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Abstract

In the pursuit of lighter designs, many industries are shifting from conventional fasteners to adhesive joints, which offer
a better strength-to-weight ratio and facilitate the use of fiber-reinforced polymers. However, modeling adhesive joints
presents major challenges due to the complex behavior of polymeric adhesives and the microstructural changes induced
by the substrates. As a result, various simulation methods have been developed to capture the behavior of adhesive
joints across different scales. Molecular dynamics studies address atomistic and nanoscale phenomena, while continuum
approaches — such as the finite element method, cohesive zone models, and peridynamics — focus on meso and macro
scales. Additionally, multiscale methods combine particle and continuum approaches to provide a more comprehensive
understanding of the adhesive bond behavior. This review paper offers an overview of the most relevant numerical meth-
ods employed to examine the mechanical behavior of adhesive joints and illustrates the simulations’ applications through

examples from the literature.
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1. Introduction

Lightweight design is one of the key challenges for
modern engineering in achieving cost-efficiency and
sustainability goals. In this context, adhesively bonded
joints are a pivotal technology enabling weight reduc-
tion due to their better strength-to-weight ratio (Silva
& Campilho, 2011) compared to conventional fas-
tening methods (Pramanik et al., 2017), like riveting,
welding, or bolting. Moreover, they allow the bonding
of dissimilar materials, e.g., polymer composite and
aluminum, without damaging them, facilitating the
use of lightweight fiber-reinforced polymers (FRP)
(Taib et al., 2006). Therefore, adhesive joints are
increasingly employed by the automotive (Scattina
et al., 2011) and aerospace industry (Soutis, 2005) but
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are also used for plastic integrated circuits (Jin F.-L.
et al., 2015), enamel-polymer bonds in dental medi-
cine (Cadenaro et al., 2019), or FRP reinforcement of
concrete structures in civil engineering (Zhang et al.,
2017). The high relevance of adhesive joints is also
reflected in scientific research, as an increasing num-
ber of journal publications address this topic, cf. Fig-
ure la.

The modeling of adhesive joints, however, poses
multiple challenges. On the one hand, there is the com-
plex material behavior of the adhesives comprising
hyperelasticity, plasticity (Mohapatra & Smith, 2019;
Raghava et al., 1973), load rate-dependent (Carlberg-
er et al., 2009; Viana et al., 2018) and temperature-
dependent behavior (Jia et al., 2018; Marques et al.,
2014), as well as material damage (Banea et al., 2010;
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Tserpes et al., 2021). On the other hand, the polymer
morphology changes near the adherend, resulting in
a region where curing degree (Wehlack & Possart,
2005), glass transition temperature (HaBler & Miihlen,
2000; Meiser et al., 2008), and mechanical properties
(Possart G., 2014; Roche et al., 1994) deviate from the
bulk adhesive (Maguire et al., 1994). This so-called
interphase exhibits a thickness of a few nanometers
up to hundreds of micrometers, depending on the in-
vestigated properties (Aufray & Roche, 2007; Meiser
et al., 2010). The property changes affect the joint’s
overall behavior and are highly dependent on the ma-
terial pairing (Passlack et al., 2009; Possart W. et al.,
2006), manufacturing conditions (Fata et al., 2005),
and application environment (Kanzow et al., 2005;
Meiser & Possart, 2011). Consequently, the macro-
scopic behavior of adhesive joints is governed by the
molecular microstructure, which necessitates model-
ing efforts at different scales.
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Fig. 1. Number of papers published in “International Journal

of Adhesion and Adhesives”, “Journal of Adhesion Science

and Technology”, and “Journal of Adhesion” between 1998 and

2023 (data from SJR — SCImago Journal and Country Rank,

https://www.scimagojr.com/) (a), and simulations methods for

adhesive joints and the associated length and time scales (b)
(inspired by Lin & Wang, 2023)

Researchers have employed particle-based meth-
ods like classical and coarse-grained molecular dy-
namics to unravel the atomistic and nanoscales, while
continuum approaches such as peridynamics and
finite element-based techniques cover the meso-
and macroscale, as illustrated in Figure 1b. The va-
riety of simulation methods reflects the multidisci-
plinary nature of adhesion science, spanning physical
and organic chemistry, material sciences, and engi-
neering (Pocius, 2012).

Scope and outline

This paper aims to provide an overview of the import-
ant modeling techniques for adhesive joints and show-
case their capabilities and applications. To this end,
Section 2 provides a concise overview of the main fac-
tors influencing the mechanical behavior of adhesively
bonded joints. Section 3 describes molecular dynam-
ics (MD) at atomistic and coarse-grained (CGMD)
resolution as the most relevant particle-based method.
Section 4 presents continuum-based approaches,
focusing on the finite element method (FEM) and
the cohesive zone model (CZM). Furthermore, we
summarize other FEM-based approaches, such as the
virtual crack closure technique (VCCT), phase-field
fracture model (PFM), and extended FEM (XFEM).
Additionally, we discuss peridynamics (PD) as a prom-
ising new method that combines aspects of parti-
cle- and continuum-based approaches. Finally, we
present multiscale approaches in Section 5. Note that
this paper emphasizes particle-based methods, as ex-
cellent reviews already cover continuum approaches
(e.g. Tserpes et al., 2021 or Wei et al., 2024). Further-
more, we limit this contribution to numerical methods
and do not address analytical models, which are com-
prehensively reviewed by Silva et al. (2009a, 2009b)
and Tserpes et al. (2021).

2. Influence factors

In general, the mechanical performance of adhe-
sive joints is primarily expressed by their stiffness,
strength, and toughness. Secondary indicators in-
clude failure mode, fatigue behavior, and chemical
resistance. The mechanical behavior of these joints is
influenced by several factors, such as materials used,
loading conditions, environmental exposure, and joint
geometry, as illustrated in Figure 2. In the following
sections, we will briefly explain these factors to pro-
vide a basis for understanding the modeling approach-
es presented later.
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Fig. 2. The mechanical performance of adhesive joints, expressed with the primary indicators stiffness, strength, and toughness
is influenced by environment, load conditions, joint geometry, and materials forming a complex network of interdependent
influence factors

2.1. Materials
Adhesives

Modern structural adhesives are usually based on
acrylics, urethanes, cyanoacrylates, or epoxies, which
are highly complex materials (Wei et al., 2024). Ep-
oxies form in the reaction of resin and hardener, with
diglycidyl ether of bisphenol A (DGEBA) being one of
the most popular resins due to its favorable mechan-
ical properties combined with high chemical, corro-
sion, and heat resistance. DGEBA can be combined
with a plethora of curing agents, such as 4,4'-diamino-
diphenylsulfone (DDS) (White et al., 2002), 4,4'-me-
thylenedianiline (MDA) (Shim & Kim, 1997), tri-
ethylenetetramine (TETA) (Soliman et al., 2024), di-
ethylenetriamine (DETA) (Possart G. et al., 2009),
diethyltoluene diamine (DETDA) (Qi et al., 2006),
isophorone diamine (IPD) (Tkachuk et al., 2022), and
4,4-diaminodicyclohexylmethane (PACM) (Shi et al.,
2021). Each of these combinations results in a poly-
mer with different properties (Berruet et al., 1987; De
Nograro et al., 1995; Garcia et al., 2007) which can
be further fine-tuned by choice of curing conditions
(Lapique & Redford, 2002), mixing ratios (Haba et al.,
2016), and additives (Nemati Giv et al., 2018). This
high flexibility leads to many different epoxy-based
adhesives with a wide variety of properties and appli-
cation areas, such as the brittle Araldite AV138 and the
ductile Araldite 2015 (Nunes et al., 2015).

