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Preface

Adhesive bonding has emerged as a fundamental technology in various industrial applications,

promoting lightweight structures, improved durability, and enhanced performance in joining diverse

families of materials. The scientific exploration and understanding of adhesive bonded joints have

become imperative for industrialists and academics. This book, “Design of Adhesive Bonded Joints”,

published by MDPI, is a comprehensive compilation of scientific papers on cutting-edge research,

methodologies, and applications on the topic of adhesive bonding.

The book includes a large spectrum of topics within adhesive bonding, namely theoretical

frameworks, experimental investigations, fracture mechanics concepts, and innovative applications.

The addressed subjects involve different design approaches for adhesive bonded joints, elucidating the

underlying principles governing their mechanical behavior, aging effects, and innovative disassembly

processes. The interplay between adhesive thickness, loading rates, and the incorporation of novel

materials further extends the book scope. The motivation behind assembling this collection of scientific

papers lies in the increasing significance of adhesive bonding in contemporary engineering practices.

The need for a consolidated resource that synthesizes the latest advancements, experimental findings,

and theoretical frameworks in this field prompted the creation of this book. Through collaboration

among esteemed researchers and experts, this book aims to contribute to the available literature of

adhesive bonding technology. This book is tailored for a diverse audience, including researchers,

engineers, students, and professionals engaged in materials science, mechanical engineering, and

related disciplines. Its multidisciplinary approach accommodates readers seeking a fundamental

understanding of adhesive bonding principles as well as those delving into the intricacies of fracture

mechanics and experimental methodologies.

In conclusion, “Design of Adhesive Bonded Joints” is a collaborative effort to consolidate and

disseminate knowledge in this dynamic field. Each scientific paper of this book is a unique contribution,

collectively forming a comprehensive resource on adhesive bonding design. The guest editor deeply

thanks all authors for their contribution and for believing in this book project from the start.

Raul D. S. G. Campilho

Editor
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Editorial

Design of Adhesive Bonded Joints

Raul D. S. G. Campilho 1,2

1 ISEP—School of Engineering, Polytechnic of Porto, R. Dr. António Bernardino de Almeida, 431,
4200-072 Porto, Portugal; raulcampilho@gmail.com; Tel.: +351-939-526-892

2 INEGI—Institute of Science and Innovation in Mechanical and Industrial Engineering, Pólo FEUP,
Rua Dr. Roberto Frias, 400, 4200-465 Porto, Portugal

Adhesive bonded joints have become vital to modern engineering, offering advantages
such as weight reduction, enhanced fatigue performance, and improved stress distribu-
tion [1]. As a result of these characteristics, the evolution of adhesive technology has
significantly influenced engineering practices, leading to widespread adoption in various
industries [2]. The design of adhesive joints involves a complex interplay of factors, includ-
ing adhesive selection, joint configuration, and loading conditions [3]. Despite significant
progress, challenges persist, necessitating a critical examination of current design prac-
tices [4]. This MDPI Special Issue entitled “Design of Adhesive Bonded Joints” serves as a
platform to explore the limitations and opportunities in bonded joint design, emphasizing
adhesives, joint characterization, experimental and analytical analyses, and predictive
modeling. In this editorial, current design limitations, avenues for improvement, ongoing
lines of research, and prospects in bonded joint design are addressed.

Current Design Limitations:
One primary concern is the lack of standardized procedures for adhesive joint char-

acterization. The variability in testing methods and reporting parameters hinders the
comparability of results, impeding the establishment of universal design guidelines [5].
Additionally, the absence of a unified approach for predictive modeling and failure analysis
poses challenges in ensuring design reliability under diverse loading conditions.

• Experimental limitations: one of the primary challenges in adhesive bonding design is
the lack of standardized procedures for adhesive joint characterization. Experimental
testing methods vary widely across studies, leading to inconsistencies in results and
hindering the establishment of universally applicable design guidelines [5]. Vari-
ability in factors such as specimen geometry, loading conditions, and environmental
parameters complicates the comparison of results and compromises the reliability
of experimental data. Examples of round-robin studies try to mitigate this disad-
vantage [6]. Moreover, quasi-static testing fails to adequately capture the dynamic
behavior of adhesive joints under real-world conditions including dynamic loads and
impact, often leading to extrapolations of the material behavior [7]. The impact of fac-
tors such as temperature variations, humidity, and loading rates on joint performance
remains insufficiently explored [8].

• Numerical limitations: numerical simulations, particularly those based on finite ele-
ment methods (FEMs), constitute a powerful tool to predict the behavior of bonded
joints [9]. However, challenges persist in achieving accurate and reliable simulations.
The complexity of adhesive joint behavior, e.g., plasticity, stress concentrations, and
initiation and propagation of cracks, requires advanced modeling approaches that
surpass the common simplifying assumptions [10]. Cohesive zone models, the most
widespread technique to simulate crack propagation in adhesive joints, are limited
by the assumptions inherent in their formulations [11]. The estimation of cohesive
parameters, such as the cohesive strength and fracture toughness, often relies on trial-
and-error procedures, introducing uncertainties in the predictions [12]. Additionally,

Processes 2023, 11, 3369. https://doi.org/10.3390/pr11123369 https://www.mdpi.com/journal/processes
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the applicability of standardized law shapes, such as triangular, across different adhe-
sive types and joint geometries remains a topic of ongoing investigation due to the
known geometry effects on the cohesive properties [13,14]. While the FEM provides
valuable insights, the computational cost associated with detailed simulations of large
and complex structures poses a challenge [15].

Improving Existing Design Processes:
Addressing current limitations requires a concerted effort to standardize testing proto-

cols and develop comprehensive design guidelines [16]. Robust methodologies for adhesive
joint characterization, including experimental testing and numerical analyses, are essential.
Advances in non-destructive evaluation techniques can enhance the understanding of joint
behavior, contributing to more accurate predictions of performance.

• Standardization of testing protocols: as previously mentioned, a fundamental chal-
lenge of bonded joint design is the lack of standardized testing protocols for adhesive
joint characterization. Variations in testing methodologies, specimen configurations,
and data analysis hinder the comparability of results across studies [17]. To improve
design processes, it is necessary to develop and adopt standardized testing proce-
dures [18]. These protocols should encompass quasi-static, dynamic, and environmen-
tal factors, ensuring a comprehensive understanding of adhesive joint behavior.

• Advanced numerical techniques: simplistic analytical/numerical models fail to cap-
ture the complex behavior of adhesive joints [19]. To address this limitation, designers
should embrace advanced techniques, such as FEM simulations, for a more detailed
understanding of joint mechanics, especially post-elasticity [20]. Cohesive zone mod-
els and damage mechanics can be integrated into numerical frameworks to provide a
more accurate representation of crack onset and growth [21].

• Tailoring adhesives for specific applications: advances in materials science offer an
opportunity to tailor adhesives at the molecular level, catering to the specific require-
ments of diverse applications [22]. Designers can collaborate with material scientists
to develop adhesives with enhanced properties, such as improved thermal resistance,
durability, and flexibility [23].

• Incorporating non-destructive evaluation (NDE) techniques: the integration of NDE
techniques into the design process can significantly enhance the monitoring process of
adhesive joint performance under service [24]. Techniques such as ultrasonic testing,
thermography, and acoustic emission monitoring provide real-time information on
the integrity of joints without causing damage [25]. This approach promotes early
detection of potential damage, enabling corrective actions to be implemented before
loss of structural integrity.

Current Lines of Research:
The field of adhesive bonded joint design is actively evolving. Structural adhesives,

with tailored properties to meet specific application requirements, as identified in the
previous section, are a focal point of ongoing investigations [26]. Experimental testing of
adhesives under extreme conditions, such as high temperatures or corrosive environments,
provides insights into the limits of adhesive performance [27,28]. Numerical analyses,
including FEM simulations, are becoming more sophisticated.

• Tailoring structural adhesives: structural adhesives can be tailored to meet specific ap-
plication requirements [29]. The quest for adhesives with customized properties, such
as enhanced strength, durability, and environmental resistance, is driving collabora-
tions between material scientists and engineers. Researchers are exploring innovative
formulations, including nanocomposite adhesives and bio-inspired adhesives, to
achieve superior performance in diverse operating conditions [30,31].

• Experimental testing under extreme conditions: the performance of adhesive joints under
high temperatures, in humid and corrosive environments, and under dynamic loading,
is an active area of investigation [32,33]. This line of research not only expands the funda-
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mental knowledge but also informs the development of adhesive formulations resilient
to harsh operating conditions, crucial for industries like aerospace and automotive [34].

• Advancements in numerical analyses: the refinement of numerical analyses, particu-
larly FEM simulations, is a vital point of research [9,35]. Researchers are incorporating
more sophisticated modeling techniques to accurately simulate the intricate mechanics
of adhesive joints [36,37]. Cohesive zone models are being fine-tuned to enhance their
predictive capabilities [38]. This research contributes to a more nuanced understanding
of joint behavior, facilitating the design of adhesive joints.

• Dynamic impact and fatigue testing: understanding how adhesive joints respond
to dynamic loading, impact forces, and fatigue conditions is another area garnering
significant attention [39–41]. Researchers are conducting experiments to elucidate
the dynamic behavior of adhesive joints, providing insights into their resilience and
failure mechanisms under varying loading rates [42]. This research is pivotal for
applications where structures are subjected to cyclic loading or impact events, such as
in automotive crash scenarios or structural components in wind turbines [43,44].

Prospects:
The future of adhesive bonding is driven by advancements in materials science,

computational modeling, and manufacturing technologies [45]. Tailoring adhesives at
the molecular level will ensure high-performance joints for specialized applications. The
integration of machine learning algorithms into predictive modeling can enhance the
accuracy of strength and failure predictions [46]. Additionally, the exploration of meshless
methods and extended finite element methods (XFEMs) can provide a more efficient and
accurate representation of complex joint behaviors.

• Tailoring adhesives at the molecular level: one of the most promising prospects lies
in the ability to tailor adhesives at the molecular level [47]. This entails designing
adhesives with precise properties to meet the specific demands of diverse applications.
Adhesives are expected to have enhanced performance characteristics, such as superior
strength, durability, and adaptability to challenging environmental conditions [48].

• Integration of machine learning into predictive modeling: the future of adhesive joint
design envisions a seamless integration of machine learning algorithms into predictive
modeling [39]. By learning from vast datasets of experimental and simulated results,
machine learning algorithms can identify patterns and correlations that might elude
traditional predictive methods [49]. Thus, the optimization of adhesive joint designs
becomes possible for a wide range of applications.

• Exploration of meshless methods and XFEMs: the traditional FEM faces challenges in
efficiently representing complex crack initiation and propagation in adhesive joints [50].
Meshless methods and XFEMs offer alternatives that could provide a more accurate
and computationally efficient representation of joint behavior [51,52].

• Emerging technologies: as technology advances, so do the tools available for adhesive joint
design. Emerging technologies, such as additive manufacturing, present opportunities to
create intricate joint geometries and customized adhesive interfaces [53]. These technolo-
gies not only enhance the manufacturing process but also open avenues for innovative
joint configurations that were previously impractical or impossible to achieve [54].

In conclusion, this MDPI Special Issue entitled “Design of Adhesive Bonded Joints”
provides a timely platform to address the challenges and opportunities in this evolving
field. Current design limitations necessitate standardized testing procedures and guidelines,
while ongoing research explores advanced materials and improved numerical techniques.
The future holds exciting prospects, with a focus on tailoring adhesives, integrating ad-
vanced modeling approaches, and embracing emerging technologies to drive the design of
adhesive bonded joints to new heights. As the field continues to evolve, collaborative ef-
forts among researchers, engineers, and industry professionals will be crucial in advancing
the science and practice of adhesive joint design.

Conflicts of Interest: The author declares no conflict of interest.

3



Processes 2023, 11, 3369

References

1. Kumar, S.; Mittal, K.L. Advances in Modeling and Design of Adhesively Bonded Systems; John Wiley & Sons: Hoboken, NJ, USA, 2013.
2. Fay, P.A. 1—A history of adhesive bonding. In Adhesive Bonding: Science, Technology and Applications; Adams, R.D., Ed.; Elsevier:

Amsterdam, The Netherlands, 2021; pp. 3–40.
3. Gualberto, H.R.; do Carmo Amorim, F.; Costa, H.R.M. A review of the relationship between design factors and environmental

agents regarding adhesive bonded joints. J. Braz. Soc. Mech. Sci. Eng. 2021, 43, 389. [CrossRef]
4. Wang, S.; Li, J.; Li, S.; Wu, X.; Guo, C.; Yu, L.; Murto, P.; Wang, Z.; Xu, X. Self-contained underwater adhesion and informational

labeling enabled by arene-functionalized polymeric ionogels. Adv. Funct. Mater. 2023, 33, 2306814. [CrossRef]
5. Tserpes, K.; Barroso-Caro, A.; Carraro, P.A.; Beber, V.C.; Floros, I.; Gamon, W.; Kozłowski, M.; Santandrea, F.; Shahverdi, M.;
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Abstract: Removable pressure-sensitive adhesives (PSAs) are used in the production of self-adhesive
materials such as protective films, masking tapes or biomedical electrodes. This work presents a
new and environmentally friendly method of obtaining this type of adhesive materials, i.e., pho-
tochemically induced free radical telomerization. Adhesive binders to removable PSAs, i.e., the
photoreactive acrylic telomer syrups (ATS) were prepared from n-butyl acrylate, acrylic acid, and
4-acrylooxybenzophenone. Tetrabromomethane (CBr4) or bromotrichloromethane (CBrCl3) were
used as the telogens. ATS was modified with unsaturated polybutadiene resin and a radical pho-
toinitiator. Adhesive compositions were coated onto a carrier and UV cross-linked. The effects of
the chemical nature of telomers (i.e., terminal Br or Cl atoms) and their molecular weight (K-value),
as well as the cross-linking degree on adhesive properties of PSAs, were studied. It was found that
with the increase in telogen content in the system, the dynamic viscosity of ATS and K-value of
acrylic telomers decrease, and the conversion of monomers increases. CBr4 turned out to be a more
effective chain transfer agent than CBrCl3. Moreover, telomers with terminal Br-atoms (7.5 mmol
of CBr4), due to slightly lower molecular weights and viscosity, showed a higher photocrosslinking
ability (which was confirmed by high cohesion results at 20 and 70 ◦C, i.e., >72 h). Generally, higher
values of the temperature at which adhesive failure occurred were noted for PSAs based on ATS with
lower telogen content (7.5 mmol), both CBr4 and CBrCl3. The excellent result for removable PSA
was obtained in the case of telomer syrup Br-7.5 crosslinked with a 5 J/cm2 dose of UV-radiation
(adhesion ca.1.3 N/25 mm, and cohesion > 72 h).

Keywords: pressure-sensitive adhesives; removable PSA; telomerization; photopolymerization;
adhesion

1. Introduction

Pressure-sensitive adhesives (PSAs) are viscoelastic materials that remain permanently
adhesive and can adhere even under light pressure [1]. Of the many base polymer materials,
polyacrylates have enjoyed the fastest growth in commercial applications [2]. This is due
to high resistance to oxidation and water, and lack of yellowing and transparency, which
allows the use of acrylic PSAs in many industries, i.e., packaging tape, medical pads,
protective films, optically clear adhesives, masking tapes, and hydrogels [3]. The most
important properties of PSAs include tack (the adhesive’s ability to adhere quickly), peel
adhesion (a force required to remove a coated flexible sheet material from a test panel at a
specified angle and rate of removal), and cohesion (resistance to static shear load). These
values result from the nature of adhesives (chemical composition and state of the adhesives)
molecular weight of the base polymer, crosslinking yields, coating weight, temperature,
time, as well as a test method and conditions and face stock materials [4]. Pressure-sensitive
adhesives are usually classified as permanent or removable (e.g., masking tapes where a
low release force is required so as not to damage the surface) [5]. Permanent PSAs should
be characterized by high peel adhesion, high tack, and high cohesion. While a limited peel
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value and a high shear strength are required for removable adhesives. According to peel
adhesion values, PSAs can be divided into excellent permanent (>14 N/25 mm), permanent
(from 10 to 14 N/25 mm), semi-removable (from 6 up to 8 N/25 mm), removable (from 2 to
4 N/25 mm) and excellent removable (<1 N/25 mm) [6]. While I. Benedek points out that
removable PSAs should exhibit a peel adhesion value of 1.5 N/25 mm and cohesion values
of at least 100 min at room temperature [7].

To obtain removable PSAs with such properties, the following methods are used:
physical modification of the polymer matrix using inorganic additives (e.g., glass spheres or
calcium carbonate) [8], use of mixtures of sticky and non-sticky ingredients (resins) [9] and
polymer mixtures, in which one has a glass transition temperature below room temperature
and the other slightly above room temperature [10]. Other methods consist of obtaining
PSAs with an appropriate cross-linking degree (high cohesion and low tack) [11,12], using
a mixture of “hard” and “soft” monomers [13] or segments, mainly based on mixtures of
polyurethanes and polyethylene glycols [14–16]. The method of the greatest industrial
importance in the production of the adhesive binder for removable PSA is the emulsion
polymerization of acrylic monomers. An interesting way is also the chemical modification
of the polyacrylate emulsion with isobornyl methacrylate, thanks to which it is possible
to obtain PSA with adhesion below 0.3 N/25 mm and cohesion above 100 h [17]. In con-
trast, the use of the UV technique in the removable PSAs preparation mainly concerns
the step of cross-linking the polymer matrix (photoreactive or not) modified with unsat-
urated cross-linking monomers (multifunctional), i.e., ethylene glycol dimethylacrylate,
bisphenol-A ethoxylate diacrylate, or trimethylolpropane triacrylate. Achieving dense
polymer networks results in obtaining PSA with outstanding properties (peel adhesion
<1 N/25 mm) [18]. Removable PSAs from UV technology is used as attachments of
ultra-thin electrodes (1 to 2 μm) to human skin (peel adhesion below 0.01 N/25 mm and
ultra-high optical transparency) [19]. This article describes, for the first time, a new method
of preparing the polymer matrix to removable PSAs, i.e., photochemically induced free
radical telomerization.

Telomerization is a method of obtaining macromolecules/oligomers characterized
by low polydispersity. In telomerization, taxogen (also called monomer) reacts with telo-
gen (chain transfer agent) according to the radical mechanism, but also ionic (anionic or
cationic) [20,21]. The telomerization process can be initiated by thermal initiators (such
as organic peroxides, hydroperoxides, azo compounds, etc.), UV radiation, γ radiation
accompanying beta decay of 60Co to nonradioactive 60Ni, and redox processes involving
metal ions with variable valence [22]. Particularly noteworthy is the process of photoin-
duced telomerization, in which it is possible to obtain permanent PSAs without the need
to use organic solvents that have particular chemical structures, for example, terminal Si
atoms [23,24].

The work aimed to present a new method of preparation of removable PSAs from
acrylic telomer syrups (as a product of photoinduced telomerization) and polybutadiene
resin. In addition, the influence of telogen content (CBr4 or CBrCl3) as well as the K-value
of acrylic telomers on the thermal and mechanical properties of PSAs were determined.
Potentially, the presented method could be used in the production of masking tapes or
protective films because it is ecologically safe (processes without the use of organic solvents),
fast (up to several dozen minutes), and enables obtaining adhesive binders as solutions of
oligomers with a low content of volatile organic compounds.

2. Materials and Methods

2.1. Materials

The acrylic telomer syrups (ATS) were prepared using the following components:

- monomers: n-butyl acrylate (BA), acrylic acid (AA BASF; Ludwigshafen, Germany),
4-acryloylooxybenzophenone (ABP, Chemitec, Scandicci, Italy)

- telogens: tetrabromomethane (CBr4), bromotrichlomethane (CBrCl3), Merck, Warsaw,
Poland)
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- radical photoinitiator: ethyl (2,4,6-trimethyl benzoyl)-phenyl-phosphinate (Omnirad
TPOL, IGM Resins, Waalwijk, The Netherlands), i.e., acylphosphine-type (APO).

The adhesive compositions were prepared using the acrylic telomers syrups and:

- hydroxyl-terminated polybutadiene resin Hypro 1200X90 HTB (HTB, CVC Thermoset
Specialties, Emerald Kalama Chemical, Kalama, WA, USA)

- radical photoinitiator: ethyl (2,4,6-trimethyl benzoyl)-phenyl-phosphinate (Omnirad
TPOL, IGM Resins, Waalwijk, The Netherlands).

The components were used without additional purification. The chemical structures
of the compounds are shown in Figure 1.

 

Figure 1. Chemical structures of the compounds: (a) acrylic acid, (b) n-butyl acrylate, (c) 4-
acrylooxybenzophenone, (d) tetrabromomethane, (e) bromotrichloromethane, (f) TPOL radical pho-
toinitiator (APO-type), (g) polybutadiene resin HTB.

2.2. Synthesis and Characterization of Acrylic Telomer Syrups

Acrylic telomer syrups (ATSs) were obtained by photo-induced telomerization of BA,
AA, and ABP initiated by a radical photoinitiator TPOL and CBr4 or CBrCl3 as a telogen
(7.5 or 15 mmol/100 wt. parts of monomers mixture). The compositions of the reaction
mixtures are shown in Table 1.

Table 1. Compositions of monomers, photoinitiator, and telogen for acrylic telomer syrups.

Syrups
Acronym

Monomers (wt.%) TPOL (wt. part) 2 CBr4 CBrCl3

BA AA ABP (wt. parts) 2 mmol 2 (wt. parts) 2 mmol 2

RS 1

91.5 7.5 1 0.2

— — — —
Br-7.5 2.5 7.5 — —
Br-15 5.0 15 — —
Cl-7.5 — — 1.5 7.5
Cl-15 — — 3 15

1 reference sample; 2 per 100 wt. parts of the monomer mixture.

The telomerization process was carried out in a glass reactor equipped with a me-
chanical stirrer (mixing speed 300 rpm) and a thermocouple under argon as inert gas at
a temperature of 20 ◦C for 15 min. A mixture of monomers (50 g) was introduced into
the reactor and purged with argon. The high-intensity UV lamp emitting UV-A radiation
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(UVAHAND 250, Dr. Hönle AG UV Technology, Gräfelting, Germany) as a UV light
source was used. The UV irradiation inside the reactor (15 mW/cm2) was controlled
with UV-radiometer SL2W (UV-Design, Brachttal, Germany). A schematic diagram of the
photochemically induced telomerization process is shown in Figure 2.

 

Figure 2. Scheme of the photochemically induced telomerization process where: R1(2) is a radical
formed from the decomposition of APO photoinitiator, X is a Br or Cl atom, R3 is H, C3H9 or
C6H6COC6H6.

The solid content (SC) in ATS was determined using a thermobalance (MA 50/1.X2.IC.A;
Radwag, Radom, Poland). In an aluminum pan, syrup samples (ca. 2 g) were heated at
105 ◦C for 4 h. Equation (1) was used to calculate the SC value:

SC =
m2

m1
·100(wt%) (1)

where: m1 is the initial weight of a sample and m2 is the residual weight after an evaporation
process.

K-values were determined for the dry acrylic telomers based on the EN ISO 1628-1:1998
standard and the Fikentscher Equation (2).

K = 1000·k = 1000·
1.5log ηr − 1 +

√
1 +

( 2
c + 2 + 1.5log ηr

)
1.5log ηr

150 + 300c
(2)

where: ηr = η/η0; η is the viscosity of a telomer/copolymer solution; η0 is the viscosity of a
pure auxiliary diluent (i.e., tetrahydrofuran); c is the telomer concentration (g/cm3).

2.3. Preparation and Characterization of Pressure-Sensitive Adhesives

Pressure-sensitive adhesives were obtained from acrylic telomer syrups (100 wt. parts),
polybutadiene resin HTB (7.5 wt. parts/100 wt. parts of ATS), and APO photoinitiator
(2.5 wt. parts/100 wt. parts of ATS). Adhesive compositions were homogenized with
a high-speed mechanical mixer (T10 Basic Ultra-Turrax, IKA, Königswinter, Germany),
applied onto polyester foils, and UV-irradiated (UV-doses were 2, 3, 4, 5, or 6 J/cm2; UV-
irradiation time was 32 s, 48 s, 64 s, and 96 s, respectively) using the medium-pressure
mercury lamp (UV-ABC; Hönle UV-Technology, Gräfelfing, Germany). The base weight
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of the PSA layers was 15 g/m2. The UV exposure was controlled with the radiometer
(Dynachem 500; Dynachem Corp., Westville, IL, USA). During UV irradiation of adhesive
films, two independent processes take place. The first is the formation of a polymer network
from telomeric chains with hanging benzophenone moieties (from the APB structure) that
are capable of abstracting hydrogen (for example from the hanging acrylate chains of
other telomeric chains) (Figure 3a). The second process consists of photocrosslinking with
the participation of the radical photoinitiator APO, unsaturated HTB resin and unreacted
monomers from ATS (Figure 3b).

 

Figure 3. Photocrosslinking of pressure-sensitive adhesives: (a) via copolymerizable photoinitiator
ABP (hydrogen abstractor) and (b) via HTB and unreacted monomers [23].

Self-adhesive tests (i.e., adhesion to steel at 180◦, tack, cohesion at 20 ◦C and 70 ◦C,
and shear adhesion failure test) of UV-crosslinked PSAs were performed. Adhesion to
steel at a 180◦ (also called peel adhesion) was determined at room temperature using the
Zwick/Roell Z010 testing machine (Zwick/Roell, Ulm, Germany) according to the AFERA
5001 (standard developed by the European Association des Fabricants Europeens de Rubans
Auto-Adhesifs—AFERA). The degreased steel plate was applied with a one-sided PSA film
measuring 175 × 25 mm and pressed with a 2 kg rubber roller. The test was performed
20 min after the application of the film to the plate with a peeling speed of 300 mm/min.
Tack values were determined using the Zwick/Roell Z010 testing machine (Zwick/Roell,
Ulm, Germany) according to AFERA 5015 standard. PSA film with dimensions of 175 ×
25 mm was mounted in the upper jaws to obtain loops with the adhesive layer on the
outside. In the lower jaws, a degreased steel plate was placed perpendicularly to the
sample, which was lowered perpendicularly at a speed of 100 mm/min. The contact area
was about 6.25 cm2. The machine recorded the force needed to detach the adhesive film
after a short contact with the steel surface, without external forces. The cohesion of PSAs
(shear resistance) was measured according to the AFERA 5012 standard, with a device
developed by the West Pomeranian University of Technology’s International Laboratory
of Adhesives and Self-Adhesive Materials in Szczecin that measures the time when joint
cracks occur automatically. A one-sided adhesive film was applied to the degreased steel
plate to form a 25 × 25 mm (6.25 cm2) joint and pressed with a 2 kg rubber roller to improve
wettability. A 1 kg weight was attached to the free end of the film. The setup was then
placed in a tripod so that the force of gravity was exerted on the weld at an angle of 180◦.
The cohesion value was defined as the time needed for the weld to crack. The test was
carried out at a temperature of 20 ◦C and 70 ◦C. The shear adhesion failure test (SAFT)
was carried out to determine the resistance to increased temperature. For this purpose, the
PSA samples were prepared analogously to the cohesion test, however, they were heated
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in the range of 20 ÷ 250 ◦C with a temperature increase of 0.5 ◦C/min. Three samples of
each adhesive film were evaluated for each test. Material damage may occur in any of
the previously mentioned tests, i.e., adhesive failure (af), when the adhesive layer remains
on the carrier (cohesion forces > adhesion forces); cohesive failure (cf) when the adhesive
remains on both the carrier and substrate (cohesion forces < adhesion forces) and mixed
failure (mf) when both adherent and cohesive failures occur at the same time.

To determine the glass transition temperatures (Tg) of UV-crosslinked PSAs the differ-
ential scanning calorimeter method was used (DSC250, TA Instruments, New Castle, DE,
USA). Samples (ca. 10 mg) were analyzed using hermetic aluminum pans at temperatures
from −80 to 200 ◦C (heating rate of 10 ◦C/min).

3. Results and Discussion

3.1. The Physicochemical Properties of Acrylic Telomer Syrups and Dry Telomers

The physicochemical properties of acrylic telomer syrups (dynamic viscosity and solid
content), as well as the K-value of dry acrylic telomers, are presented in Table 2.

Table 2. The physicochemical properties of obtained acrylic telomer syrups and dry telomers.

ATS Acronym SC (%)
Dynamic Viscosity

(Pa·s)
K-Value (a.u.)

RS n.d. n.d. n.d.
Br-7.5 79.2 13.8 26.3
Br-15 81.5 7.3 18.1
Cl-7.5 75.0 48.1 42.2
Cl-15 79.4 23.5 30.8

n.d.—no data.

In the beginning, it should be noted that carrying out the mass photopolymerization
of BA, AA, and APB monomers (reference sample, Table 1) under the same reaction
conditions as in phototelomerization, resulted in the gel formation in the entire volume
of the reaction mixture. The use of chain transfer agents (i.e., CBr4 and CBrCl3) in the
mass photopolymerization process allows for obtaining liquid reaction products (acrylic
telomer syrups) in a relatively short time. As can be seen in Table 2, ATS with CBr4
is characterized by higher solid content (higher monomers conversion) than ATS with
CBrCl3 telogen (2–4%). An increase in the telogen content in the reactive system caused
a decrease in the solid content and the dynamic viscosity values of the ATS, as expected.
A higher concentration of chain transfer agents (CBr4 or CBrCl3) causes the formation of
more radicals, initiating the propagation step, as well as more frequent chain transfer and
termination. This was similar to previously published results [25,26]. It is worth noting that
telomer syrups with CBr4 were characterized by a much lower dynamic viscosity (<14 Pa·s)
and are perfect for coating the carrier. In the case of ATS with CBrCl3, dynamic viscosity
values were almost three times higher than their CBr4 counterparts. This is related to the
molecular weights of the resulting telomeres. Based on the K-value results, which express
the molecular weight of polymeric materials, it was proved that Br-telomeres (based on
CBr4) was characterized by almost two times smaller molecular weights than Cl-telomeres
(based on CBrCl3). The above results are due to the greater reactivity of CBr4 as a chain
transfer agent. It is known that CBr4 has a high kinetic chain transfer constant [27].

3.2. Properties of UV-Crosslinked PSA

Adhesion to steal at 180◦ and tack of prepared PSAs based on Br- or Cl-telomer syrups
and polybutadiene resin HTB, depending on the UV dose used in the UV-crosslinking step
(in fact on the cross-linking degree) are shown in Figure 4.

12



Processes 2023, 11, 885

 

Figure 4. Adhesion to steal at 180◦ (a) and tack (b) tack of PSAs based on acrylic telomer syrups.

