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Abstract: Adhesively bonded joints are essential in the aeronautical industry, offering
benefits such as weight reduction and enhanced sustainability. However, certifying these
joints is challenging due to unreliable methods for assessing their strength and the de-
velopment of predictive models for fatigue-driven disbonding remains an ongoing effort.
This manuscript presents the implementation and validation of a cohesive zone model
for studying high-cycle fatigue disbonding under Mode I and Mixed-Mode loading. The
model was integrated into the commercial finite element analysis software Abaqus using
user-defined material subroutine (UMAT). Two modelling approaches were investigated:
one replacing the adhesive with a cohesive layer, and the other incorporating a cohesive
layer at the adhesive’s mid-plane while modelling its entire thickness, using both 2D and
3D techniques. Validation was conducted against experimental data from the literature
that examined the influence of adhesive thickness on fatigue behaviour in DCB and CLS
tests. The findings of this study confirm that the model accurately predicts fatigue disbond-
ing across all cases examined. Additionally, the analysis reveals that modelling adhesive
thickness plays a critical role in the simulation’s outcomes. Variations in adhesive thickness
can significantly alter the crack growth behaviour, highlighting the importance of carefully
considering this parameter in future assessments and applications.

Keywords: disbonding; DCB; cohesive zone models; high-cycle fatigue; crack growth

1. Introduction

Over the past two decades, the aerospace industry has been actively seeking envi-
ronmentally friendly innovations to significantly reduce emissions and achieve carbon
neutrality. A major driving force behind the development of “green aviation” comes from
global initiatives, such as the Clean Aviation programme funded by the European Union.
This programme is focused on making aviation a sustainable and climate-neutral sector.
Established in 2021, it is a public—private partnership that involves the European Commis-
sion and the aeronautics industry, which includes small and medium-sized enterprises,
research centres, and academic institutions. Clean Aviation builds upon the success of its
predecessor, Clean Sky 2. The main goal of the programme is to develop and integrate inno-
vative aeronautic technologies that significantly reduce aircraft emissions and noise. This
effort contributes to the EU’s climate goals. Specifically, Clean Aviation aims to decrease
fuel consumption and related CO, emissions by 30-50% by the year 2050, as well as lower
noise levels in future aircraft. Reducing aircraft emissions primarily involves optimising
structural designs by utilising lightweight, high-strength, and stiff materials.

Aeronautic structures have traditionally been manufactured using metallic materials
due to their strength, toughness, and fatigue resistance. However, they face limitations
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in achieving minimal weight despite numerous advancements over the years. In this
regard, composite materials, particularly carbon fibre-reinforced plastics (CFRPs), have
gained considerable importance. These advanced materials offer superior strength-to-
weight ratios compared to conventional metallic alloys such as aluminium and titanium.
Consequently, they enhance fuel efficiency, reduce operational costs, and extend the fatigue
life of aircraft components. Modern airliners, including the Airbus A350 XWB and the
Boeing 787 Dreamliner, illustrate this trend, with more than 50% of their airframes built
with composite materials.

The increasing use of composite materials has spurred innovation in joining techniques.
While traditional methods, such as riveting, are reliable and widely utilised in metals, they
present significant challenges when performed on composites. Drilling holes for rivets can
compromise the integrity of composite fibres, inducing defects like delamination, burrs,
tearing, surface cavities, glass transition failure, and borehole damages [1]. These defects
may lead to stress concentrations that may result in premature failure. Alternative joining
methods tailored for composite materials have been proposed to address these issues.
Adhesive bonding is the most commonly used method due to its advantages, such as
eliminating the necessity for drilled holes and causing no damage to the structure. Fur-
thermore, adhesives distribute loads evenly across the bonded surfaces, minimising stress
concentrations caused by localised loading. This facilitates the creation of lighter, more
efficient designs. Nevertheless, adhesive bonding also poses certain challenges. Currently,
there is a lack of reliable inspection methods to establish a minimum load capability of
bonded joints through non-destructive inspection (NDI) technologies [2]. Existing meth-
ods, i.e., ultrasound and radiography, are not fully capable of detecting manufacturing
defects such as voids, porosity, disbonds, bubbles, intrusions, or contamination, which can
adversely affect the bond strength and may go unnoticed. Additionally, this lack of control
over the adhesive’s bond quality leads to unpredictable behaviour under fatigue loading
which is still under investigation [3]. This limitation adds complexity to the certification
process for aviation authorities, including the European Union Aviation Safety Agency
(EASA) and the Federal Aviation Administration (FAA). Therefore, at the moment, most of
the adhesive use is limited to secondary structures.

Addressing these challenges is crucial for the widespread adoption of adhesive bond-
ing in aerospace primary structures and repairs. Researchers are exploring advanced
inspection techniques, i.e., ultrasonic testing and infrared thermography, to enhance the
detection of bond defects [4-6]. Concurrently, efforts are focused on developing robust
fatigue life prediction models that leverage computational simulations and experimental
validation. Since conducting experimental assessments of fatigue crack initiation and
propagation is often impractical, researchers increasingly rely on analytical and numerical
models to predict adhesive behaviour.

Numerical models designed to investigate fatigue crack growth in adhesively bonded
joints need to accurately represent the complex interactions between stresses, material prop-
erties, and adhesive behaviour. The literature offers a variety of models that can be classified
into four primary categories: stress/strain-based models, fracture mechanics-based models,
extended finite element method (XFEM) models, and cohesive zone models (CZMs).

The stress/strain methods are among the earliest approaches and are based on the
correlation between delamination growth and the stress or strain values within the material.
These methods are primarily suited for static delamination. In the case of fatigue applica-
tions, they are typically employed to determine the fatigue life of a component rather than
to predict crack growth and, therefore, cannot be used for understanding the disbonding
behaviour [7-9].
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The fracture mechanics-based methods study crack growth by utilising properties
such as the stress intensity factor (SIF) and the strain energy release rate (SERR). The SERR
is usually more suitable for non-homogeneous materials, such as composites, and can be
easily obtained experimentally. These methods derive from the application of the fracture
mechanics techniques to investigate metals under fatigue loading conditions [10-12].