Adherends

Besides the adhesive, the adherend material, typically
metals (steel, aluminum, copper), carbon-fiber or glass-
fiber-reinforced polymers (CFRP, GFRP), or concrete,
also significantly affects the behavior of the adhesive
bond. Karachalios et al. (2013) compare different steel
substrates and found that the failure load of single-lap
joints (SLJs) depends significantly on the adherend. While
joints with metal adherends typically only exhibit either
adhesive or cohesive failure, delamination can occur
in joints with FRP adherends (Hasheminia et al., 2019).
By joining dissimilar materials, e.g., in CFRP-concrete
(Ali-Ahmad etal., 2006) or CFRP-steel bonds (Wang H.-T.
& Wu, 2018), the level of complexity increases due to
the two different interfaces, resulting in reduced strength
compared to similar material joints (Rudawska, 2019).

Surface quality

As the loads are transferred via the substrate surfac-
es into the adhesive layer, the strength of the bond de-
pends considerably on the adherends’ surface quality.
Yudhanto et al. (2021) provides a thorough overview of
different surface preparation strategies and review their
effect on the joint’s mechanical properties. In their study
on CFRP-steel joints, Shin & Lee (2003) demonstrate
the interdependence of influencing factors. They found
that while increased surface roughness improves the
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strength of double-lap joints (DLIJs), it does not lead to
any enhancement for SLJs. This is because, in SLJs, out-
of-plane peel stresses negate the beneficial interlocking
effects associated with higher surface roughness.

2.2. Loading conditions
Load case

Adhesive joints exhibit different behavior when applying
out-of-plane (mode I) or in-plane (mode II) deformation,
i.e., tensile or shear loading, respectively (Campilho et al.,
2013; Floros et al., 2015; Neto et al., 2012). In order to
identify the mechanical properties in mode I and mode II,
experimental setups are required that allow precise
application of the deformation without unwanted mode
mixture. Commonly, the double cantilever beam (DCB)
is employed for out-of-plane loading, while end-notched
flexure (ENF) or double lap joint (DLJ) realizes in-plane
deformation. Although being most commonly used due
to its simple fabrication, the single-lap joint (SLJ) is not
ideal for investigating adhesive joints as the stress state
is non-uniform due to out-of-plane stresses caused by the
clamping eccentricity (Nunes et al., 2015; Pocius, 2012).
To assess the combination of mode I and mode 11 loading,
the mixed-mode bending (MMB) test has been developed,
allowing control of the mode mixity o through the length ¢
(Floros et al., 2015), as illustrated in Figure 3.

Load rate

Viscous behavior is a common characteristic of poly-
mers, making the loading rate crucial for adhesive

joints, too. Blackman et al. (2012) demonstrate this
with their comprehensive study on the effect of load
rate in mode I, II, and mixed mode experiments with
load velocities from 1 - 107 m's™! to 15 m's™!. They
observe that the adhesive energy in mode I decreases
for increasing load rates while the energy in mode II
is unaffected. Furthermore, Karac et al. (2011) dis-
tinguish between slow rates <2.5 m-s™! where dy-
namic effects are negligible and high rates >2.5 m-s™!
and identify four regimes of rate-dependent frac-
ture behavior: stable crack growth at slow load rates
(<0.1 m-s™"), unstable stick-slip fracture at slow rates
(0.1-2.5 ms™!), continued unstable fracture at high
rates (2.5-6.0 m-s™!), and ultimately stable crack
growth at high rates (>6.0 m's™").

2.3. Joint geometry

The joint geometry, including overlap length, adhe-
sive, and adherend thickness, significantly influences
the resulting stress distribution and, consequently, the
joint’s failure (Shishesaz & Hosseini, 2018). Various
contributions confirmed that the adhesive strength
decreases for larger bondline thickness (Ji et al.,
2010; Silva et al., 2006; Vallée et al., 2006). Pos-
sart G. (2014) provides a possible explanation for this
thickness dependence by identifying an interphase re-
gion adjacent to the adherend with higher stiffness and
strength through nanoindentation, cf. Figure 4. Larger
overlap length, i.e., a longer adhesive layer, generally
increases the joint strength (Vallée et al., 2006). How-
ever, this strengthening can be limited by the ductili-
ty of the adhesive (Neto et al., 2012) or the adherend
(Karachalios et al., 2013).
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Fig. 3. Common experimental setups for mode I, mode II, and mixed-mode loading
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Fig. 4. Experimental interphase identification via nanoindentation: a) light microscopy image of indentation sites;
b) resulting local Young’s modulus (reprinted from Possart G., 2014)

2.4. Environment
Moisture

In general, moisture negatively affects the mechanical
performance of adhesive joints by acting as a plasticiz-
er (Chiang & Fernandez-Garcia, 2002), inducing swell-
ing (Adams et al., 2009), or deteriorating the epoxy
network (Xiao et al., 1997). Consequently, the joint’s
strength decreases with increasing moisture content or
exposure time (Armstrong, 1997; Loh et al., 2002).

Temperature

The rate dependency described above inherently im-
plies a temperature-dependent behavior of adhesive
joints via the time-temperature superposition princi-
ple (Hiemenz & Lodge, 2007). Badulescu et al. (2012)
performed mixed mode tensile, compression, and shear
experiments from —60°C to 20°C. They observe that

lower temperatures significantly increase stiffness and
strength but slightly reduce the failure strain. For the
high-temperature regime from 20°C to 200°C, Banea
et al. (2010) report that strength and toughness reduce
with rising temperature.

3. Molecular dynamics

Molecular dynamics (MD) is a popular particle-based
method to investigate adhesive joints, or polymer-
ic materials in general, at an atomistic resolution
(Vakhrushev, 2018). To this end, Newton’s equations
of motion are solved for each atom from its interac-
tions with neighboring atoms. These interactions are
modeled via potentials, which usually include bond,
angle, and dihedral contributions, as visualized in
Figure 5. Additionally, nonbonded interactions com-
prising van der Waals and electrostatic potentials are
defined for each atom pair but are typically evaluat-
ed only within a certain cutoff radius. We derive the
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forces acting on each particle and the associated ac-
celeration from the polymer system’s total potential
energy. By employing a time integration scheme, such
as the Verlet (1967) or Leapfrog algorithm (Frenkel
& Smit, 2023), we update the position of all particles
for each time step and thus compute the trajectory
of our particle system. The time step size is typi-
cally in the femtosecond range, so MD simulations
are limited to very small time scales. Furthermore,
the large number of interactions, caused mainly by
the far-reaching nonbonded potentials, leads to high
numerical effort and thus constrains the assessable
system size. Due to their small dimensions, MD sys-
tems have an extreme surface-to-volume ratio. By
applying periodic boundary conditions (Allen et al.,
2004), we can eliminate free surface effects, which
allows for the desired investigation of bulk polymers.
Additionally, we impose a thermodynamic state on
the MD system using ensembles. Most relevant in
this context are the micro-canonical (NVE), canoni-
cal (NVT), and isothermal-isobaric (NPT) ensemble,
allowing us to control the particle amount (), vol-
ume (), energy (E), temperature (7), or pressure (P),
as visualized in Figure 6. To this end, we rely on ther-
mostats and barostats to regulate temperature and
pressure, respectively (Frenkel & Smit, 2023). Some
of the most common variants are the Berendsen (Ber-
endsen et al., 1984) and Nosé—Hoover thermostat
(Evans & Holian, 1985) and barostat (Martyna et al.,
1994). For a more detailed introduction to MD and
its associated concepts, we refer to the references
(Allen et al., 2004; Frenkel & Smit, 2023; Tadmor
& Miller, 2011).

Fig. 5. Parameterization of molecular dynamics interactions

between two, three, and four beads via bond length 1, bending

angle ¢“, and dihedral angle ¢/, respectively, as well as

nonbonded interactions with pair distance r# (reprinted from
Ries, 2023)
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Fig. 6. Thermodynamic ensembles: a) fully isolated system;

b) mechanically isolated system in a heatbath; c) closed

system in a heatbath represented by micro-canonical (NVE),

canonical (NVT), and isothermal-isobaric (NPT) ensemble,

respectively, with heat flux ¢ and pressure p (reprinted from
Ries, 2023)

In order to characterize the mechanical behav-
ior of a material, an easily accessible measure of the
stress state is essential. In MD simulations we rely on
the virial stress tensor ¢ (Thompson et al., 2009).