As mentioned earlier, the 3D polymer network is formed in presented PSAs because
of the formation of cross-links between the telomers’/oligomers’ chains and the polymer
network made of polybutadiene resin and unreacted acrylate monomers (20–25 wt.% of
unreacted BA or AA). The tests results showed that adhesion to steel and tack significantly
depended on the UV dose (i.e., from the density of the polymer network), as well as the
type and number of terminal groups in the polyacrylate chains, which interacted with the
polar surface of the stainless steel. The adhesion values significantly decreased as the UV
dose increased (from about 10 N/25 mm to even 0.2 N/25 mm for PSA-Cl-7.5). A similar
dependence was shown for tack values (from 9.5 N to 0.1 N). Generally, cross-linking
degree reduces chain mobility, thus decreasing adhesion and tack. Another factor affecting
the adhesion (and tack) values is the chemical nature of the polymer forming the PSAs.
This article presents new adhesive binders, i.e., acrylic telomers with terminal groups,
namely: Br- (PSAs based on CBr4 telomers) or Br- and -Cl3 (samples from CBrCl3). In
addition, the weight fraction of telomeres in the adhesive binder is significant. Based on
SC measurements it was 75 to 81.5 wt.% (Table 2). The other additives are polybutadiene
resin (but only in the amount of 7.5 wt. parts/100 wt. parts of telomer syrup). It can
therefore be concluded that the PSAs were mainly based on telomers. Thus, their chemical
nature/physicochemical properties (i.e., molecular weight characterize as K-value and
special built-in terminal groups) determine the adhesive properties of PSAs. The molar
content of telogens in the system was the same (7.5 or 15 mmol/100 g of monomers mixture).
Therefore, the properties of PSAs are influenced by the chemical nature of telogens. The
adhesion values can be partly explained by the electrostatic theory of adhesion. According
to this theory, the presence of more electronegative groups in the PSAs (electronegativity of
bromine is 2.8 and chlorine is 3.0 on the Pauling scale) [28] should cause higher adhesion
and tack [29]. This theory explains the positive influence of halogen concentration on
adhesion and tack (PSAs based on Br-15 and Cl-15 telomer syrups exhibited higher adhesion
and tack, than those with lower content of telogens). It is worth noting that only at low
doses of UV radiation (2 or 3 J/cm2) the adhesion values for PSA-Cl-7.5 (Cl atoms) were
slightly higher than for PSA-Br-7.5 (only Br atoms). In the case of 4 J/cm2 of UV dose,
the adhesion values for the discussed PSAs samples were equal (4.8 N/25mm). On the
other hand, a further increase in the UV dose (increase in cross-linking density) caused
the PSA-Br-7.5 films to be characterized by higher adhesion (1.5 and 0.8 N/25 mm) than
the PSA-Cl-7.5 (<1 N/25 mm). This was related to the K-values of the telomeres (i.e., their
molecular weights). Br-telomeres exhibited a lower K-value (26.3 a.u.) than Cl-telomeres
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(42.2 a.u.). Therefore, Br-telomers exhibited higher chain mobility and thus higher adhesion
values. The same phenomenon explains the dependence of the tack values of the chemical
nature of telomers. It is worth noting that only in the case of the PSA-Cl-15 films, no
material damage was noted during the adhesion and tack tests. This was because the
Cl-telomere had an appropriate K-value (ca. 42 a.u.). In the case of Cl-telomers, a higher
dose of UV radiation was required to obtain properly cross-linked adhesive films (without
cf) (>3 J/cm2). Based on ATS with a higher content of telogens (15 mmol), both CBr4 and
CBrCl3, it was impossible to obtain PSAs at a low UV dose (2 or 3 J/cm2) (no results).
In turn, all samples with Br-15 (the lowest K-value, 18 a.u.), regardless of the UV dose
used, were insufficiently cross-linked (telomeric chains were too short). According to the
previously indicated criteria and based on the tests carried out, it can be concluded that the
PSA-Br-7.5 film, cross-linked by the UV dose of 5 J/cm2, showed the adhesion and tack
appropriate for removable PSA, i.e., 1.3 N/25 mm and 1 N, respectively. In turn, cohesion
tests at 20 and 70 ◦C (Figure 5) revealed that this sample also exhibited excellent shear
resistance (>72 h). Cohesion tests confirmed that the values of this parameter increased
with cross-linking density (with UV dose) for all tested PSAs. The weakest results were
confirmed for the PSA-Br-15 (the lowest K-value for telomer), i.e., <5 h.

 

 

Figure 5. Cohesion at 20 ◦C (a) and 70 ◦C (b) and the SAFT (c) of PSAs based on acrylic telomer syrup.
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Interestingly, higher values of cohesion at 70 ◦C were noticed. This may be due to the
better wettability of the steel substrate by PSAs. In particular, it concerned PSA-Cl samples
and cross-linked with a UV dose of 4 J/cm2 (increase in cohesion at 70 ◦C to 72 h). It can
also be stated that the best cohesion results (both at 20 and 70 ◦C) were recorded for the
adhesive film based on Br-7.5 telomer syrup, as already at the UV dose of 3 J/cm2 the cohe-
sion values were 72 h. However, the adhesion was too high for removable PSA products
(7.3 N/25 mm; Figure 4a). This may be due to the lower viscosity of this telomer
(13.8 Pa·s) and relatively high K-value (26 a.u.), thus facilitating the migration of radi-
cals and formation of cross-linked structure. Considering the shear adhesion failure test
(SAFT) results (Figure 3c) it can be concluded that the high thermal resistance was demon-
strated for the PSA-Br-7.5 sample cross-linked by 5 J/cm2 (162 ◦C). Generally, higher
values of the temperature at which adhesive failure occurred were noted for PSAs based
on ATS with lower telogen content (7.5 mmol of CBr4 or CBrCl3). However, PSA-Br ad-
hesive films (based on CBr4) turned out to be slightly better, even though Br-telomeres
were characterized by slightly lower molecular weights than Cl-telomers (lower K-value,
26 a.u, and 42 a.u., respectively). It’s known that the shear measured as SAFT is directly
dependent on the softening point (i.e., the molecular weight of the resin/polymer). In the
case of PSAs based on ATS, it turns out that their photocrosslinking ability is also important.
Systems with CBr4, due to slightly lower molecular weights and viscosity, show a higher
photocrosslinking ability (already at 3 J/cm2, which was confirmed by cohesion tests at 20
and 70 ◦C).

The self-adhesive properties of PSAs are also affected by the glass transition tempera-
ture of the cross-linked system (resin/polymer). Figure 6 shows the DSC thermograms of
the PSAs cross-linked using a UV dose of 6 J/cm2.

Figure 6. DSC thermograms of the cross-linked PSAs.

The Tg values for all acrylic PSAs were below −20 ◦C. Additionally, the Tg values
for the PSA-Br-7.5 and PSA-Cl-7.5 and PSA-Cl-15 samples were very similar (−32 ◦C
and −36 ◦C, respectively). Only PSA-Br-15 exhibited a lower Tg (−40 ◦C). These results
correspond very well with the results of cohesion at 20 and 70 ◦C for these adhesive films
(cross-linked with a UV dose of 6 J/cm2). Namely, samples with higher Tg (of the order of
−30 ◦C) were characterized by high cohesion, resulting from a high cross-linking degree
with the UV dose, hence lower mobility of polymer chains and higher Tg values. The
opposite is for the PSA-Br-15 sample with the lowest cross-linking degree and short, more
mobile telomeric chains.
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4. Conclusions

Acrylic telomer syrups (ATS) with terminal Br or Cl atoms (Br-telomers/Cl-telomers)
were prepared via a UV-phototelomerization process using n-butyl acrylate, acrylic acid,
4-acrylooxybenzophenone. Two kinds of telogens, i.e., tetrabromomethane (CBr4) and
bromotrichloromethane (CBrCl3) and radical photoinitiator (acylphosphine-type, APO)
were tested as photoinitiating systems. Adhesive compositions (ATS compounded with
the polybutadiene resin and APO photoinitiator) were used for the creation of remov-
able pressure-sensitive adhesives (PSA) by UV cross-linking. The main conclusions are
as follows:

- CBr4 telogen allowed preparing of acrylic telomer syrup with significantly lower
dynamic viscosity and slightly higher solids content than CBrCl3;

- tBr-telomers are characterized by lower K-value compared to Cl-telomers.
- A greeter concentration of telogens (both CBr4 and CBrCl3) results in the formation

of much shorter telomer chains, which determines the use of a higher dose of UV
radiation at the stage of cross-linking the adhesive films, but despite this, cohesive
failure still occurs, and the cohesion values of such systems are low, especially in case
of PSA based on Br-telomers.

- The influence of terminal Br and Cl atoms and their amounts are consistent with the
electrochemical theory of adhesion, but only in the range of low cross-linking densities
of systems (small UV doses).

- The excellent removable PSA was obtained using 7.5 mmol of CBr4/100 g of monomer
mixtures, and after cross-linking of the adhesive film by 5 J/cm2 of UV dose, i.e., ad-
hesion to steal was 1.3 N/25 mm, tack 1 N, cohesion at 20 and 70 ◦C >72 h and shear
adhesion failure test ca. 160 ◦C.
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Abstract: It is very important to understand the damage mechanisms as well as the mechanical
response of T-joints involving different materials on the base plate. For this purpose, two configura-
tions were studied. In one, the joint is composed of a base plate and a T-element, both in Al 6063-T5,
while in the other one, the aluminum base plate was replaced by a glass fiber composite. Finally,
each configuration was divided into two batches, where in one, the elements were bonded with a
stiff adhesive (Araldite® AV 4076-1/HY 4076) while in the other, a more ductile adhesive (Araldite®

AW 106/HV 953 U) was used. The static and fatigue strength of all configurations was evaluated in
bending. In all cases, the damage occurred at the end of the T-element, where a crack appeared and
propagated toward the interior of the T-joint. The bending strength is highest for joints involving
aluminum and the ductile adhesive, which is 2.8 times higher than the same configuration involving
composite base plates and 1.7 times higher than that using the stiff adhesive. Finally, the highest
fatigue lives were obtained for T-joints involving Al 6063-T5 base plates, and regardless of the base
plate material, the ductile adhesive promoted the highest fatigue strength.

Keywords: structural adhesives; T-joints; static characterization; fatigue strength; damage mechanisms;
mechanical testing

1. Introduction

Compared to traditional joining methods (bolted, riveted or welded joints), adhesive
joints have significant advantages due to the absence of fretting between materials, better
fatigue response, and easier adaptation to complex shapes, among others. In addition
to these advantages, adhesives are also increasingly reliable and durable. Therefore, it is
not surprising that adhesive joints are increasingly being adopted by different industrial
sectors [1].

In this context, and depending on the specific application or loading mode, designers
have a wide variety of joint architectures at their disposal, where the single lap joints are
the most used due to their simplicity and low cost [2,3]. However, they are responsible
for promoting high shear and peeling stresses despite the various strategies that can be
adopted to minimize them. Some examples include changing the strength and modulus
of the adhesives and adherends [4–7], the thickness of adhesives and adherends [4–6], the
overlap length [2,6], and adding fillets to the overlapped edges [8]. While these strategies
increase the efficiency of single-lap joints, they cannot change the preferred loading mode
for which they were designed. Therefore, to overcome this problem, T-joints are used to
transfer bending, compressive, shear, and tensile loads between the leg panel and the base
panel [9].

In terms of industrial applications, they can be used in the aircraft, automotive and
marine sectors. In the first one, Johnson and Kardomateas [10] studied an adhesively
bonded insert type T-joint for use in a composite space frame due to its high specific
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stiffness and large bond area. In this study, a finite element analysis was performed to
obtain the stress distribution along the joint. Regarding naval applications, the University
of Southampton developed extensive work on T-joint design and performance in which, for
example, Shenoi and Violette [11] studied the influence of T-joint geometry on the ability to
transfer out-of-plane loads in small boats. They concluded that geometry and material have
a significant influence on the T-joint strength, but the radius of the fillet and the thickness
of the overlaminate are the most determining parameters. Finally, in terms of aeronautic
applications, T-joints are very favorable due to their structural efficiency, simplicity, and
lightness. In this context, Moreno et al. [12] proposed a system to take advantage of the
energy that could be dissipated by the structural bonded joints.

However, complete knowledge of joint strength and damage mechanisms is required
to allow widespread use. From the different studies available in the literature [13–16],
it is possible to conclude that the failure initiates in regions where high stresses occur,
so it is important to find these critical points for specific design solutions and geometric
parameters. For example, Shenoi and Hawkins [17] observed that although the geometry
and material influence the strength and failure modes of T-joints, the fillet radius and the
thickness of the overlaminate are determining parameters. On the other hand, the gap
between the panels and the edge preparation of the T-piece showed less expressiveness.
According to Dodkins et al. [18], there are two critical variables for T-joints: the thickness
of the overlamination and the fillet radius. While in the first case, its increase affects the
performance of the joint, in the case of the fillet, it allows the joint to support higher loads.
However, Shenoi et al. [19] found that the influence of key variables is very dependent on
the loading mode. Moreover, the effect of geometric parameters on stiffness, strength, and
failure region is also significantly dependent on loading mode [15,16,20]. Finally, Chaves
et al. [21] compared the strength of adhesive T-joints with screwed ones and observed that
the adhesive joints have a similar or better mechanical performance than conventional
screwed T-joints. However, they also noted that the strength of adhesive T-joints could be
further improved by using spew fillets at the ends of the overlap.

According to Zhan et al. [22], the joint’s dimensions, the size of the adherend and
adhesive bondline, as well as the mechanical properties of the constituents (adherend and
adhesive) significantly affect the strength of the T-joints. Therefore, based on these consid-
erations, they studied experimentally and numerically the effect of different geometries
subjected to a tensile load, concluding that the geometry of the bondline has a strong effect
on the stress distributions, stress concentrations, and load-bearing capacity. Furthermore, it
was also observed that the displacement of the Y axis tends to decrease with the increase
in the average bondline area, while the average failure load increases with the increase in
the average bonding area. Finally, the asymmetry of the stringer can cause unequal Von
Mises equivalent stress distributions, higher Von Mises equivalent stresses, and deflection
deformations. Ferreira et al. [23], using the finite element method (FEM) and cohesive zone
models (CZM), studied the mechanical performance of different T-stiffener configurations
under peel loads. For this purpose, authors considered the following geometrical parame-
ters: flat adherend thickness (tP), stiffener thickness (t0), overlap length (LO), and curved
deltoid radius (R). They found a significant effect of all the parameters on both the stress
distribution and maximum load. For example, the maximum load increased by around
94.1% when tp was increased from 1 to 4 mm, decreased by about 27.3% when t0 changed
from 0.5 mm to 2.5 mm, increased by around 94.1% when L0 was increased from 10 to
20 mm, and increased by around 135.4% when R was increased from 1 to 3 mm.

In T-joints, the stiffener can be a single part or composed of two L-shaped elements
joined by co-curing or a structural adhesive. Using the last configuration (two L-shaped
elements), Ma et al. [24] numerically (using the extended finite element method combined
with cohesive zone model) and experimentally studied the damage mechanisms of carbon
fiber reinforced polymer (CFRP) T-stiffeners subjected to pull-off loads. Contrary to what is
reported in the literature, in which the final failure begins with the debonding in the radius
region and then spreads to the stringer-skin interface, these authors observed a crack that
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begins in the filler region and near the fillet apex due to the stress concentration in this
region. Subsequently, the crack propagates vertically, generating a debonding between the
two L-shaped elements (stringer/stringer) but also towards the skin. Finally, when the
crack reaches the skin, it promotes debonding at the stringer-skin interface, which moves
towards both ends until the final rupture. The authors also found that the crack in the filler
region started at the location of the maximum principal strain and that the large strain
concentration region was limited to the filler region and the composite laminates. Therefore,
improving the mechanical performance of T-joints can be achieved by reducing the stress
concentration at the critical points of the joint and/or distributing the stresses more evenly
along the bondline, among other solutions reported by Ravindran et al. al. [25]. In the first
case, for example, Carvalho et al. [26] proposed the dual-adhesive joining technique, in
which flexible adhesives are used in regions of high stress and stiff adhesives in regions
of low stress. Different adhesive ratios were considered, namely 12.5/75/12.5 mm and
33.3/33.3/33.3 mm, and a numerical study was developed using the CZM technique
(cohesive zone modeling) in the ABAQUS® software (ABAQUS 2017, Dassault Systèmes.
RI, USA). These authors observed that failure occurred at the bondline and in the transition
zone between adhesives, with the maximum load not only changing position but also
decreasing in magnitude. In this context, improvements in the strength of the T-joints were
obtained compared to those using only one adhesive, although more significant for the
33.3/33.3/33.3 mm ratio. With regard to the more uniform distribution of stresses along
the bondline, Morano et al. [27] very recently suggested an alternative approach that does
not compromise the integrity of the skin and is based on the use of corrugated stiffeners.
Compared to the conventional configuration (flat stiffeners), the corrugated ones promoted
improvements of around 65% in terms of pull-out strength and about 416% for the absorbed
energy. The authors observed that the modified stiffeners promoted a redistribution of the
stress along the bondline, with a consequent reduction in peak stresses at the free edge.

In terms of fatigue life, literature does not present many studies on this subject. Shenoi
et al. [9], for example, noted that for higher load values, the fatigue strength significantly
depends on the fillet radius (larger radii promote longer fatigue lives), but when the load
decreases, this effect is lost, and the fatigue strength decreases in both cases to a fatigue
threshold. The damage accumulation was assessed in terms of global stiffness loss, and
three different regimes were observed. Initially, the stiffness decreased very rapidly during
the first 20% of the fatigue life, followed by an almost linear regime up to 80% of the
fatigue life, after which a very rapid degradation occurred again until the final collapse.
In another study, Read and Shenoi [28] observed that the fatigue life increases both with
the increase of the fillet radius if the overlaminate thickness (number of layers) is kept
constant and with the increase of the overlaminate thickness if the fillet radius remains
constant. Studies developed by Marcadon et al. [29] showed that fatigue life is strongly
influenced by frequency due to the viscous behavior of the different materials, especially
for higher load levels. Loureiro et al. [30] studied T-joints and compared the fatigue
strength of two different adhesives (an epoxy adhesive and a polyurethane adhesive). They
observed that the slope of both fatigue curves and the dispersion of the data are very
similar. Although elastomeric adhesives have better fatigue behavior, this phenomenon
was explained by heating the adhesive during the fatigue tests (greater for the elastomeric
adhesive than for the epoxy). Finally, more recently, Cullinan et al. [31] studied T-joints
repaired by cyanoacrylate adhesive systems and found that the fatigue life was lower than
that obtained in control (unrepaired) samples.

Therefore, from the available literature, it is very important to understand the damage
mechanisms and the mechanical response of adhesive T-joints to expand their application
in the most diverse industrial sectors. If this subject is already reasonably understood for
static loads, in terms of fatigue life, it is still limited to a very small number of studies,
which does not allow for well-consolidated knowledge. For this purpose, the present
study intends to analyze the fatigue performance of adhesive T-joints involving aluminum
adherends and adherends that combine aluminum and glass fiber-reinforced composites.
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2. Materials and Methods

Figure 1 shows the T-joint geometry and respective dimensions used in this study.
The first configuration analyzed used only aluminum elements and, for this purpose,
150 × 30 × 3 mm3 Al 6063-T5 bars (Supplied by Alu-Stock, Madrid, Spain) were used as
the base plate and T-elements of Al 6063-T5 with 30 × 30 × 2 mm3 as the stiffener. The
nominal chemical composition and average tensile properties of this alloy are summarized
in Tables 1 and 2, respectively.

Figure 1. T-joint geometry and respective dimensions (in mm).

Table 1. Chemical composition (wt.%) of aluminum alloy 6063-T5 [32].

Si Fe Cu Mn Mg Cr Zn Ti Al

0.3–0.6 0.35 0.1 0.1 0.4–0.85 0.1 0.1 0.1 >96.9

Table 2. Principal mechanical properties of aluminum alloy 6063-T5 [32].

Elastic Limit
(MPa)

UTS (MPa) Elongation (%)
Young Modulus

(GPa)
Hardness

Brinell

145 187 ≈12 68.9 60

The second configuration used composites in the base plates and stiffeners similar to
the first configuration. Composite laminates were previously produced by hand lay-up
using a Sicomin SR 8100 epoxy resin with SD 8824 hardener (both supplied by Sicomin,
Chateauneuf les Martigues, France) and eighteen layers of bidirectional glass fiber fabric
(taffeta with 195 g/m2). Details regarding the mechanical/physical properties of the resin
and manufacturing process can be found in [33]. Finally, the 150 × 30 × 3 mm3 base plates
were cut from 330 × 330 × 3 mm3 composite plates. The maximum error observed in
the thickness of the base plates was 0.35 mm for the composite ones and 0.04 mm for the
aluminum ones.

Subsequently, two batches of samples were produced. In one of them, the base
plates and T-stiffeners were bonded with the adhesive “Araldite® (Lausanne, Suisse)
AV 4076–1 resin/HY 4076 hardener”, while in the other one, the adhesive “Araldite®

AW 106 resin/HV 953 U hardener” was used. The main mechanical properties of these

22



Processes 2023, 11, 2640

adhesives are reported in [34,35]. These two-part paste adhesives were selected because the
first one (Araldite® AV 4076-1/HY 4076) is a very stiff and brittle epoxy, and the last one
(Araldite® AW 106/HV 953 U) is flexible/ductile. Before bonding, all surfaces to be joined
(both base plates and T-stiffeners) were abrasively prepared with P220 silicon carbide paper
and then cleaned with dry air and alcohol. This methodology was successfully applied in
several previous studies [2,36–39], where the passive mechanical method used does not
actively alter the chemical nature of the surface but only cleans the substrate and removes
weak boundary layers in the form of contamination. Finally, to ensure a constant bondline
thickness, all specimens were subjected to constant pressure during the adhesive curing
process, and for this purpose, black metal dovetail clips were used. As reported in Figure 2
(a representative roughness profile), a pressure of 0.11 MPa applied to the specimens leads
to an average bondline thickness of 85 μm without significant dispersion. Based on studies
available in the literature [39–41], this value was obtained/measured after testing using a
Mitutoyo (Kawasaki, Japan) SURFTEST SJ-500 surface measuring system.
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Figure 2. Typical roughness profile (R = roughness size; lm = evaluated length).

The curing process was carried out at 40 ◦C for 16 h. According to Serra et al. [42],
these parameters do not maximize the mechanical properties of the adhesives, but they
were the most appropriate considering the Tg (glass transition temperature) of the resin
used in the composite laminates. Therefore, for comparability of results between specimens
with different base plates, a temperature of 40 ◦C was used for all batches analyzed.

These specimens are used to study the effect of materials (at the level of base plates)
and adhesive type on the mechanical performance of T-joints. For this purpose, static three-
point bending (3PB) tests are carried out at room temperature on a Shimadzu universal
testing machine, model Autograph AGS-X (Shimadzu, Kyoto, Japan), equipped with a
100 kN load cell. As can be seen in Figure 3, the span used in the 3PB tests was 100 mm,
with a displacement rate of 5 mm/min, and for each condition, three specimens were
tested. Regarding the fatigue tests, they were carried out in an E 10000 Instron Electropulse
(Norwood, MA, USA) uniaxial fatigue testing machine equipped with a 10 kN load cell
and controlled by a computer with data acquisition. These tests were performed at room
temperature, under a constant amplitude sinusoidal waveform loading, a stress ratio (R)
of 0.05, and a frequency of 10 Hz. The load levels used in this study were selected to
obtain fatigue lives between 103 and 106 cycles, and similar to the static tests, the load
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was also applied according to the schematic representation shown in Figure 3. Finally,
the failure surface morphologies were also analyzed in detail using different techniques
and equipment, such as a Mitutoyo SURFTEST SJ-500 surface measuring system, a Hirox
(Hackensack, NJ, USA) RH 2000 microscope, and a Hitachi (Tokyo, Japan) Scanning Electron
Microscopes SU3800.

Figure 3. Apparatus and load mode used in static and fatigue testing.

3. Results and Discussion

The static response of the different T-joints was analyzed by 3PB tests according to
Figure 3, and the results are shown in Figure 4. As reported by Loureiro et al. [30], due
to non-uniform shear stresses and significant peel stresses that occur in this geometry, it
is preferable to indicate the load rather than the stress. Therefore, this analysis avoids
extremely misleading average shear stresses.
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Figure 4. Flexural load-displacement curves for (a) T-joints involving base plates in the composite
and (b) T-joints involving base plates in aluminum.

It is possible to observe that, for all the configurations studied (involving different
base plate materials and adhesive types), the load increases linearly up to a maximum
value, from which it starts to decrease until it reaches values close to those of the load
displacement curve of the base plate material. Subsequently, the load-displacement curves
practically overlap those of the base plates. It is also noticeable that the first peak load
strongly depends on the adhesive type used in the T-joints as well as the material of the
base plates. In fact, ductile adhesives can deform plastically and provide higher elongations
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than brittle adhesives before their collapse. Consequently, the highest peak loads observed
for the ductile adhesive can be explained by the lower stress concentrations at the ends of
the adhesive edges and better redistribution of stresses as the load increases [43,44]. On
the other hand, regardless of the adhesive, peak loads are higher for T-joints involving Al
6063-T5 base plates because a higher stiffness of the adherends promotes a more uniform
distribution of stresses in the adhesive [7]. In this context, the material that is less stiff
determines the strength of the joint [7], and different failure mechanisms can be expected.
Finally, for both adhesives, the second peak load is strictly related to the maximum load
value observed for the base material. After the second peak load, the load always decreases
more or less rapidly depending on the type of base material.

From Figure 4, it is also possible to obtain the main static properties, which are
summarized in Table 3 in terms of average values and respective standard deviation.
Stiffness was defined as the slope in the linear region of the load-displacement response,
and the displacements are the values obtained for the different peak loads.

Table 3. Main static properties obtained for the different T-joints studied.

Base Plate Material Adhesive
First Peak Second Peak

Load [N] Disp. [mm] Stiffness [N/mm] Load [kN] Disp. [mm]

Composite plate - 498.7 (±49.8) 18.1 (±2.31) 43.8 (±5.3) - -

Al 6063-T5 plate - 1213 (±11.0) 15.6 (±0.20) 225.7 (±2.0) - -

Composite
AW 106 389.6 (±7.3) 5.8 (±0.49) 79.5 (±4.5) 519.1 (±50.5) 17.5 (±0.85)

AV 4076-1 228.6 (±7.4) 3.5 (±0.14) 79.4 (±10.4) 491.8 (±49.8) 18.8 (±0.82)

Al 6063-T5
AW 106 1080.1 (±65.5) 3.6 (±0.51) 386.3 (±13.2) 1204.5 (±32.8) 15.8 (±0.20)

AV 4076-1 626.7 (±25.2) 1.9 (±0.13) 399.6 (±6.3) 1200.9 (±22.3) 15.5 (±0.55)

(±SD)—Standard deviation values.

It is possible to observe that Al 6063-T5 base plates have the highest maximum load
(about 2.4 times higher) and stiffness (about 5.1 times higher) and the lowest displacement
at maximum load (about 13.8% lower) compared to the values obtained for the composite
base plates. Regarding the adhesive joints, and regardless of the adhesive used, it is clearly
noticeable that the second peak of load practically coincides with the maximum load value
observed for each type of material used in the base plate. The dispersion is very small and,
as can be seen in the results and in Figure 3, after a certain value, the curves of the base
materials almost overlap with those of the T-joints. Finally, the effect of the T-element on
the mechanical performance of the adhesive joints is significant only up to the first peak,
proving to be dependent on the base plate material and type of adhesive used, after which
the joint strength is similar to that of the base plate. The highest load peaks are obtained
with the ductile adhesive (AW 106), where the values obtained for T-joints involving Al
6063-T5 base plates are 2.8 times greater than those involving composite base plates. On
the other hand, the opposite is observed for displacement, where the maximum values
are 1.6 times greater for T-joints involving composite base plates. However, comparing
the adhesive type for joints with composite base plates, the ductile one accounts for 70.4%
higher peak loads, while in terms of displacement, it is around 65.7%. For joints with Al
6063-T5 base plates, these values are 72.3% and 89.5% respectively. Lastly, regardless of the
adhesive type and base plate material, it is quite evident that the bending stiffness values of
the T-joints are much higher than those observed for the base plates (81.5% for composites
and 74.1% for Al 6063-T5) due to the reinforcing effect introduced by the T-element, but
very similar to each other despite the adhesives being different. For example, for T-joints
involving composite base plates, the average bending stiffness is around 79.5 N/mm, while
for those involving Al 6063-T5, it is about 393 N/mm. In the last case (T-joints involving
Al 6063-T5 base plates), the stiff adhesive promotes a small difference of 3.3% in relation
to the ductile one, but this value is statistically insignificant in relation to the observed
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dispersion. Therefore, the stiffness introduced by the T-element is clearly more important
than the effect of the adhesive type, which would be expected given the bondline thickness.
To complement the results described above, the failure surface morphologies were also
analyzed and are shown in Figure 5.
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Figure 5. Typical failure morphologies for T-joints involving: (a) Composite base plates and ductile
adhesive; (b) Al 6063-T5 base plates and ductile adhesive; (c) Al 6063-T5 base plates and stiff adhesive.
(A = adhesive failure, C = cohesive failure).
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A first analysis of Figure 5 shows that there are two failure modes, one for T-joints
with composite base plates and another for those involving Al 6063-T5 base plates. In
the first case, although Figure 5a shows only the damage morphology for T-joints with
ductile adhesive, it is also representative of those involving the stiff adhesive. Therefore,
for these joints, the failure is typically adhesive, with all the adhesive (whether ductile or
stiff) remaining in the T-element (see Figure 5a). On the other hand, all T-joints involving
Al 6063-T5 base plates revealed a mixed adhesive/cohesive failure mode (see Figure 5b,c).
Adhesive failure (represented in Figure 5 by the letter “A”) occurs when the forces exerted
on the joint are greater than those between the adherend and adhesive, while cohesive
failures (represented in Figure 5 by the letter “C”) occur when the bond between molecules
within the adhesive fails due to the greater external force. In this context, cohesive failure
occurs when the maximum adhesive strain exceeds its limit [45].

To confirm the occurrence of mixed adhesive/cohesive failure mode, the authors used
different techniques to assess the damage in different failure regions. Figure 6, for example,
shows the roughness profile along a line (L) covering different failure modes and for a
T-joint involving the Al 6063-T5 base plate and the ductile adhesive (Figure 5b). From the
roughness profile shown in Figure 6, it is possible to identify three distinct regions: Region
1, which corresponds to an adhesive failure but with the adhesive layer completely on the
T-element; Region 2, where the adhesive failure is also identified but with the adhesive
layer completely over the base plate; and Region 3 where a cohesive failure occurs. In this
case, a part of the adhesive remains on the T-element (about one-third of the thickness) and
the rest on the base plate (the remaining two-thirds). As reported above, this defect is due
to the strain having exceeded the maximum strain of the adhesive or, in other words, the
external force is greater than the internal forces between molecules of the adhesive [45].
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Figure 6. Roughness profile along the indicated line (lm) for a T-joint involving aluminum base plate
and ductile adhesive (R = roughness size; lm = evaluated length).