XFEM is an advanced finite element model (FEM) technique designed to accurately
represent discontinuities, such as cracks, at arbitrary locations within a material. Contrary
to traditional FEM that is limited to boundaries and predefined crack paths, XFEM allows
for the propagation of cracks without the need for remeshing [13,14]. This is achieved by
incorporating enrichment functions into specific nodes of the FEM, allowing the crack to
propagate freely through the elements instead of strictly along its edges. Additionally, it
is possible to combine XFEM with cohesive laws [15] or a cohesive zone model [16] to
simulate crack opening. This approach captures the cohesive behaviour of the material or
adhesive, providing a detailed representation of the material’s response at the crack tip.
In general, XFEM is a particularly effective method for simulating complex crack paths and
interactions within heterogeneous materials.

The cohesive zone models (CZMs) is the most widely used technique and combines
fracture mechanics-based models and continuum damage mechanics [17]. CZMs employ
finite element modelling techniques to represent the interface between two fictitious sur-
faces called the cohesive zone. Unlike traditional methods, where the stiffness in the
region is constant, in this method the stiffness is reduced following a constitutive law.
A damage parameter is usually introduced to progressively reduce the stiffness of the zone,
thereby simulating the advancement of damage. The concept was originally introduced
by Barenblatt [18], and its application was later expanded to perfectly plastic materials
by Dugdale [19], whilst it was first implemented within the FEM framework by Hillerborg
et al. [20] to investigate crack growth in concrete. In this case, a bi-linear traction—separation
law (BTSL) was employed for the first time to describe the constitutive law of the ma-
terial within the cohesive zone. Subsequent researchers expanded upon the model by
introducing various traction—separation functions, such as exponential, polynomial, con-
stant, tri-linear, and bi-linear, each differing in their description of the elastic and softening
behaviours [21-23]; however, the fundamental concept remained unchanged.

CZMs have been used to assess the fatigue life of adhesive-bonded joints, with the
cohesive properties of the adhesive degrading during the analysis due to fatigue loads.
Robinson et al. [24] and Tumino and Cappello [25] developed fatigue damage models based
on maximum fatigue load conditions. However, these models require additional parameters
and a calibration process to ensure accuracy and reliability in practical applications. Other
authors have modelled the fatigue loading on a cycle-by-cycle basis [26-29], resulting in a
computationally expensive solution. Furthermore, this approach does not apply to High
Cycle Fatigue (HCEF), for which cyclic extrapolation techniques are more suitable [30,31].
In this kind of model, damage parameters that consider both static and fatigue degradation
are employed. Its main disadvantage is the high dependence on experimental fatigue data.

Whilst CZMs have been demonstrated to accurately simulate fatigue crack growth in
adhesively bonded joints, they possess an important limitation: crack propagation occurs
along a predefined path, typically representing cohesive failure. This constraint restricts
the model’s ability to capture complex behaviours of crack propagation that can occur in
real-world applications, particularly due to defects and stress concentrations within the
material. Nevertheless, CZMs still provide valuable and reliable data for studying the
adhesive behaviour under complex loadings, including fatigue.

The effect of the adhesive layer thickness on fatigue crack growth has been inves-
tigated in several studies [32,33]. In general, an increase in thickness results in reduced
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fatigue crack growth rates and enhanced fracture toughness. This phenomenon occurs
because the adherents constrain the size of the plastic zone within the adhesive layer,
limiting the adhesive’s capacity to dissipate energy through mechanisms other than frac-
ture. As the thickness increases, the level of constraint diminishes, allowing for greater
plasticity, which subsequently decreases the fatigue crack growth rate. Whilst some authors
have found clear evidence of an existing optimal thickness [34-36], this behaviour may be
material-dependent [37]. Furthermore, variations in adhesive thickness affect the driving
force for crack growth due to the varying stress distribution [38,39]. It remains unclear
whether this concept applies to cohesive cracks within the adhesive layer; however, it does
help to explain the observed increase in fracture toughness values at greater thicknesses.
Nevertheless, the impact of specific thicknesses varies depending on both the adhesive
material and the geometry of the joint.

This manuscript presents the implementation of a numerical model to simulate fatigue
crack growth in adhesively bonded joints under Mode I and Mixed-Mode (Mode I + Mode
II) loading conditions. The first case is based on the experimental work of Pascoe et al. [40]
and Zavatta [41] whilst the Mixed-Mode loading is based on the experimental work of
Zavatta [41] and van Teeseling [42]. The model was implemented into a user-defined
subroutine (UMAT) in the commercial FEM software Abaqus.

2. Cohesive Zone Models (CZMs)

Efforts to develop CZMs for simulating HCF have been mainly focused on composite
delamination but are also applicable for adhesive disbonding. Most proposed formulations
over the years are extensions of earlier models designed for quasi-static loading, such
as that by Camanho et al. [43]. The first fatigue cohesive zone model was introduced
by Robinson et al. [24], who implemented an exponential damage function based on
parameters fitted from experimental data. Subsequently, Turon et al. [30,44] presented the
first fatigue model that linked Paris’ law to the damage growth rate, also allowing for the
simulation of Mixed-Mode loading and different fatigue displacement/load ratios. Their
work proposed a damage model based on CZMs validated with experimental data from
carbon-fibre-reinforced epoxy laminates under Mode I, Mode II, and Mixed-Mode fatigue
loading, demonstrating that the model could effectively capture crack propagation under
fatigue loading.

Many researchers have referenced the work of Turon et al. [30] to enhance specific as-
pects, as Pirondi and Moroni [45] who calculated the Strain Energy Release Rate (SERR) for
the Paris” Law with the J-integral and assumed that the cohesive area linked to the damage
growth rate was constant throughout the simulation. Similarly, Harper and Hallett [46]
proposed an improved estimation of the cohesive length considering unwanted fatigue
damage, whilst Kawashita and Hallett [47] introduced a crack tip tracking algorithm to
determine the effective cohesive length to improve the damage growth rate accuracy,
and other authors have mainly focused on the crack front shape [48,49].

Recently, Davila and Joosten [50] proposed the CF20 model, which continues to utilise
the approach of Turon et al. [30] to calculate the stiffness reduction, but it no longer relies
on the Paris’ Law for determining the fatigue damage growth rate. Instead, it uses the
material’s S-N curve (stress-life curve) for this purpose and has been validated by other
researchers [51,52].