1 n, n, 1 n,
o==2 2, @[ -r -y my ®v, (1)
=i ! V3 )
j>i
with total volume ¥, number of atoms n_, mass m, of
bead i, force fy between beads i and j, their positions
r, and r,as well as velocities v, and v, The first term
contains the virial contributions, which include angle
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and dihedral interactions (Tadmor & Miller, 2011),
while the second term represents the kinetic contribu-
tion. Commonly, we assume that the virial stress coin-
cides with the Cauchy stress commonly employed in
continuum-mechanical constitutive laws (Subramani-
yan & Sun, 2008; Tadmor & Miller, 2011), which is,
however, controversially discussed (Zhou, 2003; Zim-
merman et al., 2004). There are three main routes to
identify the elastic material parameters with MD: the
static, fluctuation, and dynamic approach (Shokuh-
far & Arab, 2013). In the static approach (Theodorou
& Suter, 1986), we first apply a small deformation to
a polymer system in equilibrium, then minimize its
potential energy to reach a deformed equilibrium, and
derive the elastic coefficients from the potential ener-
gy. While this approach is computationally efficient,
it fixes bonds and angles and thus neglects entropic
effects and thermal fluctuations, limiting its applica-
bility (Theodorou & Suter, 1986). On the contrary, the
fluctuation approach employs the Parinello-Rahman
(PR) (Parrinello & Rahman, 1982) relation to compute
the elastic constants directly from the thermal fluctua-
tions. Since no derivates of the potential energy have
to be computed, the fluctuation approach is especially
suitable for complex force fields (Gusev et al., 1996).
In the context of adhesives, the dynamic approach
(Brown & Clarke, 1991) is most popular, as it incor-
porates thermal and entropic effects and captures not
only elastic but also viscous and plastic contributions.
Here, a polymer sample is deformed by applying a con-
stant stress (or strain) rate and measuring the strain
(or stress) response. The fluctuating response signals
are often filtered, for example, using a Savitzky—
Golay filter (Savitzky & Golay, 1964), and statistically
validated by averaging multiple replicas (Ries et al.,
2022). The main drawback is the associated high strain
rates (usually in the order of 1 - 10® s7') that prevent
a direct comparison with experiments. Nevertheless,
MD seems to capture the molecular mechanisms re-
sponsible for the experimental observations and can
thus be used to identify relative trends (Sluis et al.,
2018). Although there are approaches approximating
a quasi-static response from MD (Konrad et al., 2021;
Park et al., 2018; Sundararaghavan & Kumar, 2013;
Vu-Bac et al., 2015), it remains open whether such
simulations can quantitatively predict material behav-
ior as observed in laboratory conditions (Yang & Qu,
2014a). The most popular tool for MD analysis in
the scientific community is the open-source software
LAMMPS (Plimpton, 1995; Thompson et al., 2022),
which facilitates highly customizable simulations
through pre-implemented force fields, ensembles, time
integration schemes, and output quantities. We catego-

rize MD simulations according to their resolution into
atomistic and coarse-grained approaches and start by
discussing the former in the following.

3.1. All-atom molecular dynamics (MD)

In all-atom molecular dynamics (MD), every atom
is considered a single particle in the simulation, en-
abling an analysis of the material at atomistic reso-
lution. Force fields describe the interactions between
the atoms and model the potential energy landscape
using mathematical functions. The force fields must
be detailed enough to model the material behavior yet
simple enough to allow for a quick numerical evalu-
ation, hence balancing accuracy and efficiency. The
force field parameters may be derived from quantum
mechanical simulations or by matching experimental
data, e.g., obtained from electron diffraction or neu-
tron spectroscopy (Gonzalez, 2011). Popular force
fields with a vast range of applications arce CHARMM
(Brooks et al., 1983), AMBER (Weiner et al., 1986),
Dreiding (Mayo et al., 1990), COMPASS (Sun, 1998),
GAFF (Wang J. et al., 2004), and CFF (Maple et al.,
1994), which are also commonly employed for mod-
eling polymers. In order to incorporate chemical re-
activity, Duin et al. (2001) developed the reactive
REAXEFF force field, which is of particular importance
to model the curing reaction of thermosets. Recently,
Livraghi et al. (2023) introduced an efficient GAFF-
based block chemistry approach to model the electro-
static interactions during the thermoset’s curing, fa-
cilitating high cross-linking degrees without needing
unphysical interaction ranges. Gonzalez (2011) pro-
vides a more elaborate introduction to MD force fields
and their parametrization.

Curing reaction

The mechanical behavior of polymers is strongly
influenced by their microstructure, i.e., the arrange-
ment of the polymer chains (Ward & Sweeney, 2012).
Thermoplastics feature a microstructure characterized
by entanglements (Kroger et al., 2023) and crystal-
line domains (Bhardwaj et al., 2024; Mészaros et al.,
2023), while thermosets consist of a covalently cross-
linked network (Jahani et al., 2022; Stewart et al.,
2007) created through the chemical reaction of pre-
polymer and hardener. In order to investigate the
mechanical behavior of adhesives with MD, we first
have to establish a realistic cross-linked system (Li K.
et al., 2016a). In an early static approach, Yarovsky
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& Evans (2002) established all bonds within a pre-
defined reaction radius simultaneously, leading to
a thermoset with low molecular weight. Wu Ch. & Xu
(2006) apply a dynamic bonding approach in which
they alternate between energy minimization and MD
simulation while establishing favorable bonds indi-
vidually. Hence, they maintain equilibrium during
their network’s progressive growth, resulting in high-
ly cross-linked epoxy samples. Varshney et al. (2008)
propose a similar dynamic bonding approach but con-
tinuously increase the reaction radius. Consequently,
high degrees of cross-linking are reached with fewer
time steps, saving computational effort and allowing
large samples to be generated. Their approach has
been successfully employed to study the thermome-
chanical properties of epoxies (Li K. et al., 2016b;
Tam & Lau, 2014).

Neat epoxy

While DGEBA is the standard choice for the epoxy
resin in MD studies, its reaction with many differ-
ent hardeners such as DDS (Liu et al., 2004), MDA
(Chang & Kim, 2011), TETA (Tavares et al., 2000),
DETA (Shokuhfar & Arab, 2013), DETDA (Clancy
et al., 2009), IPD (Wu Ch. & Xu, 2007), or PACM
(Shi et al., 2021) has been investigated. Such MD
simulations of neat epoxy help to gain a better un-
derstanding of their structure-property relation, e.g.,
by deriving the percolation transition during curing
(Livraghi et al., 2021), comparing different hardeners
concerning the resulting thermomechanical proper-
ties (Jeyranpour et al., 2015), or calibrating continu-
um mechanical constitutive laws (Park & Cho, 2020).
Li Ch. & Strachan (2016) investigate the formation
of free volume during curing and its impact on me-
chanical properties and reveal that a 1% increase in
void volume leads to a 10% decrease in stiffness and
strength. Similarly, Jang et al. (2022) obtain epoxy
samples in good agreement with experiments by ap-
plying a pre-deformation that triggers bond-scission
and thus induces defects to the polymer network. Af-
ter an additional equilibration of these damaged sam-
ples, they observe that the defects significantly re-
duce Young’s modulus and failure strain. Hence, the
explicit modeling of nano-defects offers more realis-
tic predictions of stiffness, strength, and brittle fail-
ure as the typically investigated ideal epoxy networks
(Jang et al., 2022; Tam & Lau, 2016). Additionally,
the curing degree or cross-linking degree, commonly
defined as the ratio of the formed to the maximum
amount of cross-links, has a major influence on the

mechanical properties (Bandyopadhyay et al., 2011).
Shokuhfar & Arab (2013) demonstrate that higher
cross-linking degrees cause an increase in Young’s
modulus and a decrease in Poisson’s ratio, matching
experimental observations.