Subsequently, because Figure 5b,c shows darker regions, especially at the level of base
plates, they were analyzed to determine what type of damage would be underlying them.
In this context, Figure 7 shows the analysis developed by digital microscopy (Hirox RH
2000 microscope) of a T-joint involving the Al 6063-T5 base plate and the stiff adhesive
(Figure 5b), where it is evident that the darker regions are very thin films of adhesive.
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Figure 7. Analysis developed by digital microscopy of a T-joint involving the Al 6063-T5 base plate
and the stiff adhesive.

Although this technique is not as informative as the previous one because it does not
allow thicknesses to be assessed, it clearly shows the existence of a thin film of adhesive on
the base plate, with the remainder on the other adherend (i.e., adhered to the T-element). In
this context, despite its simplicity, it proved the presence of adhesive traces in the adherend
and, consequently, the existence of a cohesive failure. However, to deepen this analysis even
further, scanning electron microscopy (SEM) and energy dispersive X-ray spectroscopy
(EDS) were used to obtain more precise and magnified images of the fracture surface, as
well as to identify its elemental chemical composition. Figure 8 shows, in this case, the
results obtained from the SEM/EDS analysis for a specific region of Figure 5b.

This region A was selected because it apparently represents an adhesive failure, with
one part of the adhesive on the base plate and the other part on the T-element. However, in
detail, Figure 8a shows the existence of two regions, where the darker one represents the
adhesive while the lighter one represents the surface of the T-element with eventual traces
of adhesive. To prove this evidence, Figure 8b shows the analysis of the elemental chemical
composition carried out along area A represented in Figure 8a. From this figure (Figure 8b),
it can be observed that the darker region of Figure 8a is essentially constituted by hydrogen
(H) and oxygen (O), chemical elements typical of the adhesive, while the lighter one is
dominated by Al (aluminum), an element that underlies the chemical composition of
the 6063-T5 aluminum alloy (>96.9%, according to Table 1) of the T-element. In addition
to this chemical element, (Al), H (hydrogen), and O (oxygen) are also present, which
confirms the presence of adhesive traces on the surface of the T-element. This evidence
proves that an optical microscopy analysis similar to that carried out in Figure 7, based
on light and a combination of lenses to magnify an image, is not entirely effective for
assessing failure modes in adhesive joints. In fact, it does not allow for detection with
complete assertiveness of the existence of adhesive traces on fracture surfaces because
many of them can be confused with roughness or other defects in the adherends (see
Figures 7 and 8a,b). Therefore, what initially appeared to be an adhesive failure region, this
technique showed the existence of adhesive traces, changing the failure mode to mixed but
with a larger predominance of the adhesive mode. On the other hand, when compared with
the roughness analysis that supports Figure 6, the latter also does not clarify that in regions
1 and 2, there are adhesive traces on both adherends. Consequently, this technique should
be used together with SEM/EDS to have a complete analysis of the damage mechanism.
Finally, Figure 8c shows the elemental chemical composition between two points and along
a trajectory (points 1 to 2 shown in Figure 8b). It can be seen that point 1 is on the adhesive
due to the strong predominance of carbon (C), and point 2 is on the adherend where Al
(aluminum) predominates, confirming the analysis reported above.
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Figure 8. SEM-EDS analysis showing: (a) Fracture surface; (b) elemental chemical composition map;
(c) distribution of elemental chemical composition between two points.
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Based on the representativeness of the failure modes presented in Figure 5 and the
various techniques that promoted the discussion supported by Figures 6–8, the areas
related to the adhesive and cohesive failures were obtained using the ImageJ software (a
graphic design tool dedicated to analyzing images). From this assessment, it was possible
to observe that while in T-joints with the ductile adhesive, the cohesive area represents
about 48.3% of the total bonded area, this value is only 3.8% lower for those involving
the stiff adhesive. Another piece of evidence that can be taken from this study is the fact
that adhesion between adhesives and aluminum is higher than between adhesives and
composite. In fact, it would be possible to increase the adhesion using the various surface
treatments suggested in the literature, but the authors chose not to adopt them in order to
bring the study as close as possible to the reality of some industries where assemblies are
made along the production line and from a mass production perspective [46]. However,
according to Loureiro et al. [30], these conditions promote a higher scatter of failure loads.

To conclude this study and understand the typical profile of the curves shown in
Figure 4, the bending tests were monitored by a high-speed video camera to assess the
damage as a function of load. Figure 9 shows some damages for specific load values, and
although the image sequence was obtained for a T-joint involving only aluminum and
the stiff adhesive, it is representative of all other configurations. Therefore, based on the
repeatability observed for all configurations, it can be noted that the load increases almost
linearly up to a certain value that depends on the base plate material and the adhesive used
(representative point—A). Subsequently, when the load reaches its first maximum (B), a
crack appears at the end of the T-element between the adhesive and adherend (adhesive
failure) or within the adhesive (cohesive failure). As reported above, adhesive failure occurs
when the forces exerted on the joint are greater than those between adherend/adhesive,
and cohesive failures occur when the maximum adhesive strain exceeds its limit [37].
Subsequently, after the first load peak (B), the load decreases more or less abruptly due
to the propagation of the crack towards the interior of the reinforcement element until
it reaches a value that coincides with the load-displacement curve of the base plate (D).
For this load value (D), the damage has already reached half the length of the T-element.
Thereafter, the damage propagation is negligible, and the load-displacement curves of the
T-joints practically overlap with those of the base plate material (E). In this case, the load
increases until it reaches a second peak load, which coincides with the maximum load of
the base plate material. Therefore, for this geometry and loading, the structural integrity of
the T-joints as a whole is only guaranteed up to the first peak load, after which it is ensured
only by the base plate.

These results are in line with those observed by Hirulkar et al. [47], where the same
behavior (significant load drop) was observed and explained by the appearance of cracks at
the end of the overlap. Compared to the in-plane loading, the bending that is imposed here
is responsible for a significant deflection in the joint, and consequently, higher peel stress
concentrations occur [48,49]. In this case, the simultaneous action of tensile peel and shear
stresses is responsible for the first cracks that appear at the end of the T-element (B) [42,50].

Regarding the fatigue response of the different T-joints, the results are shown in
Figure 10 in terms of load versus the number of cycles to failure on a logarithmic scale for
both adhesives and materials. The typical representation for a fatigue analysis (SN curves)
was adopted, but instead of stress, loading was implemented due to the non-uniform nature
of shear stresses and the existence of significant debonding stresses in these joints [30].
As already mentioned, these results were obtained for different constant amplitude loads,
whose values were selected to obtain fatigue lives between 103 and 106 cycles. Moreover,
it was ensured that all of them were lower than the first peak load observed in the static
curves (Table 3) to guarantee the structural integrity of the adhesive joints at the beginning
of each test and the existence of a load value common to all configurations for comparability
of the results (in this case 150 N). Based on the static analysis performed around Figure 9
(damage initiation and its propagation), the fatigue failure criterion adopted considered
the instant when the crack reaches half the length of the T-element (see Figure 9). However,
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because this methodology incorporates some subjectivity or the crack front may not be
detectable by optical methods, it was necessary to adopt a more accurate methodology.
Therefore, from the results collected by the data acquisition system, it is possible to plot,
for example, the maximum load versus number of cycles and the maximum displacement
versus number of cycles curves, as shown in Figure 10a. Although these curves were
obtained for the T-joint involving Al 6063-T5 base plates, the ductile adhesive (AW 106),
and a maximum load of 350 N, they are representative of all the others.

 

Figure 9. Damage evolution observed for T-joints involving only aluminum and a stiff adhesive.

In this context, because the load is constant, the fatigue failure criterion considers the
number of cycles obtained for the first plateau point (Nf), from which the displacement
is controlled by the stiffness of the base plate. Consequently, based on this methodology,
the load versus number of cycles curves for the different configurations are shown in
Figure 10b,c, where the mean curve fitted to the experimental results is also superimposed.
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Figure 10. (a) Maximum load versus the number of cycles and maximum displacement versus the
number of cycles; (b) fatigue life curves for T-joints involving composite base plates; (c) fatigue life
curves for T-joints involving aluminum base plates.
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From these figures, it is possible to observe that, when comparing T-joints involving
composite base plates and the same load value (150 N), the ductile adhesive (AW 106)
promotes fatigue lives about 280 times longer than those observed for the stiff adhesive
(AV 4076–1). The slope of the fatigue curves shows some convergence for very long lives
(Figure 10b), although T-joints involving the ductile adhesive always denote higher fatigue
strength. On the other hand, regarding the T-joints involving Al 6063-T5 base plates
(Figure 10c), it is noted that the curves converge for the 150 N load and with very close
fatigue lives, i.e., the adhesive type has no effect on the fatigue strength for this load level.
This behavior is very similar to that noticed for T-joints involving composite base plates, but
with much greater convergence and fatigue lives about 871 and 3 times longer than those
observed with brittle and ductile adhesive, respectively. Furthermore, increasing the load
leads to greater differences in fatigue lives between the T-joints with the different adhesives
used, reaching around 6.6 times for the 300 N load (see Figure 10c). Therefore, it is evident
from Figure 10b,c that the ductile adhesive is responsible for longer fatigue lives due to
higher percentages of elongation before failure and lower stress concentrations [43,51].

According to the bibliography, stiff adhesives experience higher stress concentrations
and early failure compared to ductile ones [43]. For example, Temiz [52] observed that
the use of ductile adhesives decreases the stress concentrations at the overlap ends and,
consequently, increases the strength as well as delays the beginning of the failure due
to their high strain to failure [44]. Moreover, the slow rate of stiffness degradation in a
ductile adhesive allows the redistribution of stresses within it, whereas in a brittle one,
after the damage initiation, uncontrolled crack growth leads to a more catastrophic failure.
In addition to this, the lower strength of a ductile adhesive is compensated for its higher
fracture toughness.

Therefore, if the stress and strain fields are more advantageous for T-joints using
ductile adhesive and, consequently, responsible for longer fatigue lives, the adhesion
between adhesives and adherends, as well as the stiffness of the adherends, cannot be
neglected in the fatigue resistance of the joints. In the first case, it is well documented in the
literature that an adhesive joint with low adhesion strength between constituents can fail
unpredictably and cause adhesive failure [53,54], which is clearly visible in this study for
adhesive joints involving composite base plates (Figure 5a). The adhesive always adheres
to the T-element, and the fatigue lives are much shorter than those observed in joints with
aluminum base plates, as mentioned above. On the other hand, regarding the adhesive
joints involving Al 6063-T5 base plates, Reis et al. [7] report that increasing the stiffness
of the adherends promotes a more uniform distribution of stresses in the adhesive and
the less stiff material determines the strength of the joint. In this context, and because the
composite used in the base plate is less stiff (43.8 N/mm) than Al 6063-T5 (225.7 N/mm), it
justifies the longer fatigue lives observed for these T-joints.

Finally, in terms of damage mechanisms observed for the cyclic loads, they were
similar to those observed in the static response. Therefore, to avoid the repetition of images,
the authors chose not to display them. Nevertheless, as can be seen in Figure 9 and for all
the configurations studied, the crack started at the edge of the T-element and propagated
towards its center with the application of the cyclic load due to the mixed-mode stress
on the adhesive layer. The peeling stresses (σy) predominate over the smaller stresses
τxy, whose distribution has peaks at both edges of the adhesive layer and which will be
higher for the stiff adhesive. More detailed analysis also revealed that, in the T-joints
involving composite base plates, the crack propagation occurred between the adhesive
and the base plate due to the poor adhesive/composite adhesion strength, while in those
involving Al 6063-T5 base plates, the failure mode was mixed (mixed adhesive/cohesive
failure). In the latter case, and in places where cohesive failure occurs, the adhesion between
adhesive/aluminum is very high and even exceeds the values of the applied load or the
internal forces between the adhesive molecules [45].

In order to complement this damage analysis, the literature is consensual that residual
stiffness is an adequate methodology to assess fatigue damage [41]. The damage initiation
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and propagation cause changes in stiffness that can be monitored non-destructively, and
for this purpose, the corresponding load and displacement values were also collected
during the fatigue tests. Therefore, Figure 11 plots E/E0 versus N/Nf, where E is the stiffness
modulus (N/mm) at any given moment of the test, E0 is the initial value of E (N/mm), N
is the current number of cycles, and Nf is the number of cycles to failure. It is possible to
observe that the damage accumulation previously discussed for all configurations can be
corroborated by the global stiffness loss observed in Figure 11 and simultaneously confirms
the findings of Shenoi et al. [22]. However, the profile of the stiffness loss curves contradicts
what is described in the literature [22] and shows to be very dependent on the applied load
and materials involved in the T-joints (adhesives and adherends).

Figure 11. E/E0 against the normalized number of cycles N/Nf for T-joints involving: (a) Composite
base plate and ductile adhesive; (b) composite base plate and stiff adhesive; (c) Al 6063-T5 base plate
and ductile adhesive; (d) Al 6063-T5 base plate and stiff adhesive.

In terms of T-joints involving composite base plates, for example, the stiff adhesive is
responsible for curves in which the stiffness decreases almost linearly until about 60–70%
of fatigue life, followed by a rapid degradation that culminates in a slower decrease until
the adopted failure criterion is reached. These three regimes are repeated for the different
load values, but the slope of the curve in the quasi-linear regime increases with increasing
applied load. Therefore, this type of profile shows that the damage starts and propagates
rapidly, leading to shorter lives. On the other hand, when these T-joints involve the ductile
adhesive, the first regime is characterized by an almost unchanged stiffness (more or less

34



Processes 2023, 11, 2640

constant plateau) until a sharp loss of stiffness occurs, followed by a slower decrease until
the adopted failure criterion is reached (third regime). It is noticeable that, for the lowest
loads (200 N and 150 N), the second regime started between 40% and 60% of the fatigue
life, while for the highest load (250 N), the curve is similar to those observed for the stiff
adhesive. Therefore, longer primary regimes promote slower damage propagation and
longer fatigue lives.

Finally, for T-joints involving the aluminum base plates, the curves show a very similar
profile for both adhesives used and are characterized by three regimes similar to those
observed for the lowest loads shown in Figure 4a. In this context, analogous to what was
observed before, the extension of the primary regime is also a determining factor in fatigue
life. For the stiff adhesive, it is around 40% of the fatigue life, while for the ductile one, it
represents between 30% and 60% of the fatigue life. Subsequently, the second regime is
smoother than that observed for the brittle adhesive, revealing slower damage propagation
and, consequently, longer fatigue lives.

4. Conclusions

The main goal of this study was to analyze the damage mechanisms as well as the
mechanical behavior of T-joints involving different adhesives and base plate materials.
For this purpose, four configurations involving base plates of Al 6063-T5 and fiberglass
composite with a T-element of Al 6063-T5 were studied, which were bonded with a stiff
adhesive (Araldite® AV 4076-1/HY 4076) and a more ductile one (Araldite® AW 106/HV
953 U).

In terms of static response, load-displacement curve profiles common to all configu-
rations were found, in which the load increases up to a certain value and, subsequently,
decreases until it reaches the load-displacement curve of the respective base plate. This is
explained by the initiation of a crack that begins at the edge of the T-element and propagates
more or less rapidly into its interior, depending on the failure surface morphology. T-joints
with aluminum base plates experienced mixed adhesive/cohesive failure, while those with
composite base plates experienced an adhesive failure. Finally, after decreasing, the curves
practically overlap those of the base plate material, reaching a new peak load that coincides
with the maximum load obtained for the base plate material. Consequently, the first highest
peak loads are obtained with the ductile adhesive (AW 106), where the values obtained
for T-joints involving Al 6063-T5 base plates are 2.8 times higher than those involving
composite base plates.

Regarding fatigue strength, for both base plate materials, it was observed that the
ductile adhesive promotes higher fatigue lives due to higher elongation percentages before
failure and lower stress concentrations. For example, the fatigue life of aluminum-based
T-joints is around 871 and 3 times longer than that of joints using composite base plates and
brittle and ductile adhesive, respectively. Finally, damage accumulation can be corroborated
by the stiffness loss curves, where three regimes were found to exist. Longer first regimens
and less abrupt second regimens promoted longer fatigue lives.
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Abstract: The most important advantages of adding additives to adhesives are increasing the bond-
ing strength and reducing the adhesive cost. The desire to reduce costs as well as the need for
environmentally friendly and health-friendly products have paved the way for the recycling of waste
materials and the use of cheaper natural materials as additives. In this study, mussel, olive pomace,
and walnut powders in different ratios (5%, 15%, and 30% by weight) and in different sizes (38 and
45 μm) were added to an epoxy adhesive. The steel materials were joined in the form of single-lap
joints by using the obtained adhesives with additives. These joints were subjected to the tensile test
and the strengths of these joints were examined. SEM images of the bonding interface were taken,
and the distribution of the powders was examined. When the powder size was 45 μm, bond strengths
increased in all additive ratios compared to the pure adhesive, while for 38 μm powders, the strength
value increased only at the 5% additive ratio. In joints with 45 μm powder additives, the strength
increased by up to 38% compared to the pure adhesive, while this rate was determined as 31% for
38 μm.

Keywords: adhesive bonding; organic filler; waste material; the single lap joint; mechanical strength

1. Introduction

Although both adhesive materials and the application methods have changed over the
years, adhesive bonding is a traditional method that has been used since ancient times to
join various materials [1]. There are many factors that must be taken into account in order
for a bonding application to be considered successful. Since the sectors in which adhesives
are used are quite different from each other, it is important to use a strong, economical
adhesive appropriate for the application purpose [2]. Additionally, adhesive materials have
the potential to be developed according to their intended use. Adhesive materials are very
diverse since they are made of plastic and rubber material groups [3]. Moreover, due to the
combinations of the properties and amount of organic and inorganic additives in nano or
micron size that can be added into additives, the types of new composite adhesives and
their application areas are constantly increasing [4–11].

When the literature is examined, it is seen that there are various studies conducted
by adding ceramic/glass [12–14], metal [15–18], and plastic-based [19–21] additives into
adhesive materials. These studies have focused on reducing the processing cost; increasing
the mechanical strength; improving the viscosity, electrical, and/or thermal conductivity;
and improving the water/moisture absorption properties [22]. By adding materials found
in nature or produced in the laboratory into adhesives, the researchers aim to increase the
life expectancy of the joint and its resistance to the forces that the joint is exposed to.

Difficulties in supplying raw materials and increased product costs are serious prob-
lems worldwide. The increase in raw material costs and the need for environmentally
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friendly and biodegradable products have also affected the adhesive industry. In the coun-
tries that do not have adhesive manufacturers or whose adhesive suppliers are dependent
on foreign countries, it becomes a much bigger problem to reach these products.

The fact that natural (bio-based) additives have advantages such as ease of availability,
low cost, and being environmentally friendly support the interest in studies on the additives
and their effects on the bonding process. Materials such as rye, wheat, walnut shell and
wood flours, flour, soybean powder, wood powder, and bark powder can be organic
additives. Similarly, agricultural industrial waste materials such as palm kernel and
starch material are specimens for such additives [23]. Some organic materials are used as
composite additives [24], and some are used in the form of fibers in the adhesive [25,26].

Kumar et al. [27] investigated the mechanical properties of particle-filled composites
produced using biowaste horn powder (HP) and epoxy resin. The HP particles and matrix
were mixed and molded in an appropriate ratio and cured at room temperature to produce
the specimens. The properties of the samples such as tensile strength, tensile modulus,
elongation percentage at break, flexural strength, flexural modulus, impact strength, and
microstructure were investigated.

Alireza Akhavan-Safar et al. [28] examined the effects of date palm fibers on the mode
I fracture energy of adhesives. For this purpose, they added fibers collected from four
different parts of a date palm tree (bunch, rachis, petiole, and mesh) to the adhesive in
three various weight ratios (2%, 5%, and 10%). The results showed that date palm fibers
had the ability to increase the tensile fracture energy of adhesives. It was also found that
the mode I fracture energy of the adhesive reinforced by 10% weight of rachis fiber was
7.6 times higher than that of the pure adhesive. The same authors, in another study [29],
improved the static strength of the bonded joints by factors such as the type and size of
natural fibers/particles, alkali treatment, and weight ratio. Fibers collected from a date
palm tree were added to the adhesive in different weight ratios (2%, 5%, and 10%), in short
fiber (0.5–2 mm) and long fiber (30 mm) sizes. They found that the strength of single-lap
joints reinforced by 2% weight of rachis fiber treated with 6% by weight NaOH solution
increased by 140%.

Barbosa et al. [30] used natural micro cork particles ranging in size from 125 to 250 mm
to increase the ductility of a brittle epoxy adhesive. The amount of cork varying between
0.5% and 5% in weight was added to Araldite 2020 epoxy adhesive and the effect of
the amount of cork particles on the joint was investigated. As a result of the evaluation
conducted using tensile tests, it was seen that higher adhesive ductility and joints containing
1% cork had higher bond strength.

The reuse of waste materials both prevents the pollution of natural resources (soil,
water, etc.) and can provide new high value-added products at affordable costs. When the
literature was reviewed, no study was found on the reintroduction of waste materials into
production and adding them to adhesives as reinforcement.

In this study, waste mussel, olive pomace, and walnut shells were added to an adhesive
material in different ratios (5%, 15%, and 30% by weight) and in different sizes (38 and
45 μm) after being recycled. Then, they were used as an adhesive in single-lap joints for the
experimental investigation of joint strength. Finally, the tensile test was applied to examine
the joint strength and the effects of the additives on the joints were interpreted.

2. Materials and Methods

2.1. Materials and Properties

DX51D+Z galvanized steel material (EN 10346:2015) with dimensions of 100 × 25 × 1.5 mm
was used for the experimental study. The chemical compositions of the test samples are
given in Table 1, and their mechanical properties are given in Table 2.

Araldite 2015 Huntsman was used as the adhesive material (an intermediate-stiffness
epoxy adhesive). The properties of the adhesive are given in Table 3.
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Table 1. Chemical composition of steel (% by weight).

C Mn P S Si Al Cu Ti

0.06 0.3 0.019 0.022 0.02 0.032 0.04 0.002

Table 2. Mechanical properties of the steel.

Hardness
Yield Strength

(MPa)
Tensile Strength

(MPa)
Elongation at Break

%

56 HRB 319 409 25

Table 3. Mechanical properties of Araldite 2015 [31].

Young’s modulus (MPa) 1850 ± 0.21
Poisson ratio 0.33
Tensile yield strength (MPa) 12.63 ± 0.61
Tensile strength (MPa) 21.63 ± 1.61
Shear modulus (MPa) 560 ± 0.21
Shear yield strength (MPa) 14.6 ± 1.3
Shear strength (MPa) 17.9 ± 1.8

Three different types of powders, namely mussels, olive pomace, and walnut powders,
in two different sizes of 38 μm and 45 μm were used as additives. The grinded powders of
38 μm and 45 μm are given in Figure 1 as olive pomace, walnut, and mussel, respectively.
For mussel powders, waste mytilus galloprovincialis shells were used. A hardness of
3.5 Mohs to 4.0 Mohs is acceptable for mussel shells [32].

 

Figure 1. Ground 38 μm (a) olive pomace, (b) walnut, and (c) mussel powders and ground 45 μm
(d) olive pomace, (e) walnut, and (f) mussel powders.

Calcium carbonate is a commonly used filler in polymer material. While the chemical
composition of mussel shells contains 95.7% CaO, this ratio is 99.1% in commercial CaCO3.
Since mussel shells contain a similar amount of CaO as commercial CaCO3, it is appropriate
to be used as an additive material [33,34].

Olive pomace was obtained from a company operating in the Aegean region. Walnut
shells were also collected from people who consumed walnuts. Olive seeds and walnut
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shell are lignocellulosic in chemical structure. Olive pomace contains 40% cellulose and
19% lignin in its structure [35]. Lignin content in walnut shells is around 30% [36]. Walnut
Sheel has a specific gravity of 1.2–1.4 and a hardness of 3–3.5 MOH [37,38].

After the waste materials were dried in the oven, they were ground in a ring mill and
sieved in a sieve shaker. The amounts of organic additives added to the adhesive were
determined as 5%, 15%, and 30% by weight.

Infrared spectra were recorded on a Perkin–Elmer Spectrum 100 FTIR spectropho-
tometer with an attenuated total reflection (ATR) accessory featuring a zinc selenide (ZnSe)
crystal at room temperature.

Since walnuts and olive pomace are organic structures, -OH and -CH groups are
observed (3300 cm−1 OH and 2900 cm−1 CH). For organic powders, the OH groups can
be hydrogen bond-promoting groups. Likewise, alkene groups (C=C) in the 1610s, amine
groups in the 1230s, and aliphatic CO groups in the 1028s are observed in organic structures
(Figure 2).

Figure 2. FTIR spectroscopy of organic powders (mussel, walnut, and olive pomace).

For mussels, the carbonate CO3
−2 groups are observed around 1407 cm−1 and 873 cm−1

band. These findings support the calcium carbonate structure for mussel powder.

2.2. Joint Geometry

The type of joint used in the experiments was the single-lap joint model given in
Figure 3. The usual test for this type of joint is the ASTM D 1002 [39].

Figure 3. Single-lap joint type (mm).
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2.3. Surface Preparation

Mechanical cleaning was conducted to prepare the surface of the adhesive joints.
The surfaces of the samples were sanded with 120 SiC sandpaper. To roughen the entire
bonding area, the sanding process was carried out in the bonding area in the horizontal and
vertical directions, respectively. The sanded surfaces were wiped with acetone, washed
with distilled water, and dried. The adhesive material and the filler powder were mixed
manually in a plastic plate and then applied on the joint surfaces with the help of a
spatula [40–42]. In the bonding area, metal paper clips were placed opposite each other,
and the required pressure was provided. The bonding thickness of the joints was measured
as 0.1 mm using mechanical caliper.

2.4. Surface Roughness and Tensile Testing

A Mitutoyo brand SJ-301 type desktop profilometer device with a digital display was
used for surface roughness measurements. Average surface roughness values Ra were
obtained by taking the arithmetic average of the five measurement values taken from the
surfaces, according to the EN ISO 21920-2 standard [43].

Tensile tests were carried out at room temperature at a constant crosshead rate
of 1 mm/min using the ALSA tensile test machine. All experiments were performed
in triplicate.

2.5. Surface Morphology Analysis and Characterization (SEM, Joint Interfaces)

In order to better understand the strength results of the joint formed as a result of
the bonding, images were taken of the powder materials and joint regions, and they were
examined. All the samples were coated with gold palladium. Images were taken with a
scanning electron microscope (SEM). SEM images of the powders are given in Figure 4,
and joint interface images are given in Figure 5.

  
Walnut 38 μm Walnut 45 μm 

  
Mussel 38 μm Mussel 45 μm 

Figure 4. Cont.
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Olive pomace 38 μm Olive pomace 45 μm 

Figure 4. SEM images of powders.

 
Pure adhesive 

  
38 μm Olive pomace 30% 45 μm Olive pomace 30% 

  
38 μm Walnut 5% 45 μm Walnut 5% 

Figure 5. Cont.
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38 μm Mussel 5% 45 μm Mussel 30% 

Figure 5. Interface images of bonded joints.

The distributions of the powders at the interfaces of the bonded joints are shown in
Figure 5. The SEM images given in Figure 5 were selected from the experiments to explain
the joint strength values.

3. Results and Discussion

3.1. Single-Lap Shear Tests

The tensile tests were carried out for the bonded test samples. The tensile test graphs
are given in Figures 6 and 7. The average shear strength of the bonded joint obtained using
pure adhesive was found as 12.24 N/mm2. It is known that the bond strength decreases
when the amount of powder added to the pure adhesive is higher than a certain amount
(threshold value). In the studies verifying this statement, metal powders are generally
used as the additives [44]. The results of the experiments performed using olive pomace,
walnuts, and mussels with a size of 38 μm are consistent with the literature. On the other
hand, when the powder size increases to 45 μm, there is an effect of increasing-decreasing-
increasing strength as the amount of additive increases. Accordingly, it is understood that
there is a threshold value for the amount of powder added to the adhesive.

 
Figure 6. Average shear strengths of the 38 μm adhesive joints.

When the size of the powder added to the adhesive was 45 μm, bond strengths
increased for all additive ratios compared to the pure adhesive. The powder-added bonded
joints (in 45 μm size) provided better bond strength overall.
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Figure 7. Average shear strengths of the 45 μm adhesive joints.

In the experiments, the lowest strength value was measured as 5.94 MPa in joints
where 38 μm olive pomace was added in the ratio of 30% by weight, and the highest
strength value was measured as 16.87 MPa in joints where 45 μm olive pomace was added
in the ratio of 30% by weight. In addition, when the effect of olive pomace and walnut
additives added by 30% on the joint strengths was examined, it was seen that the increases
in the joint strength were close to each other. It can be assumed that the organic structural
similarity of olive pomace and walnut materials resulted in similar increase amounts.

The mussel additive produced a higher strength value compared to the pure adhesive
in all ratios without any size difference. This indicates that a strong bond was formed
between the mussel shell and the adhesive. It can be said that the layered natural structure
of the mussel shell strengthens this bond [26].

As can be seen from the graphics in Figures 6 and 7, the bond strength varies consid-
erably depending on the type of additive (especially for 38 μm powder). Although the
same grinding processes were carried out, there were changes in shape due to the type
(structural properties) of the powders. The shape changes can be seen from the SEM images
in Figure 4. This may be a parameter that changes the ability of the additive powders to
adhere to the adhesive. This situation explains or is affected by the change in the strength
values of the joints.

3.2. Surface Roughness Measurement

A surface roughness measurement was taken from the surfaces of the galvanized steel
material that was mechanically abrasive using 120 SiC sandpaper, and the average Ra value
was found to be 1 μm.

3.3. Surface Morphology Analysis and Characterization

In the visual examination of the powders, there was no difference other than color
separation. However, it was seen that there were significant differences when SEM images
were taken. Mussel powders are brittle, olive pomace powders are round, and walnut
powders have a fringed fractured surface. When the SEM images in Figure 5, taken from
the joints where 38 μm olive pomace was added in the ratio of 30% by weight, are examined,
it is seen that there is a large void where the olive pomace added adhesive contacts the
lower and upper surfaces of the base metal. This void is also seen along the joint interface.
Therefore, it is understood that adhesion is not fully realized. Moreover, it is understood
that the void spreads over the base metal surface into the bonding zone. Mixing the
adhesive and the 38 μm olive pomace with each other at this rate reduced the adhesion
effect of the adhesive.
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When the SEM images taken from the joints where 45 μm olive pomace was added in
the ratio of 30% by weight are examined, it is seen that there is a void where the adhesive
contacts the metal surface. However, the width of this void is small.