The numerical model used in this manuscript for quasi-static and HCF loading is based
on the work of the aforementioned Turon et al. [30,44]. The numerical implementation is
discussed in detail in the following subsections.
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2.1. Numerical Implementation of Cohesive Zone Models for Quasi-Static Loading

The evolution of damage within the cohesive zone is governed by traction-separation
laws, which establish the relationship between the maximum traction and critical energy
release rate, with the tractions and relative displacements in the cohesive zone. For adhe-
sives, the bi-linear traction separation law (BTSL) is commonly used (See Figure 1a) [53],
and is consistent with the framework presented by Turon et al. [30,44].

Traction (1)
Traction (1)

I
Residual Toughness
i

1
r A §f
Separation (4) Separation (4)

(a) (b)

Figure 1. Visual representation of the bi-linear traction-separation law, non-damaged (a); damaged,
illustrating stiffness reduction (b); where 8° is the onset displacement, 6/ is the propagation displace-
ment, A is the displacement jump, 7 is the damage threshold, 7 is the maximum traction, K is the
stiffness of the cohesive zone, d is the damage, and G, the fracture energy.

Figure 1a illustrates two distinct regions of the BTSL: a linear—elastic region and a
damaged region, which is also referred to as softening region in the literature. In the
linear—elastic region, no damage is accumulated until the maximum traction (7) is reached
at the onset displacement (6°), which is computed as follows:

0
T
0= 1
= M)
where K is the stiffness of the cohesive zone. This stiffness can be estimated with Equation (2),
and it depends on the Young’s Modulus of the material (E), the thickness of the cohe-
sive zone (t), and a correction factor («), which is greater than 1, calibrated to capture
crack initiation. £

Beyond the onset displacement, the damaged region begins. In this region, as the rela-
tive displacement increases, the damage increases, leading to a reduction in the maximum
traction that the zone can sustain. This results in a progressive decrease in stiffness (K).
When the propagation displacement (6/) is reached, the zone can no longer sustain any
loads, resulting in the growing of the crack. The energy required to propagate the crack is
known as the fracture toughness (G¢) and it corresponds to the area under the BTSL curve.
The propagation displacement can be determined as follows:

of = 26¢ (3)

K40
During the implementation of the numerical model, where computations are per-
formed increment-by-increment (i), it is essential to consider the damage state from the
previous increment (i — 1). Given that damage within the cohesive zone is irreversible, it
cannot decrease even if the subsequent load is reduced. Therefore, it is crucial to compute
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the threshold at which damage can increase. This threshold (r), which differs from the
onset displacement in already damaged zones, is defined as follows:
i-1 3%

A S YT )

To compute the damage due to quasi-static loads (ds,4ic) at increment i, Equation (5)
is used. This equation, derived from the BTSL, evaluates damage based on the current
displacement jump (A) and the damage threshold (), considering both the onset and

propagation displacements.
6f (r' — 8%)

d;tatic = /\((Sf — 50) (5)

This formulation effectively models the transition from linear—elastic behaviour to
softening as damage initiates and evolves, reflecting changes in material properties under
quasi-static loading. Damage is interpreted as a reduction in stiffness, leading to a decrease
in fracture toughness (residual toughness) in the analysed region, as illustrated in Figure 1b.

In summary, by utilising the bi-linear traction—separation law and the associated
damage equation, the transition from linear—elastic behaviour to softening can be effectively
modelled. This approach accurately captures the material’s response under static loads and
its damage evolution.

2.2. Numerical Implementation of Cohesive Zone Models for Fatigue Loading

CZMs are a powerful framework for simulating crack initiation and propagation under
fatigue loading. In the work by Turon et al. [30,44], only constant amplitude loading is
considered during fatigue cycling. This simplification allows for modelling focusing solely
on the envelope of forces or displacements, as illustrated in Figure 2. In this approach, only
the maximum load and its variation are considered.

Displacement

Envelope displacement

6771111’ @ o - - . :
" |
| |
| t
| G Displacement Ratio
| Y N

H — Omin

b i R=gme
[ N o
| )
I 1
| |

(smi,n’ : :
I I
| |
T T

quasi-static ! Cycles

loading phase fatigue phase

Figure 2. Fatigue loading diagram, displacement number of cycles, illustrating the displacement’s
envelope and ratio (variation) during the fatigue loading phase.

The total damage at any given increment is defined as the sum of damage contribu-
tions from both quasi-static and cyclic loads, reflecting the different damage mechanisms
involved. This decoupling of quasi-static and fatigue loading is represented in the follow-
ing equation:

d' = d;tatic + d}utigue (6)
}utigue

lates with respect to the value computed in the previous increment (d};tli qu .)- To further

simplify the modelling process, the envelope approach is employed, allowing for the im-

The fatigue damage (d ) is calculated with Equation (7), where damage accumu-
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plementation of a cycle jump strategy (further discussed in Section Cycle Jump Strategy).
With this strategy, a specified number of cycles (AN) are simulated per increment (7).

. , odi-1 .
dlfatigue =diget a0 AN (7)

fatigue T N

where % represents the damage growth rate. Damage growth rate links the experimental

data and the computational modelling with the following relationship:

od  od oa
N ~ 470N ®
where g)—f\‘] is the crack growth rate determined from experimental fatigue testing using
Paris’ Law (See Equation (9)). Conversely, % represents the relation between damage and
damaged length (a;), which is computed with Equation (15).

da  JC(AG)" if Gy, < G"™ < G, o)
oN 0 otherwise
where C and m are material constants; G is the strain energy release rate (SERR). The crack
growth rate is valid between the no-crack growth SERR threshold (Gyj,) and the fracture
toughness (G;).

The cyclic variation of the SERR (AG) is computed between the maximum and mini-
mum displacement during the fatigue cycling. Considering the BTSL, it corresponds to the
area under the curve between these displacements and is illustrated in Figure 3.