Due to these promising results on the neat poly-
mer, efforts have been made to address the behav-
ior of adhesive joints. Since these simulations are
limited to very small length scales, they examine
the immediate vicinity of the adherend- adhesive in-
terface. They investigate various aspects, including
the effects of cross-linking and defects, interphase
formation, the influence of moisture, and surface
chemistry.

Cross-linking

Yang et al. (2013) study the effect of the cross-linking
degree on the mechanical behavior of an epoxy-copper
interface under tensile loading. They observe that, in
contrast to the neat epoxy, the cross-linking does not
affect the elastic regime of the bi-material. However,
in the post-yielding phase, higher cross-linking leads
to higher ultimate stresses since the dense polymer
network hinders the initiation and growth of voids.
This lack of voids in highly cross-linked systems de-
creases the ductility, resulting in a lower failure strain
compared to samples with a lower conversion degree.
Since no covalent bonds between adherend and ad-
hesive were considered in this study, all samples fail
adhesively, except those with extremely poor cross-
linking which break cohesively.

Interphase

Given its atomistic resolution and accurate model-
ing of the curing reaction, MD is particularly suited
to studying the formation of an interphase. Kana-
mori et al. (2021) employed all-atom MD simula-
tions to complement their experimental findings on
aluminum-epoxy adhesive joints. They observe an
interphase region of higher density forming close
to the adherend-adhesive interface, contributing to
the adhesive strength. Furthermore, they confirm
that higher curing temperatures lead to higher cur-
ing degrees and, thus, improved mechanical prop-
erties. Their MD findings match their laser shock
adhesion test (LaSAT) experiments. Li K. et al.
(2016a) perform tensile tests on DGEBA-DEDTA
bonded to a silica surface with varying cross-linking
degrees. They reveal an interphase close to the ad-
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herend by evaluating density profiles and radial
distribution functions. Moreover, they observe a re-
duced mobility of the atoms within the interphase,
which confirms that the interphase exhibits differ-
ent material behavior compared to the bulk epoxy.
Moreover, higher cross-linking degrees increase the
interphase’s stiffness and strength, enhancing the ad-
hesion.

Surface chemistry

The atomistic representation of the adherends sur-
face enables the detailed investigation of different
surface chemistries with MD. Konrad & Zahn (2023)
present accurate, atomistic models for silica-epoxy,
cellulose-epoxy, and magnetite-epoxy and compare the
polymer network curing near the interfaces for these
three adherends. To this end, they perform tensile tests
and evaluate the maximum stress and the work of ad-
hesion for quasi-static conditions. They observe a sig-
nificant weakening of the epoxy at the interface com-
pared to the bulk polymer due to deformation-induced
damage and local cavitation of the polymer adjacent
to the interface. Steered molecular dynamics (SMD)
is an MD-based method where an additional external
force is applied to one or more atoms to keep a con-
stant velocity of motion along a selected coordinate
(Izrailev et al., 1999). Hence, SMD enables the pre-
cise application of a load condition at the molecular
scale, making this method particularly suitable for
evaluating chain dynamics and mechanical behav-
ior close to interfaces (Min et al., 2017). Deng et al.
(2022) employ SMD to compare the interfacial bond-
ing behavior of silica-epoxy with different surface
modifications. To this end, they saturate the dangling
silica atoms at the adherend surface with hydroxyl
(OH) groups reproducing experimental observations.
They obtain three more surface configurations by sub-
stituting half of the hydroxyl with formyl (COH), car-
boxyl (COOH), or amine (NH2) groups, respectively.
From SMD-driven tensile tests, cf. Figure 7a, they
evaluate the interfacial energy £, over the pulling
displacement d as shown in Figure 7b. Evidently, the
different functionalizations profoundly impact £, in
the undeformed state (d = 0). Furthermore, the inter-
facial energy flattens when the silica-epoxy joint fails,
highlighting the impact of the surface chemistry on
the toughness. Finally, only the pure hydroxyl sam-
ple features a vanishing £, revealing adhesive fail-
ure, while the other configurations break cohesively,
as indicated by the remaining interfacial energy after
debonding.
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Fig. 7. Examining the surface chemistry with steered molecular
dynamics (SMD): a) schematic representation of the SMD
setup under tensile load; b) resulting interfacial interactions

E  over pulling displacement & for different surface
functionalizations; reprinted from (Deng et al., 2022)

Moisture

In a similar approach, Biiyiikoztiirk et al. (2011) em-
ploy SMD to investigate the DGEBA-silica interface
in dry and wet conditions. They observe that mois-
ture weakens the joint markedly, as the atomistic ad-
hesive energy drops by 15% in wet conditions for
peel and shear tests. Hence, they provide chemistry-
based insights into the complex failure behavior of
fiber-reinforced polymers bonded to concrete. Tam
& Lau (2015) conduct a combined experimental and
MD study to identify the effect of moisture on the
interfacial properties of photoresist coatings on
silica substrates. They demonstrate that the pho-
toresist’s Young’s modulus is independent of the
moisture content, as the water merely fills the voids
within the polymer network. However, the free ener-
gy profile of the photoresist-silica systems, derived
via the metadynamics approach (Laio & Gervasio,
2008), indicates that the moisture severely reduces
the adhesion strength. Their experimental investiga-
tions confirm these numerical findings, highlighting
the potential of MD simulations to complement ex-
periments.
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3.2. Coarse-grained molecular dynamics
(CGMD)

Coarse-grained MD (CGMD) combines groups of atoms
to so-called superatoms (cf. Fig. 8) and calculates their
trajectories analogous to conventional MD. The coarsen-
ing results in a loss of atomistic accuracy but simultane-
ously enables the simulation of significantly larger sys-
tems, facilitating the mechanical analysis of complex
systems, such as adhesive joints. As the established at-
omistic potentials can no longer be used, the main chal-
lenge in coarse-graining is to calibrate the interactions
of the superatoms so that the material behavior is repro-
duced with the necessary accuracy despite the coarsen-
ing. CG models are generally material-specific and only
valid for the thermodynamic state at which they have
been calibrated (Joshi & Deshmukh, 2021). In addition
to this transferability problem, CG models exhibit accel-
erated dynamics due to the softer CG potential, resulting
in distortion of dynamic properties, which requires res-
caling to be comparable to results from atomistic MD or
experiments (Karimi-Varzaneh et al., 2012).

Bottom-up coarse-graining

Bottom-up coarse-graining approaches usually cali-
bratethe coarse-grained potentialstomatchanatomistic
reference solution. The iterative Boltzmann inversion
(IBI) (Reith et al., 2003) optimizes the particle-
particle interactions to reproduce atomistic radial distri-
bution functions. The multiscale coarse-graining meth-
od (MS-CG) (Noid et al., 2008a, 2008b) establishes
a mapping from atomistic to CG resolution via the po-
tential of mean force (PMF) while the relative entropy
method (Shell, 2016) reproduces the configurational
entropy of a fully atomistic reference. The result-
ing CG potentials usually exhibit mechanical soften-
ing, accelerated dynamics, and limited temperature-

b)

coarse graining

transferability (Fritz et al., 2011; Karimi-Varzaneh
et al., 2012). Xia et al. (2017) provide a remedy by
renormalizing the activation free energy via a tem-
perature-dependent rescaling of the nonbonded inter-
actions based on the Adam—Gibbs theory of glass for-
mation. Since this energy renormalization approach
amends the CG softening, the resulting CG models
are highly suitable for examining the mechanical be-
havior of thermoplastics (Xia et al., 2019) or epoxies
(Giuntoli et al., 2021).

Top-down coarse-graining

In top-down coarse-graining, the potentials are calibrat-
ed based on empirical observations and are thus more ge-
neric and feature fewer chemical details than bottom-up
models (Joshi & Deshmukh, 2021). Many top-down CG
approaches are based on the simple Kremer—Grest bead-
spring model (Faller et al., 1999; Kremer & Grest, 1990)
originally developed for linear chains and thus employed
in various CG studies on thermoplastics (Bocharova
et al., 2020; Dietz et al., 2022; Moghimikheirabadi et al.,
2021; Weber et al., 2024). These models usually employ
Lennard—Jones units, i.e., fundamental mass, energy,
length, and time, and thus require a back mapping to real
units (Everaers et al., 2020; Kroger, 2004) for compari-
son with experiments.