4. Conclusions

By modifying the adhesives with a natural filler, a strong joint can be obtained, which
can improve the parameters of the adhesive joint in terms of mechanical properties. The use
of waste materials as additives after recycling makes it possible to reduce the production
cost. The research follows the future trend in the field of ecological composites with
fillers (or powder) based on waste material. Olive pomace, mussels, and walnut shells
are recyclable organic waste materials. In this study, recycled organic materials in 38 μm
and 45 μm sizes were added to the adhesive in the ratios of 5%, 15%, and 30% by weight.
Single-overlap joints were formed by combining the steel materials with the modified
adhesives which the ground powders were added to.

The results of tests to determine the mechanical properties of the adhesive filled with
organic powders are presented. All results were compared with those obtained in the
adhesive without powder additions.

The findings obtained as a result of the experimental studies are summarized as follows:

• The bond strength decreased when the amount of the powder (in 38 μm size) added
to adhesive was more than 5%.

• The strength of all joints obtained by 5% powder additives (for 38 μm) increased
compared to that with pure adhesive.

• The bond strength at all additive ratios (for 45 μm powder) increased compared to
that with pure adhesive.

• In the experiments, the lowest strength value was obtained in joints where 38 μm olive
pomace was added in the ratio of 30% by weight, and the highest strength value was
obtained in joints where 45 μm olive pomace was added in the ratio of 30% by weight.

• When the additives in 38 μm powder size were used, it was seen that the change in
bond strength varied depending on the powder type, while the effect of powder type
on the bond strength did not make a difference in 45 μm powder sizes.
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Abstract: The application of adhesively bonded joints in aerospace structural parts has increased
significantly in recent years and the general advantages of their use are well-documented. One of
the disadvantages of adhesive bonding is the relevant permanence, when compared to traditional
mechanical fastening. End-of-life processes generally require the separation of the adherents for
repair or recycling, and usually to achieve this, they combine large mechanical forces with a high
temperature, thus damaging the adherents, while consuming large amounts of energy. In this work,
a novel disassembly technique based on laser-induced shock waves is proposed for the disassembly
of multi-material adhesively bonded structures. The laser shock technique can generate high tensile
stresses that are able to break a joint, while being localized enough to avoid damaging the involved
adherents. The process is applied to specimens made from a 3D-woven CFRP core bonded to a thin
Ti layer, which is a common assembly used in state-of-the-art aircraft fan blades. The experimental
process has been progressively developed. First, a single-sided shot is applied, while the particle
velocity is measured at the back face of the material. This method proves ineffective for damage
creation and led to a symmetric laser configuration, so that the tensile stress can be controlled and
focused on the bond line. The symmetric approach is proved capable of generating a debonding
between the Ti and the CFRP and propagating it by moving the laser spot. Qualitative assessment of
the damage that is created during the symmetric experimental process indicates that the laser shock
technique can be used as a material separation method.

Keywords: laser shock; disassembly and recycle; laser adhesion test; 3D-woven CFRP; bonded structures

1. Introduction

Recent aircraft construction has replaced nearly 50% of metallic parts with composite
materials, as their specific properties are essential for weight reduction. While the weight
decrease is accompanied by reduced fuel consumption, the broad application of composites
has raised some different environmental challenges. The biggest environmental impact is
the increasing generation of large amounts of waste and landfill material as more structures
reach their end-of-life (EoL) [1].

Advancements in recycling have made it possible to recover carbon and glass fibers
from composite materials that have reached their EoL, using strategies like pyrolysis [2]
or solvolysis [3]. Furthermore, other strategies have been proposed to utilize shredding
of the composite to be used as a filler in bio-based resins, thus delaying their landfill
deposition [4]. To employ such strategies with sufficient efficiency, it is important that the
different materials are well-separated and sorted.

General aircraft EoL processes have been designed for material separation before
component recycling. Separation strategies are chosen based on a cost–benefit analysis, with
the extreme cases being systematic disassembly and shredding. Systematic disassembly is
the process of separating and sorting all the components based on material composition.
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It is a labor-intensive process and yields the best material segregation. On the other end
of the cost–benefit spectrum, shredding is the process of cutting pieces of the aircraft
containing a multitude of materials, such as aluminum, titanium, composites, glass, etc.
This process is concentrated on quantity over quality [5,6]. The two extremes are not
usually desirable because of the excessive cost or the poor material quality, respectively.
Intermediate strategies, on the other hand, use the mapping of the aircraft and specific
combinations of shredding, cutting, and disassembly are utilized, according to material
homogeneity, as illustrated in Figure 1.

Figure 1. Current EOL strategies sorted based on their cost–benefit ratio.

Bonded metal, composite, and multi-material structures are a common design choice
of state-of-the art aircraft structural parts. EoL planning for such structures is a major
challenge [7], since separation of adherent materials, often of dissimilar nature (titanium or
aluminum bonded with a composite), is usually achieved by applying large mechanical
forces and extremely high temperatures, both of which can damage the adherents and lower
the quality of the recovered materials [8]. Thermally induced disassembly approaches can
be achieved through both thermal softening (exceeding the adhesive’s Tg) and thermal
decomposition (exceeding the temperature of flammability-in-air or auto-ignition point) [9].
The solutions provided by the literature are currently focused on the creation of reversible
or dismantlable adhesives. These adhesives use thermally expandable particles and heat
as an activation method of debonding [10,11]. While a joint design using such adhesives
is promising, mechanical properties are inevitably decreasing [12], making the structures
unappealing for aeronautical structural applications.

An interesting case of a multi-material bonded structure is modern aircraft fan blades,
which consist of an advanced 3D-woven composite core bonded to a metallic leading edge,
most commonly being titanium alloy. The described assembly has a complex end of life,
since titanium is a valuable material that can be recycled, but not while it is bonded to
the composite core. Additionally, the recycling process of the 3D-woven composite can
recover the fibers to be reused. In the frame of the EC-funded project MORPHO, a novel
disassembly process is developed for the separation of the two materials utilizing the
laser-shock technique. The laser-shock technique can provide high precision in terms of
tensile force application to separate bonded materials and, if it is calibrated correctly, it can
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avoid damaging the adherents. Additionally, minimum to no adhesive residue to at least
one of the involved materials can be achieved when the process is optimized for adhesive
failure of the bond. Moreover, in contrast to thermal methods for material separation, no
harmful by-products are generated during the process.

The experimental work presented in this paper is composed of two parts. First, the
single-sided configuration is used, while the particle velocity is measuredonthe free surface
of the material. This configuration was not able to damage the bond between the Ti
and CFRP. The second part uses a symmetric configuration; this approach creates two
shockwaves that propagate in opposite directions, and their interference can be controlled
by the time delay between them. The symmetric configuration was able to debond the Ti
from the CFRP and propagate the debonding by moving the spot.

First, the laser-shock principle is described, as well as the different configurations
of the technique to highlight the bases for the disassembly process. The materials and
the different experimental procedures are then detailed to explain how the results were
obtained. Finally, the results of the single-sided and symmetric configurations are presented
and explained.

2. Materials and Methods

2.1. The Laser Shock Technique

Laser shock has been used in the industry for material processing, improving fatigue
strength of metallic materials, by creating residual compressive stresses [13,14]. Recent
research has been able to use the ability of the technique to generate high tensile stresses
for non-destructive purposes in the form of an adhesion test called LASAT [15–18], and for
the purpose of damage creation, as it is the case for selective paint stripping [19–21], and
the formation of controlled delaminations in composites [22].

2.1.1. The Laser-Shock Principle

Laser shock is a technique based on laser–matter interaction. The plasma expansion
that is obtained when a high-powered laser, with a duration in nanosecond range, is
focused onto the surface of a target induces a pulsed pressure, which is the result of the
recoil momentum of the ablated material [23]. If the plasma expansion occurs under a
confinement regime, the pressure level and duration are increased significantly [24]. The
confinement regime needs to be a dielectric material transparent to the laser, such as water,
glass, or pliable polymer [14]. The pressure generated by the plasma expansion results in
an elastic precursor shock followed by an elastic-plastic compression shock that propagates
inside the material. After the plasma expansion, the surface is unloaded and a plastic-
decompression shock alongside an elastic-plastic decompression shock begin to propagate
and are described as a release wave. The interaction between the release wave and the
elastic precursor shock wave develops high localized tensile stresses [25]. Figure 2 is an
illustration of the laser-shock principle.

2.1.2. Laser-Shock Configurations

Depending on the configuration of the two beams, different set-ups are possible.
To illustrate the wave interactions in the different configurations, it is common in the
literature to use simplified space–time diagrams that present stresses, assuming a linear
one-dimension propagation though the specimen thickness. Figure 3a demonstrates the
standard single-sided shot configuration, where one beam is focused on the surface of
the specimen; the high tensile stress area appears near the opposite side of the specimen
caused by the interaction between the reflected release wave and the release wave resulting
from surface unloading. This interaction is only dependent on specimen geometry and the
pulse duration.
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Figure 2. Schematic representation of laser-generated shockwave.

(a) (b)

Figure 3. Space–time diagram for single shot (a) and symmetric (b) configuration.

Additionally, when both sides of the specimen are irradiated, two shock fronts are
created and allowed to propagate in opposite directions [16]. To achieve the symmetric
configuration illustrated in Figure 3b, two polarized beams are separated using a 90◦
polarizer and transported to each side of the specimen using optics. Utilizing the symmetric
technique, the maximum tensile stress does not exclusively rely on pulse duration; instead,
shifting the location is possible by applying time delay (Δt) between the pulses. Tensile
stress areas are still created by the interactions of each individual shock propagating inside
the material and their location cannot be controlled; however, the maximum tensile stress
is produced by the interference of the two reflected release waves and its position at the
material’s thickness depends on the Δt.

2.2. Materials and Specimens

The specimens were provided by Safran in the frame of the MORPHO European
project. The composition of the specimens is a 3D-woven CFRP core bonded to a thin Ti
alloy edge using an adhesive film. Each specimen was cut by Safran from a single block and
the final dimensions of the specimens are 100 mm × 40 mm with a thickness of 10.6 mm. The
specimens tested are illustrated in Figures 4 and 5. During all experiments, the composite
side of the specimens was covered by a thin aluminum tape. The reasons are twofold:
during direct shots on the composite the aluminum acts as an ablation layer, providing
higher pressure while protecting the composite from the ablation effects; additionally,
aluminum provides a reflective surface that can be used for optical measurements during
Ti side-shots.

54



Processes 2023, 11, 506

(a) (b) (c)

Figure 4. Specimen used for laser-shock experiments. (a) Top view; (b) side view; (c) bottom view.

Figure 5. Microscope image of the interface between CFRP and Ti.

2.3. Laser Specifications

The experiments were conducted using the Hephaïstos facility located at the Labora-
tory for Processes and Engineering in Materials and Mechanics (PIMM), ENSAM, ParisTech.
The facility uses two Nd:YAG (neodymium-doped yttrium aluminum garnet) Gaia HP
lasers from THALES, which can emit synchronized or delayed pulses, at 532 nm with a
repetition rate of 2 Hz. The pulse has a gaussian temporal profile with a duration of 7 ns
and a maximum energy of 7 J each that can be combined into a 14 J pulse when both lasers
are superposed. The beams are focused using an optical lens to control the focal diameter,
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with a range of 3 to 5 mm. After the focus, a diffractive optical element is used to obtain a
uniform top-hat-shaped spatial profile.

2.4. Experimental
2.4.1. Single-Sided Shot Configuration

For the first part of the experiments, the single-sided shot configuration was used,
as shown in Figure 6. During the experiments, the particle velocity of the free face of the
material (opposite to the loading surface) is measured by an optical diagnostic tool called
VISAR (Velocity Interferometer System for Any Reflector). VISAR is an interferometer
that can measure the doppler shift of a 532 nm wavelength, low-power laser, when it is
reflected by a free surface that is moving because of the arrival of a shock wave. The time
resolution that the tool provides is 1 ns. The tool has been used in the study of shock waves
in solids [18–20,23,26] as a method of damage identification during LASAT, or a way to
validate numerical models for study and optimization.

Figure 6. Single-sided laser experimental set-up.

This experimental series consists of single-sided shots on both the Ti and CFRP sides
of the specimen with laser intensity varying from 1 GW/cm2 to 6 GW/cm2 using water
as the confinement regime and a spot diameter of 4 mm. Due to the nature of the 3D-
woven composite, it is expected that the VISAR measurements have an increased location
dependent variability. This is attributed to the inhomogeneity of the material that results
in local stiffness and thickness variations, influencing the particle velocity. To account for
the variability of the measurements, each laser intensity experiment was repeated 10 times.
Table 1 contains all the single-side shot experiments.
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Table 1. Experiments with the single-sided laser configuration.

Experiment Number of Specimens Laser Intensity Number of Shots

Titanium side shots with VISAR 4

1.2 GW/cm2

40
(10/specimen)

3 GW/cm2

4.5 GW/cm2

6 GW/cm2

CFRP side shots with VISAR 4

1.2 GW/cm2

40
(10/specimen)

3 GW/cm2

4.5 GW/cm2

6 GW/cm2

2.4.2. Symmetric Laser Configuration

The symmetric configuration uses the same two Nd:YAG lasers, splitting the beams
using a polarizer to deliver one beam at each side of the specimen. The symmetric exper-
imental set-up is shown in Figure 7. For this configuration to work, it is important that
the two beams are perfectly aligned. To maintain the alignment, movement of the spot
is achieved by placing the specimen on a robotic arm (Figure 6). The water confinement
regime is challenging in this set-up, and thus, it was replaced by a solid pliable polymer.
The shots were focused on the edge of the specimen so that the damage that is created can
be visible through an electronic microscope. The energy of each beam was set to 100%,
meaning 3.49 J and 5.14 J for beam A and B, respectively. Using a 3.2 mm spot diameter,
the resulting laser intensity is 5.45 GW/cm2 for beam A and 7.99 GW/cm2 for beam B.

Figure 7. Symmetric experimental set-up.

During the experiments, the delay time can be set between beam A and B with an
accuracy of 1 ns. The delay times that were calculated for the specimen are 3.45 μs and
3.55 μs when the tensile zone created by the shock-wave propagation aims to damage the
interface between the bond line and the titanium or the bond line and the CFRP, respectively.
Shots using a delay between the two mentioned values did not produce any damage; thus,
the effort was focused on the creation of debonding caused by adhesive failure, aiming at
the interface instead of cohesive failure. Figure 8 illustrates the wave propagation for each
time delay.

Previous work [27,28] has shown that damage can be progressively created in a two-
step loading. If the first shot provides enough energy to weaken the bond, then a second
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shot can initiate the debonding. Utilizing this strategy, each spot was shot two times, the
first to weaken the bond and the second one to damage it.

(a) (b)

Figure 8. Space–time diagrams showcasing the wave propagation for delay times of (a) 3.54 μs and
(b) 3.45 μs.

3. Results

3.1. Single-Sided Configuration Results

The shots conducted using the single-sided configuration were expected to show a
shift in the back-face velocity measurements as the intensity increased, indicating damage
at higher energies. Figures 9 and 10 show the back-face velocities of the specimens shot with
4.5 GW/cm2 and 6 GW/cm2 for the Ti side and composite side shots, respectively. Each
curve corresponds to a different spot using the same intensity to observe the variability of
the measurements. The response of the specimens was identical for lower and higher laser
intensities, differentiating only on the peak value of the velocity; this is an indication that no
damage was created. It is interesting to mention that Ti side shots have increased variability
for the same experimental parameters. Measurements for the Ti side shots are conducted at
the surface of the composite, so the inhomogeneous nature of the 3D-woven structure is
more dominant for those measurements. On the other hand, the shots conducted at the
surface of the CFRP show less variability because the measurements were taken at the
surface of the titanium, which is homogenous.

 
(a) (b) 

Figure 9. Back-face velocity measurements for Ti side shots for (a) 4.5 GW/cm2 and (b) 6 GW/cm2.
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(a) (b) 

Figure 10. Back-face velocity measurements for CFRP side shots for (a) 4.5 GW/cm2 and
(b) 6 GW/cm2.

To validate the absence of damage to the specimens, ultrasound tests were used in the
form of a C-scan. Observing the C-scan of the 6 GW/cm2, it is clear that no damage was
created during the shots. Figure 11 shows the result for the Ti and composite side shots.

(a) (b)
Figure 11. C-scan for the 6 GW/cm2 specimen: composite side (a) and Ti side (b).

3.2. Symmetric Configuration Results
3.2.1. Symmetric Shots Targeted at the Adhesive/CFRP Interface

The shots conducted with a delay between pulse A and B of 3.45 μs were aimed at the
adhesive/CFRP interface. Figures 12 and 13 are images of an electronic microscope, where
the Ti adhesive and CFRP layers are visible. Measurements of the adhesive’s thickness
outside and inside the spot area indicate an increase in thickness inside the spot area that
is due to plastic deformation of the adhesive. The second shot at the same spot resulted
in matrix damage in the composite material. This is visible in Figure 12b where the fibers
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have been exposed underneath the adhesive layer. The experiment was repeated with the
same results in Figure 13.

(a) (b)

Figure 12. Symmetric shot aiming at the interface between CFRP and adhesive. (a) Plastic deformation
caused by the first shot; (b) matrix damage caused by the second shot.

(a) (b)

Figure 13. Repeated experiments for matrix damage. (a) Deformation after the first shot; (b) exposed
fibers after the second shot.

3.2.2. Symmetric Shots Targeted at the Adhesive/Ti Interface

The shots that were conducted using the 3.54 μs delay time between beam A and B have
led to adhesive failure at the adhesive/Ti interface, using the same two-shot methodology.
After the first shot, the adhesive developed plastic deformation, like the experiments using
delay time of 3.45 μs, and the second shot created the debonding, as shown in Figure 14.
No other damage was visible other than the debonding.

After establishing the capability of the method to create the debonding, two propaga-
tion techniques were tested. The first experimental trial employed repeated shots at the
same spot. Each consecutive shot increased the debonded area until it became equal to the
spot diameter at the fourth shot. Figure 15 shows the propagation of the debonding after
each shot. This method, although effective, produced fiber damage to the CFRP close to the
free surface of the composite. Figure 16 is a microscope picture of the damaged CFRP.

The second approach for the propagation of the debonding is the moving spot. The
sequence of shots during this trial is the following: the first two shots initiate the debonding;
then, the spot is moved by 2 mm and two more shots are used to propagate the debonding.
Finally, the spot is moved by another 2 mm in the same direction, and after two more shots,
the final debonding was measured as 5.5 mm. The progression of damage is shown in
Figure 17. Visual inspection of the specimen using the electronic microscope did not show
any indication of damage to the CFRP.
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Figure 14. Debonding between titanium and adhesive after two symmetric shots with delay of 3.54 μs.

(a) (b)

(c) (d)

Figure 15. Consecutive shots at the same spot: (a) healthy specimen; (b) debonding initiation after
two shots; (c) debonding propagation after the third shot; (d) debonding equal to the spot diameter.
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Figure 16. Fiber damage at the free surface of the composite after four consecutive shots at the
same spot.

(a) (b)

(c) (d)

Figure 17. Damage propagation using a moving spot: (a) healthy specimen; (b) debonding initiation
after two shots; (c) debonding propagation, after moving the spot by 2 mm and shooting two times;
(d) final damage after repeating the previous step.
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4. Discussion

The symmetric laser-shock configuration shows that it is possible to create a debonding
between the Ti and CFRP by carefully calibrating the delay time of the two shots. This
work proved experimentally the hypothesis that was investigated numerically in previous
work [27,28] that the laser-shock technique can progressively create damage by shooting
multiple times at the same spot. Additionally, the propagation of the debonding can be
also achieved using repetitive shots at the same spot but also by moving the spot. The
experiments indicated that repetitive shots at the same spot have an upper limit in their
effectiveness because they can damage the involved adherents, as is the case of the first trial,
which damaged the CFRP at the area where secondary tensile interactions are predicted
to occur. Furthermore, this was the first time that a specimen of this thickness was tested,
and although challenging, it is possible to disassemble even thick structures like an aircraft
engine fan blade.

Although the first steps of the process development show promise, the implementation
of the technique to a full-scale industrial disassembly application needs improvement.
First, the symmetric process is tedious and should be streamlined for automation used in
industrial-scale disassembly. This can be achieved using a continuous water stream as the
confinement regime instead of the single-use solid polymer. In addition, the symmetric
configuration, although effective, is restrictive in its use as both faces of the material should
be accessible and taken into account during the implementation of the process. Furthermore,
the shot sequence can be optimized for maximizing the debonded area. That, as well as the
calculation of the optimal time delay, can be achieved by a simulation of the process using
the data created by this experimental series to validate a digital twin of the specimen.

5. Conclusions

A novel disassembly process of adhesively bonded structures is being developed using
the laser-shock technique. Two experimental trials were conducted to prove the method’s
ability to debond a thin titanium leading edge from a 3D-woven composite core. The single-
shot configuration experiments revealed that it is not possible to create a debonding on the
specimen. The method’s inability is attributed to the fact that the required stress field near
the bond line cannot be created by one shot. Nevertheless, the experimental series provided
useful back-face velocity measurements that can be used to validate numerical models for
further optimization of the method. The second experimental series that was conducted
using the symmetric configuration succeeded to create and propagate a debonding between
the composite and the titanium leading edge. Two methods of propagation were tested; on
the one hand, subsequent shots at the same spot, although successful for propagation of the
debonding, caused severe damage to the CFRP, something the process is aiming to avoid.
On the other hand, moving the spot proved to be the most sufficient methodology for the
debonding propagation. Additionally, using the symmetric configuration, it is possible to
control with accuracy the concentration of tensile stresses by shifting the delay between the
beams. This is showcased by the damage creation differences once the wave interference
was aimed at the interface between the Ti/adhesive and CFRP/adhesive, respectively.
Finally, although the results are promising in creating and propagating a debonding, to use
the technique as a disassembly process both the damage initiation and the propagation
need optimization.
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Abstract: Fibre Metal Laminates (FMLs) are very interesting materials due to their light weight
coupled with their high stiffness, high fatigue resistance, and high damage tolerance. However,
the presence of the polymeric matrix in the composite layers and of polymeric adhesive at the
metal/composite interface can constitute an Achille’s heel for this class of materials, especially when
exposed to a hot environment or water. Therefore, in the present article, aluminium/carbon fibre
FML specimens were produced, aged by considering different hydrothermal conditions, and then,
subjected to mechanical testing. The End-Notched Flexure (ENF) test was considered for this activity.
It was found that the first ageing stage, consisting of submersion in saltwater, was very detrimental
to the specimens, while the second stage, composed of high and low temperature cycles, showed an
increase in the maximum load, probably due to a post-curing effect of the resin during the higher
temperatures of the ageing cycles and to the dissolution of salt crystals during the subsequently
ageing stages in distilled water.

Keywords: fibre metal laminates; hydrothermal ageing; end-notched flexure test

1. Introduction

Structural applications in advanced fields, such as aeronautics, demand innovative
materials presenting high mechanical properties, low density, and resistance against ageing.
In fact, the mechanical properties of structural parts have to remain unaltered throughout
the entire lifecycle, even if the part is exposed to hazardous environments [1]. Fibre Metal
Laminates (FMLs) are a class of materials able to meet the aforementioned properties. In
fact, they are formed by metal sheets alternated with Fibre-Reinforced Polymer (FRP) layers,
and this confers to the material the desired mechanical characteristics [2,3]. From a historical
point of view, FMLs were developed to overcome the poor fatigue resistance of aluminium
sheets [4,5]. Moreover, FRPs suffer a decrease in mechanical properties due to exposure
to water/moisture environments, which are able to damage the matrix of the composite
layers [6,7]. In fact, the matrix of FRP generally is hydrophilic. This leads to a tendency for
the material to absorb moisture from the outside to the inside. Generally, the mechanisms
by which this occurs are essentially two: volumetric and “interaction” [8]. In the first
mechanism, the absorption of water in free volumes and microcavities that are present in
the FRP such as micro-voids and pores due to gases generated during the polymerisation of
the resin throughout the curing process is considered the cause. These gases could remain
entrapped in the matrix, increasing the void content in the FRP. In the second mechanism,
there is an interaction between the water molecules and the polar groups present in the
molecular structure of the polymer. This interaction not only allows diffusion within the
polymer, but also involves a plasticisation of the polymer itself as a weakening of the
primary and secondary bonds of the molecular structure and distortions of the molecular
chains. This phenomenon results in a change in the thermomechanical characteristics of the
polymer, which are usually manifested by a reduction in the glass transition temperature
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(Tg). On the other hand, thermal ageing is strongly linked to the Tg of the resin used for the
production of FRP. Generally, when the temperature of the environment exceeds the Tg of
the resin, its mechanical characteristics undergo a strong reduction, which can be recovered
if the working temperature is reduced below the Tg. However, such temperature changes
affect the molecular structure by generating configuration changes [9]. However, the effects
of physical ageing related to the presence of moisture in the polymer or the presence of
high-temperature environments can be recovered if chemical degradation of the molecular
bonds does not occur. In fact, if a polymer is exposed for a certain time to a temperature
close to its Tg, its aging history is lost. For epoxy resins, this phenomenon can also occur at
temperatures lower than the Tg, definable as erasure temperatures [10].

The presence of the metal sheets on the exposed surface of the laminate is able to
reduce the penetration of moisture into the FRP resin [11]. For this reason, FMLs can be
employed in environments characterised by intense temperature variations and elevated
humidity [12]. However, ageing can affect the mechanical properties of the FML, leading to
dangerous delaminations in the laminate and, consequently, to its failure [13]. Moreover,
the presence of an interface could accelerate the moisture uptake in the FML because it can
be the most-critical area in terms of mechanical strength and temporal reliability [14].

There are several studies about the mechanical properties of FMLs, paying attention to
the composite type [15], the thickness of the layers [16], the metal’s surface preparation [17],
and the fibre orientation [18]; however, there has not been much research performed on
the hygrothermal effects on carbon-based FMLs, and it is still unclear how long layers will
stay bonded, particularly in seawater environments or at high temperatures. Yu et al. [14]
prepared titanium/Carbon-Fibre-Reinforced Polymer (CFRP) FMLs by anodising the tita-
nium sheets and grafting the CFRP layers with multi-walled carbon nanotubes. Then, they
compared the interlaminar fracture toughness of the produced laminates with that of an
equivalent, but untreated, one, by considering both as-produced and aged materials. They
found much better behaviour for the treated laminate. Instead, Wang et al. [19] studied the
effect of graphene nanoplatelets on the impact resistance of FMLs subjected to different
hygrothermal ageing conditions, finding that the addition of nanoplatelets decreased the
water absorption and increased the impact resistance. Pan et al. [20] investigated the effects
of aluminium sheet treatments on the mechanical performances of a hydrothermally aged
CFRP FML. They found a greater decrease of the mechanical properties in the untreated
laminates, due to the corrosion of the aluminium sheets. Hamill et al. [21] studied the effect
of galvanic corrosion induced by ageing in saltwater on traditional aluminium/CFRP FML
and an innovative bulk metallic glass/CFRP FML. They found a lower corrosion resistance
in the former one, which was reflected in the tensile properties of the materials, while the
flexural properties remained unaffected. To reduce the effects of environment-induced
galvanic corrosion, Stoll et al. [1] added an elastomeric interlayer between the aluminium
sheets and the carbon layers, suitable to reduce the corrosion thanks to its high electrical
resistance. They found decreased mechanical properties in the laminate produced without
the elastomer. Ali et al. [13] compared the effect of hydrothermally induced corrosion
on the mechanical properties of titanium sheets, CFRP laminates, and titanium/CFRP
FMLs. They found higher mechanical characteristics in the FML compared to the CFRP
laminates, while the titanium sheets presented the lowest corrosion. Viandier et al. [22]
studied the corrosion resistance of an FML based on CFRP and stainless steel, finding
that the former behaved as a cathode, while the latter as an anode, and it was affected
by pitting corrosion as well. Alia et al. [12] studied the effect of hydrothermal ageing on
the adhesive layer used for bonding the metal with the composite in the FML, evaluating
the diffusion of water throughout the adhesive thickness and finding both microstruc-
tural changes and chemical degradation in the latter. Hu et al. [23] compared the effect of
moisture absorption on the mechanical behaviour of carbon-fibre-reinforced polyimide
and polyimide–titanium-based FMLs. They subjected samples of these materials to a
high-temperature and high-relative-humidity environment for different amounts of time,
and then, they evaluated the interlaminar shear strength and the flexural strength of the
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aged specimens. A certain decrease in these properties was found, induced by ageing, as
confirmed also by scanning electron micrographs and dynamic mechanical analysis tests.
Hu et al. [24] investigated the effect of hydrothermal ageing on Ti/CF/PMR polyimide
composite laminates conditioned in environments at different combinations of temperature
and relative humidity. They found that the saturated moisture absorption rate depended
on the relative humidity, while the diffusion rate of water in the composite depended on
the temperature. Zhang et al. [25] proposed a reduced graphene oxide modified Ti/CFRP
laminate to be used for intelligent de-icing in aeroplanes and tested both the de-icing per-
formances and the mechanical properties of this laminate. They found that the mechanical
properties improved after several de-icing cycles.

The aim of the present work is to investigate the effect of hydrothermal ageing on the
mechanical performances of FMLs. Specimens made of CFRP and aluminium sheets were
subjected to a sequence of different environments, such as saltwater, hot water, and ice, as
will be better described in the “Materials and Methods” Section. The motivation behind
this choice can be explained as the willingness of reproducing the possible environments
an aeronautical part is subjected to. Therefore, in the present work, End-Notched Flexure
(ENF) specimens were manufactured, aged under different conditions, and finally, tested
through a three-point bending scheme in order to analyse the effect of hydrothermal ageing
on the bonding interface between metal sheets and composite layers in an FML made of
aluminium and CFRP.

2. Materials and Methods

FMLs made of carbon composite laminates and aluminium sheets were chosen for the
investigation presented in this work. According to published research, galvanic corrosion
affects FMLs made of CFRP and aluminium sheets because the standard electrode potentials
of carbon and aluminium differ. Due to this peculiarity, the combination of these materials
was chosen since it is extremely important when thinking about the issue of environment-
induced corrosion, the goal of this work being to explore the impact of hydrothermal ageing
on the mechanical properties. The FMLs considered in this work were manufactured using
the prepreg vacuum bag process, as already described in [26]. The metal layers of the
produced FMLs were made of EN AW 3105, a commercial aluminium alloy, while the
layers of CFRP were made of M92/48%/220H4/AS4C/3K, a woven thermoset prepreg
system. The aluminium sheets had a thickness of 0.8 mm, while the prepreg layers had a
thickness of about 0.25 mm in the uncured state. The layup sequence is reported in Figure 1.
The composite layer consisted of two plies of M92/48%/220H4/AS4C/3K, layered in the
roll direction. The composite laminates were co-bonded to the aluminium sheets using the
structural adhesive AF 163-2, manufactured by 3M. As the pretreatment for the bonding,
the aluminium sheets were degreased using Methyl Ethyl Ketone (MEK). Specifically, the
FMLs were made using the vacuum bag technique: the cure cycle consisted of a heat
ramp of 2 ◦C/min up to the temperature of 125 ◦C and a dwell at this temperature of
about 90 min. This thermal cycle was suitable for both the prepreg and adhesive, as
reported in the respective technical sheets. Two notches were made using a very thin
Polytetrafluoroethylene (PTFE) release film at the interface between the composite and the
aluminium inner sheet in order to realise a notch length of about 30 mm in the finished
specimens. In fact, once the cure was complete, the laminate was removed from the mould,
and ENF specimens were made through a cutting operation using a diamond blade. In
particular, the specimen dimensions were determined in accordance with ASTM D7905 [27],
as shown in Figure 2. In total, 20 specimens were produced.