Traction (7)

AG

§0 /\'min A\mazx 5f
Separation (§)

Figure 3. Visual representation of the cyclic variation of the strain energy release rate (AG) of the
bi-linear traction separation law, where A" is the minimum and A"#* the maximum displacement
jump during the cyclic loading.

Mathematically, the strain energy release rate is defined as follows:

G= / (8) do (10)

Its cyclic variation can be defined as in Equation (11), exploiting the displacement or
loading ratio R.
AG = (1 — R*)Gyax (11)
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where the maximum strain energy release rate G, can be computed as follows [30,54,55]:

™0, (67 —2)?

To capture small variations in the computation of Gy, during fatigue cycling,
Kawashita and Hallett [47] suggested employing the midpoint rule, considering the current
and previous displacement jump and residual strength (74,,,). The latter is computed
considering the damaged state of the region as described in Equation (14).

, . Ti + Ti_l , .
G;nax _ G;na%( + ( dam 5 dam) (/\l Al 1) (13)
Tiam = K(1— d)A (14)

Finally, the relation between the damage and damaged length represents a material
property dependent on the BTSL and the length of the cohesive zone (/).

. . 2
od 1 {(5/((1 — dl) + dl§o}
9“2 (15)
da, lez 6/50

The cohesive zone length, as defined by Harper and Hallett [55], refers to a zone where
elements experience irreversible deformation (already damaged elements) ahead of the
crack tip. Its estimation has been widely discussed in the literature [20,55-58] and the im-
portance of having a fine mesh in the cohesive zone, to accurately capture crack growth, has
been highlighted by Turon et al. [58]. The general definition is described in Equation (16),
where M is a parameter that is adjusted to the loading condition and geometry.

EGc

- (16)

lcz =

2.2.1. Cycle Jump Strategy

One of the main advantages of implementing HCF simulation with CZMs is exploiting
the displacement or loading envelope to determine the degradation due to fatigue for a
certain number of cycles, avoiding a cycle-by-cycle analysis, which is computationally
expensive. This strategy is called Cycle Jump, implemented by Turon et al. [30], based on
the work from Van Paepegem and Degrieck [59], and it determines the number of cycles
AN for which the accuracy for the damage calculation Ad,;;.y is respected considering the

damage growth %, as follows:

Admax
AN = —7 (17)
oN

It is important to note that this is valid as long as the displacement or load ratio is constant.

2.3. Adapting Numerical Model for Different Loading Modes

Each specific loading condition necessitates an adjustment of some parameters de-
scribed in the previous section. The convention used to specify the direction of relative
displacements in the cohesive zone is J3 for the normal direction and é; ; for the in-plane
directions. Conversely, tractions, SERR, and the elastic moduli are determined by the
loading mode; thus, 17 indicates Mode I'loading, and 15 177 correspond to the shear loading
modes. The stiffness (K) is directly specified by the normal (Kj;) or shear (K;) directions.
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2.3.1. Mode I Loading

Mode I loading considers only tractions and displacements in the normal direction
and all the equations discussed previously shall be adjusted accordingly. An adaptation
shall be performed for the displacement jump, which is calculated as follows:

A= (8) (18)

where the MacAuley brackets (63) = 1(d5 + |d3]) indicate that only tensile loading is
considered.

For mode I, the M parameter to calculate the cohesive length (I, in Equation (16)) is
27 [30,60]
32 LOV,OVL

2.3.2. Mixed-Mode Loading

Mixed-mode loading considers tractions and displacements in all directions, incorpo-
rating both normal and shear. In this manuscript, the Mode II and Mode III loading-related
parameters are treated equally (e.g., Gc,, = Gc,;,)- Figure 4 illustrates the bi-linear traction
separation law for Mixed-Mode loading, with the equivalent curve highlighted in green.

T

Figure 4. Visual representation of the bi-linear traction separation law highlighting in green the
equivalent displacement mode for Mixed-Mode loading considering Mode I and Shear.

The equivalent displacement jump is calculated using the following equation:

A= <53>2 + 5szhear (19)
where 600 = /67 + 63.
The relative displacement in each direction facilitates the determination of the Mixed-

Mode ratio (), which quantifies the contribution of strain energy release rate due to Mode

II loading (See Equation (20)).
G

e

where Gr is the total strain energy release rate. If = 1, only Mode II loading is present; if

(20)

B = 0, there is only Mode I, and any intermediate values indicate Mixed-Mode loading.
As suggested by Turon et al. [61], the computation may be also performed with the relative
displacements (), as seen in Equation (21).

2
— Ktéshear (21)
K:d?,, + Kud3

shear

B

By determining the Mixed-Mode ratio, the Mixed-Mode stiffness [61] and elastic
modulus [62] can be computed with the following expressions:
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K = Ku(1— B) + BKs (22)
E=E/(1-B)+Enp (23)

Q QV Ex En
The Benzeggagh and Kenane criterion (B-K criterion) [63] describes how the different

whereEIZQandEU:@ E“withQ—%\/Z[ En _ 21}+%.

loading modes interact, as seen in the following equation:
Gc = G¢, + (G¢;, — G¢,)B" (24)

The criterion may be employed to determine the maximum Mixed-Mode traction
through Equation (25). Additionally, the onset and propagation displacements, 6° and &/,
can be calculated with Equations (26) and (27), respectively.

= \/ o+ (e 1) B 25)
. K69 + (K0, % — K00
0= K (26)
B
f f f
5f = Kn5g53 + (Kt(sgheardshear — K”5g53)ﬁ]7 (27)

KO

With Equations (19)—(27), static damage for mixed mode loading may be computed
with Equation (5).

