delaminating
interface, where the topology of the substrate has to be optimized to maximize the stiffness
of the mechanical system for different levels of delamination.

The substrate region is the focus of our study concerning topology optimization.
Linearly graded cohesive interfacial properties are set equal t0 opax = Tmax = 10
MPa, g,, = gi. € (2.5 — 7.5) mm, where the critical normal and tangential gaps vary
both linearly from 2.5 mm at = 0, up to 7.5 mm at x = L.

Considering a displacement load that increases linearly over a pseudo-time vari-
able, we can simulate stress conditions in the substrate corresponding to varying
degrees of progressive delamination of the bonded layer, focusing on scenarios typical
of the onset of debonding. The topology optimization algorithm is applied after a spe-
cific portion of the interface layer has debonded, and the structural topology evolution
of the substrate is studied. Further results investigate the influence of the substrate
volume fraction on optimum topology and compliance values, followed by a study on
topology optimization of the substrate subject to different prescribed displacement
loading conditions, which in the present case correspond to different portions of initial
interface delamination.
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4.3. Impact of volume fraction

The optimum topology of the substrate was initially studied for different volume
fractions under identical loading conditions. For this analysis, five different substrate
volume fractions f = 10%, 20%, 30%, 40%, and 50% were examined. The numerical
topology optimization process, as outlined in Fig.11, was applied. Initially, a total
displacement of 9 mm was imposed at the top-right corner node, resulting in delam-
ination up to 0.08 mm along the interface. Subsequently, the topology optimization
(TO) process was conducted for various substrate volume fractions. The findings
indicate that the volume fractions f = 10% and 20% did not yield practically feasi-
ble designs and exhibited very high oscillations in compliance value throughout the
iterations. However, volume fractions f = 40% and 50% are promising for achieving
feasible optimized topological designs as depicted in Fig.13 (b),(c). In the figures, red
color represents the solid material, while black indicates void. Interestingly, the topol-
ogy pattern remains consistent for f = 30%, 40% and 50% volume fraction-optimized
structures. The impact of volume fraction f on the mean compliance for f = 30%,
40% and 50% is shown in Fig.12, which shows a decrease in the mean compliance with
an increase in volume fraction f. A comparison of the compliance value with respect
to the number of design iterations for volume fractions f = 30%, 40% and 50% is
shown in Fig.13, revealing that the optimized substrate with f = 50% is stiffer than
those with f = 30% and 40%, as more material volume is available to resist delamina-
tion. This study provides valuable insights into evaluating the best-optimized designs
for interface problems while considering cost implications without compromising the
system’s performance. This analysis is highly beneficial for industrial applications fo-
cused on finding optimized structures, especially when design constraints are clearly
defined, to ensure better functionality of the structure.

4.4. Discussion on different far-field imposed displacements

We examined two cases to study the topology evolution of the substrate under
different far-field imposed displacements. The volume fraction f of the substrate is
set to 0.5, which provides better structural strength out of f = 30%, 40% and 50% as
mentioned in Sec.4.3. In the first case, a total displacement of 9 mm is applied to the
top right corner node, resulting in delamination of up to 0.08 mm along the interface.
With the displacement load fixed, the topology optimization algorithm is iteratively
applied. The detailed algorithmic implementation of FEM-TO is illustrated in Fig.11.
The resulting structural topology evolution of the substrate is shown in Fig.14. In
the second case, a total displacement load of 12 mm is applied, leading to a longer
delamination of 0.2133 mm along the interface. The structural topology evolution of
the substrate was recomputed and is displayed in Fig.15. The different far-field total
imposed displacements in cases 1 and 2 cause the non-linear response of the linearly
graded cohesive interface properties to generate different stress fields and compliance
values. Consequently, different optimized structural topology patterns emerge, as
seen in Figs.14 and 15 for the two test problems. Despite some local variations, the
patterns are quite similar, suggesting that it is effective to design substrate topologies
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with localized densities to maximize the structure’s stiflness and resist delamination
events.
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fig. 10. Comparison of compliance value with respect to number of design iterations for
different volume fractions f.
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[Before applying TO process]

Step 1: Define design domain (2, bound-
ary and loading conditions, meshing

Step 2: Define SIMP parameters

[FEM analysis with CZI region}

Step 3: Data initialization:
U, gner Gter Omazr Tmazx-

. penalty coefficient p, volume
fraction f, design variable ¢,

No

Step 6: Perform FEM analy-
sis with input condition from
Step 5 and design variable ¢,

l

Step 7: Perform sensitivity anal-
ysis and apply filtering technique

l

[

Step 8: Update design variable ¢,
using OC optimization algorithm
under constrained volume fracture f

Is TO

condition
satisfied?

For displacement load
increment £ = 1,2, - -

Y
Step 4: Compute Finite
element analysis to
delaminate a specific
portion of interface region

[Delaminating CZI regionj

______________________

Step 5: Stress, strain, and displacement
field are stored and fed as input
conditions, including displacement
loading condition for TO process

fig. 11. Flow chart showing combined FEM-TO algorithm for topology optimization of
substrate in correspondence of different portions of initial delamination along the interface.
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fig. 12. Trend showing mean compliance (C) as a function of volume fraction (f)
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fig. 13. Optimized substrate topology for different volume fractions.
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fig. 14. Structural topology evolution of the substrate for an interface with initial debond-
ing of 0.08 mm.

w
=
T

w
N
T

Compliance C (mJ)
w
o

|
|

o
IS

00+20°0

N
(o))
T

Density variable

24 1 1 1 1 1
0 20 40 60 80 100 120

Number of Design Iterations

fig. 15. Structural topology evolution of the substrate for an interface with initial debond-
ing of 0.2133 mm.
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The current topology optimization framework has been extended to investigate L-
shaped structural geometry similar to as mentioned in Fig.23 (a). The cohesive zone
interface is located in between vertical and horizontal section as shown in Fig.16. In
this study, the vertical section considered as the substrate to be optimized, measures
0.5 x 0.5 mm? and is meshed with 2500 elements. The horizontal section, a deformable
region with dimensions 1 x 0.3 mm?, is meshed with 3000 elements and linear graded
interface region of thickness 0.0lmm is discretized with 50 elements. A vertical point
load P, is applied at top right corner of the deformable region. For numerical analysis
the substrate, deformable and linear graded interface region properties are set same
to previous peeling test problem.