Neat epoxy

Many studies are developing CG models to analyze
the thermo-mechanical properties of neat epoxy. For
instance, Yang ct al. (2014) calibrate the CG po-
tentials of a simple bead-spring model via particle
swarm optimization based on atomistic reference
simulations and report good agreement for T, den-
sity, as well as Young’s modulus and Poisson’s ratio.

Fig. 8. Coarse-graining with bottom-up strategy exemplary shown for atactic polystyrene: atomistic reference (a) for the parameterization
of the coarse-grained model (b), which is subsequently examined in a simulation setup (c) (reprinted from Ries, 2023)
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Furthermore, the numerical efficiency of their CG
model allows them to analyze the formation of cavi-
ties and failure behavior under various loading con-
ditions, which requires length scales not accessible
with atomistic MD (Yang & Qu, 2014b). Modeling
DGEBA-DAB, Aramoon et al. (2016) optimize
bond, angle, and dihedral potentials to represent the
energy surface obtained via quantum-mechanical
sampling and calibrate the pair interactions to match
the experimentally observed density and glass tran-
sition temperature. Pal et al. (2023) evaluate how
the hardener mix of PACM and Jeffamine influences
the curing of DGEBA and the resulting mechanical
behavior at CG resolution (Giuntoli et al., 2021).
They perform tensile simulations until rupture and
observe that PACM mainly affects the stiffness,
while short and long Jeffamine chains increase the
strength and toughness, respectively. Another ap-
proach employs dissipative particle dynamics (DPD)
(Espafiol & Warren, 1995; Groot & Warren, 1997),
which adds dissipative and random forces to the con-
servative Newtonian interactions between particles.
Kacar et al. (2013) introduce a CG-DPD parame-
trization scheme and apply it to derive the CG po-
tentials for DGEBA-DETA. The resulting efficient
CG-DPD model allows for long-time equilibration
of large systems, which are backmapped to the atom-
istic scale, resulting in sample sizes not feasible by
conventional MD. They demonstrate that the elastic
and thermal properties obtained via this backmap-
ping approach are in good agreement with the ex-
perimental values. Similarly, Gavrilov et al. (2014)
developed a DPD coarse-graining scheme based on
neural-gas networks and Hebbian learning, allow-
ing a detailed analysis of the epoxy network after
a backmapping to atomistic resolution is performed.
Yagyu et al. (2012) elucidate the cross-linking de-
pendence of a chemically amplified, epoxy-based
photoresist by means of a bead-spring model. They
compute Young’s modulus from uniaxial tension
tests and observe a linear relation between stiffness
and cross-linking degree matching their nanoinden-
tation experiments.

Cross-linking

In contrast to the atomistic MD studies cited earlier,
which typically simulate only one substrate, CGMD
is more efficient and can predict the adhesive prop-
erties between two adherend surfaces. The balance
between molecular detail and computational cost
makes CGMD particularly suitable for investigat-

ing the structure-property relation of adhesive layers
and its impact on the load-bearing capacity and fail-
ure behavior of joints. For example, Stevens (2001)
studies the impact of the covalent bond density be-
tween adherend and adhesive on the failure of the
joint utilizing a simple bead-spring model. He con-
cludes that failure strain and stress are proportional
to the interfacial bond density for tensile and shear
loading. Moreover, he reports that the van der Waals
interactions only influence the tensile behavior for
scarcely bonded interfaces and do not contribute un-
der shear loading. Similarly, Solar et al. (2014) em-
ploy a simple Kremer—Grest model to evaluate how
the number of cross-links affects the mechanical per-
formance of an adhesive joint. While stiffness and
strength increase monotonically with the number of
cross-links, the failure strain reaches its maximum
for intermediate curing degrees. This peak in duc-
tility coincides with the transition from cohesive to
adhesive failure, which is observed for low and high
cross-linking degrees, respectively. Raos & Zappone
(2024) employ a spring-bead model to investigate
the effect of cross-linking and surface grafting on
the work of adhesion and failure mode of a gener-
ic adhesive joint. They conclude that cross-links are
more important in improving adhesion than the co-
valent bonds between adherend and adhesive. More-
over, they observe that surface heterogeneities, i.e.,
inhomogeneous grafting bond distributions, lead to
a considerable reduction in strength and, thus, small-
er work of adhesion. For the same model, Baggioli
et al. (2020) attribute this weakening to the formation
of cavities, which are most likely to nucleate at the
adherend surface for highly heterogeneous surface
morphologies. They perform uniaxial tensile tests of
the generic epoxy bonded to two rigid surfaces until
failure, as depicted by the snapshots in Figure 9a. The
spatial arrangement of weakly and strongly interact-
ing sites at the adherend surfaces has a significant
impact on the mechanical behavior of the adhesive
joint, cf. Figure 9b. Homogeneous distributions, i.e.,
either fully random (o = 0) or checkerboard patterns
(a0 = —1.0), yield high adhesive strength, while the
mechanical performance deteriorates for increasing
segregation of the reaction sites (o > 0). Jin K. et al.
(2018) investigate the failure mode of pressure-sen-
sitive adhesives and report that a high curing degree
results in a strong adhesive, leading to early adhesive
failure. On the contrary, sparse cross-links cause ear-
ly cohesive failure of the adhesive. Thus, the failure
behavior can be controlled via the curing reaction,
with an optimum toughness obtained at medium
cross-linking degrees.
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Fig. 9. Coarse-grained molecular dynamics study: a) failure of a polymer film between two adherends (not visualized)
at different strain levels; b) corresponding stress and nonbonded energy between polymer and substrate for different surface
morphologies, checkerboard (a = —1), random (o = 0), and heterogeneous (a > 0); reprinted from (Baggioli et al., 2020)

Interphase

Langeloth et al. (2015) calibrate CG potentials for
DGEBA-DETA via iterative Boltzmann inversion and
investigate the curing in the presence of a rigid sub-
strate. In the vicinity of a substrate, they detect sub-
stantial variations of the local epoxy-hardener ratio
and associated deviations in the local curing degree
compared to the bulk polymer. This structural inter-
phase depends on the epoxy-substrate interactions
and affects the local glass transition temperature at

a distance of 3—4 nm from the substrate, implying
a mechanical weakening. Li M. et al. (2013) devel-
op a CG-DPD approach to investigate the interplay
of cross-linking and diffusion during the curing of
carbon fiber-reinforced DGEBA-DDS. They observe
a markedly reduced cross-linking density near the
fiber surface, indicating an interphase region. From
the distribution of the cross-links, they derive an in-
terphase thickness of 70 nm, which is in good agree-
ment with their experimental results from energy-
dispersive X-ray microanalysis (EDX).
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Fig. 10. Standard continuum mechanical setup: initial Qg and current configurations €, at time ¢y and ¢ > fo, respectively,

with corresponding position vectors X and x(¢), deformation map ¢(X, 7), and deformation gradient F(X, ¢) (reprinted from
Ries, 2023)

4. Continuum-based methods

Contrary to these particle-based approaches, contin-
uum methods do not consider the actual molecular
microstructure but model the material as spatially
continuous matter. This approximation significantly
reduces the numerical costs and thus enables the in-
vestigation of engineering problems at the meso and
macro scales. The foundation of these techniques is
provided by nonlinear continuum mechanics (Holz-
apfel, 2000; Tadmor et al., 2012), which considers
a body in undeformed € and deformed configura-
tion Q with position vectors X and x, respectively, as
visualized in Figure 10. The mapping between these
configurations is established via the deformation
gradient F = Ox / 0X, from which we derive com-
mon strain measures, ¢.g., the right Cauchy—Green
tensor C = F - F' or the Green—Lagrange tensor
E =[F - F'—I]/2, with identity I. By linearizing E,
we recover the commonly used engineering strain
tensor € = [[F — I] + [F — I]"]/2. Additionally, we
consider external loads and employ Cauchy’s theo-
rem to derive the Piola P and Cauchy o stress ten-
sors, which describe the stress state in the unde-
formed and deformed configuration, respectively.
The relation between the stresses and strains is given
by constitutive laws, which provide mathematical
formulations to capture one of the four paradigmatic
material models: elasticity, plasticity, viscoelasticity,
or viscoplasticity (Steinmann & Runesson, 2021).
A plethora of different constitutive laws has been
developed to model the complex behavior of poly-

mers, ranging from nonlinear elastic (Treloar, 1975)
to highly complex viscoelastic-viscoplastic models
(Bergstrom & Bischoff, 2010; Zhao et al., 2021), as
showcased in the comprehensive overview by (Ward
& Sweeney, 2012). Continuum-based methods typi-
cally solve the boundary value problem derived from
the balance of linear momentum in a numerically
discretized fashion.