For the numerical implementation of the fatigue model under Mixed-Mode loading,
Paris” Law to describe the crack growth in Equation (9) must be modified to account for
these effects. Various authors have proposed modifications with limitations in mode interac-
tion [64-68]. This manuscript adopts the model proposed by Biirger [69], which is tailored
for adhesive bonding and validated through an experimental campaign demonstrating
accurate predictions even with variable mode ratios. The model relies on the computation
of the principal stresses, assuming that it is a suitable parameter to describe disbonding.
In terms of SERR, the maximum is calculated as follows:

/ _ \/Glmax \/Glmux
Glfq,max - 2 + 4 + GHmax (28)

The cyclic variation of the SERR is then computed as follows:

VET <\/G16W(1 - R))2 (29)

This leads to the modified Paris” Law expression:

o =cp)(ay/er,)" (30)
-

where C(B) = ClﬁOO%CO%ﬁ . The C and m parameters for Paris’ Law are derived from Mode
I (B = 0%) and Mode II (B = 100%) testing.
The M parameter to estimate the cohesive length I, may vary since research has

mostly focused on either Mode I or Mode II loading [62]. For the case studied in this
manuscript, the M parameter will be calibrated accordingly.
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3. Methods

The implementation of the CZM described in Section 2 was implemented on adhesively
bonded joints under Mode I and Mixed-Mode loading. The adhesive where fatigue crack
growth was simulated and studied was an epoxy film adhesive from Solvay, FM94K,
a high-performance adhesive used in the aerospace industry. Its mechanical and interfacial
cohesive properties are summarised in Table 1.

Table 1. Mechanical/cohesive properties of adhesive FM94K.

Properties Symbol Value Units
Young’s Modulus ! E 3000 MPa
Shear Modulus G 1100 MPa
Poisson’s Ratio v 0.35

Normal Stiffness K, 5% 10° N/mm?
Tangential Stiffness K; 1 x 10° N/mm3
Maximum Traction (Mode I) TIO 50 MPa
Maximum Traction (Mode II) TIOI 30 MPa
Fracture Toughness (Mode I) Gic 1.70 N/mm
Fracture Toughness (Mode I) Gic 3.06 N/mm
B-K Criterion Constant [70] 1 1.75

1 Considered the same in all directions (E = E1; = Ep).

3.1. FEA Modelling

Each specimen analysed under Mode I and Mixed-Mode loading was simulated using
four distinct approaches in order to validate the implemented model. When using CZM to
simulate adhesive bonding, cohesive elements are typically used in place of the adhesive.

This manuscript specifically investigates the modelling of the cohesive zone in the
mid-plane of the adhesive. In this approach, the adhesive is modelled with its actual
thickness and a thin cohesive zone is introduced at the mid-plane. This approach was
considered both in 2D and 3D models and it provides an insight on the effect of modelling
the adhesive thickness on fatigue disbonding.

The analyses were all performed with Abaqus 2024 Standard /Implicit. Table 2 sum-
marises the characteristics of the four modelled cases, including the mesh size and element
type for each region. It is important to note that mesh size in the cohesive zone was refined
in order to improve the accuracy of crack growth analysis.

Table 2. Summary of the modelling characteristics of the adhesive, adherents, and cohesive zone.

Model

Cohesive Zone Element Type Mesh Size (mm) Mesh Refinement
Type Modelling on Adherent
Adhesive Replaced CPE4 (Adherent), 1.00 (Adherent), No
D with Cohesive COH2D4 (Cohesive) 0.10 (Cohesive)
Cohesive in the CPE4 (Adherent and Adhesive), 1.00 (Adherent), Yes
Mid-Plane of Adhesive COH2D4 (Cohesive) 0.10 (Cohesive and Adhesive)
Adhesive Replaced SC8R (Adherent), 1.00 (Adherent), Yes
3D with Cohesive COH3D8 (Adhesive) 0.10 (Cohesive)
Cohesive in the C3D8I (Adherent and Adhesive), 1.00 (Adherent), Yes
Mid-Plane of Adhesive COH3D8 (Cohesive) 0.10 (Cohesive and Adhesive)

For the models where the adhesive is completely replaced (as illustrated in Figure 5a),
the properties of the adhesive’s material are implemented in the cohesive elements. In com-
parison, Figure 5b illustrates a focus of the models where the adhesive is modelled consid-
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ering its entire thickness, with a thin layer of cohesive elements on its mid-plane simulating
the crack growth path. In this situation, refining the mesh on the adherent was necessary to
improve the stress distribution output.

(@ (b)

Figure 5. Modelling approaches to the cohesive zone: Cohesive zone replacing the adhesive (a);
Cohesive zone located along the mid-plane of the adhesive (b); in green the adherent, in red the
adhesive, and in grey the cohesive zone.

3.2. User-Defined Material Subroutine (UMAT) Implementation

User-defined material subroutines (UMAT) in Abaqus define the mechanical constitu-
tive behaviour of materials at each integration point, including the cohesive behaviour of a
material. This type of subroutine requests two outputs from the model: the stress tensor
() and the Jacobian matrix of the constitutive model (also known as the tangent stiffness
matrix, Df]’.‘”). The subroutine returns time-step and strain-related variables.

The numerical model for simulating HCF, detailed in Section 2, was implemented
using a UMAT. The chart illustrated in Figure 6 shows the implemented model workflow
considering the calculation of the stress tensor and tangent stiffness. The specific loading
cases will be discussed in detail in the following subsection.

New cycle in-
crement with
Variables ~ Passed
in for Information:
Displacements ()

Input: Material Properties

——— | Calculate Static Damage

Damage > 1?7

Element Deletion

Calculate stress
tensor (1) and
tangent  stiffness
matrix (Dyan)

Static Damage > 17

‘ Calculate strain energy release rate (Paris’ Law) ‘

Calculate damage growth rate

Calculate total damage

Cycle jump size OK? Calculate fatigue damage

|

Reduce increment size

Figure 6. UMAT implementation workflow for the simulation of high cycle fatigue with cohesive
zone models.
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3.3. Test Cases
3.3.1. Mode I—Double Cantilever Beam (DCB)

The implementation of the CZM for Mode I loading was validated with the experimental
data from Pascoe et al. [40] and Zavatta [41]. These authors conducted tests on double-
cantilever beams (DCBs) with adherents manufactured with aluminium 2024-T3 and the
FM94K adhesive. The DCB specimens measured 270 mm in length, 6 mm in thickness per
adherent, and 25 mm in width, with an initial crack length () of 50 mm. Different adhesive
thicknesses were used to evaluate their effects on the fatigue disbonding. The loading
properties, adhesive thickness, and the parameters for Paris” Law for each simulated specimen
are described in Table 3. The data provided pertain to tests conducted under displacement-

controlled conditions for a total of 375,000 cycles. It is important to note that the Paris’ Law

parameters (C, m) are for the normalised cyclic variation of the SERR, represented as (%) .
C

Table 3. Summary of the modified Paris’ Law parameters, fatigue load conditions, and adhesive
thickness of different simulated specimens.