Ageing Treatments

To study the behaviour of the hybrid laminate in various types of possible working
conditions, five specimens, which represented the reference for measuring the mechanical
performance in unaged conditions, were stored in a chamber with a humidity of 30% and a
temperature of 25 ◦C, while the other specimens were subjected to the hydrothermal ageing
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cycle reported in Figure 3. It is possible to subdivide the ageing cycle into three stages.
Specifically, in the first stage, for a duration of 14 days, the specimens were immersed at
room temperature in saltwater with a chemical composition according to ASTM D1141 [28].
For the preparation of saltwater, 2 stocks and a final container were used. In the first stock,
7 L of distilled water was placed and 3889 g of magnesium chloride hexahydrate, 405 g of
calcium chloride anhydrous, and 15 g of strontium chloride hexahydrate were dissolved.
In the second stock, 486 g of potassium chloride, 141 g of sodium bicarbonate, 70 g of
potassium bromide, 19 g of boric acid, and 2 g of sodium fluoride were diluted in 7 L of
distilled water. Finally, the preparation of the saltwater was made in the final container. To
prepare it, 245 g of sodium chloride and 41 g of sodium sulphate were dissolved in 8 L of
water. After, 200 mL of the solution in Stock 1 and 100 mL of the solution in Stock 2 were
added to the container. Finally, the obtained solution was diluted with distilled water until
a volume of 10 L was reached.

Figure 1. FML layup sequence adopted in this work.

 

(a) (b) 

Figure 2. Manufactured ENF specimens: (a) geometry and dimensions in mm; (b) a photo of a group.

Subsequently, five specimens were extracted and stored in a dry environment at room
temperature, while the others were immersed in distilled water and subjected to thermal
shocks between −28 ◦C and 80 ◦C. Each ageing cycle lasted 7 days, and the thermal
variations imposed are illustrated in Figure 4. The adopted ageing cycles simulated the
most-critical environments an aeroplane could be exposed to: parking in the snow or ice,
near the sealine, and high-altitude flight after a take off from a very hot and sunny location.
It is worth pointing out that the edges of the specimens were not sealed in order to procure
the most-critical condition for the specimens. In fact, the metal sheet, placed on the external
surfaces, protects the FML from moisture and water absorption. By exposing the edges
to the environment, the detrimental effects, due to the galvanic coupling between carbon
fibres and aluminium sheets, are intensified.
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Figure 3. Hydrothermal ageing cycle adopted in this work.

Figure 4. Temperature variations of specimens immersed in distilled water for one week: (a) first day
of the week; (b) from the second to fourth day; (c) fifth day of the week.

After four cycles, five specimens were removed from the distilled water and stored in a
dry environment at room temperature. At the end of each ageing stage, the specimens were
dried and weighed using a precision balance. Weight variations were calculated only for
samples that were subjected to the ageing stages. For each specimen, a coefficient of varia-
tion with respect to the unaged condition cwvRef (defined as the reference weight, which
consisted of the weight of the specimen before ageing) was calculated using Equation (1):

cwvRe f =
Pn stage − Pre f

Pre f
(1)
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where Pn stage is the weight of the specimen after the nth stage, while Pref is the weight of
the specimen in unaged conditions. Similarly, it is possible to calculate the coefficient of
weight variation with respect to the previous ageing stage cwvn according to Equation (2):

cwvn =
Pn stage − Pn−1 stage

Pn−1 stage
(2)

where Pn−1 stage is the specimen weight after the previous ageing stage considered.
Once having completed the ageing treatments, the specimens were stored for two

years at room temperature and subsequently subjected to flexural tests. These tests were
performed using a universal testing machine and equipment produced to realise three-
point bending tests. Specifically, the test configuration consisted of a three-point bending
test with a span of about 100 mm (Figure 5). In particular, the diameters of the support
were equal to 8 mm, while the punch diameter was fixed to 10 mm. For completeness, the
imposed crosshead speed was equal to 2 mm/min during the tests.

 
Figure 5. The three-point bending test of a specimen during testing and its deflection/deformation.

3. Results

The first results obtained from the analyses were related to the weight variations of
the specimens at the end of each ageing stage. The obtained values of cwvRef and cwvn are
reported in Figures 6 and 7, respectively. Observing Figure 6, it is possible to state that
saltwater was uptaken into the specimens, allowing an increase in weight of about 8%.
This increase in weight was also due to the formation of salt crystals on the free surfaces of
the specimens. The subsequent ageing stages allowed a reduction in weight of about 10%,
reducing the weight of each sample to a value lower than the reference one. This result
could be due to the microcracking of the composite matrix, the corrosion of the aluminium
in saltwater, and the subsequent solution of salt crystals and aluminium oxides in the
distilled water.

During the three-point bending test, crack propagation between the adhesive and
aluminium sheets was observed. The failure modes can be classified according to ASTM
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D5573 [29]. Here, the failure modes can be subdivided into six types: adhesive failure, if
the failure appeared at the adhesive–adherend interface; cohesive failure, if the separation
appeared within the adhesive itself; thin layer cohesive failure, if the failure appeared very
near the adhesive–adherend interface with the presence of traces of FRP adherends on
the adhesive; fibre tear failure, if the rupture appeared only in the FRP matrix with the
exposure of the fibres on the failure surface; light fibre tear failure, if the rupture was in
the FRP matrix near the bonded surface; stock break failure, if the failure appeared outside
the bonded region. Starting from the observation of all the failure surfaces, it is possible
to classify the failure mode obtained from testing as an adhesive failure for all the ageing
conditions. Specifically, failures appeared between the adhesive and the outer aluminium
sheets. It is possible to state that the interface between the adhesive and CFRP was optimal,
while the interface between the adhesive and aluminium was the most-critical. Figure 8
shows the representative load–displacement curves obtained from the experimental tests.
It is possible to observe that all the ageing conditions caused a decrease in mechanical
performance, but contrary to what one might think, the last and the second to last ageing
stage involved an increase in the mechanical performance with respect to the first stage
of the ageing treatment. This could be due to a possible effect of the high temperature
used for the thermal shock, which could allow for a post-cure effect on the adhesive and
the composite layer. The presence of a working environment with higher temperatures
during the last two stages of the ageing cycle could have a positive effect on the mechanical
resistance of the specimens by a revamping of the physical ageing accumulated during
the first stage of the aging cycle [10]. Moreover, the immersion in distilled water during
the last two ageing stages resulted in a reduction in the salt content deposited within the
specimens. In fact, while the saltwater-aged samples showed, in addition to a noticeable
increase in weight, also the presence of salt crystals spread over the entire free surface of
the aluminium, the specimens that were subsequently subjected to immersion in distilled
water showed, in addition to a weight reduction lower than the initial reference one, also a
clear reduction of the salt crystals on the free surface of the aluminium.

 

Figure 6. Coefficient of variations with respect to the unaged condition for each ageing stage.

Observing the maximum load obtained from the tests (Figure 9), it is possible to
state that the average maximum load was lower, particularly for specimens aged only in
saltwater at room temperature. Considering also the dispersion of the results, it is possible
to state that the mechanical resistance variations were negligible compared to the other
stages, despite the last stage showing a higher distribution. A decrease in the interfacial
fracture energy in Ti-CFRP FMLs was also found by Yu et al. [14]. In particular, they aged
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in simulated seawater both common and pre-treated laminates and found a decrease of 67%
of the interfacial energy in the former case, while it was of 62% and 43% in the other cases.
This decrement of the mechanical properties was induced by the hydration of the metal
oxide layer, which had poor bonding with the composite matrix, and by the penetration of
water into the matrix. Alia et al. [12] determined a decrease in the mechanical properties of
adhesives equal to 25% due to microstructural changes induced by the hydrolytic action of
the water. Pan et al. [20] found a decrease in the interlaminar shear of an aluminium-based
FML equal to 14% after 15 days of hygrothermal ageing in seawater and 26% after 90 days.

 
Figure 7. Coefficient of weight variation with respect to the previous ageing stage for each
ageing stage.

Figure 8. Average load–displacement curves obtained from the experimental tests.
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Figure 9. Maximum loads obtained from the experimental test (as a function of the ageing stage).

The observed variation in failure loads probably depended on the presence of salt
crystals on the metal surfaces of the specimens. To understand this, the failure surfaces
between the aluminium and composite were observed by optical microscope. Figure 10
shows the failure surfaces near the notch tip of a specimen aged only with the first stage,
which was in saltwater. At the notch tip, it is possible to observe an extensive formation of
salt crystals, which was not only concentrated at the notch apex, represented by the blue line,
but developed within the bonding at the interface between the aluminium sheet and the
adhesive. In fact, salt crystals at the notch tip were grown not only along the free surface of
the aluminium, but also in the transverse direction. Such a phenomenon probably generated
some peeling stress, which caused the crack propagation at the adhesive–aluminium
interface. The free surface generated by this propagation led to a growth of salt crystals on
the aluminium side (Figure 10c), which increased this phenomenon. The subsequent stages
of ageing in distilled water involved a dissolution of salt crystals, therefore a decrease in the
peeling stress at the crack tip and a consequent recovery of the mechanical performance of
the FML specimens. It is likely that the surface pretreatment applied to the aluminium did
not guarantee the performance needed to avoid the debonding between the aluminium and
film adhesive. The analysis of the effect of different surface treatments on the aluminium
sheets in these ageing conditions will be the subject of further work by the authors.
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(a) (b) 

  
(c) (d) 

  
(e) 

Figure 10. Failure surfaces of a specimen subjected to the first stage of ageing (saltwater): (a) salt
crystals on the aluminium side; (b) salt crystal deposition on the adhesive side; (c) crack propagation
on the aluminium side; (d) crack propagation on the adhesive side; (e) position of the region shown
in the previous images.

4. Conclusions

In this work, the effect of ageing conditions on the mechanical performance of end-
notched Fibre Metal Laminate (FML) specimens was investigated. The samples were
manufactured through the vacuum bag technique and subjected to ageing cycles, which
consisted of immersion in saltwater followed by thermal shocks in distilled water. At
the end of each ageing cycle, the specimens were removed from the ageing environment,
weighed, and tested through three-point bending tests. Specifically, the gravimetric analy-
ses showed an increase in the weight of the specimens immersed in saltwater and a decrease
in the weight in the subsequent ageing conditions in distilled water. This was due to the
nucleation and growth of salt crystals on the free surfaces of the aluminium, which was
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severely limited by the dissolution of the crystals in the distilled water in the subsequent
ageing stages. After the gravimetric analyses, mechanical testing was performed, and
the results showed a decrease in the failure loads of about 30% for the specimens aged in
saltwater, while the subsequent ageing in distilled water showed a recovery of mechanical
performance. This was probably due to an imperfect pretreatment of the aluminium surface
before bonding and to the formation and growth of salt crystals near the crack tip, which
allowed the concentration of peel stress and was removed by the dissolution of the salt
crystals during the subsequent ageing stage in distilled water. Moreover, the presence
of a working environment with higher temperatures during the last two stages of the
ageing cycles could have an effect on the resistance of the specimens by a revamping of the
physical ageing accumulated during the first stage of aging. Future works will investigate
the effect of different aluminium surface pretreatments on the reliability of FML specimens
in the same ageing conditions.
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Abstract: The effects of the adhesive thickness and overlap of a polyurethane adhesive have been
studied by using different substrate configurations. Single lap joint (SLJ) specimens have been
tested with homologous substrates, carbon fibre-reinforced plastics and painted metal substrates.
Furthermore, a configuration with dissimilar substrates has been included in the experimental
campaign. Both types of these adhesive and substrates are used in the automotive industry. The
bonding procedure has been carried out without a surface treatment in order to quantify the shear
strength and stiffness when surface treatments are not used on the substrates, reproducing typical
mass production conditions. Three different ageing cycles have been used to evaluate the effects on
SLJ specimens. A finite element model that uses cohesive modelling has been built and optimised to
assess the differences between the different adopted SLJ configurations.

Keywords: single lap joints; polyurethane adhesive; finite element model; cohesive model; ageing cycles

1. Introduction

In recent years, the use of composite materials is also spreading in mass production
vehicles, especially in luxury cars where the requests for safety and comfort equipment
are increasing drastically. Of course, this contributes negatively to the total weight of the
vehicles, and thus, increases fuel consumption and vehicle emission. This tendency is
promoting lightweight design even in the mass production of vehicles by replacing many
components with reinforced plastics, such as crash absorbers, spoilers, side mouldings
and roofs [1–5]. A drawback of the adoption of composite materials is that traditional
mechanical fasteners (i.e., bolts, rivets and screws) are not easily adaptable, since holes
are detrimental for the mechanical properties of composite materials and the presence of
the holes in the composite should be properly designed or integrated to avoid premature
failure [6]. For these reasons, adhesive bonding is preferred when composite materials
have to be joined [7].

In recent years, the use of polyurethane adhesives as structural adhesives has
been widely increased due to their resistance to dynamic load and their capacity to
withstand larger deformations [7]. Nowadays, polyurethane adhesive is the most used
adhesive, together with acrylics and epoxies, due to the increased resistance of the new
proposed formulations [8].

Furthermore, polyurethane adhesives present a larger viscosity before curing that
allows to assemble components or specimens with larger clearances, since the adhesive
does not pour without proper tool or the application of pressure. Thus, once cured, these
adhesives present sealant properties that are needed for materials that can present large
clearances, such as thermoplastic composite components [9]. Although they present the
aforementioned advantages, many substrate materials need to be pretreated in order to
establish strong bonds with the adhesives. Pereira et al. [10] studied the effect of five
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different surface pretreatments (two different etching with sodium dichromate–sulphuric
acid and caustic solution, Tucker’s reagent, abrasive polishing and wiping solvent) on the
mechanical properties of SLJ tests. The analysed pretreatments allowed to obtain surface
roughness between 18.6 and 5.6 μm. The decrease in the surface roughness led to an
increase in the shear strength. The etching with sodium dichromate–sulphuric acid led to a
decrease of the surface roughness of 5.6 μm and the highest ultimate shear load (~7800 N).
Prolongo et al. [11] studied the effects of mechanical abrasive cleaning, alkaline cleaning and
two complex sulfuric acid-based solutions on the ultimate shear strength of SLJ prepared
with aluminium alloy. They showed that the etch with sulfuric acid-based solution led
to the highest increase in the shear strength. Stammen et al. [12] and Ciardiello et al. [13]
proposed a methodology to use plasma treatment to adhesively bond polypropylene-based
materials with a polyurethane adhesive. Stammen et al. [12] showed that by using air
and pyrosil as gas carriers to plasma-treat the aluminium substrates, the maximum shear
strength can be increased by at least 2.5 times than the adhesive joints prepared by simply
degreasing the substrate surface. Ciardiello et al. [13] showed that by using nitrogen as
a gas carrier, a polyurethane adhesive can be used to adhesively bond polypropylene
substrates without pretreatment. Zain et al. [14] showed that a decrease in the contact angle
of aluminium substrates can be achieved by using an alkaline etching, dipping in warm
water followed by treating with silane solution. The tests carried out on adhesive joints
prepared with polyurethane adhesive showed that the shear strength can be increased by
at least five times by using the surface treatment compared to joints bonded with untreated
specimens. Although surface treatments can increase the mechanical performances of
adhesive joints, these treatments cannot be easily adopted for specific applications where
the assemblies are made along the production line in mass production due to the time
production. In fact, many adhesive producers are studying specific formulations that can
be used without pretreatments.

In this work, a polyurethane adhesive is used to prepare adhesive joints made of
carbon fibre-reinforced plastic (CFRP) specimens, painted steel specimens and the relative
dissimilar joints (CFRP/Steel). An extensive experimental campaign was carried out
to assess the mechanical properties of SLJ specimens made with similar and dissimilar
substrates considering three different thicknesses and two overlaps. Three different ageing
cycles [13,15] used in the automotive industries were adopted to assess the effect of extreme
environmental conditions on the adhesive joints. A finite element model (FEM) that uses
cohesive zone modelling has been calibrated to find the cohesive parameters based on the
obtained experimental results.

2. Materials and Methods

2.1. Materials and Experimental Methodology

Steel and CFRP substrates are both adopted in the automotive industry. A DD11 steel
was used in this work as a metal substrate. The substrates were painted with a cataphoresis
cycle designed by the automotive industry for this material. The composite substrates were
obtained from a laminate that was fabricated with a specific stacking sequence optimised for
painting the composite laminates without aesthetic defects. For this reason, the composite
laminate is stacked with four layers of prepreg provided by Impregnatex Compositi (Italy)
with different tow sizes. The prepregs are balanced twill fabrics that present different areal
weights and fibres within a tow. They are laminated with the following sequence: GG630T
(12 K, 630 gsm), GG204T (3 K, 204 gsm), DYF15 180P (15 K, 180 gsm) and finally GG204T
(3 K, 204 gsm). The mechanical properties of the two substrates are reported in Table 1.
The thickness of the steel and CFRP substrates are, respectively, 2.2 mm and 1.3 mm. The
substrates present a length of 100 mm and a width of 20 mm. The size of the substrates
guarantees no plastic deformation in the substrates during SLJ tests.
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Table 1. Mechanical properties of the specimens.

Steel CFRP
Polyurethane

Adhesive

Tensile strength [MPa] 440 730 8.2

Young’s Modulus [Mpa] 207 × 103 60 × 103 20

Maximum elongation [%] 24.0 1.2 114

The substrates were adhesively bon”ed b’ using a bi-component polyurethane adhe-
sive, Betaforce 2850L by Du Pont (Wilmington, DE, USA). The adhesive properties are also
presented in Table 1 and have been assessed by using a Zwick Roell-Z005 (Ulm, Germany)
testing machine in displacement control, 2 mm/min. On the other hand, the mechanical
properties of the substrates are provided by the datasheet.

The SLJ tests were performed at a speed of 2 mm/min with an Instron (United States)
8801 testing machine. Tabs of different thicknesses were adopted to geometrically avoid
the misalignment with the grips of the testing machine. Both similar and dissimilar SLJ
were prepared and tested with only metal steel substrates (named here MS) and CFRP
substrates (named CS) and their combinations. The SLJ tests were prepared with the
following configurations CS-CS, MS-MS, and MS-CS. For each material pair configuration,
three adhesive thicknesses were adopted, 1.5 mm (advised by the producer), 3 mm and
4 mm, and two different overlaps, 12 and 24 mm. The adoption of the larger thickness
aims to understand the drop of the shear properties when this adhesive is used for larger
clearances. At least three replications were carried out for each joint configuration.

SLJ specimens prepared by using a thickness of 1.5 mm and the two overlaps, 12
and 24 mm, for the three adopted configurations, CS-CS, MS-MS and CS-MS, have
been aged with three different ageing cycles. These ageing cycles were also used by
Ciardiello et al. [13,15] in previous works, and as reported in [16], they are used to study
the effects of long exposure to extreme environmental conditions on the mechanical
properties of adhesive joints. The following ageing cycles are carried out:

Cycle A: Exposure at 90 ◦C without control of the relative humidity (RH) for 500 h.
Cycle B: Exposure at 40 ◦C with RH set at 98% for 500 h.
Cycle C: Exposure at 80 ◦C without RH for 24 h; exposure at 40◦C with RH set at 98% for
24 h; exposure at −40 ◦C for 24 h.

Aging cycles are carried out by using two different chambers (Votsch VT4020 and
Votsch Heraeus HC0020). The aim of the ageing treatment is to assess whether cycles A, B
or C can significantly affect the mechanical properties of the adhesive joints. As reported by
Belingardi et al. [16], mechanical tests after ageing are always carried out in the automotive
industry on adhesive joints since they can modify the mechanical behaviour of the adhesive
joints in some cases. In the present work, the ageing cycles have been carried out since the
surface of the substrates was not pretreated. Thus, a possible effect of the ageing on the
surfaces had to be considered.

2.2. Finite Element Model

The mechanical models of SLJ with two different overlaps, 12 and 24 mm, have been
simulated in the configuration with an adhesive thickness of 1.5 mm. The software used
for the simulations is LS-Dyna. The numerical activity aimed to assess the mechanical
properties of the SLJ and to study the drop of mechanical properties for the SLJ prepared
with composite substrates which is illustrated in Section 3.1. The substrates have been
modelled as four-nodes Belytshcko-Tsai shell elements. Eight-node solid elements are
used to model the adhesive. The integration points of MS and CS substrates through the
adhesive thickness are three and four respectively (as the number of layers of the composite
laminate). The cohesive formulation of the adhesive solid element uses four integration
points that are placed at the midpoint of the element surface. The substrates present a
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mesh of 2 mm that is refined to 1 mm approaching the overlap area of the SLJ specimens.
Figure 1a displays the FEM model of the SLJ specimen. Figure 1b,c display the cohesive
material model that has been adopted and the six points that have been used to normalise
the force-displacement curve based on the experimental trends that have been observed.
Geometrically, one extremity of the SLJ specimen was constrained and a motion law was
applied to the other substrate. This motion law is set as an initial ramp followed by a
constant value of the speed, as in [17]. The MS substrates are modelled as elastic, while the
CS substrates are modelled with an orthotropic model, as in [1]. Due to the intrinsic nature
of SLJ specimens, a mixed mode (mode I and mode II) failure is induced. For this reason,
a cohesive material model that takes into account both failure modes is chosen, namely
*MAT_GENERAL_COHESIVE [18,19]. The main peculiarities of this material model are
shear and peel stress and their relative energy release rate that are defined with user-defined
points; the shear stress and the energy release rate can be handled as design variables. Six
normalised points on the normalised force-displacement experimental curve were chosen
to replicate the mechanical behaviour of the adhesive joint: the origin, the load at 20%, the
load at 80%, the load at 100%, the load at 50% of the drop after the maximum peak load
was reached and the ultimate displacement.

 
(a) 

 

 
(b) (c) 

Figure 1. (a) SLJ in LS-Dyna environment (12 mm overlap); (b) material model; (c) normalised point
chosen for the simulations.

Using a methodology already used by the authors [1] and the main experimental
results obtained by Banea et al. [20] and Leal et al. [21] that found that the ratio between
the energy release rate in mode II, GIIC, is in the order of four times the energy release
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rate in mode I, GIC, for these types of adhesives, the following strategy was adopted. The
experimental force-displacement curves of the tests carried out on SLJ made with 12 mm
overlap were adopted to impose the material behaviour. Together with the ratio between
GIC and GIIC, the shear stress S (Figure 1b) and the GIIC were considered to approximate
the mechanical behaviour of the adhesive layer. On the other hand, the peel stress T is
assumed to be double the maximum shear stress, in agreement with the Tresca criterion.

A surrogate model optimisation has been carried out on SLJ specimens produced with
12 mm overlap. The optimisation procedure can be summarised as reported below:

f (x)

such that g1 =
Fmax,num(x)

Fmax, exp
− 1 ≤ 0 (1)

where f =
∣∣ENnum − ENexp

∣∣ (2)

x = [S, GIIc]

Then, the same parameters were adopted to simulate the SLJ prepared with the 24 mm
overlap in order to understand whether the mechanical model is able to replicate the
experimental behaviour of the 24 mm overlap joints as well by using the same cohesive
parameters. The optimisation model works on the experimental and numerical results
related to the force (Equation (1)) and absorbed energy (Equation (2)). The optimisation aims
to minimise the difference in absorbed energy of SLJ test between the experimental (ENexp)
and numerical (ENnum) simulations. Furthermore, a constraint between the maximum
experimental (Fmax,exp) and numerical force (Fmax,num) was adopted. Both maximum force
and absorbed energy were surrogated using the approximation method of Kriging [22].
The surrogated surfaces were constructed by considering 20 samples that are stochastically
disposed in the design domain in addition to the four corners samples. The optimisation
is run with the algorithm COBYALA [23]. Table 2 reports the limit domains for the three
different adhesive joint configurations MS-MS, CS-CS and MS-CS.

Table 2. Lower and upper limits for the three different configurations.

Lower Bound Upper Bound Unit

MS-MS

S 8.0 13.0 MPa
GIIC 16.0 26.0 N/mm

CS-CS

S 5.0 11.0 MPa
GIIC 10.0 22.0 N/mm

MS-CS

S 5.5 11.5 MPa
GIIC 10.0 22.0 N/mm

3. Results and Discussions

The results of the mechanical tests are reported in this section. Since different graphs
are presented, the following nomenclature will be used in the present work: MS refers to
the steel metal substrates, while CS refers to the CFRP substrates. Furthermore, the value
of the overlap and thickness is reported in the nomenclature. For example, MS-MS_24_1.5
refers to the adhesive joints prepared with only steel substrate with an overlap length of
24 mm and a thickness of 1.5 mm. The letter A, B or C will be added at the end of the label
for the adhesive joints exposed at the ageing cycles A, B or C, as illustrated in Section 2.
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3.1. Single Lap Joint Tests

The load-displacement curves obtained by using SLJ tests are reported in Figure 2.
In particular, Figure 2a reports the load-displacement curves of configuration that uses
metal substrates for the two different overlap lengths and the three different adhesive
thicknesses. Figure 2b,c report the curves obtained by using the same sizes of the SLJ (two
overlap lengths and three thicknesses), but they are related to the configurations that use
only composite substrates and metal-composite substrates respectively. Figure 2a–c show
that the highest loads and displacements are obtained by testing SLJ prepared with metal
substrates. On the other hand, the lowest loads and displacements are obtained by the tests
of SLJ prepared with the composite substrates. Intermediate load values are obtained for
the SLJ prepared with dissimilar, metal and composite, substrates for all the considered
configurations. In general, Figure 2a–c illustrate that the highest loads are obtained for the
configurations that use an adhesive thickness of 1.5 mm, while the SLJ prepared with 3 and
4 mm present very close maximum loads and similar displacements. However, the loads of
the SLJ prepared with 3 mm are slightly higher than those prepared with 4 mm thickness.

  

(a) (b) 

 

(c) 

Figure 2. Load-displacement curves for the configurations MS-MS (a), CS-CS (b) and MS-CS (c).

Figure 3 reports the summary of the shear strengths and stiffnesses obtained by SLJ
tests for all the configurations presented in Figure 2. The MS-MS configuration presents
the highest strength as shown in Figure 2 for the three adhesive thicknesses. The CS-CS
configuration presents the lowest shear strengths while the dissimilar configuration, MS-CS,
presents intermediate values of shear strengths for all three adhesive thicknesses. The shear
strength values shown in Figure 3a–c show that there is no significant difference between
the two adopted overlaps, except for the configuration MS-CS for the SLJ specimens
prepared with 3 and 4 mm adhesive thicknesses. However, the error bars show that there
is no significant difference. Furthermore, Figure 3a,b reveal a drop in the shear strength
by doubling the thickness of the SLJ specimens. The drop in shear strength doubling
the adhesive thickness from 1.5 to 3 mm is about 46% for the SLJ prepared with 12 mm
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overlap. Of course, the 24 mm overlap has a similar trend since the values are quite
superimposed. In contrast with this described drop, there is no significant difference
between the shear strengths obtained by the SLJ tests prepared with 3 and 4 mm. Only the
ultimate displacement is significantly changing between SLJ prepared with 3 and 4 mm
adhesive thickness, as illustrated in Figure 1b,c. Although the two substrates present two
different Young’s moduli, the drop in the shear strength is not justified by the different
stiffnesses of the two specimens. The reason for the drop can be found in the mixed
adhesive and cohesive failure modes, which is shown in Section 3.2 at the interface of
CS substrates. Da Silva et al. [24] reported a decrease of the maximum shear strength
between 17% and 26% percent by increasing the thickness of the adhesive layers for three
different epoxy adhesives from 0.2 to 1 mm (five times the initial thickness). On the other
hand, the values obtained in the present work for the SLJ specimens prepared with 12 mm
overlap report a decrease of about 45% for both MS-MS, CS-CS and MS-CS configurations.
Thus, a decrease of 45% is obtained by increasing the adhesive layer thickness from 1.5 to
4 mm (2.7 times the initial thickness). Figure 3 reports the values of the stiffness as well.
The stiffness has been computed by using the tendency line in the first linear trend of the
load-displacement curve. Figure 3a reports that the joint stiffnesses vary significantly with
the three different adopted configurations. This is due to the different stiffnesses of the
substrate configuration and adhesive thicknesses, as shown in the graphs presented in
Figure 3. Figure 3a–c illustrate that a reduction of stiffness is obtained for the configuration
CS-CS and MS-CS compared to the configuration MS-MS for a specific adhesive thickness.
The drop in stiffness of the CS-CS and MS-CS configuration compared to the baseline,
MS-MS configuration, is reported in Figure 3d. Figure 3d shows that SLJ prepared with 12
and 24 mm overlaps present similar trends for all the SLJ prepared with different adhesive
thicknesses. SLJ prepared with 1.5 mm thickness presents a drop close to 50% for the
configuration CS-CS and 37% for the configuration MS-CS, which means higher stiffness
for the configuration prepared with the dissimilar materials. Figure 3d illustrates a drop of
38% (CS-CS) and 22% (MS-CS) compared to the configuration MS-MS for the SLJ prepared
with an adhesive thickness of 3 mm. Finally, a drop of 36% (CS-CS) and 12% (MS-CS)
compared to the configuration MS-MS is shown for SLJ prepared with 4 mm thickness. This
means that by increasing the adhesive thickness of SLJ, the stiffness decreases significantly
as reported, while the drop of stiffness for higher thickness is lower compared to SLJ
prepared with an adhesive thickness of 1.5 mm. A combination table of the reported values
was built to show the configuration that presents similar results. Tables 3 and 4 present a
summary of the configurations that show similar shear strength and stiffness, respectively.
The values were considered similar when both shear strength and stiffness present a value
that is at most ±10% from the considered value.