4.1. Finite element method (FEM)

One of the most popular continuum-based techniques
in engineering is the finite element method (FEM),
which discretizes the simulation domain into finite el-
ements, solves the governing equations element-wise,
and assembles the element contributions into a global
solution (Zienkiewicz & Taylor, 2005). There are both
commercial FEM software, e.g., Simulia Abaqus and
Ansys, and open-source libraries such as deal.ii (Africa
et al., 2024) or MoFEM (Kaczmarczyk et al., 2020).
Due to the high degree of flexibility regarding geom-
etry, boundary conditions, material models, and the
comparatively high computational efficiency, FEM is
widely used for the macroscale analysis of adhesives.
Firstly, we present two pure FEM studies that model
the behavior of the adhesive layers solely by modifying
the constitutive relations. Possart G. (2014) performs
comprehensive FEM simulations of adhesive joints to
extract the local interphase material properties from
experimental results. To this end, they explicitly mod-
el the interphase via property gradients, as shown in
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Figure 11, which are motivated by SEM-based shear  curately reproduces the experimentally observed be-
tests. They conclude that the plastic material parame-  havior over a wide range of temperatures.

ters are mainly affected within the interphase and qual-

itatively assess suitable property profiles. Furthermore,

they conduct nanoindentation tests and deduce that, in FEM-based methods

addition to the inherent effects of the substrates, there

must be a grading of the properties within the inter- There are several approaches to extending the FEM
phase, visualized in Figure 4. They conclude that these ~ so that the failure of adhesive joints under different
experiments offer sufficient resolution to detect the loading conditions can be simulated. The virtual crack
interphase, but that complementary simulations are re-  closure technique (VCCT) (Krueger, 2015; Rybicki
quired to differentiate between interphase and substrate & Kanninen, 1977) is based on linear elastic fracture
effects, in order to accurately identify the interphase’s  mechanics; thus, the propagation of a required initial
properties. In another experimentally-motivated study, crack is driven by the critical energy release rate, usu-
Schmelzle et al. (2023) extend the toughened adhesive  ally obtained in experiments. Jokinen et al. (2015) ob-
polymer (TAPO) constitutive model to capture adhe- tain a good match between VCCT and experiments for
sive joints’ highly temperature-dependent material be-  the failure of aluminum-epoxy DCB, thus confirming
havior. To this end, they consider two crash-optimized =~ VCCT’s applicability to adhesive joints. Senthil et al.
structural polymers and first identify the material pa-  (2018) successfully employ VCCT to model the initi-
rameters at single temperatures from experimental ation and growth of debonds in adhesive joints under
data. Subsequently, they use the obtained parameters axial compression. De Carvalho et al. (2019) combine
to calibrate temperature-dependent functions for each ~ VCCT with a nodal release strategy to reduce stress
material parameter individually. These two steps are  concentrations and to overcome the mesh-dependent
repeated iteratively to capture interactions between  crack growth. They validate their method by investigat-
material parameters, resulting in a robust identification  ing the fatigue-induced delamination growths in DCB,
procedure. The resulting extended material model ac- ENF, and MMB simulations.
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Fig. 11. Finite element analysis of an adhesive joint with property gradients within the interphase (a), undeformed (b)
and deformed configuration (c) (reprinted from Possart G., 2014)
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Contrary to VCCT, the extended FEM (XFEM)
(Belytschko & Black, 1999; Moés et al., 1999) does
not require a precrack and allows for discontinuities
within an element by additional degrees of freedom.
Therefore, the XFEM mesh does not affect the crack
propagation, making this method appropriate for frac-
ture simulations of adhesive joints. Campilho et al.
(2011a) confirm the feasibility of XFEM for predict-
ing the strength of DCB specimens but conclude that
XFEM is not suited for modeling damage propagation
as cracks will follow the maximum principal stress di-
rection and thus grow towards the adherends (Campil-
ho et al., 2011b). In a recent contribution, Santos et al.
(2023) employ XFEM to examine the failure mode and
strength of glass bead-reinforced adhesives. The addi-
tion of the glass fillers weakens the SLJ but allows the
adjustment of the failure mode from adhesive to cohe-
sive as stress concentrations surrounding the fillers at-
tract the crack tip, as shown in Figure 12. Their XFEM
model accurately reproduces experimental results, in-
cluding the substrate’s plastic yielding.

The phase-field fracture model (PFM) (Bourdin
et al., 2000; Miehe et al., 2010) replaces the sharp crack
of Griffith’s theory (Griffith, 1921) by a diffused damage
zone characterized by an auxiliary phase field variable
and an additional internal length scale parameter. The
governing equations are commonly numerically solved
with the FEM, and PFMs are increasingly popular for
investigating fracture mechanics problems (Li P. et al.,
2023). Shi & Zhang (2024) reformulate the PFM length
scale parameter in terms of the material strength and
simulate the failure of DCBs with GFRP and steel sub-
strates. The resulting load-displacement curves and the
crack paths are in excellent agreement with experiments
showcasing the ability of PFM to model adhesive joints.

W

1 ]
| = = Area of interest

4
|
P

Crack propagation

Fig. 12. Failure of a single-lap joint (SLJ) with adhesive

containing 10 vol.% glass beads, damage path obtained by

extended finite element method (XFEM) highlighted in red
(reprinted from Santos et al., 2023)

4.2. Cohesive zone model (CZM)

The most commonly used continuum method for
investigating adhesive bonds is the cohesive zone

model (CZM) introduced by Barenblatt (1962) based
on linear elastic fracture mechanics (Griffith, 1921).
Originally developed for brittle fracture, Dugdale
(1960) expanded CZM to ductile materials by consid-
ering a process zone at the crack tip. Finally, Hiller-
borg et al. (1976) introduced the cohesive tractions
through a traction-separation law (TSL) and solved
the CZM problem using FEM. Typically, the adher-
ends are modeled with conventional constitutive
laws, while the adhesive is governed by a TSL, allow-
ing to capture damage initiation and propagation, as
shown in Figure 13a. The TSL incorporates all frac-
ture-related mechanisms in the process zone ahead
of the crack tip, such as crazing, plastic deformation,
and crack coalescence in a homogenized fashion (Lau
et al., 2012). Hence, the shape of the TSL has a cru-
cial impact on the damage propagation (Campilho
et al., 2013), and thus, various functions have been
proposed to capture the subtleties of different mate-
rials. The most prominent are triangular (bi-linear)
(Alfano & Crisfield, 2001), linear-parabolic (Allix
& Corigliano, 1996), polynomial (Chen, 2002), ex-
ponential (Chandra et al., 2002), and trapezoidal
(Campilho et al., 2008) functions. The main advan-
tages of CZM are that damage initiation and growth
are modeled without assumptions regarding their lo-
cation and direction, making CZM easily applicable
to complex geometries and load cases (Floros et al.,
2015). Furthermore, there are many different failure
criteria available (Ascione & Mancusi, 2010), and
the effects of load rate (Ascione & Mancusi, 2010)
and moisture (Katnam et al., 2010) can be incorporat-
ed. Additionally, there are closed formulae to derive
the failure load and optimal bonding length (Man-
cusi & Ascione, 2013). The main drawbacks are the
CZM’s mesh dependency, the non-unique choice of
TSL shape (Jaillon et al., 2019), and the required pa-
rameter calibration (Floros et al., 2015). For a trian-
gular TSL as shown in Figure 13a, we need to identi-
fy the initial stiffness, the adhesives strength, i.c., the
peak traction, and the fracture energy corresponding
to the area enclosed by the traction-separation curve.
While the stiffness and strength are typically obtained
from simple experiments on adhesive dogbone sam-
ples, the fracture energy is measured in more complex
test setups, such as DBC, ENF, or MMB (Wei et al.,
2024). Commonly, we determine these TSL param-
eters separately for mode I and mode II conditions
and employ coupling criteria for damage initiation
(Campilho et al., 2013; Floros et al., 2015; Khora-
mishad et al., 2010) and propagation (Hutchinson
& Suo, 1991) to interpolate the mixed mode response,
as visualized in Figure 13b.
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Fig. 13. Cohesive zone modeling (CZM): a) double-cantilever beam with adhesive of thickness 7 bonding two adherends, in