Specimen Adhesive Displacement C m Maximum
Thickness [mm] Ratio (R) Displacement [mm]
G-002-11 0.275 0.29 14775  6.3322 4.083
G-010-II 0.285 0.036 0.58133  4.9545 2.893
H-002-1II 0.195 0.036 04185  5.1144 6.27
H-003-1I 0.135 0.29 24102  6.8236 5.13
H-004-1 0.245 0.61 724202 10.3649 2.3275

The stress tensor for Mode I only is calculated as follows:

T = Dijéj =(1- d)él/K]5] + d5i]'Kn53j<53> (31)

where the stiffness matrix (D;;) in matrix notation, considering the condition of tensile
loading (d3 > 0) and compression loading (d3 < 0), is defined as follows:

(K, (1—d) 0 0
0 Ky (1 —d) 0 if 63 > 0
D=L 0 0 Ki(1—d") 32)
Ky 0 0
0 Ki(1—d) 0 if 63 < 0
|0 0 Ky (1 —d)

While the tangent stiffness matrix for Mode I loading is defined as follows:

_— od . 6fs0 1
Dij = Dij — K, 553] = (1 — d)(sl]K] —+ dKn(53]' <(53> — KnmX 3] (33)
In matrix notation:
Ku(1—d') — K, 2051 0 0
0 Ky (1 —d") 0 , ifrt <A < 6f
Di" = 0 0 Ki(1—d') (34)

otherwise

ijs
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3.3.2. Mixed-Mode—Cracked Lap Shear (CLS)

The implementation of the CZM for Mixed-Mode loading was validated with the
experimental data from Zavatta [41] and van Teeseling [42]. These authors conducted tests
on Crack Lap Shear (CLS) specimens. This specimen was first proposed by Lai et al. [71] in
1996 to assess the Mixed-Mode bond fracture strength and then adhesive joint disbonding.
In the work by Zavatta [41] and van Teeseling [42], the adherents were manufactured with
GLARE 2A-4/3-0.4, a fibre metal laminate (FML) composed of aluminium sheets and glass
fibre prepreg, and the FM94K adhesive. In the CLS specimens, each adherent measured
212.50 mm in length, 2.50 mm in thickness, 43.56 mm in width, whilst the adhesive had a
thickness of 0.1 mm and an initial crack length (ag) of 30 mm. A singular experimental test
was selected for comparison with the numerical results. The loading characteristics and the
parameters related to Paris’ Law for each modelling technique, which were simulated for
160,000 cycles under load-controlled conditions, are presented in Table 4.

Table 4. Summary of the modified Paris’ Law parameters for Biirger’s model where the strain energy
release rate is in [J/ mZ} and crack growth rate is in [m/cycle]; and fatigue loads with R = 0.1.

Co% C100% mop, FmaxNZO [kN] PmaxNzlo,OOO [kN]
527 x 10717 2.07 x 10718 3.78 28.0 26.5

where Fyqyy=o is the force applied to the specimen until the authors saw crack growth on the border of the
specimen, which was around 10,000 cycles, from that point on the force was decreased to the value Fy;4xy,—10,000-

The stress tensor and stiffness matrix (D;;) are defined as in the Mode I loading case,
Equations (31) and (32), respectively, while the tangent stiffness matrix can be defined

as follows:
Ky (1 —d') — K,H{(53)? —K,Hb30, —K,Hb30,
—K:H6153 Ki(1—d') — KHé? —K:H616, , ifrt < A< of
Df;m = —KHé,65 —K:Héy6, Ki(1 —d') — KyHo3 (35)
Djj, otherwise
f 50
where H = 5?_‘5(50 %
4. Results

The results are organised into two sections based on the type of loading: Mode I for
the DCB and Mixed Mode for the CLS. In both cases, the numerical analysis outcomes are
compared against the experimental results.

4.1. Mode I—Double-Cantilever Beam (DCB)

The implementation of the numerical model for Mode I loading captured fatigue
disbonding growth for all the simulated cases. The evolution of the disbonding during
fatigue cycling is illustrated in Figure 7, where (a) refers to the state of the specimen and
(c) to the damage state variable (SDV1) of the cohesive elements that simulate the adhesive
behaviour and the crack front shape at the beginning of the fatigue step; (b) illustrates
the state of the specimen and (d) the final damage state of the cohesive elements and its
crack shape after reaching 375,000 fatigue cycles. A non-damaged region is represented by
SDV1 = 0 (shown in blue in the Figure) whilst a fully damaged region is represented by
SDV1 = 1.00 (in red); when all the integration points in the element reach this value, it is
deleted in the subsequent increment. All values between 0 and 1 represent the softening
region (also known as process zone) in the adhesive. (c,d) show a different size of the
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non-damaged region due to the evolution of the crack growth rate as the fatigue cycles
increase. In displacement-controlled testing of Mode I under fatigue, the crack growth rate
decreases due to the lower SERR [72].

B

() (b)

SDV1
(Avg: 75%)
1.00E+00
916.67E-03
833.33E-03

— 750.00E-03 e —

666.67E-03

583.33E-03 |

- 500.00E-03 — -

416.67E-03
333.33E-03
250.00E-03
166.67E-03
83.33E-03
0.00E+00

(<) (d)

Figure 7. Visual representation of the DCB during disbonding during fatigue cycling at N = 0 (a); at
N = 375,000 (b); damage distribution in cohesive zone at N = 0 (c); and at N = 375,000 (d).

The results of all four models are summarised in Figure 8 compared with the experi-
mental results from Pascoe et al. [40]. The Paris’ Law parameters used for the numerical
model (and summarised in Table 3) were obtained from the fitting of the experimental test
data (in blue) with the fitting function (in black), obtaining a high correlation between both
(R? > 0.90).