3.2. Fracture Surfaces

Figure 4a–c illustrate the representative failure surfaces obtained for the different
configurations, a higher magnification of the CS-CS failure surface and an optical micro-
scope image that shows the adhesive spots that have been depicted on CS specimens,
respectively. Figure 4a shows that MS-MS configuration exhibits a fully cohesive failure
(the SLJ samples fail through the adhesive) for both adhesive joints prepared with both 12
and 24 mm overlaps. The adhesive joints prepared with composite specimens and with
dissimilar substrates macroscopically present a cohesive failure as well. However, a mixed
adhesive/cohesive failure mode can be detected in Figure 4b,c by observing the small
brighter spots using a microscope. In particular, Figure 4b presents some clearer areas
that are zones of the visible surface of the CFRP substrate. As shown in Section 3.1, this
led to a lower value of the shear strength. Figure 4c shows also that the adhesive failure
spots are not always uniformly spread on the whole surface but are limited to the right
part of the substrate in this specific case. However, the inspection of all the substrates
involved in the experimental campaign showed that the spots can be present in different
parts of the substrates. As a proof of this behaviour, CS-CS_12 mm and CS_CS_24 mm
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shown in Figure 4a present these spots on the left side and the top part. On the other hand,
MS-CS_12 mm and MS-CS_24 mm show that these areas are on the right and top part of
the specimens, respectively.

  
(a) (b) 

  

(c) (d) 

Figure 3. Shear strengths and stiffnesses for the configurations MS-MS (a), CS-CS (b) and MS-CS (c);
decrease of stiffness for the different adhesive configurations (d).

Table 3. Configurations that present similar strength.

12 mm 24 mm

1.5 mm

MS-MS   

CS-CS  

MS-CS

3.0 mm

MS-MS  

CS-CS   

MS-CS   

4.0 mm

MS-MS   

CS-CS   

MS-CS   
The same symbol indicates that the configurations present similar shear strength with 10% of variation included.
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Table 4. Configurations that present similar stiffness.

12 mm 24 mm

1.5 mm

MS-MS  

CS-CS   

MS-CS

3.0 mm

MS-MS  

CS-CS

MS-CS   

4.0 mm

MS-MS   

CS-CS  

MS-CS  
The same symbol indicates that the configurations present similar stiffness with 10% of variation included.

3.3. Numerical Model

In this section, the results of the optimisation process are used to simulate the me-
chanical behaviour of the adhesive joints. Figure 5a shows the result of the optimisation
process obtained on the MS-MS specimens made with 12 mm overlap. Figure 5b displays
the three experimental curves obtained for the MS-MS configuration (12 mm overlap) and
the good agreement with the numerical curve. Figure 5c shows the experimental curves
of SLJ tests carried out on MS-MS configuration that uses an overlap of 24 mm and the
relative numerical curve that has been obtained by using the optimised cohesive parameters
obtained from the 12 mm overlap configuration. Figure 5c shows that there is a very good
agreement with the initial trend and with the maximum force. The model can also detect
the change in the slope observed at 1000 N. On the other hand, the ultimate load is slightly
underestimated. The table of Figure 5d reports the values obtained in numerical and
experimental results for the MS-MS curve made with 24 mm overlap that shows that the
absorbed energy is underestimated as well, mainly due to the lower ultimate displacement
as well as the slightly lower maximum force that is obtained from the simulation compared
to the experimental test.

Figure 6 shows the results obtained on the SLJ configuration made with composite
substrates CS-CS. Figure 6a displays a table with the results of the optimisation procedure
that has been used to simulate the SLJ made with 12 mm overlap. It is worth noticing
that the value of the shear strength for the CS-CS configuration is reduced by 45%, similar
to the experimental results. Figure 6b shows the comparison between experimental and
numerical curves related to the CS-CS configuration made with 12 mm overlap. A very
good agreement is found for the initial trend, the maximum load, slightly higher in the
numerical simulation, and the final displacement. The results illustrated in Figure 6c
display that a very good agreement is also found for 24 mm overlap configuration. Finally,
the table reported in Figure 6d shows that the numerical and experimental results of the
absorbed energy and maximum load, are very close to each other, confirming the good
agreement of the FEM analysis.
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(a) 

(b) 

 

(c) 

 

Figure 4. (a) Representative failure surfaces of the MS-MS, CS-CS and MS-CS SLJ configurations;
(b) higher magnification of the CS-CS substrate; (c) representative adhesive failures of the CS substrate.
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 Optimal 
results 

Experimental 
results 

Unit 

S 10.0 - MPa 
GIIC 23.9 - N/mm 
EN 5.75 6.13 J 
Fmax 2408 2408 N 

 

 
(a) (b) 

 

 
 
 
 

 
 

Numerical 
results 

Experimental 
results 

Unit 

EN 11.50 13.98 J 
Fmax 4772 4918 N 

 

(c) (d) 

Figure 5. MS-MS configuration: (a) Optimised parameter of SLJ test with 12 mm overlap; (b) Compari-
son between experimental and numerical load-displacement curves (12 mm overlap); (c) Comparison
between experimental and numerical load-displacement curves (24 mm overlap); (d) Comparison
between experimental and numerical parameters (24 mm overlap).

Similar results have been obtained for the configuration MS-CS. The table reported
in Figure 7a shows the optimised parameters for the configuration MS-CS. It is worth
noting that the value of the shear stress is an intermediate value between the configurations
MS-MS and CS-CS, closer to the CS-CS configuration due to the similar obtained failure
surface. Figure 7b displays a good agreement between numerical and experimental curves
for the configuration made with 12 mm overlap. A good agreement is still presented in
Figure 7c for the CS-CS configuration made with 24 mm overlap. The use of the 12 mm
overlap parameters led to correct numerical curves both for the initial trend, force and
maximum displacements as well as for the SLJ made with 24 mm overlap. The maximum
obtained load from numerical simulations and experiments led to a very similar value,
while the absorbed energy is slightly lower for the numerical model, as shown in the Table
of Figure 7d.
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 Optimal 
results 

Experimental 
results 

Unit 

S 5.5 - MPa 
GIIC 12.0 - N/mm 
EN 2.92 2.92 J 
Fmax 1312 1266 N 

 

(a) (b) 

 

 
 
 
 

 Numerical 
results 

Experimental 
results 

Unit 

EN 5.78 5.80 J 
Fmax 2616 2622 N 

 

(c) (d) 

Figure 6. CS-CS configuration: (a) Optimised parameter of SLJ test with 12 mm overlap; (b) Compari-
son between experimental and numerical load-displacement curves (12 mm overlap); (c) Comparison
between experimental and numerical load-displacement curves (24 mm overlap); (d) Comparison
between experimental and numerical parameters (24 mm overlap).

The numerical modelling activity showed that the cohesive parameters that fits well
with the SLJ test results for the specific configurations varies significantly among the three
different configurations MS-MS, CS-CS and MS-CS. The numerical activity has been used
to demonstrate that the mixed adhesive failure obtained with the SLJ specimens made
with composite laminates led to a significant drop in the cohesive parameters. The drop
of the cohesive parameters has been depicted for the SLJ configurations prepared with
the composite materials, CS-CS and MS-CS, which have been compared to the MS-MS
configuration since the failure surfaces exhibit a cohesive type. The drop of the parameters
S, GIIC, EN and Fmax for the CS-CS configuration compared to MS-MS is, respectively,
45%, 50%, 50% and 45%, similar to the experimental mechanical result. On the other
hand, the MS-CS configuration displays a drop of S, GIIC, EN and Fmax of 32%, 34%, 36%
and 34%, respectively, compared to MS-MS configuration. Again, these results are very
close to the experimental results. The experimental activity together with the numerical
simulation proves that the mixed adhesive/cohesive failure led to lower values of the
cohesive properties.
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 Optimal 
results 

Experimental 
results 

Unit 

S 6.8 - MPa 
GIIC 15.75 - N/mm 
EN 3.69 3.70 J 
Fmax 1585 1645 N 

 

 
(a) (b) 

 

 
 
 
 

 Numerical 
results 

Experimental 
results 

Unit 

EN 7.56 8.31 J 
Fmax 3236 3418 N 

 

(c) (d) 

Figure 7. MS-CS configuration: (a) Optimised parameter of SLJ test with 12 mm overlap; (b) Compari-
son between experimental and numerical load-displacement curves (12 mm overlap); (c) Comparison
between experimental and numerical load-displacement curves (24 mm overlap); (d) Comparison
between experimental and numerical parameters (24 mm overlap).

3.4. Ageing Cycles

The results of the ageing cycles presented in Section 2.1 are reported in this section.
As reported in Section 2.1, the SLJ tests have been carried out for three different ageing
cycles on the configuration MS-CS prepared with both 12 and 24 mm overlaps and with
a thickness of 1.5 mm, which is the advised datasheet thickness. Figure 8 presents the
load-displacement curves of the MS-CS configuration with an overlap of 12 mm before
and after the ageing cycle (a), the load-displacement curves for the configuration with an
overlap of 24 mm before and after the ageing cycle (b) and the summary of the results
with the shear strengths and stiffnesses (c). Figure 8a,b show that the load-displacement
curve of SLJ prepared with both 12 and 24 mm overlaps present the same initial trend.
For both graphs, the maximum load is slightly higher for the SLJ tests after the ageing
A, which is the cycle that conditioned the SLJ at 90 ◦C. On the other hand, the maximum
load illustrates that the SLJ tests after the ageing B led to slightly lower loads while cycle
C is not influencing the load-displacement curve. Figure 8c reports the summary of the
results related to the ageing cycles. The comparison between the unaged SLJ and SLJ aged
with cycle A show that there is a slight increase in the shear strength although it is not
significant by looking at the presented error bars. On the other hand, SLJ conditioned with
cycle B exhibit a slight decrease in the shear strength. This slight drop was also reported by
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Ciardiello et al. [13] for the same adhesive and an ageing cycle that presents high relative
humidity. The drop is 25% for the SLJ prepared with 12 mm overlap and 15% for the SLJ
prepared with 24 mm overlap. Finally, the stiffnesses reported in Figure 8c show that their
values do not vary after the ageing cycles.

  
(a) (b) 

 

(c) 

Figure 8. (a) Load-displacement with and without ageing, 12 mm overlap; (b) Load-displacement
with and without ageing, 24 mm overlap; (c) Summary of the results.

4. Conclusions

The effects of 12 and 24 mm overlap together with three different adhesive thick-nesses
1.5, 3.0 and 4.0 mm have been studied with regard to different substrate configurations.
These configurations are made only with painted steel and composite substrates. Further-
more, a dissimilar configuration with both steel and composite material has been studied.
The SLJ specimens have been prepared by not using surface pretreatment in order to assess
the mechanical performances of the adhesive joints without the treatment that is usually
required when polyurethane adhesive is used. The following main conclusion has been
reported and discussed in Section 3:

1. The SLJ showed that the adhesive joints with the composite substrate presented
a mixed adhesive/cohesive failure surface that led to a detrimental effect on the
mechanical properties of the SLJ. The shear strength presents a drop of 45% and 30%,
respectively, for CS-CS and MS-CS configurations compared to MS-MS SLJ.

2. The analysis carried out by FEM modelling showed that the different failure surfaces
led to different cohesive parameters. Thus, the drop in shear strength does not depend
on the different substrate stiffnesses but is related to the different failure modes. The
stiffnesses vary with the adhesive overlap and thickness.
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3. Lap shear tests carried out on the aged adhesive joints showed that the adhesive
presents a good mechanical response to both the hot cycle (ageing A) and mixed cycle
(ageing C). On the other hand, the mechanical properties after the humid cycle (ageing
B) are lower. This drop in shear strength is related to a decrease in the mechanical
properties of the adhesive itself, since the failure surfaces do not change after ageing.
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Abstract: The interest in the design and numerical modelling of adhesively-bonded components
and structures for industrial application is increasing as a research topic. Although research on joint
failure under pure mode is widespread, applied bonded joints are often subjected to a mixed mode
loading at the crack tip, which is more complex than the pure mode and affects joint strength. Failure
of these joints under loading is the objective of predictions through mathematical and numerical
models, the latter based on the Finite Element Method (FEM), using Cohesive Zone Modelling
(CZM). The Single leg bending (bending) testing is among those employed to study mixed mode
loading. This work aims to validate the application of FEM-CZM to SLB joints. Thus, the geometries
used for experimental testing were reproduced numerically and experimentally obtained properties
were employed in these models. Upon the validation of the numerical technique, a parametric
study involving the cohesive laws’ parameters is performed, identifying the parameters with the
most influence on the joint behaviour. As a result, it was possible to numerically model SLB tests
of adhesive joints and estimate the mixed-mode behaviour of different adhesives, which enables
mixed-mode modelling and design of adhesive structures.

Keywords: adhesive joints; structural adhesive; fracture toughness; mixed-mode; cohesive zone mod-
elling

1. Introduction

Automotive, construction, aeronautical, and maritime industries extensively employ
adhesive bonding for structural and cosmetic purposes. The design of such adhesive
joints requires an a priori characterization of the materials involved. In addition, the joints
themselves are also characterised, ensuring they fulfil the requirements they were designed
for. In this regard, Budzik et al. [1] reviewed standard and non-standard tests for joints
employed in several technological fields while Tserpes et al. [2] reviewed failure theories
employed in the design of bonded structures. The mechanical properties of the adhesive are
determined through experimental testing following the applicable standards, as described
by da Silva et al. [3]. Moreover, in the adherends’ case, extensive testing is necessary for
enhanced adherends, e.g., those studied in reference [4]. However, the behaviour of the
adhesive within a joint also depends on geometric factors such as the adhesive layer’s
thickness (tA) [5], material properties [6], and temperature [7]. In consequence, adhesive
joints are characterised according to the expected loading conditions. Regarding the frac-
ture behaviour of adhesive joints, there are three pure loading modes: traction (mode I),
shear (mode II), and out-of-plane shear (mode III), as described by Dillard [8]. However,
applications of adhesive joints often present a degree of mixing, i.e., more than one mode
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is present due to load solicitation. In this case, the failure occurs in mixed mode [8]. The
critical energy release rate (GC) is among the Linear Elastic Fracture Mechanics (LEFM)
methods employed to determine crack propagation, and it is necessary for computational
simulations. Furthermore, GC has to be determined for each loading mode, i.e., mode I
and mode II, through experimental tests. In the adhesive joints’ case, there are different
experimental tests for this purpose, most of which are described by Pearson et al. [9] and
Chaves et al. [10]. The tensile critical energy release rate (GIC) is often determined using
the double-cantilever beam (DCB) test, while the shear critical energy release rate (GIIC)
is determined using the end-notched flexure (ENF) test. On the other hand, Ji et al. [11]
developed a mathematical model, based on the J-integral theory, to determine the ten-
sile and shear energy release rates (GI and GII, respectively) under mixed-mode loading.
Furthermore, the effect that tA has on the cohesive laws was evaluated. The proposed
methodology consisted of experimental tests using the single-leg bending (SLB) test and
followed by the mathematical approach to obtain the cohesive laws. It was found that
tA has a proportional effect on GI, GII, and joint strength. However, it does not affect the
normalised tension used for the cohesive laws.

Cases of experimental characterisation of adhesives using the DCB and ENF tests are
often found in the literature. For example, Faneco et al. [12] employed both DCB and ENF
tests to characterise a polyurethane structural adhesive, the SikaForce® 7752, for industrial
use. The specimens tested for both cases were composed of aluminium adherends, and
tA = 1 mm. Six specimens of each case were tested. Upon completing the experimental
campaign, good repeatability of the results was observed, indicating good control in the
specimen preparation and testing. Subsequently, GIC and GIIC were obtained using three
different methods. This approach was also followed by Cardoso et al. [13] to characterise
another polyurethane structural adhesive, the SikaPower® 1277, also for industrial use. The
specimen dimensions and tA were similar to those used by Faneco et al. [12]. In addition, the
results also showed good repeatability, confirming that good control was had on specimen
preparation and experimental procedure. Regarding the experimental procedures, both
DCB and ENF were described by da Silva et al. [3] and Pearson et al. [9]. Similarly, there are
experimental tests aimed at mixed-mode loading such as the cracked-lap shear (CLS) [14],
mixed-mode bending (MMB) [15], and the SLB [16]. Testing between the SLB and ENF
configurations is similar, hence no extra laboratory equipment is necessary, making this test
convenient [9]. Furthermore, the results obtained from the mixed-mode tests together with
those from pure mode allow for determining the fracture envelopes, which show how the
joint behaves under different loading conditions [9] and are useful for design purposes. The
SLB test has been used to determine fracture envelopes of different adhesives. For example,
Santos and Campilho [17] studied the fracture behaviour of three different adhesives, from
brittle to ductile, using this test. The joints had composite adherends and tA = 1 mm. The
results from the experimental testing were repeatable and consistent. Subsequently, the
values of GI and GII were obtained using six different reduction methods and, again, good
repeatability was observed regardless of the method. Then, these results together with the
results from GIC and GIIC lead to obtaining the fracture envelopes and the exponent values
for the power laws. More recently, Loureiro et al. [18] performed a similar experimental
campaign testing seven specimens per adhesive type, for a total of three adhesive types.
In this case, the J-integral method was used to calculate GI and GII. The results showed
low variability regardless of the adhesive type. Then, the fracture envelopes were obtained,
and the exponents of the power laws were calculated. These results agreed with previous
research, indicating their validity. Furthermore, the parameters obtained in these works are
necessary for the numerical modelling of bonded joints [17,18].

Numerical modelling using the Finite Element Method (FEM) has been employed
to study adhesive joints for a long time, and Adams and Peppiatt [19] are among the
pioneers in this regard. More recently, cohesive zone modelling (CZM) was included in
FEM, allowing one to predict joint strength, and even debonding, with good accuracy [2].
However, the cohesive laws must be properly chosen, from which the bi-linear or triangular
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law is a good compromise between accuracy and computational cost [20]. The parameters
necessary to model the cohesive behaviour of the adhesive layer are obtained from the
experimental tests listed above. Reis et al. [21] experimentally tested SLB specimens made
of solid composite material (carbon fibre and polyamide), and then, numerically reproduced
the experimental setup with the aim of assessing the suitability of this composite as an
alternative to thermoset ones. The joints were modelled as two-dimensional (2D) plane-
strain cases using FEM and CZM, trapezoidal cohesive laws were employed, and the
numerical results were similar to the experimental data. Then, it was found that the chosen
composite was a suitable alternative to conventional thermoset composites. Similarly, SLB
for adhesive joints were modelled by Santos and Campilho [17] and Loureiro et al. [18].
In both cases, the numerical models reproduced the experimental setup performed by
the authors. The numerical models were also 2D assuming plane-strain conditions and
triangular cohesive laws were used. In these two cases, three different adhesive types
were evaluated. Regardless of the adhesive type, the numerical results agreed with the
experimental data gathered a priori, validating the numerical methodologies. Although
the described research reached a good agreement between numerical and experimental
data, no parametric studies of the cohesive parameters were reported. In this regard,
Alfano [20] suggested that these sensitivity analyses are worth exploring. Furthermore,
contrary to other joint configurations, the SLB has little presence in the literature, even
though it provides data for mixed-mode fracture.

This work aims to validate the application of FEM-CZM to the analysis of SLB adhesive
joints. Thus, the geometries used for experimental testing were reproduced numerically,
and experimentally obtained properties were employed in these models. Upon the valida-
tion of the numerical technique, a parametric study involving the cohesive laws’ parameters
is performed, aiming to evaluate their influence on the overall behaviour of this type of
adhesive joint.

2. Materials and Methods

2.1. Geometry

The SLB specimen has two adherends bonded together, one of them shorter and placed
below, to induce mixed-mode loading during bending, i.e., three-point bending. The initial
crack (a0) should obey a relationship of 70% with respect to the half-span between supports
(L), i.e., a0 = 0.7L. A schematic of this specimen’s geometry is shown in Figure 1 (P is the
load and δ is the displacement). The SLB geometry is based on the work of Yoon and
Hong [22], later expanded by Chaves et al. [10].

 

Figure 1. Geometry and dimensions of the SLB specimens, adapted from [10].

In this work, 2L = 250 mm, the adherend thickness (h) = 3 mm, tA = 1 mm, out-of-
plane-width (B) = 15 mm, and a0 ≈ 87.5 mm. The overall lengths of the upper and lower
adherends were 280 mm and 200 mm, respectively.
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2.2. Materials

For this work, three adhesive types were considered, namely the Araldite® AV138,
Araldite® 2015, and SikaForce® 7752, varying from brittle to ductile. The Araldite® adhe-
sives are epoxy-based while the SikaForce® is polyurethane-based. These adhesives were
experimentally characterised in previous works [12,23,24], and their mechanical properties
are listed in Table 1. In addition, the mechanical properties that were obtained employed
the appropriate standards, while the fracture properties were obtained from bonded CFRP
specimens. The experimental procedures for these tests were described in detail by da
Silva et al. [25].

Table 1. Mechanical properties of the adhesives studied. Adapted from [12,23,24].

AV138 2015 7752
Nom Std Nom Std Nom Std

Young’s modulus, E [GPa] 4890 0.81 1850 0.21 493.81 89.60
Poisson’s ratio, ν 0.35 - 0.35 - 0.32 -

Tensile yield stress, σy [MPa] 36.49 2.47 12.63 0.61 3.24 0.48
Tensile strength, σf [MPa] 39.45 3.18 21.63 1.61 11.49 0.25

Tensile failure strain, εf [%] 1.21 0.10 4.77 0.15 19.18 1.40
Shear modulus, G [GPa] 1560 0.01 560 0.21 187.75 16.35

Shear yield stress, τy [MPa] 25.1 0.33 14.6 1.30 5.16 1.14
Shear strength, τf [MPa] 30.2 0.40 17.9 1.80 10.17 0.64

Shear failure strain, γf [%] 7.8 0.70 43.9 3.40 54.82 6.39
GIC [N/mm] 0.2 - 0.43 0.02 2.36 0.17
GIIC [N/mm] 0.38 - 4.7 0.34 5.41 0.47

The adherends were cut from carbon-fibre reinforced plastic (CFRP) plates with a
thickness of 3 mm. These plates were manufactured in-house using 20 layers of carbon-
epoxy pre-preg (SEAL Texipreg HS 160 RM, Legnano, Italy) with an individual thickness
of 0.15 mm. The layers were manually laid-up unidirectionally, i.e., [0]20. Then, the plates
were pressed at 2 bar and 130 ◦C for one hour using a dedicated press with hot plates
(200 kN press by Gislotica Lda; Perafita, Porto, Portugal). The manufacturing procedure for
the composite plates is described in better detail by Santos and Campilho [17]. Regarding
the mechanical properties of the prepreg used, these are listed in Table 2.

Table 2. Mechanical properties of the SEAL Texipreg HS 160 RM. Adapted from [26,27].

E G ν

Direction Value (MPa) Direction Value (MPa) Direction Value

1 109,000 12 4315 12 0.342
2 8819 13 4315 13 0.342
3 8819 23 3200 23 0.38

2.3. Experimental Details

In this work, three different adhesives were evaluated, and seven specimens per
adhesive type were prepared. Therefore, the adherends were cut from the composite plates,
mentioned in the previous section, to the appropriate sizes (Figure 1). The cutting of the
specimens was done using an abrasive saw with a diamond wheel suitable for composite
materials. In addition, several shims were cut and prepared to ensure the desired tA. Once
cut, the adherends and shims were prepared for the bonding process by following the
procedure described by Faneco et al. [12]. Furthermore, a razor blade was placed at the
end of the bond line, leading to the initial crack notch. Then, the adherends were laid on a
flat surface, the spacers were placed, the respective adhesive was applied, and the second
adherend was placed on top and aligned. The adherends were kept aligned during the
curing time using spring-loaded clamps located in the areas where the shims are, hence
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ensuring the desired tA. All the specimens were left to cure at room temperature for three
days in the case of both Araldite® adhesives, and five days for the SikaForce®. After the
curing process, the shims were removed, and all the excess of adhesive was carefully
trimmed using mechanical means. Subsequently, each specimen was marked by adhesive
type and specimen number, and the actual dimensions of each one were documented. In
order to ease the visualisation and measurement of the crack propagation, one of the side
faces of the specimen, including the adhesive layer, was painted in white and a scale was
attached to the adherend, as shown in Figure 2. Then, the individual values of a0 were
registered. These processes are described in more detail by da Silva et al. [3].

 
Figure 2. Painting of the specimen face and scale location to aid measuring the crack propagation.

Once all the specimens were prepared and measured, each one was tested using a
universal testing machine or UTM (Shimadzu AG-X-100) with a 100 kN load cell. The
bending loading was imposed through a fixture compatible with the UTM, as shown
in Figure 3.

Figure 3. Experimental setup employed.

The testing speeds employed were 0.35 mm/min, 0.8 mm/min, and 3 mm/min for
the Araldite® AV138, Araldite® 2015, and SikaForce® 7752, respectively. Furthermore, the
crack length (a) was measured using high-resolution pictures focused on the scale attached
to the specimen (Figure 2). The pictures were taken every 5 s, with the first photograph
taken at the beginning of the test. Therefore, the pictures are related to the UTM data using
the time stamps. The experimental setup is depicted in Figure 3. Finally, the tests were run
until a reached the loading point (Figure 1).

2.4. J-Integral Formulation

The J-integral formulation was used to estimate the fracture energies from the SLB
tests. This contour integral was proposed by Rice [28] in the 1960’s to calculate the strain
concentration near cracks and notches. Currently, this technique has been extended to
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several fracture tests, such as the DCB (mode I), ENF (mode II), and SLB (mixed mode).
The formulae following in this work were proposed by Ji et al. [11] within the scope of
adhesive layer characterisation, ultimately leading to closed-form expressions of GI and GII,
enabling one to obtain the energies and mode-partitioned CZM laws by a differentiation
procedure. To make this procedure possible, three relevant geometric variables, apart from
the typical P and δ, should be measured during the test (Figure 4): the relative rotation
between the two adherends at the loading line (θP), the normal separation at the crack tip
(δn), and the shear separation at the crack tip (δs). GI is given by:

GI(δn) =
∫ δn

0
tn(δn)dδn =

P
4

θP (1)

 

Figure 4. Schematic representation of δn, δs and θp.

In this expression, tn is the current tensile stress. On the other hand, GII can be
calculated as:

GII(δs) =
∫ δs

0
ts(δs)dδs =

1
2

(
h
D

)2
Q2

Ta2 + hQT
2D δ0

2
A + h2

2D

(2)

where ts represents the current shear stress, D is the beam bending stiffness (assuming
identical adherends), A is the beam axial stiffness, and QT is the resultant of shear forces
acting on the bonded SLB specimen. After having GI and GII as a function of δn and δs,
respectively, the direct CZM law estimation method gives the tensile (tn-δn) and shear
cohesive laws (ts-δs), by differentiating the GI-δn and GII-δs curves, respectively, resulting
from the former expressions:

tn(δn) =
dGI(δn)

dδn
=

d
{

P
4 θP

}
dδn

(3)

and

ts(δs) =
dGII(δs)

dδs
=

d
{

1
2 (

h
D )

2
Q2

T a2+
hQT
2D δs

2
A + h2

2D

}
dδs

(4)

As previously mentioned, θp, δn, and δs require continuous measurement during
the SLB tests. Data acquisition can rely on mechanical sensors such as linear variable
differential transformers (LVDT) or optical methods, including digital image correlation
(DIC). The procedure in this work involved using an optical method founded on taking
high-resolution pictures during the tests (Figure 3), and then performing a vector and
geometric analysis of the images captured during the tests by imaging software to produce
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a value of θp, δn, and δs for each picture, which can be correlated with the testing machine
data. More details about this procedure and geometrical extraction of the parameters from
the pictures can be found in previous work [18].

The methodology just described allows one to obtain the current values of GI and
GII, so they can be correlated within a plot, known as the fracture envelope [9]. Then, the
mode-mixity is defined through a power law [29], as follows:

(
GI

GIC

)α

+

(
GII

GIIC

)β

= 1, (5)

where the critical values of GIC and GIIC are known from the characterisation of the material,
i.e., as reported in Table 1. The exponents α and β define the shape of the envelope, being
commonly considered equal [30], so α = β, with common values of 0.5, 1, 1.5, and 2. Then,
the power law (Equation (5)) is plotted for each value of α. Finally, comparing the points
where the current GI and GII lay in relation to the envelopes provides the exponent α for
the analysed test.

2.5. Numerical Modelling

CZM modelling of the SLB specimens in Abaqus® is employed in this work to validate
the CZM laws and fracture envelopes defined in the experimental part. The simulation is
geometrically non-linear, which is mandatory for the magnitude of involved deformations.
The mesh refinement was optimised, with higher refinement at the crack growth region
and contact with the loading cylinders (as shown in Figure 5, together with the boundary
conditions). Since the models are 2D, the adherends were discretised by plane-strain four-
node solid finite elements (CPE4 from Abaqus®), and the adhesive by four-node cohesive
elements (COH2D4 from Abaqus®). Bias effects were used to reduce the computational
effort while concentrating elements where needed: six elements were considered through-
thickness in the adherends with a minimum size of 0.1 mm and a maximum size of 0.2 mm,
showing higher refinement at the free faces [31]. The element size in the bond line was
0.5 mm × 1 mm from the crack notch until the centre support (L from Figure 1) while the
remaining size was 1 mm × 1 mm. The mesh size in the vicinities of the rollers was finer to
reduce element distortion. In this case, the element size was 0.05 mm. The element size
on regions of low interest was 1 mm. The models were composed of 6144 CPE4 elements,
400 COH2D4 elements, and a total of 8676 nodes. It is worth noting that the mesh sizes
were chosen from the authors’ previous experience with similar finite element models.
Furthermore, the chosen mesh size is also in agreement with those reported in the literature
for similar cases. Thus, mesh sensitivity analyses were not required.

Figure 5. Mesh details and boundary conditions for the SLB model. The upper right close-up shows
the horizontal constraint at the centre span.
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Following the geometry shown in Figure 1, the substrates are supported and loaded
through rollers. Therefore, the centres of the supporting rollers were fixed in both directions
(UX = UY = 0), which reproduces the experimental setup. In addition, the upper roller
applying the displacement was constrained in the horizontal direction (UX = 0) while its
vertical displacement corresponds to the displacement imposed by the UTM, i.e., UY = δ.
Furthermore, the point of contact of the upper roller was also constrained in the horizontal
direction, as shown in Figure 5, reducing the degrees of freedom of the system. Nevertheless,
no horizontal displacement was observed during the experimental testing. The interactions
between rollers and substrates were defined through surface-to-surface frictionless contact
conditions with hard behaviour in the normal direction.

The modelling procedure consisted of setting one individual model for each exper-
imental test, including the measured dimensions and a0, for maximum accuracy. The
adhesive layer was modelled by one row of four-node cohesive elements whose definition
is based on the pure tensile and shear CZM laws; in this case, triangular cohesive laws were
employed, of which, the relevant properties (E, G, and tensile cohesive strength or tn

0, shear
cohesive strength or ts

0, GIC, and GIIC) were taken from Table 1. To numerically establish
the mixed-mode behaviour, it is necessary to know the power-law exponent, which is
calculated from the experimental data, namely when building the fracture envelopes for
each adhesive. Thus, this exponent may differ between tested adhesives. The comparison
between the experimental data and numerical predictions in the results section will be able
to validate the CZM law and respective mixed-mode criteria for strength prediction of
bonded joints.