the cohesive zone the traction-separation law (TSL) governs the damage initiation until maximum traction 7 is reached at

separation 6, and subsequent damage propagation with strain softening until failure separation &, with 7= 0 and adhesive

energy G ; E is a traction divided by separation b) mixed-mode TSL derived from mode I and mode II via damage initiation
and propagation coupling criteria (both inspired by Khoramishad et al. 2010)

The following examples should demonstrate the
CZM’s wide applicability in modeling the behavior of ad-
hesive joints. With currently more than 1400 scopus-listed
contributions, this excerpt is by no means exhaustive,
and the reader is referred to recent CZM-specific review
papers, e.g., by Tserpes et al. (2021) or Ramalho et al.
(2022). Nunes et al. (2015) compare the tensile perfor-
mance of three commercial adhesives in SLJ and DLJ
tests. They derive the parameters of a triangular TSL
from these experiments and employ CZM to evaluate the
through-thickness normal and shear stresses. Similarly,
Li Ch. et al. (2019) conduct a combined experimental
and numerical study on CFRP-steel joints and compare
the performance of different adhesives. They show that
the strength, bond-slip, and failure mode of SLJ depend
on the adhesive’s properties and obtain good CZM pre-
dictions as long as no delamination occurs in the FRP
substrate. Employing CZM to model the failure of ta-

pered DCBs at different load rates, Karac et al. (2011)
conclude that a rate-independent TSL can be applied for
stable fracture behavior, while stick-slip fracture is only
captured with a rate-dependent adhesive energy model
which considers the heat affected zone.

Joint geometry

Fernandes et al. (2015) perform SLJ tests to evaluate the
impact of the overlap length on the joint strength for three
adhesives with different ductility. Larger overlap length
leads to higher strength, which is more pronounced for
ductile adhesives and can be accurately predicted with
CZM. Neto et al. (2012) analyze the failure of SLJ with
fiber-composite adherends and observe that ductile adhe-
sives exhibit increased strength for larger overlap lengths.
In contrast, brittle adhesives reach a strength plateau due
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to delamination in the adherends. They obtain accurate
strength predictions for the brittle adhesives using trian-
gular CZMs but report larger deviations for the ductile ad-
hesive and suggest using a trapezoidal TSL instead. Sim-
ilar results are obtained by Ribeiro et al. (2016), which
capture the impact of overlap length on the strength and
failure of CFRP-aluminum bonded with brittle and ductile
adhesives. CZM is successfully employed to capture the
impact of the adhesive thickness on the cohesive parame-
ters and the overall strength for SLJ (Xu & Wei, 2013) and
scarf joints (Liao et al., 2013). Moya-Sanz et al. (2017)
employ CZM to simulate SLJs with different geometri-
cal configurations and observe the highest strength when
chamfering both adherend and adhesive by 15°.

Environment

Banea et al. (2011) study the fracture toughness of DCB
at elevated temperatures up to 100°C and calibrate
a triangular TSL with temperature-dependent parame-
ters. The adhesive strength decreases with increasing
temperature, while the fracture toughness only declines
drastically above T, which is accurately captured by
their CZM simulations. Sugiman et al. (2013) success-
fully propose a moisture-dependent triangular TSL to
predict the residual strength of adhesive joints after
aging in deionized water. Similarly, Han et al. (2014)
employ degraded CZM parameters to capture the age-
ing effect on adhesive joints in combined thermal-
hygro-mechanical service conditions.

Recent studies

In very recent contributions, Schmandt & Marzi (2025)
extend CZM to capture thick adhesives and stick-slip
instabilities, Wang Ch. et al. (2025) propose a modified
exponential TSL incorporating the real contact area to
simulate rough surfaces, and Saikia & Muthu (2024)
propose a modified compact-tension test procedure to
identify all CZM parameters with one common, simpli-
fied experimental setup. Moreover, Abdalla et al. (2025)
employ CZM to elucidate the effect of graphene nano-
platelet reinforced adhesives and Wu Y. et al. (2025)
successfully apply CZM to simulate bonded bone with
hydrogel adhesives for future medical fracture treatment.

Generalized interfaces

While CZM only accounts for displacement jumps at
the interface, generalized interface models (GIM) allow

for additional traction jumps (Esmaeili et al., 2017).
Therefore, GIMs are suitable for complex load histories,
e.g., stretching parallel to the interface and subsequent
mixed mode loading, as demonstrated by Spannraft
et al. (2022) for small and large deformations (Spann-
raft et al., 2023). The degradation of the interface during
the in-plane load does not result in an interface separa-
tion, which conventional CZM would not capture. Saeb
et al. (2021) augment GIM with weighted average op-
erators which effectively model material property gra-
dients as observed in the interphase of adhesive joints
(Possart W. et al., 2006) or polymer nanocomposites
(Ries et al., 2021). Hence, this extension enables substi-
tuting spatially finely resolved interphase regions with
efficient interfaces. Firooz & Javili (2019) provide a re-
view on GIMs for modeling composite materials.

4.3. Peridynamics (PD)

Peridynamics (PD) is a novel continuum approach to
resolve the problems arising from singularities in frac-
ture mechanics (Silling, 2000). Contrary to classical
continuum mechanics, as introduced in Figure 10, PD is
anonlocal theory, which means that each material point
interacts with its finite size neighborhood, as shown in
Figure 14. Hence, PD combines the modeling strategies
of particle and continuum approaches and can be inter-
preted as upscaled MD (Laurien et al., 2023), with the
size of the neighborhood defining the degree of nonlo-
cality. Since the original bond-based PD (Silling, 2000)
is limited to a fixed Poisson’s ratio, more advanced
versions such as the state-based (Silling et al., 2007)
and continuum-kinematics-inspired PD (CPD) (Javili
et al., 2019) have been developed. These extensions
were successfully applied to biomedical applications
(Schaller et al., 2022), failure of porous materials (Rit-
ter et al., 2023), and multiphysics modeling (Xia et al.,
2021). Recently, Ma et al. (2023) incorporate a TSL
into state-based PD to describe the interfacial failure
of composite materials via a zero-thickness interface.
Contrary, Laurien et al. (2024) consider a finite-size in-
terface, where the constituents overlap, and introduce
a thermodynamically consistent extension to CPD,
which can integrate any TSL from the literature. Dor-
duncu (2020) successfully employ PD to model adhe-
sively bonded CFRP and aluminum beams with func-
tionally graded adhesive layers and Behera et al. (2021)
study the damage initiation and progression in SLIJs
and DLIJs with viscoelastic adhesives. Although not yet
as refined as CZM, these examples illustrate that PD
offers a promising novel approach to investigating the
complex behavior of adhesive joints.