All the simulated specimens correctly captured fatigue disbonding initiation, high-
lighted in values of normalised cyclic SERR (AG/G.) greater than 0.5 (Figure 8). This
region is also known in the literature as the “stable-tearing crack growth” region. Stable
propagation is noticed in lower normalised cyclic SERR values, which align with the trend
of the Paris’ Law curve. Due to the absence of experimental data for the initiation stages,
there is a discrepancy observed in this region regarding the presented experimental results.

The effect of modelling the adhesive thickness is particularly evident at low crack
propagation rates (~10~> mm/cycle), where both the 2D and 3D models exhibit oscilla-
tory behaviour. These oscillations can be attributed to the slow redistribution of stresses
and strains within the cohesive elements at the crack front. These stresses and strains
differ from those in models where the adhesive thickness was not modelled. In the first
case, in fact, the cohesive elements are in direct contact with the adhesive instead of the
aluminium adherents.

Furthermore, the additional thickness introduced by the adhesive influences the
load distribution within the cohesive zone. At low crack growth rates, particularly near
the specimen’s no-growth region (SERR threshold), this variation enhances the model’s
sensitivity to small displacements. The oscillatory effect related to the load distribution is
more pronounced in thicker specimens (e.g., H-002-II compared to G-010-II). These effects
may be mitigated by using a finer mesh, as this allows for faster redistribution of stresses
and strains particularly at low crack propagation rates.

The results comparing crack length to the number of fatigue cycles for all modelling
techniques across all specimens are presented in Figure 9. The relative error of the final
crack length between the experimental results and the different modelling techniques after
375,000 fatigue cycles is summarised in Table 5. In general, all the modelling techniques
and specimens showed a good agreement with the experimental results, with a maximum
average deviation of 5%. The differences observed may be attributed to the parameters of
Paris” Law, particularly at low crack growth rates, where the experimental results deviate
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the most from the fitted curve. For specimen H-004-1, there is a significant difference, almost
a 10% deviation in crack length, because this specimen was pre-cracked differently during

the experimental test by Pascoe et al. [40] to eliminate t
crack front; however, this difference is not documented.

he effects of a resin-rich area at the
Therefore, the maximum deviation

between the experimental final crack length and that coming from the simulated cases does

not exceed 6%, excluding from the analysis specimen H-004-L.

H-004-I (R=0.61)

100 L

1071}

1073 ¢

107

0.2 0.3 04 05 0.6

H-002-11 (R=0.036)

. 10() L 10() [
[«5}
S 10! 107}
2
g
£ 107

1077 L
Z,
=)
~
<
o s

107 107

0.1 0.5 0.9
G-010-11 (R=0.036)
10[)

107!

1073

105§

0.1 0.5 0.9
AG/Ge

100 L

1071}

1073 |

H-003-1T (R=0.29)

0.2 0.4 0.6 0.8

G-002-1T (R=0.29)

0.2 04 06 0.8

Paris Law Curve

. Pascoe-Zavatta Tests
\V/ 2D model

X 2D model with adhesive
Be 3D model

3 3D model with adhesive

Figure 8. Crack growth rate as a function of normalised cyclic variation of the strain energy release

rate. Results are divided by specimen name and by the different testing configurations.
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Figure 9. Crack length as a function of the number of fatigue cycles. Results divided by specimen
name and by the different testing configurations.

The results summarised in Table 5 may appear counter-intuitive, as the highest average
error is associated to the most detailed modelling technique, the 3D model where the
adhesive thickness was included. As previously discussed, this was due to the significant
deviation on specimen H-004-1. When excluding H-004-1 from the average error analysis,
the 2D model is the least accurate but still presents a small average relative error. Conversely,
the most accurate models were the 3D model and 2D model where the adhesive thickness
was included, both exhibiting a relative average error of around 3 £ 1%.
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Table 5. Relative error of the final crack length between experimental results and different modelling
techniques divided by specimen name.

. 2D Model 3D Model
Specimen ZDModel i Adhesive PP Model i Adhesive
H-004-1 (R — 0.61) 6.45% 8.64% 8.73% 9.59%
H-002-11 (R — 0.29)  9.10% 3.83% 2.28% 0.20%
H-003-T1 (R = 0.036)  0.03% 2.47% 4.00% 4.77%
G-002-1 (R = 029)  2.48% 2.50% 2.27% 4.71%
G-010-T (R = 0.036)  5.87% 3.19% 1.18% 6.21%

Average Error 479 £355%  4.13+258%  3.69+299%  5.09 £ 3.38%

Average Error

(excl. H-004-T) 437+396%  3.00£0.65% 243+117%  3.97 £2.61%

4.2. Mixed-Mode—Cracked Lap Shear (CLS)

The numerical model for Mixed-Mode loading effectively captured fatigue disbonding
growth for all the modelling techniques. The evolution of the disbonding during fatigue
cycling is illustrated in Figure 10, where (a) illustrates the state of the specimen and
(c) the damage state (SDV1) of the cohesive elements at the beginning of the fatigue step;
(b) illustrates the state of the specimen and (d) the final damage state of the cohesive
elements and the crack shape after reaching 160,000 fatigue cycles. In contrast to what
was observed in the Mode I loading case, the damaged area shows only minor changes
after 160,000 cycles, since this type of test is force-controlled (meaning the applied load
remains constant throughout the experiment). Since the strain energy release rate (SERR)
is proportional to the square of the applied force (G « P?), the crack growth rate does not
vary significantly.

(a) (b)

SDV1
(Avg: 75%)
100E+00 |

916.67E-03 ]
33.33E-03
750.00E-03
666.67E-03 |
583.33E-03 ‘
500.00E-03
416.67E-03
333.33E-03

250.00E-03

166.67E-03
83.33E-03
0.00E+00

() (d)
Figure 10. Visual representation of the CLS during disbonding during fatigue cycling at N = 0 (a); at
N = 160,000 (b); damage distribution in cohesive zone at N = 0 (c); and at N = 160,000 (d).