2.6. Triangular CZM

CZM modelling relies on the establishment of stress-relative displacement laws or
CZM laws that link paired nodes of the cohesive elements. The CZM laws reproduce
the materials’ elastic behaviour up to reaching the cohesive strength in the respective
loading mode and the damage or softening process that follows, to simulate the material
degradation until failure and respective crack growth. GIC and GIIC correspond to the
area beneath the tensile and shear CZM laws, respectively. When considering pure mode,
damage grows at a set of paired nodes when stresses are cancelled at the end of softening.
On the other hand, under mixed mode damage growth is ruled by energetic criteria that
combine the individual loading modes [32]. Triangular CZM laws were considered in
this work, i.e., with linear softening, for pure and mixed-mode analysis. A schematic
representation of this law is shown in Figure 6. In the pure mode laws, the linear part
of the curve up to the cohesive strength is defined by a matrix that relates stresses with
strains, and with E and ν as main parameters. Although damage initiation under mixed
mode can be assessed by different criteria, this work uses the quadratic nominal stress
criterion. Upon reaching the mixed-mode cohesive strength (tm

0), the material stiffness is
degraded. Damage growth, i.e., separation of the paired nodes, is predicted using a power
law expression based on the current GI and GII (Equation (5)), initially proposed by Wu
and Reuter [29]. In this work, it was considered that α = β, whose numerical value was
estimated using experimental data (Section 2.5) and subsequently validated numerically.
Further details of this model are given in reference [23].
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Figure 6. Schematic of a triangular cohesive law, adapted from [20].

3. Results and Discussions

3.1. P-δ Curves

The P-δ curves were the initially collected data for the tests, leading to the subsequent
fracture analyses. Figure 7a gives an example of the correlation between specimens of
the same adhesive (Araldite® 2015), and Figure 7b shows sample P-δ curves for each of
the three adhesives, to visually reinforce the differences between adhesives. Figure 7a
emphasises the repeatability of the test data, showing that the specimens were fabricated
and tested under identical conditions. This agreement is also valid for the other two
adhesives tested in this work. Minor elastic stiffness variations take place because of
differences in a0 between specimens. Figure 7b shows a markedly different efficiency of the
adhesives, which relates to mixed-mode fracture, made visible by the different maximum
load (Pm) and maximum load displacement (δPm). In the Araldite® AV138, the evolution
of P with δ is predominantly linear until the crack begins to propagate. After crack onset,
few specimens showed unstable crack propagation, which is considered to be related to
the presence of small defects in a brittle adhesive, triggering catastrophic failure [33]. For
this adhesive, Pm = 81.1 ± 4.5 N and δPm = 2.11 ± 0.23 mm. The Araldite® 2015 shows
an improved fracture behaviour, due to much higher Pm and δPm (Pm = 204.2 ± 12.8 N
and δPm = 5.6 ± 5.58 mm). Although this adhesive possesses lower stiffness and tensile
strength than the Araldite® AV138, it also has higher ductility, hence performs better
within the scope of fracture tests. Moreover, the sample P-δ curve reveals non-negligible
softening up to Pm, associated to the creation of a bigger FPZ that develops at the crack
tip before crack onset. Finally, the SikaForce® 7752 presents the best toughness results,
with Pm = 630.3 ± 26.0 N and δPm = 28.4 ± 1.22 mm. Compared to the previous adhesives,
there is a marked softening before Pm, denoting the large dimensions’ FPZ taking place
before crack growth, accompanied by a softer transition to failure. These differences should
reflect in the fracture measurements that follow.

(a) (b)

Figure 7. P-δ curves for the Araldite® 2015 (a) and sample P-δ curves for each adhesive (b).
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3.2. Toughness Estimation

Estimation of GI and GII for all specimens was performed as specified in Section 2.4,
beginning with plotting θp, δn, and δs vs. δ curves up to crack initiation, for application
of the J-integral formulation. To make the curves smoother, all curves were subjected to
polynomial fitting, which was successful in the sense that it was possible to replicate the
experimental evolution with accuracy. It was found that the evolution of δn and δs with δ is
exponential [34], while the θP–δ curves are nearly linear. After applying the formulae of
Section 2.4, namely expressions (1) and (2), it was possible to derive the GI–δn and GII–δs
plots up to crack initiation, which are on the basis of the CZM law calculation by expressions
(3) and (4). Figure 8a shows sample curves for an SLB specimen bonded with the Araldite®

2015. Normally, these curves are divided into three portions: the first part with a slow
increase of GI or GII, followed by a marked increase, whose maximum slope gives tn

0 or
ts

0, and finally, the attainment of a steady-state value of GI or GII, corresponding to crack
initiation. This behaviour was generally observed in the tested specimens, although with a
few inconsistencies in some specimens due to experimental issues and fitting difficulties.
The main problem was the curve initiation with a non-nil slope, which then reflected on
non-nil stress at the initiation of the respective CZM laws. The correlation of this data
with a, measured from the experimental tests, gives the R-curves, of which an example is
presented in Figure 8b for the SLB bonded with the Araldite® 2015. For all adhesives, it was
found that the tensile and shear plots are identical, although with GI > GII. All R-curves
begin at the a value of a0, corresponding to the steep increase of GI or GII triggering crack
initiation, followed by a theoretically horizontal evolution of GI or GII, in which the critical
values are measured by averaging. The average and standard deviation data for each
adhesive (including GI and GII) are given in Table 3. The maximum coefficient of variation
occurred for GII of the Araldite® 2015, of 6.1%. On the other hand, the difference was high
between adhesives, reflecting their known brittleness or ductility.

(a) (b)

Figure 8. Sample GI-δn and GII-δs curves (a) and R-curves (b) for the Araldite® 2015.

Table 3. GI and GII for the three adhesives in the SLB test.

Araldite® AV138 Araldite® 2015 SikaForce® 7752

Specimen No.
GI

[N/mm]
GII

[N/mm]
GI

[N/mm]
GII

[N/mm]
GI

[N/mm]
GII

[N/mm]

Average 0.0657 0.0404 0.3663 0.263 3.383 2.567
Deviation 0.0024 0.0017 0.0073 0.016 0.050 0.042

3.3. Fracture Envelope

The fracture envelopes enable framing the mixed-mode behaviour of the adhesives by
plotting the GI/GII data points against idealised power law criteria having as limits the GIC
and GIIC of pure tensile (DCB) and shear (ENF) results [17]. The power law expressions are
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obtained from Equation (5), considering α = β. Thus, from this point on, the exponent in
the power law expression is cited as α. Different power laws (α = 1/2, 1, 3/2, and 2) are
evaluated to reproduce the experimental mixed-mode behaviour of each tested adhesive.
Figure 9 presents the experimental fracture envelopes for the three adhesives separately.

(a) (b)

(c)  

Figure 9. Experimental fracture envelopes for the adhesives Araldite® AV138 (a), Araldite® 2015 (b),
and SikaForce® 7752 (c).

Figure 9a, relating to the Araldite® AV138, reveals proximal data points, leading
to coefficients of variation of approximately 4% for both GI and GII. For this adhesive,
α = 1/2 reveals to be an accurate representation since all data points are close to this criterion.
Figure 9b presents the fracture envelope for the Araldite® 2015, and highlights the good
agreement between specimens, materialised by coefficients of variation of approximately
2% (GI) and 6% (GII). Although in this case α = 1/2 is identically the best option for
mixed-mode failure prediction, the data points are clearly above the criterion. Figure 9c,
representing the SikaForce® 7752 fracture envelope, depicts coefficients of variation below
2% for both loading modes but reveals a markedly different behaviour to the other two
adhesives. For this adhesive, the data points are situated near the α = 2 criterion, which
may be related to the polyurethane base and associated ductility.

3.4. CZM Laws

The CZM laws in both modes of loading were estimated by the direct method, as
described in Section 2.4. To apply expressions (3) and (4), applicable to the mode I and II
laws, respectively, it was previously necessary to approximate the data points of the GI-δn
and GII-δs functions by polynomial functions, individually for each specimen, for further
differentiation. Figure 10 represents, as an example, the full set of tensile (a) and shear
(b) CZM laws for the Araldite® 2015, which also represents the degree of correspondence
for the other two adhesives. The agreement was generally very good regarding the sets
of tensile or shear CZM laws of a given adhesive, including the elastic portion up to tn

0

or ts
0, the values of tn

0 and ts
0, and also the tensile and shear failure displacements (δn

f
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and δs
f, respectively). Typically, the tn-δn and ts-δs laws do not initiate with nil stresses,

as expected, due to using polynomial approximations. The Araldite® AV138 CZM laws
revealed a triangular-like form under tensile and shear assumptions. The collected data
for this adhesive was as follows: tn

0 ≈ 35 MPa, ts
0 ≈ 18 MPa, δn

f ≈ 0.01 mm, and δs
f ≈ 0.02

mm. The values of δn
f and δs

f are much reduced, which can be associated with brittleness
and stiff behaviour. The CZM laws of the Araldite® 2015, corresponding to the sample
curves shown in Figure 10, equally depict a triangular-like shape, but ductility signs
were visible near failure. The collected information for this adhesive was as follows:
tn

0 ≈ 17 MPa, ts
0 ≈ 7 MPa, δn

f ≈ 0.05 mm, and δs
f ≈ 0.1 mm. Comparison of these values

with those of the Araldite® AV138 gives an increase of δn
f of 421%, and δs

f of 358%. The
SikaForce® 7752 CZM laws showed a significantly different shape compared to the former
two adhesives, namely in the shear CZM law, which revealed a large steady-state region
with significant stresses, i.e., resembling a trapezoidal shape CZM. This result arises from
the large ductility of the SikaForce® 7752, and it is considered that this adhesive could be
better modelled by a trapezoidal law [20]. The average data for the SikaForce® 7752 led to
the smallest tn

0 and ts
0, and the biggest δn

f and δs
f (tn

0 ≈ 6 MPa, ts
0 ≈ 5 MPa, δn

f ≈ 1.6 mm,
and δs

f ≈ 1 mm). The δn
f and δs

f values are much higher than for the other adhesives,
with more significance for δn

f. Considering all adhesives and both loading modes, the
coefficients of variations were typically under 10% for tn

0 and ts
0, while δn

f and δs
f could

not comply with this standard and showed higher variations.

(a) (b)

Figure 10. Experimental CZM laws for the Araldite® 2015 data: tensile (a) and shear (b).

3.5. CZM Law Validation

Validation of the cohesive laws was done through the comparison between experimen-
tal and numerical values of Pm and δPm. Regarding the values of GIC and GIIC, i.e., pure
mode, data from the literature were used due to the mode-mixity found in the SLB. Then,
the experimentally defined α for each adhesive was assigned to each case tested. Starting
with the data of the Araldite® AV138, the numerical Pm was close to the experimental one,
being on average 2.6% lower (range 0.3% to −6.0%). Similarly, the numerical δ was 2.2%
lower than the experimental values (range 1.4% to −7.9%). The highest difference in both
values was observed on Specimen #1. Despite this fact, a good agreement between numeri-
cal and experimental data was attained. As an example, the comparison for Specimen #3 is
shown in Figure 11a. Following, in the Araldite® 2015 a similar trend was observed, and
the numerical Pm was on average 3.3% lower than the experimental value (range 3.8% to
−7.2%). The numerical δ was on average 5.9% lower than its experimental counterpart
(range 0% to −11.0%). The overall shapes of the numerical and experimental curves also
matched. For example, the comparison for Specimen #3 is shown in Figure 11b. For the
SikaForce® 7752, the numerical Pm was on average 7.0% lower than the experimental values
(range −1.7% to −12.5%). In this case, the numerical models underpredicted δ on average
by −14.0% (range −9.1% to −19.26%). Regardless of these differences, the P-δ curves, both
numerical and experimental, showed similar behaviours. For example, the comparison
corresponding to Specimen #3 is shown in Figure 11c.
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(a) (b)

(c)  

Figure 11. Comparison between numerical and experimental P-δ curves for the three adhesives
studied: Araldite® AV138 (a), Araldite® 2015 (b), and SikaForce® 7752 (c).

Subsequently, the values of GIC were determined from all the experimental and
numerical cases and then compared between them. Starting with the Araldite® AV138, the
value obtained from the numerical data was on average 1.0% higher than the experimental
one (range 7.2% to −3.05%). For the Araldite® 2015, the numerical value was on average
0.2% lower than the experimental one (range 5.0% to −5.5%). This trend continued for
the SikaForce® 7752, since the numerical value was on average −0.3% lower than the
experimental one (range −0.2% to −0.8%). Overall, the variability observed in both
numerical and experimental data was small, regardless of the adhesive type, as shown in
Figure 12a. A similar approach was followed to determine GIIC. However, this parameter
presented higher variability. For the Araldite® AV138, the numerical value was on average
1.0% higher than the experimental one (range 0.0% to 5.0%). In the case of the two ductile
adhesives, the average numerical value was lower than the experimental, by 11.3% (range
4.5% to −17.0%) and 2.4% (range −0.3% to −4.0%) for the Araldite® 2015 and the SikaForce®

7752, respectively. Despite these differences, a good agreement between numerical and
experimental values was obtained, as shown in Figure 12b. Finally, the good agreement
between numerical and experimental data regarding Pm, δPm, GIC, and GIIC, observed in
the described results, indicates that the chosen cohesive law is suitable for this application.
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(a) (b)  

Figure 12. Comparison between experimental and numerical values of GIC (a) and GIIC (b), by
adhesive type.

3.6. Fracture Envelope Validation

The previously obtained values of GIC and GIIC were related to obtain the fracture
envelopes, as shown in Figure 13. In addition, small dispersion can be observed for the
three adhesives studied (Figure 13), indicating the repeatability of the tests.

(a) (b)

(c)  

Figure 13. Fracture envelopes for the three adhesives studied: Araldite® AV138 (a), Araldite® 2015 (b),
and SikaForce® 7752 (c).

Results for the Araldite® AV138 show that α is equal to 0.5 (Figure 13a). Furthermore,
the position of the points within the fracture envelope was found in agreement with
previous work [17], validating this work’s fracture envelopes. Regarding the Araldite®

2015, the results present minimal scatter, as shown in Figure 13b. The position of the points
within the fracture envelope indicates α = 0.5, which is also in agreement with previous
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research [17], although with larger differences than those found for the Araldite® AV138.
For the SikaForce® 7752, the position of the points on the fracture envelope indicates α = 2,
as shown in Figure 13c. The scatter observed in these data is also minimal, indicating good
repeatability of the method. In addition, the value of α for this adhesive is also in agreement
with previous work [17]. Finally, the similarities between the values in this work and those
found in the literature, i.e., [17], validate the employed methodology.

3.7. CZM Parameter Analysis

The influence of GIC, GIIC, tn
0, and ts

0 on the P-δ curve was evaluated through a
parametric study. In this case, four values of each parameter were tested, i.e., −50%,
−25%, 25%, and 50% related to the previously described base values. The effect of these
changes was evaluated per variable and with multiple variables. The variation of GIC had a
proportional effect on the P-δ curves, regardless of the adhesive type, while the stiffness of
the joint remained constant, as shown in Figure 14. On the other hand, the variation of GIIC
has minimal influence on the P-δ curves and Pm, in particular, being the relative difference
6.2% for the Araldite® AV138, 6.0% for the Araldite® 2015, and 7.5% for the SikaForce®

7752. The effect was found larger as GIIC was reduced. Subsequently, the combined effect
of increasing or decreasing GIC and GIIC was studied. The increase in both parameters had
a proportional effect on the P-δ curves, something similar to that observed with GIC alone
(Figure 14). However, the increase in Pm is higher due to the small contribution of GIIC.

(a) (b)

(c)  

Figure 14. Effect of GIC over the P-δ curve for the three adhesives: Araldite® AV138 (a), Araldite®

2015 (b), and SikaForce® 7752 (c). 0% corresponds to the reference case.

Considering the effect of tn
0 on the P-δ curves, for the Araldite® AV138, the increase

of this parameter has a negligible effect on joint strength. Nevertheless, the reduction in tn
0

has a positive effect on Pm, increasing the strength of the joint, with the relative differences
equal to 3.0% and 7.8% for the −25% and −50% cases, respectively. The effect of varying
tn

0 for this adhesive is shown in Figure 15a. Then, for the Araldite® 2015, a similar trend
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was observed (Figure 15b), but the increase was smaller. In this case, the increases in Pm
were 1.3% and 3.0% for the −25% and 50% cases, respectively. In addition, the joint stiffness
gradually reduced before the onset of crack propagation, as shown in Figure 15b. On
the contrary, the effect of tn

0 on Pm for the joints bonded with the SikaForce® 7752 was
proportional, although negligible with a maximum increase of 0.3% for the 50% case, as
shown in Figure 15c. For this adhesive, the stiffness reduction is more visible than for the
Araldite® 2015, as shown in Figure 15b. Regarding the effect of ts

0, the variation of this
parameter has little effect on joint strength. However, its effect is similar to that observed
with GIIC, being more influential for ts

0 reductions. A similar effect was observed in the
three adhesives studied. Additionally, the combined effect of tn

0 and ts
0 had little influence

on the overall behaviour of the joint, regardless of the adhesive type, although it should be
noted that the stiffness reduced in the joints bonded with the Araldite® 2015 and SikaForce®

7752, and were more visible in the latter.

(a) (b)

(c)  

Figure 15. Effect of tn
0 on the P-δ curves for the three studied adhesives: Araldite® AV138 (a),

Araldite® 2015 (b), and SikaForce® 7752 (c). 0% corresponds to the reference case.

The combined effect of the four parameters on the P-δ curves was also evaluated.
For the Araldite® AV138, Pm was proportional to the increase of the four parameters, as
shown in Figure 16a. However, it can also be observed that GIC influenced joint strength
the most. Next, the Araldite® 2015 shows a similar pattern; however, the effect of tn

0

and ts
0 is observed in the gradual reduction of the stiffness prior to the crack propagation

region, as shown in Figure 16b, although GIC continued to be the most dominant parameter.
Finally, for the SikaForce® 7752, the combined effect shows a similar trend to that observed
in the Araldite® 2015, as shown in Figure 16c. From the comparison between Figures 14
and 16, it can be observed that, for the three adhesives studied, the variation of GIC has the
largest influence on Pm, while the variation of tn

0 and ts
0 affects the joint stiffness prior to

crack propagation, mostly in the joints bonded with ductile adhesives. It is important to
note that, in all cases, the displacements at failure (δn

f and δs
f) of the cohesive laws were
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automatically adjusted by the software to maintain the set value of energy (GIC and GIIC),
hence maintaining the area beneath the triangular law [2].

(a) (b)

(c)  

Figure 16. Combined effect of the variation of GIC, GIIC, tn
0, and ts

0 for the three adhesives stud-
ied: Araldite® AV138 (a), Araldite® 2015 (b), and SikaForce® 7752 (c). 0% corresponds to the
reference case.

4. Conclusions

This work aimed to study the mechanical behaviour of the SLB joint through numer-
ical analyses and to estimate the values of GIC and GIIC through both experimental and
numerical tests. These parameters are valuable for the further design of bonded struc-
tures. Good repeatability was observed in the experimental work performed. Similarly, a
good agreement between numerical and experimental results was found, indicating the
suitability of the employed methodology to estimate GIC and GIIC. These values were
significantly different, and the Araldite® AV138 presented the lowest and the SikaForce®

7752 the highest. The numerical fracture envelopes made it possible to estimate α, giving
α = 1/2 for the Araldite® AV138 and 2015, and α = 2 for the SikaForce® 7752. These values
were found similar in the tested experimental and numerical cases, further validating the
methodology. The P-δ curves, and Pm in particular, were found to be sensitive to variations
of GIC, its effect being proportional regardless of the adhesive type, as was found through
a sensitivity analysis. Similarly, variations on tn

0 have an inversely proportional effect
only in the joints bonded with the Araldite® AV138. This effect was attributed to a delay
in the crack propagation, thus positively influencing Pm. Furthermore, variations of tn

0

had no influence on Pm in the joints bonded with the ductile adhesives (Araldite® 2015
and SikaForce® 7752). Instead, these variations changed the stiffness at the initiation of
the softening phases. As a result of this work, it was possible to numerically model SLB
tests of adhesive joints and estimate α, which enables mixed-mode modelling and design
of adhesive structures with the tested adhesives.
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Abstract: To date, the fracture behaviour of soft, polyurethane-based adhesive joints has rarely been
investigated. This work contributes to the experimental investigation of such joints in modes I
and III by performing double cantilever beam (mode I) and out-of-plane loaded double cantilever
beam (mode III) tests at various loading rates. The tests were evaluated using a J-integral method,
which is well established for testing stiff adhesive layers and is conventionally used to determine the
cohesive traction at the crack tip. Additionally, fibre-optics measurements were conducted to provide
crack extension, process zone length, and cohesive traction from the measured backface strain of the
adherends. It was found that the energy release rate seems to be largely independent of the loading
mode. However, differences were observed regarding process zone length and resistance curve
behaviour. Furthermore, the backface strain measurement allows the determination of the cohesive
traction along with the complete adhesive layer as well as separation and separation rate, yielding
rate-dependent cohesive laws. A comparison indicated that the cohesive traction obtained from the
J-integral method does not match the measured benchmark from the backface strain measurements
because the underlying theoretical assumptions of the J-integral method are likely violated for soft,
rubber-like adhesive joints.

Keywords: adhesive joints; polyurethane; fracture mechanics; backface strain measurement;
rate-dependency; cohesive parameters; experimental testing of adhesives

1. Introduction

The literature contains a large number of studies investigating the fracture behaviour
of epoxy-based adhesives but comparatively few works investigating soft, rubber-like
polyurethane-based adhesives. However, many authors agree that polyurethane adhesives
have various advantages in terms of the more even load distribution of peel loads, higher
elongation at break, good damping properties and fatigue resistance, and energy consump-
tion during impact [1–3]. The latter is of particular importance in passenger protection,
as increased fracture energy leads to a greater amount of energy being absorbed by the
adhesive layer in the event of a crash accompanied by finite deformations in the adhesive
layer, which could potentially help to minimise personal injuries. Despite these important
factors, only a few studies have investigated the fracture behaviour of polyurethane-based
adhesive joints, whereas numerous studies have been conducted on polyurethane adhe-
sives in their bulk form. It is assumed that this lack of research may be due to issues such
as large process zones and energy dissipation through viscoelastic or viscoplastic effects, as
well as creep processes complicating both the experimental investigation of the fracture
behaviour and the extraction of fracture mechanical parameters.

The determination of cohesive laws is of particular importance for the design of
adhesively bonded joints, because from these, by use of cohesive zone modelling, the
behaviour of the joint can be predicted efficiently in finite element analyses. The aim
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of cohesive zone modelling is to reproduce the macroscopic fracture behaviour of the
adhesive layer by the use of traction separation relations, which, in the best-case scenario,
can be evaluated directly from mechanical fracture experiments such as, e.g., the double
cantilever beam (DCB) test, the end-notched flexure test, or the out-of-plane loaded double
cantilever beam (ODCB) test in modes I, II, and III, respectively. Commonly, an evaluation
method based on the J-integral according to Rice [4], in which the cohesive laws are
obtained by taking the derivative of the externally measured J-integral with respect to the
crack opening displacement (COD), is used for this purpose in the single mode testing
of both stiff, epoxy-based, e.g., [5–11], and soft, rubber-like adhesives, e.g., [12–14]. The
approach assumes a purely non-linear elastic material behaviour, with the crack tip being
the only inhomogeneity in the body, which, however, could be a problematic assumption
for testing soft, rubber-like adhesive systems because the effects of the loading rate and
energy dissipation outside of the crack tip, i.e., in the process zone, may not be taken
into account accordingly. For pure mode I loading, Rosendahl et al. [14] showed that the
approach can, indeed, approximately be used for thick, hyperelastic adhesive layers under
quasi-static conditions using finite element analyses. However, this finding remains to be
verified experimentally. Furthermore, in the mode III testing of rubber-like adhesives, in
which the process zones are significantly larger than in mode I [15], the approach has not
yet been used. To experimentally investigate the applicability of the J-integral method,
the aim of our study is to propose an alternative methodology for determining cohesive
laws based on the deflection curve of the adherends in DCB and ODCB tests to circumvent
the underlying assumptions of the J-integral approach, e.g., rate-independent material
behaviour and negligible effects of the process zone. As we will show, this novel method
also has some additional advantages in accounting for rate-dependent fracture behaviour,
as it can also be used to directly measure rate-dependent cohesive laws.

The dependency on loading rate and mode on the energy release rate (ERR) of rubber-
like adhesives has also been investigated in some recent studies: In pure mode I testing,
Schmandt and Marzi [12,13] investigated the effect of loading rate and adhesive thickness
on the fracture energy, cohesive strength, and joint stiffness of polyurethane-based adhe-
sives with DCB tests using the above-mentioned method of evaluation and found that
fracture energy and cohesive strength show dependencies on both the loading rate and
layer thickness. Boutar et al. [16] investigated the quasistatic single mode I and mode II
fracture of a polyurethane-based adhesive system and found a significant dependency of
the obtained fracture energy on the loading mode, with the mode II fracture energy being
over three times larger than the mode I fracture energy at a layer thickness of 1 mm. In
contrast, Loh and Marzi [15] investigated the mixed-mode I+III behaviour at a layer thick-
ness of 3 mm and found that there could be an indication that the critical fracture energy of
thick polyurethane-based joints does not depend on the mode-mix ratio. However, they
also stated that the experimental scatter in their results did not allow a definitive statement
about this issue. Furthermore, because of a pronounced resistance curve behaviour, they
were unable to determine the cohesive traction in the adhesive layer with the J-integral
approach, which also indicates that finding another methodology that allows the determi-
nation of the cohesive traction for such soft, rubber-like adhesive layers is an important
advance in the state of research.

As hinted at earlier, the determination of process zone length and crack tip position is
also of interest for the investigation of the fracture behaviour of adhesive joints: considering
the determination of crack length, Schrader et al. [17] found that the crack extension
measurement for rubber-like adhesive joints proved to be a difficult task with both optical
methods of crack length measurement and the enhanced simple beam theory approach
according to Škec et al. [18], leading to the conclusion that other methods for determining
an equivalent crack tip position could be advantageous. Hence, as an alternative, we
rely on an approach based on measurements on the adherends’ backface strain (BFS)
within this study, as the measurement of the BFS also allows the determination of the
deflection curve of the adherends, which is crucial for our aim of determining the cohesive
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traction without underlying J-integral assumptions. Similar approaches have already
been established in some other studies with a focus on the pure mode I testing of stiff
adhesive systems: Ben Salem et al. [19] used several strain gauges along the top surface
of a DCB specimen bonded by a structural adhesive joint for crack tip detection and
identified the crack tip position from the position of the maximum bending strain. Similarly,
Bernasconi et al. [20] and Lima et al. [21] used optical backscatter reflectometry to obtain
the adherends’ BFS. Truong et al. [22] also calculated the resistance curve for a composite
specimen from BFS measurements. To obtain a deflection curve during DCB experiments,
Reiner et al. [23] and Sun and Blackman [24] used digital image correlation (DIC) to
obtain the displacement profiles, enabling the calculation of the ERR from the obtained
displacement data. Additionally, especially for the investigation of soft adhesive systems, a
measurement of strain along the adherends allows the investigation of the process zone
shape, as performed, e.g., by Jumel et al. [25]. Schrader and Marzi [11] recently investigated
a stiff, epoxy-based adhesive system in mode III loading and also calculated both crack
length and process zone length from the measured BFS of the adherends. They also noted
that the investigation of the process zone using BFS measurements could be of particular
interest for investigating soft, rubber-like adhesive layers. Hence, the state of research
indicates that BFS measurements seem to offer valuable data for determining cohesive laws
from the experimental results.

Building on the mentioned studies, the present work aims to, for the first time, holisti-
cally investigate the effects of crack opening velocity and loading mode on a soft, rubber-like
polyurethane-based adhesive joint, especially considering the determination of cohesive
laws. Differences between the different evaluation methods, i.e., the J-integral method
and BFS measurements, shall be investigated, highlighted, and discussed in order to gain
insight into the applicability of the J-integral approach for soft, rubber-like adhesive layers,
because, as hinted at earlier, some of its underlying assumptions may be violated for such
adhesive systems. Furthermore, measuring the BFS along with the adhesive layer offers
the hitherto unprecedented opportunity to investigate whether the cohesive law measured
at the crack tip is at least similar to the cohesive traction separation relations along with the
complete adhesive layer.

For this reason, we performed DCB and ODCB experiments on a soft, polyurethane-
based adhesive system (Wiko Ultimate Elongation GLUETEC Industrieklebstoffe GmbH
& Co. KG, Greußenheim, Germany) in both DCB and ODCB tests at different loading
rates, i.e., 0.05 mm/s, 0.5 mm/s, and 5 mm/s in mode I and 0.05 deg/s, 0.5 deg/s, and
5 deg/s in mode III. In each of the test series, one experiment with a fibre-optics-based BFS
measurement was performed to investigate the deformation behaviour of the adherends
and to compare the results with the conventionally used evaluation methods for the
determination of cohesive laws based on the J-integral.

We shall begin by briefly presenting the necessary theoretical background on the
evaluation methods based on the J-integral and BFS measurements of the DCB and ODCB
experiments. After stating the materials and methods, we shall present and thoroughly
discuss the most important experimental findings. This includes the observed fracture
patterns, the bending strain measured by the optical fibres, the rate-dependency of the ERR
in modes I and III, the obtained resistance curves, the measured process zone lengths, and
the cohesive laws. Furthermore, the BFS measurements are compared to the globally mea-
sured data to verify the used evaluation approaches. As we will show, the determination of
cohesive laws from the deflection curve of the adherends is a valuable addition to fracture
mechanical testing, as the conventional J-integral method of determining the cohesive
traction may be prone to error because the underlying assumptions could be violated for
soft, rubber-like adhesive layers. Additionally, the presented method based on the BFS
measurement allows the determination of a rate-dependent cohesive law, which, to the
authors’ knowledge, has not been achieved elsewhere.
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2. Theory

2.1. J-Integral and Cohesive Traction

The J-integral of an arbitrarily shaped, non-linear elastic body—following the notation
of Rice [4]—is defined as

J =
∫

S

(
W dy − ti

∂Δi
∂x

ds
)

, (1)

where S describes an arbitrary path circumscribing the crack tip in a counter-clockwise
direction, ti are components of the (nominal) traction vector, Δi are components of the
displacement vector, and W is the strain energy density; see Figure 1. The integration is
performed in the reference configuration and, per the definition, provides the sum of all
inhomogeneities in the body. As the above equation is written in index notation, it shall be
summed over i = 1, ..., 3 to compute the total value of the J-integral.