2024, vol. 24, no. 4

Computer Methods in Materials Science



M. Ries

material configuration

spatial configuration

Fig. 14. Continuum-kinematic-inspired peridynamics with material By and spatial configuration By,
where each point X interacts with its material H or spatial event horizon H; of radius d (reprinted from Laurien et al., 2024)

5. Multiscale approaches

Multiscale approaches typically consider a fine and
a coarse scale. While the fine scale resolves the mi-
crostructure in detail, providing deep insights into the
material behavior, the coarse scale is computationally
less expensive and only captures the overall response.
The challenge of multiscale techniques is the efficient

transfer of boundary conditions applied on the coarse
scale to the fine scale and vice versa, conveying the
insights gained at the fine scale back to the coarse
scale. Tadmor & Miller (2011) categorize multiscale
methods into sequential and concurrent approaches,
with the latter further subdivided into hierarchical
and domain-decomposition techniques, as shown in
Figure 15.

e

I,

hierarchical
coupling

partitioned-domain
coupling

}

coarse scale

fine scale

fine scale

Fig. 15. Classification of multiscale strategies according to Tadmor & Miller (2011) (reprinted from Pfaller, 2022)
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In hierarchical methods, both scales are re-
solved simultaneously, e.g., with the prominent FE?
approach (Feyel, 1999; Smit et al., 1998) that solves
a fine scale boundary value problem for each quadra-
ture point at the coarse scale. Hence, the FE?> method
is beneficial for macroscopically homogeneous ma-
terials with complex, heterogeneous microstructures,
such as composites (Meng et al., 2024; Zernsdorf
et al., 2024). In recent studies, the method’s main
drawback of high computational cost is remedied by
employing machine-learning techniques (Chaouch
& Yvonnet, 2024; Lu et al., 2018). On the contrary,
domain-decomposition approaches resolve only
regions of interest at the fine scale and employ the
computationally efficient coarse description for the
remainder of the domain. Notable examples, such
as the Quasicontinuum (Tadmor et al., 1996) and
Capriccio method (Weber et al., 2023) are thus well
suited to study the fracture behavior of crystalline
(Ghareeb & Elbanna, 2020) and amorphous (Weber
et al., 2025) materials, respectively. However, in the
context of adhesive joints, there is no clear region of
interest for a domain decomposition, and the mac-
roscopic adhesive-adherend interface is not suitable
for a hierarchical treatment. Hence, sequential multi-
scale methods are employed, which first analyze the
fine scale, determine, for instance, constitutive rela-
tionships, and subsequently apply these on the coarse
scale, which is addressed in a separate simulation
(Tadmor & Miller, 2011).

Lau et al. (2012) study an epoxy-silica interface
and employ the metadynamics (Laio & Gervasio,
2008) algorithm to construct the free energy surface
of a single chain detaching from the adherend surface.
By applying the obtained free energy in a worm-like-
chain fracture model (Keten & Buehler, 2008), they
determine Young’s Modulus, maximum debonding
stress, and fracture energy. These three parameters
uniquely define a triangular traction-separation law,
which they employ to analyze a CFRP-concrete joint
using CZM. Despite the large number of assumptions
and limitations they obtain good agreement with ex-
perimental results, demonstrating that an upscaling
from the atomistic to the continuum scale is possible.
Yang & Qu (2014a) investigate the mechanical be-
havior of an epoxy molding compound near a copper
substrate. First, they derive the epoxy-copper interac-
tions with a metadynamics approach (Laio & Gerva-
sio, 2008).

Second, they observe a structural interphase re-
gion with density fluctuations reaching 2 nm from the
copper surface. This structural interphase results in
a larger mechanical interphase of 10 nm where bead

displacements differ from the bulk material. Finally,
they derive a nano-scale traction-separation law from
the stress-strain response of the copper-epoxy samples,
which could be used in a CZM approach. In a recent
contribution, Chowdhury & Gillespie (2024) derive
a traction-separation law for epoxy-silica interfaces
directly from atomistic MD simulations. To this end,
they apply mode I (Chowdhury & Gillespie, 2022),
mode II, and mixed-mode loading at a wide range of
strain rates, including a quasi-static approximation
derived via stress relaxation. They utilize the MD
results to calibrate a trapezoidal traction-separation
law and parametrize its parameters as functions of
strain rate and load angle to capture all mixed mode
conditions. Hence, they bridge scales by translating
their findings from the atomistic scale into an efficient
continuum model.

The multiscale approaches presented above
demonstrate that it is possible to homogenize fine scale
MD results and reproduce them using more efficient
continuum methods, such as CZM. This facilitates
direct comparisons with experimental investigations,
thereby helping to elucidate the structure-property
relation of adhesive joints. Consequently, these mul-
tiscale methods not only connect different scales but
also help bridge the gap between the experimental and
simulation communities.

6. Conclusions

This contribution provides an overview of the most
relevant simulation methods for studying the mechan-
ical behavior of adhesive joints. Various techniques
can be used to model these joints accurately. Particle-
based approaches like molecular dynamics (MD)
are limited to small time and length scales. As a re-
sult, they primarily focus on the influence of surface
chemistry, the formation of the interphase, and the
degradation caused by defects and moisture. In con-
trast, various continuum-based methods, particularly
cohesive zone models (CZM), are employed to pre-
dict the macroscopic properties — such as strength and
toughness — of adhesive joints. These methods suc-
cessfully capture many important aspects, including
temperature, strain rate, load case, moisture content,
adhesive type, material pairing, and bond geometry.
However, this is typically achieved by empirically
adjusting the model parameters instead of considering
the microstructure. To overcome this limitation, mul-
tiscale approaches have been developed to determine
the parameters of CZMs through MD simulations.
These methods help in understanding the multiscale
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behavior of adhesive bonds. However, there is still
a need for more comprehensive approaches to fully
comprehend the structure-property relationships of
adhesive joints from the molecular level to the mac-
roscopic scale. Starting from precise atomistic MD, an
efficient particle model capturing an adhesive layer be-
tween two substrates at molecular resolution could be
obtained through coarse-graining. Using the resulting
coarse-grained model, interphase properties and sur-
face effects can be studied ultimately integrating these
findings into a traction-separation law which facilitates
macroscopic CZM studies. Such an upscaling method-
ology — from the atomistic level to the macroscale —
allows us to identify the impact of molecular factors,
such as surface chemistry, topology, and moisture, on
the macroscopic behavior of adhesive joints.
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Appendix A

List of abbreviations

CFRP carbon-fiber reinforced polymer LaSAT laser shock adhesion test

CGMD  coarse-grained molecular dynamics MD molecular dynamics

COH formyl group MDA 4,4’-methylenedianiline

COOH carboxyl group MMB mixed-mode bending

CPD continuum-kinematics-inspired MS-CG  multiscale coarse-graining method
peridynamics NH2 amine group

CZM cohesive zone model NPT isothermal-isobaric ensemble

DCB double cantilever beam NVE micro-canonical ensemble

DDS 4,4’-diaminodiphenylsulfone NVT canonical ensemble

DETA diethylenetriamine OH hydroxyl group

DETDA  diethyltoluene diamine PACM 4,4-diaminodicyclohexylmethane

DGEBA  diglycidyl ether of bisphenol A PD peridynamics

DLJ double-lap joint PFM phase-field fracture model

DPD dissipative particle dynamics PMF potential of mean force

EDX energy-dispersive X-ray microanalysis PR Parinello-Rahman

ENF end-notched flexure SLJ single-lap joint

FEM finite element method SMD steered molecular dynamics

FRP fiber-reinforced polymer TAPO toughened adhesive polymer

GFRP glass-fiber-reinforced polymer TETA triethylenetetramine

GIM generalized interface models TSL traction-separation law

IBI iterative Boltzmann inversion VCCT virtual crack closure technique

IPD isophorone diamine XFEM extended finite element method
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