As illustrated in Figure 11, the crack growth rate throughout the entire simulation
consistently falls within the same order of magnitude (10~3), which supports the discussion
presented earlier. The modified Paris” Law by Biirger (See Equation (30)) has demostrated
to accurately capture fatigue disbonding under Mixed-Mode loading implemented to a
CZM and the plot demonstrates that modelling the adhesive thickness affects the fatigue
disbonding captured by the model. The solid lines on the plot represent the equivalent
Paris” Law curve and its parameters with the respective equivalent Mixed-Mode ratio are
summarised in Table 6 showing a high correlation between the data and fit (R* > 0.90).
The difference between the models with and without the adhesive thickness is due to the
distribution of the Mixed-Mode ratio distribution on the cohesive layer, which is the main
factor affecting the computation of the crack growth rate at the same equivalent SERR.
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Figure 11. Crack growth rate as a function of normalised cyclic variation of the strain energy release
rate. Results are divided by specimen name and by the different modelling configurations. Solid lines
represent the interpolation for each model.

Table 6. Equivalent Paris’ Law parameters from different model configurations from Figure 11 with
Mmooy, = 3.78.

Cohesive Zone Modelling C(B) B(%) R?
2D 9.097 x 10718 54.27 0.9985
2D with adhesive 7.656 x 10~18 59.59 0.9877
3D 9.569 x 1018 52.71 0.9901
3D with adhesive 8.023 x 10~18 58.15 0.9697

Additionally, discrepancies between the 2D and 3D are evident in the data dispersion.
The interaction in the out-of-plane direction, which is simulated in the 3D case, also
influences the Mixed-Mode ratio distribution in the adhesive layer. As discussed in the
Mode I loading scenario, the redistribution of stresses and strains within the elements at
the cohesive front has an impact on this dispersion which can be minimised with a finer
mesh. No experimental data were available to directly compare the crack growth rate
against the equivalent cyclic behaviour. Therefore, only the different modelling techniques
were compared.

Figure 12 shows the relationship between crack length and the number of fatigue
cycles. The relative error of the final crack length between the experimental results and the
different modelling techniques after 150,000 cycles is summarised in Table 7. In general,
all four modelling techniques showed a good agreement with the experimental results,
with a maximum deviation of 3.72%. The experimental data indicate an initial crack length
of 25 mm. The specimen tested by van Teeseling [42] had a 10 mm saw-tooth crack front
design to facilitate crack initiation. For the sake of simplicity, all modelled cases were
represented with a straight crack front measuring 30 mm.

Table 7. Relative error of the final crack length between experimental results and different modelling
techniques.

2D Model 2D Model 3D Model 3D Model

with Adhesive with Adhesive
1.95% 2.65% 3.72% 2.30%
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Figure 12. Crack length as a function of the number of fatigue cycles. Results divided by the different
modelling configurations.

Variation in the slope of the four modelled cases can be attributed to both out-of-
plane effects and changes in Mixed-Mode ratio due to the added thickness, as well as the
estimation of the cohesive length. Specifically, the M parameter from Equation (16) can be
dynamically adjusted and calibrated based on the Mixed-Mode ratio from the cohesive
layer. In scenarios where a constant M was selected, the modelling technique that most
accurately represents crack growth behaviour was the 2D model, with a 2% deviation,
followed by the 3D model, which incorporates the adhesive with a 2.30% deviation. This
approach has been proven to effectively capture the effects of both the out-of-plane direction
and the added thickness during fatigue disbonding.

5. Conclusions

This study demonstrated the successful implementation of user-defined subroutines in
Abaqus to simulate high cycle fatigue disbonding in adhesively bonded joints under Mode
I and Mixed-Mode conditions. Both loading scenarios were validated against experimental
data in the literature.

The manuscript explored four different modelling techniques, including both 2D and
3D approaches, with and without consideration of the adhesive thickness. Special emphasis
was placed on the models that included the adhesive thickness, as this is the least explored
technique in the literature. This approach provides a more realistic representation of load
distribution during disbonding.

The results from Mode I simulations indicated that the additional thickness of the
adhesive affects how the load is distributed within the cohesive zone. At low crack growth
rates, the influence of this load distribution on the crack growth rate is more pronounced in
specimens with greater thickness.

Biirger’s model, which is a modified version of Paris’ Law, effectively captured fatigue
disbonding. Additionally, this model demonstrated that, under Mixed-Mode loading,
the inclusion or exclusion of the adhesive thickness influenced the Mixed-Mode distribution,
leading to variations in fatigue crack growth rates.

Although both 2D and 3D models have demonstrated good accuracy, the importance
of 3D models lies in the possible insights they provide regarding the out-of-plane direction,
particularly in relation to the shape of the crack front and its implications. Conversely, 2D
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models offer a more time-efficient simulation method, enabling quick iterations during the
developing phase whilst still maintaining adequate accuracy compared to experimental data.

The main disadvantages of the cohesive zone model described in this manuscript
for fatigue disbonding relates to the high reliance on experimental data. For each test
case, the simulation requires the Paris’ Law curve parameters, limiting the possibilities
of the user to test different loading conditions. For instance, without experimental data,
it is not possible to simulate the effect of different bond thicknesses. Furthermore, crack
propagation is constrained to occur at a predefined plane, simulating cohesive failure;
however, this does not always reflect the reality, as cracks could deviate or the failure could
be an adhesion failure.

The authors recommend extending this study at an element level to further investigate
the model’s capabilities, in particular its accuracy with more complex geometries to help
certify the use of adhesive bondings on primary aerospace structures.
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Abbreviations
The following abbreviations are used in this manuscript:

B-K criterion  Benzeggagh and Kenane criterion

BTSL Bi-linear Traction-Separation Law

CFRP Carbon Fibre-Reinforced Plastics

CLS Cracked Lap Shear

CzZM Cohesive Zone Model

AG Cyclic variation of the strain energy release rate
d Damage

R Displacement/Load Ratio

DCB Double-Cantilever Beam

A Displacement jump

EASA European Union Aviation Safety Agency
FAA Federal Aviation Administration

FEA Finite Element Analysis

FEM Finite Element Method

FML Fibre Metal Laminate
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Gc Fracture toughness

HCF High Cycle Fatigue

ey Length of the cohesive zone
0 Maximum traction

B Mixed-Mode ratio

NDI Non-Destructive Inspection
80 Onset displacement

of Propagation displacement
K Stiffness

SERRand G  Strain Energy Release Rate
SIF Stress Intensity Factor
XFEM Extended Finite Element Method
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