Two cases were examined to study the topology evolution of the substrate un-
der different far-field imposed displacements of 9 mm and 24 mm respectively. The
topology optimization process, as outlined in Fig.11, was applied. Preliminary inves-
tigation reveals that volume fraction f = 50% is not able to provide feasible optimized
design structure. The material discontinuity in the substrate region makes it unsuit-
able to achieve the desired structural performance. Therefore the volume fraction
f = 60% is considered for analysis. The total displacement of 9 mm and 24 mm leads
to delamination of 0.14 mm and 0.2 mm respectively. Hence the toplogy evolution
and optimized substrate region pattern is different as one can observe from Figs.17
and 18 respectively.
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‘ Substrate
Cohesive Interface Region

Optimization P
Region /_._/ +

/

.30

Deformable Region

- 1.00 - *

fig. 16. Sketch of L-shape structure with boundary condition and loading for a substrate
with a delaminating interface, where the topology of the substrate has to be optimized to
maximize the stiffness of the mechanical system for different levels of delamination.
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fig. 17. L-shape structural topology evolution of the substrate section for an interface with
initial debonding of 0.14 mm.
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fig. 18. L-shape structural topology evolution of the substrate section for an interface with
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5. Conclusion

In this work, structures that can be subject to delamination have been analyzed in
reference to two methods to improve their mechanical response. Considering a non-
linear cohesive interface model described by the Tvergaard CZM as a typical model
traction-separation law, we investigated the possibility to design cohesive interfaces
with a linear variation in the fracture properties along the interface, to improve re-
sistance to peeling. This novel solution, which is nowadays technically feasible by
exploiting micro-structured adhesives, has been investigated by framing the problem
within an inverse analysis, where the extremal values of the fracture energy are con-
sidered as design variables. The application of the data-driven heuristic optimization
approach based on PSO algorithm allowed to identify optimal values of the fracture
properties in order to match a target mechanical response. The obtained solution
is found to overtake the response of an interface with a uniform average interface
fracture energy. The future scope of work is to work on more complex problems by
conducting experiments on curvilinear adhesive bonding structures. Then, perform
numerical validation for identification of cohesive zone model physical parameters
using machine learning models to predict accurately the underlying physics of the
problem.

The second aspect that has been considered regards the design of substrates that
might have a topology optimized to withstand the onset of delamination. In this
case, the optimal topology has been found by applying the physics-based mathemat-
ical approach that relies on a density-based optimization algorithm to be approached
using the gradient-based optimality criteria (OC) method. The continuous design
density variable adopted the solid isotropic material with penalization (SIMP) ap-
proach, along with a density filtering scheme implemented to avoid non-locality and
checkboard patterns, according to the state of the art. In the test problem herein an-
alyzed, a linearly graded interface binds the substrate and the deformable layer, and a
peeling displacement is applied to delaminate a certain portion of the CZI region, con-
sidering extensions compatible with an onset of debonding. The substrate topology
has been identified for two cases with different amount of delamination, and results
have shown that the identified optimal topology of the substrate is mildly dependent
upon the extension of the onset of debonding, which gives good perspectives on the
possibility to optimize the internal material to maximize the stiffness of the system
in case of potential delamination events. Furthermore, the effect of volume fraction
on the optimized substrate topology is investigated and reported in identifying the
best structural volume fraction optimized design. The results reported in this study
contribute to the knowledge of structural mechanics, particularly for engineers and
researchers working in composite materials or structures bonded with adhesives.

6. Appendix: Benchmark tests for structural topology optimization

The results of a series of benchmark tests well-known in the literature used to test
the structural topology optimization algorithm. The considered problems are related
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to beams with different constraints and loads, all discretized with 120 x 40 finite
elements. The results in terms of compliance vs. number of iterations are shown in
the figures below, see Figs. 19, 20, 21 and 22. Finally the method is applied to an
L-geometry in Fig.23.

For all the benchmark problems, a filtered radius 7,;, = 2 mm, a Young modulus
Ey = 210 GPa, a Poisson ratio v = 0.3 and a Young modulus Eyy, = 1 x 1077
assigned to void regions are considered. The constrained volumetric fraction f has
been set equal to 0.5. The compliance decreases with respect to the number of design
iterations and converges to a minimal value. The optimized topology of the structure
is greatly affected by boundary conditions and it is correctly predicted as in the
related literature [69, 65, 70]. The principal stress distribution for each optimum
structural topology has been highlighted, where red and black colors refer to tensile
or compressive stresses, respectively. Principal stress distribution diagrams might be
useful and can be converted to STL (Standard Triangle Language) file format, which
can be exploited for 3D printing operations.
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fig. 19. Structural topology evolution of cantilever beam subjected to point load
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w - uniformly distributed load
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