Figure 1. Schematic representation of the line J-integral around a notch for a plane problem.

Considering the testing of adhesive layers, determining the traction vector is of special
interest for modelling the fracture behaviour of adhesive joints using cohesive zone models.
Briefly, if the integration path is chosen around the boundary between the adherend and
adhesive layer parallel to the x-axis (dy = 0) and exploiting the symmetry of a specimen
(i.e., identical adherends), the above equation can be expressed as

J (loc) = 2
∫ xt

xend

ti(x)
∂Δi
∂x

dx =
∫ xt

xend

ti(x)
∂δi(x)

∂x
dx (2)

where δi = 2Δi are the components of the separation vector, i.e., the relative displacement
of the upper and lower boundary, xend is the (unloaded) end of the adhesive layer, and
xt is the crack tip position. The assumption of the elastic behaviour of the adhesive layer
implies that, given single mode loading, the traction depends solely on the deformation
state, tI(δI(x)) and tI I I(δI I I(x)), respectively. Inserting this into the above equation and
substituting ∂δi(x)

∂x dx = dδi(x) then yields

J(loc)
I =

∫ δI(xt)

0
tI(δI(x)) dδI(x) and J(loc)

I I I =
∫ δI I I(xt)

0
tI I I(δI I I(x)) dδI I I(x) (3)

under the assumption that the end of the adhesive layer xend is unloaded. It should be
noted that a transition between Equations (2) and (3) is only possible under the condition
of integrability, ∇×�t = �0. This integrability condition is automatically fulfilled if the
cohesive traction depends only on the separation in the respective loading mode (decoupled
behaviour), i.e., tI(δI(x)) and tI I I(δI I I(x)); a dependence on, e.g., the separation rate would
violate the integrability condition and a conversion from Equation (2) to (3) would not
be feasible. Using the mode I and mode III COD, δI,t = δI(xt) and δI I I,t = δI I I(xt), the
equation can be rewritten in differential form and rearranged for the cohesive traction,

tI(δI,t) =
dJ(loc)

I
dδI,t

and tI I I(δI I I,t) =
dJ(loc)

I I I
dδI I I,t

, (4)
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thus yielding the so-called cohesive laws in the individual loading modes I and III.
It shall be noted that the Equations (2)–(4) apply locally in the vicinity of the crack

tip. For the experimental evaluation, it is demanded that J(loc) is in equilibrium with the
sum of contributions from external loads, which should apply as long as no energy is
dissipated outside of the adhesive layer. This method is straightforward, as by measuring
the J-integral over external loads (cf. Section 2.2) and the COD, cohesive laws can be
determined directly by the derivation of the measured quantities.

It should be highlighted, however, that it may be difficult to justify the validity of
the assumptions behind Equation (4) for a soft, polyurethane-based, rubber-like adhesive.
For such adhesives, the assumption of purely elastic behaviour behind the presented
derivations is deemed problematic: firstly, the implication that the cohesive traction solely
depends on the separation may neglect the effects of loading rate on the material behaviour,
wherefore the integrability condition for transitioning between Equations (2) and (3) would
be violated. Secondly, the assumption of a non-linear elastic body implies that the crack tip
is the only material inhomogeneity in the body. This could also be deemed problematic, as
soft adhesive layers may develop process zones of finite length before ultimate failure. As
the J-integral provides the sum of all inhomogeneities in the elastic body, inhomogeneities
in the process zone, e.g., plastic effects, viscoelasticity, and damage, could also contribute
to the value of the externally measured J-integral and could, hence, falsely be ascribed to
the crack tip when calculating the cohesive traction from Equation (4).

Because the assumptions behind Equation (4) may be violated during the testing
of soft, rubber-like adhesives, it can already be assumed that the approach of taking the
derivative of the externally measured value of J for the COD could be error-prone. However,
as this approach to the determination of cohesive laws is deemed very pragmatic and was
already used successfully in studies investigating the mode I fracture of polyurethane-based
adhesive joints [12–14], it is worthwhile to check this approach as it could at least provide a
good approximation for the traction at the crack tip. This work aims to assess the quality of
the approximation by using additional methods of measurement, i.e., BFS measurements,
which allow a determination of the nominal traction along with the adhesive layer.

2.2. Determination of the ERR in DCB and ODCB Experiments

Consider the DCB and ODCB specimens displayed schematically in Figure 2. Briefly,
if the specimen of width b is loaded in pure mode I during a DCB test, as found by Paris
and Paris [26], the J-integral according to Equation (2) reduces to

JI =
Fy(θ1 + θ2)

b
. (5)

For pure mode III loading during ODCB tests, Loh and Marzi [9] derived that the
J-integral yields

JI I I =
M2

y

b
1

EIy
(6)

with the applied moment My and the bending stiffness EIy of the adherends. Loh and
Marzi [27] found in a later study that unintended contributions to J can occur during testing
in mode III, which result from a mode I contribution due to the specimen twisting under an
out-of-plane deformation, JI∗ , and a contribution in modes I and II due to the finite width
of the adhesive layer, JI+I I :

JI∗ =
1
2b

1M2
x +

2 M2
x

μIyz
and JI+I I =

2M2
z

2b
1

EIz
(7)

Here, μ denotes the shear modulus of the adherends, and Iyz and Iz denote the torsional
second moment of area and the second moment of area of the adherend around the bending
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axis z, respectively. From this, the total value of the J-integral is obtained from the sum of
mode III and unintended contributions:

J = JI I I + JI∗ + JI+I I (8)

It should be noted that in the subsequent studies by Loh and Marzi [9,27,28] and
Schrader and Marzi [10], the contributions JI∗ and JI+I I were found to be negligible at the
point of fracture during pure mode III investigations of both epoxy-based and polyurethane-
based adhesive systems, i.e., J ≡ JI I I . Hence, the cohesive law can then be determined from
Equation (4) as the externally measured value of J from the outer loads is in equilibrium
with the value of J in the adhesive layer given that the adherends do not deform plastically.

III,t 
z
x

y1Mx

1My

2My
2Mz

2Mx

1My = 2My = My 

adherends

adhesive layer

t+ I,t 

z
x

y
1Fy

1Fy = 2Fy = Fy 

adherends

adhesive layer

2Fy

1

2

Figure 2. Schematical representation of the used specimens with applied loads: (left) DCB specimen,
(right) ODCB specimen.

2.3. Determination of ERR and Cohesive Traction from BFS Measurements

To gain better insight into the deformation behaviour of the specimen in each loading
configuration, a measurement of the adherends’ BFS ε at discrete measuring points along
with the specimen is used to determine the deflection curve at different times during the
experiment. For each measurement in time, from the distance c between the position of
strain measurement and the neutral axis of the adherend, which is assumed to be a Euler–
Bernoulli beam, the beam curvature κ is obtained via κ(x) = ε(x)/c, ultimately yielding
the bending moment

Mb(x) = −κ(x)EI (9)

from the bending stiffness EI around the bending axis of interest (y-axis in the ODCB and
z-axis in the DCB tests, respectively). From this, transverse force Q(x) and line load q(x)
are obtained by the differentiation of the bending moment for the x-position along the
adherends, giving

Q(x) =
dMb(x)

dx
and q(x) = −d2Mb(x)

dx2 . (10)

Furthermore, integrating the curvature along the beam provides the slope ϕ(x) of one
lever arm and the separation δ(x) between the two adherends via

ϕ(x) = −
∫ xt

xend

κ(x) dx and δ(x) = 2
∫ xt

xend

ϕ(x) dx. (11)

It should be mentioned that, for a specimen with an unloaded end, it can be reasonably
assumed that the integration constants for slope and deflection become nought, allowing
the calculation of both quantities without further restrictions. As a result, a measurement
of the beam curvature provides an additional possibility of obtaining cohesive traction at
discrete measuring points along with the length of the beam via

t(x) =
q(x)

b
(12)

144



Processes 2023, 11, 356

under the assumption that the load is distributed equally on the width of the adhesive layer
for both peel and shear loads. Thus, a comparison can be made to check the applicability
of Equation (4) with this measurement. Furthermore, considering Equation (2), from the
stress in the cohesive zone according to Equation (12) and the relationship ∂Δi/∂x = ϕ, the
J-integral is obtained via

J = 2
∫ xt

xend

t(x)ϕ(x) dx. (13)

It is therefore evident that the measurement of the elongation at the marginal fibres of
the adherends can be used to gain better insight into the fracture behaviour of the adhesive
layer. By investigating the deformation behaviour at different times during the experiment
and points along with the specimen, the traction, separation, and separation rate can be
obtained at each discrete measuring point along with the specimen.

3. Materials and Methods

3.1. Specimen Manufacturing

Within this study, both DCB and ODCB tests were performed on the polyurethane-
based adhesive system Wiko Ultimate Elongation (GLUETEC Industrieklebstoffe GmbH &
Co. KG, Greußenheim, Germany) at various loading velocities. The tested adhesive system
is a one-component, moisture-curing adhesive that exhibits a high elongation at a break of
about 800%, according to the manufacturer’s data. The substrates of the used specimens
were made of the high-strength aluminium alloy AlZn5,5MgCu (material grade number
3.4365, E = 70 GPa). The used specimens are displayed in Figure 3 with the corresponding
dimensions. The adherends had a T-shaped cross-section to achieve a smaller adhesive layer
width compared to the width of the adherends, avoiding plastification in the aluminum
during the experimental investigation. Furthermore, the length of the specimens was
chosen to be shortly below a meter, ensuring that the process zone did not reach the end of
the specimen during the crack initiation phase, even in the case of finite deformations at
the crack tip, ensuring an unloaded end of the specimen.

15

5
15

15995
30 a0

axis of load
introductionclamping

PTFE spacers

8.5

7.5
optical fibre

mode I

optical fibre
mode III

10

Figure 3. Dimensions of the tested specimens; EIy = 2.98×108 Nmm², EIz = 4.56×108 Nmm²,
μIyz = 2.75×108 Nmm².

Before applying the adhesive, the bonding surfaces of the substrates were sandblasted
with corundum (grain size of 100–150 μm) and degreased with isopropyl alcohol. The
adhesive was then applied with an electric caulking gun. To define the layer thickness,
PTFE spacers with a nominal thickness of 1 mm were placed at the beginning and the
end of the adhesive layer and removed after curing. Screw clamps were used to hold
the substrates in place during the curing procedure. The specimens were cured in a lab
for 1–2 weeks under laboratory conditions, i.e., at a room temperature of (23 ± 3) ◦C and
relative humidity of about (50 ± 5)%, in line with the manufacturer’s data of the moisture-
curing adhesive system. Before testing, a sharp pre-crack was introduced at the beginning
of the adhesive layer by inserting a thin razor blade in the middle of the adhesive layer
parallel to the bonding surfaces. This was done to achieve a fracture mechanical specimen,
provoke cohesive failure, and define a sharp initial pre-crack for the evaluation of the
COD. With the described procedure, an initial crack length of (135.7 ± 1.2) mm, i.e., the
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distance between the initial crack tip and the axis of load introduction, and an adhesive
layer thickness of (0.88 ± 0.08) mm were achieved.

3.2. Experimental Setups and Test Matrix

The DCB and ODCB tests were performed in a biaxial tension-torsional servo-hydraulic
test machine (MTS Landmark Bionix, MTS Systems, Eden Prairie, USA). The experimental
setups are displayed in Figure 4. To measure the rotations θ1 and θ2 of the specimens at the
load introduction points in the DCB tests, incremental rotary encoders (BDH 1P.05A320000-
L0-5, Baumer AG, Frauenfeld, Switzerland) with a resolution of 320,000 steps per full
turn were used. The applied force was measured below the lower clamping device with a
six-axis load cell (K6D110 4 kN/250 Nm, ME-Messsysteme GmbH, Hennigsdorf, Germany).
To examine the rate-dependency of the adhesive, the DCB tests were performed at external
loading rates of 0.05 mm/s, 0.5 mm/s, and 5 mm/s.

Figure 4. Experimental setups: (left) mode I DCB setup, (right) mode III ODCB setup.

During the ODCB tests, the applied moments were measured using two of the above-
mentioned six-axis load cells, one at each load introduction point of the specimen. To avoid
lateral forces on the specimen, the bottom clamping of the specimen was mounted on two
orthogonally placed linear slides. Throughout the ODCB tests, the axial force was controlled
to be nought by the used testing machine. At the time of carrying out the experiments, it
was assumed that the floating support would ensure that the transverse forces would not
influence the experimental results akin to the results of Schrader and Marzi [10], wherefore
the measurement of the transverse forces was omitted. As we will show later, however,
it was found during the post-processing of the BFS measurement that this assumption is
problematic for the tested soft, rubber-like adhesive layer. The ODCB tests were performed
at external loading rates of 0.05 deg/s, 0.5 deg/s, and 5 deg/s, respectively.

To investigate the deflection curve, the BFS along with the specimen was measured
using a fibre-optics system (ODiSI-B 5500, Luna Innovations Inc., Roanoke, VA, USA,
positional resolution of 2.5 mm). The fibre was bonded to the adherends along the upper
and lower surface of the adherends for the DCB tests and on the tensile-loaded outer
surface of the adherends for the ODCB tests. As the experimental effort largely increases
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with the additional use of this measuring system, we refrained from increasing sample
sizes with BFS measurements for this pilot study. The results were evaluated following the
procedure described in Section 2.3. It must be stated that numerically taking the derivative
of the measured curvature for the x-position along the beam produces numerical noise. To
counteract this, the measurements were filtered with a Savitzky–Golay filter before each
derivation step.

The COD was measured with stereo camera systems in all cases. To evaluate the COD,
the relative distance between two measuring points at the position of the initial pre-crack
was determined through DIC measurements, with one point being on the lower and one
on the upper substrate. In the mode III experiments, the measurement of the COD was
adjusted for the rigid body rotation of the specimens. Two DIC systems were used based
on the desired rate of image acquisition: for the experiments at lower image acquisition
rates between 1 and 20 fps, a 12 MP ARAMIS 3D Motion and Deformation Sensor with the
corresponding evaluation software (GOM Aramis, GOM GmbH, Braunschweig, Germany)
was used. For the tests with image acquisition rates between 30 and 125 fps, two 1 MP
Photron FASTCAM Nova S6 (Photron USA, San Diego, CA, USA) and the evaluation
software VIC-3D 8 (Correlated Solutions, Irmo, SC, USA) were used. Within the course of
this study, to reduce numerical errors during differentiation, the experimental results of
ti(δt) were obtained with the procedure proposed by Biel [29], in which the experimental
results of J vs. δt were fitted with a Prony series before taking the derivative.

It shall be stated that the external loading rates were selected so that, starting with
a quasi-static loading rate of 0.05 mm/s in mode I and 0.05 deg/s in mode III, the rates
increased by powers of ten with each test series. Although higher loading rates could
have been achieved with the given test setups and the used servo-hydraulic test machine,
testing at larger rates was refrained from because the fibre-optics system could not provide
a sufficient temporal resolution.

For a better overview, the number of the performed experiments is summarized in
Table 1 with the external loading rate, sample size, used DIC systems, and image acquisition
rates. As stated earlier, in each of the conducted test series, one BFS measurement was
conducted using the fibre-optics system.

Table 1. Test matrix and used DIC systems.

External Loading Rate Sample Size DIC Sensors Image Acquisition Rate

Mode I (mm/s) 0.05 5 Aramis 3D Sensor 1 1 fps
0.5 4 Photron FASTCAM 2 30 fps
5 5 Photron FASTCAM 2 125 fps

Mode III (deg/s) 0.05 4 Aramis 3D Sensor 1 1 fps
0.5 4 Aramis 3D Sensor 1 20 fps
5 4 Photron FASTCAM 2 125 fps

Referrals for DIC setups: 1 ARAMIS 3D Motion and Deformation Sensor, GOM Correlate (GOM GmbH,
Braunschweig, Germany). 2 Photron FASTCAM Nova S6 (Photron USA, San Diego, USA), VIC-3D 8 (Correlated
Solutions, Irmo, USA).

3.3. Determination of Crack Extension and Process Zone Length

From the BFS measurement, the crack extension and the length of the loaded region
within the adhesive layer can also be determined using the Euler–Bernoulli beam theory
(cf. Figure 5). It can reasonably be assumed that the transverse force in the lever arms of
the adherends is constant during the DCB experiments, yielding a linear increase in the
measured strain along with the optical fibre. Hence, to measure the crack extension, linear
regression can be performed in the linear region of the measured strain, where the point of
0.5% deviation from linearity is defined as the crack tip position xt.

To determine the length of the loaded region within the adhesive layer, similarly to
the method of Schrader and Marzi [11], the maximum fibre strain in the pressure zone was
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used. For the sake of brevity, we will refer to this loaded region within the adhesive layer
with the term “process zone” in the context of this study. It shall be highlighted that the
wording should not be confused with the term “fracture process zone”, i.e., the region in
the adhesive layer in which the material exhibits plastic deformations, damage, etc. The
end position of the process zone is defined as the fibre position at which the threshold of
10% below the maximum fibre strain in the pressure zone is undercut. The process zone
length lp is then computed from the difference between the current crack tip position and
the end position of the process zone. As stated by Schrader and Marzi [11], the definition of
the process zone length will likely overestimate the length of the fracture process zone due
to, e.g., bondline elastic deformations and early non-linear shear stress-strain behaviour,
but give a reasonably accurate measurement of the length of the loaded region within the
adhesive layer.

lp

neutral axis

unloaded
section

Fy

x

adhesive layer

xt

Figure 5. Determination of crack tip position and process zone length.

The procedure in the mode III experiments is analogous, with the difference that the
beam curvature (and, hence, the bending strain in the optical fibre) in the lever arms before
the crack tip is assumed to be constant under pure mode III loading from an external
bending moment. Hence, linear regression is performed in the region of constant beam
curvature. In this case, the crack tip position is defined as the point of 1% deviation from
linearity.

Additionally, the crack length is also calculated analytically under the assumption of
simple beam theory, i.e., the assumption of the adherends being Euler–Bernoulli perfectly
clamped at a point-like crack tip. A comparison is deemed worthwhile as the ERR for
stiffer adhesive layers is often calculated from the crack length (e.g., akin to the methods
standardised in ISO 25217 [30]), and analytically determining the crack length for soft,
rubber-like adhesive layers instead of measuring it with great experimental effort could be
beneficial in practice. For the DCB experiments, the crack length was calculated from the
load-point separation s and the rotational angle θ at the load introduction points via

aI =
3s
4θ

. (14)

In the mode III ODCB experiments, the crack length was computed analytically via

aI =
αEIy

2My
(15)

with α being the rotational angle of the biaxial testing machine.

4. Results and Discussion

4.1. General Observations and Fracture Surfaces

In all cases, large displacements at the initial crack tip are observed before the crack
starts to propagate. During quasi-static mode I loading, the crack travels directly to the
nearby interface, followed by adhesive failure, which is commonly observed regarding the
quasi-static peeling of adhesive joints [12]. With increasing loading rate, the mode I failure
becomes more cohesive (cf. Figure 6). In the ODCB experiments, due to finite deformations
at the crack tip, the mode III shear transitions into a peel load accompanied by partly
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adhesive failure at highly stretched parts of the joint (cf. Figure 7). Interestingly, the large
displacement aspect during mode III loading indicates crack propagation perpendicular to
the actual bonding surface, accompanied by partly adhesive failure at the outer edges of
the adhesive layer. This is probably related to the general tendency of the adhesive to fail
adhesively at particularly slow rates. It is assumed that during loading, highly stretched
parts of the joint at the outer boundary fail adhesively, hence, reducing its effective width
before an ultimate cohesive failure occurs. However, this behaviour ceases at an increased
rate of 5 deg/s, as the fracture surfaces show a tilted fracture surface with purely cohesive
failure. In Figure 7, it can also be observed that the outer edges of the adhesive layer
opposing the side of partly adhesive failure are tilted and plastically deformed.

Figure 6. Representative fracture surfaces observed in the experiments.

Figure 7. Partly adhesive failure and plastically deformed, tilted side surfaces observed during
mode III loading at the loading rates of 0.05 deg/s and 0.5 deg/s.

4.2. BFS Obtained from the Fibre-Optics Measurements

Figure 8 shows the development of the bending strain in the optical fibre over the
runtime of a DCB and an ODCB test at different selected times during the measurement.
For better visualization, the zero value of the abscissa is set at the initial crack tip position.
Independently from the loading mode, the process zone is already quite large at the begin-
ning of the crack propagation, strongly indicating that the assumption of an infinitesimally
small process zone is violated.

In the mode I experiments, the maximum strain first increases with the applied load
and then begins to shift along with the specimen as the crack progresses. Furthermore,
the bending strain behaves linearly in front of the crack tip, indicating that a constant
transverse force is applied in the lever arm. Deviations from linearity can hence be ascribed
to the adhesive layer, indicating that the selected criterion for the detection of the crack tip
position delivers satisfactory results.
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Figure 8. Development of the bending strain measured by the optical fibre: (left) quasi-static DCB
test, (right) quasi-static ODCB test.

In the mode III experiments, although one would expect a constant bending strain in
the region of the lever arms because of the applied bending moment My, a linear growth
of the measured strain can be observed, indicating that an additional transverse force,
probably due to friction in the lateral slides below the lower clamping device, acts on
the specimen. The transverse force obtained from the BFS measurement, i.e., the slope
of the measured strain in the region of the lever arms, is displayed in Figure 9 for the
different loading rates. As the slope is determined through the numerical differentiation
of the strain data, the measurement noise is amplified, yielding the observed fluctuations
in the displayed transverse force. The assumption of friction being the main reason for
the transverse forces is supported by the fact that the resisting force is relatively constant
after a certain break-away force of the linear slides is reached. Because this resisting force
is counter-directed to the applied moment component My, it will inevitably reduce the
traction and the value of J in the adhesive layer. This result, which unfortunately only
became apparent during post-processing, was rather unexpected. While this will not
influence the BFS evaluation, it must be assumed that the influence has a significant impact
on the evaluation of J from the external measurements, as it cannot be considered with the
used method of evaluation for the ODCB tests.

Figure 9. Transverse forces obtained from the bending strain of the optical fibre during the
ODCB tests.

4.3. Comparison between BFS, Load, and DIC Measurements

Before further investigating the fracture behaviour of the tested adhesive joints with
the BFS measurements, it shall be investigated whether the results can be verified with
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the globally measured data of the COD and applied load. In Figure 10, the results for
two representative specimens (nominal adhesive layer thickness of 1 mm at the lowest
loading rate) are shown for both the mode I and the mode III experiments. As can be
observed, the separation at the initial crack tip obtained from both the DIC measurement
as well as the values from the BFS measurement show a good agreement, indicating that
the separation of the adherends can be determined from the BFS measurement with good
accuracy. As the measurement data of the BFS measurements are integrated along with the
complete specimen to obtain the COD at the position of the crack tip xt, cf. Equation (11),
this means that the separation at each measurement point along the adhesive layer can
be determined reliably. As the shear force in mode I is constant in the lever arms in front
of the crack tip, the values obtained by the BFS measurement may be compared with the
values measured on the external load cells as well, also showing a very good agreement.
To compare the moments in mode III, the observed slope in the fibre bending strain in front
of the crack tip is extrapolated to the point of load introduction. Here, the external moment
measurement also agrees well with the moment obtained from the BFS measurement.
Overall, the good agreement of the external measurement of COD and applied load with
the BFS measurements indicate that the methodology proposed in Section 2.3 delivers
valid results.

Figure 10. Comparison between externally measured values and BFS measurement: (left) separation
of the adherends at the crack tip, (right) applied external force/bending moment.

4.4. Influence of Loading Mode and Loading Velocity on the ERR

The mode I ERR obtained from Equation (5) is shown in Figure 11 over the measured
rotational angle θ; for a better overview, the tests conducted with BFS measurements are
highlighted. As expected, the measured values for J at fracture initiation increase with the
loading rate. The large discrepancy between the obtained ERR at 0.05 mm/s and 0.5 mm/s
can be related to the adhesive failure observed during the quasi-static experiments.

Figure 11. Measured ERR during the mode I experiments; experiments with additional BFS measure-
ments are highlighted.

151



Processes 2023, 11, 356

In Figure 12, the mode III ERR according to Equation (6) over the rotational angle α
and the relative influence of the unintended contributions to J at the onset of fracture
according to Equation (7) are displayed for each loading rate. Here, it can be observed
that, during the experiments at 0.05 deg/s and 0.5 deg/s, the ERR does not reach a steady
plateau throughout the experimental investigation, already indicating that the ERR is
rising with crack propagation, yielding a resistance curve (cf. Section 4.5). It can also
be observed that the unintended contributions from the transverse moments are indeed
negligible at the point of fracture, which is in good agreement with the results of prior
investigations [10,15,27,28]. This also allows the conclusion that the BFS measurement,
although affected by a transverse force, is not influenced significantly by the moment
components responsible for the unintended contributions to J.

Figure 12. Results of the ODCB experiments: (left) measured ERR and (right) relative influence of
the unintended contributions to J at the start of crack propagation. Experiments with additional BFS
measurement are highlighted.

Figure 13 presents the values for J obtained from Equation (5) and (6) in comparison to
the value obtained from the BFS measurement according to Equation (13) for the mode I and
mode III experiments. Here, a good correspondence between both methods of evaluation
can be seen for pure mode I loading. For the mode III experiments, however, it can be
observed that the value for J according to Equation (6) and the BFS measurement differ
greatly from another, with the BFS J, Equation (13), being approx. 20% lower than the
externally measured value throughout the experiments. As hinted at earlier, this is likely
due to the transverse force (cf. Figure 9), which was observed during the post-processing of
the BFS measurements but not recorded during the experiments. This is also undermined by
the fact that both the transverse force and the difference between the evaluation methods are
the smallest at the loading rate of 0.05 deg/s; for the tests at 0.5 deg/s and 5 deg/s, in which
the transverse force is larger, the difference also increases. As the external measurement
seems to be strongly influenced by the friction within the lateral slides, the results from the
BFS measurements clearly show that the evaluation of the ODCB test has to be revised for
the testing of soft, rubber-like adhesive layers in future investigations.
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Figure 13. Comparison between externally measured values and BFS measurement of J: (left) mode I
DCB tests, (right) mode III ODCB tests.

To estimate the dependency of J on the loading rate and loading mode, the values of J
at crack initiation are displayed over the representative crack opening velocity in Figure 14.
The representative crack opening velocity was determined from a linear regression of the
COD vs. time in the initial linear region of dJ/dδi,t, akin to the approaches of Schmandt and
Marzi [13] and Schrader and Marzi [10], respectively. Hence, it shall be highlighted that the
representative crack opening velocity is determined locally at the crack tip from the COD
measurements and cannot be easily assessed from the external loading rates before testing.
Generally, a large discrepancy between the mode I and mode III results is visible if the
externally measured values for JI and JI I I are considered. However, the values obtained
from the BFS measurements indicate that the differences between mode I and mode III
mainly result from neglecting the transverse forces due to friction in the lateral slides.
Hence, given the limitations of this study, a similar rate-dependency is obtained for both
modes I and III, indicating that the ERR could be independent of loading mode, as was also
hypothesised by Loh and Marzi in [15]. This also correlates with the large deformations at
the crack tip observed during the mode III experiments, which ultimately yield a local peel
load at the crack tip at fracture initiation.
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Figure 14. Influence of loading mode and representative crack opening velocity on the externally
measured ERR.

4.5. Crack Propagation, Resistance Curve Behaviour and Process Zone Length

The resistance curves for all tested specimens are shown in Figure 15. Whereas a
constant ERR can be observed in the mode I experiments during crack propagation, the
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ERR increases with crack extension in the mode III experiments at the lower loading rates
of 0.05 deg/s and 0.5 deg/s. Due to the presence of crack extension before reaching the
critical value of J, the cohesive traction cannot be calculated from dJ/dδI I I,t, Equation (4),
for these experiments, as although the crack already started to propagate, the cohesive
traction would be unequal to nought until the J-plateau was reached.
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Figure 15. Resistance curves obtained from the fibre-optics measurements: (left) mode I DCB tests,
(right) mode III ODCB tests.

The process zone lengths obtained from the BFS measurements are shown in Figure 16
over the measured crack extension. Generally, the length of the process zone increases
until the start of crack propagation and remains constant over the experiment in good
approximation in all cases, indicating stationary conditions behind the crack tip even in
the case of an observed resistance curve. During mode I testing, the process zone length
seems to be largely independent of the loading rate. In the mode III experiments, however,
it is noticeable that the process zone length drastically decreases at the loading rate of
5 deg/s, which can likely be ascribed to the partly adhesive failure during the experiments
at 0.05 deg/s and 0.5 deg/s. In these experiments, the partly adhesive failure before
cohesive crack propagation causes a decrease in the stiffness of the joint and, hence, larger
process zones. Additionally, it should be noted that the process zone lengths in mode III
are significantly larger than in mode I at the start of crack propagation, which can generally
be related to a lower stiffness of the adhesive in shear than in peel.
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Figure 16. Development of the process zone during the experiments: (left) mode I DCB tests, (right)
mode III ODCB tests.
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As stated earlier, a comparison between the crack length obtained from the BFS
measurement and the analytical crack length according to simple beam theory is sought.
In Figure 17, the crack extension according to the BFS measurement is displayed over the
analytical crack extension during crack propagation. It can be observed that the slope
of the curves is relatively close to one in the range of crack propagation in both modes I
and III, which correlates with the results of Schrader et al. [17], who also found that the
crack extension can be approximated for soft, rubber-like adhesive systems with simple
beam theory assumptions. Figure 17 also shows that the initial crack length is heavily
overestimated by the analytical approach, with the error being around 160 mm in mode I
and 180 mm in mode III, which, in all cases, is significantly larger than the initial crack
length. As this offset seems to be constant, however, it could be argued that analytically
calculating the equivalent crack length would be possible for the given soft, rubber-like
adhesive system if the crack length were corrected for the determined offset. Hence, it could
be argued that G-based evaluation methods relying on a corrected beam theory approach
could also pose an option for the determination of the ERR for soft, rubber-like adhesive
systems. However, it shall be stated that using the J-integral approach of determining the
ERR is likely still favourable in this case, as it allows determining the ERR without the
necessity of inferring virtual crack extensions or similar correction factors.
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Figure 17. Comparison between BFS crack extension and analytical crack extension.

It is advised that future studies investigate the influence of the specimen geometry
on the process zone length and crack propagation more closely. As stated earlier, if the
process zone reaches the end of the specimen, the assumption of an unloaded end behind
the J-integral evaluation of the cohesive traction is violated (cf. Equation (3)). A future
experimental investigation could, hence, be valuable, especially for the practical design of
joints with shorter adhesive layers.

4.6. Cohesive Traction in the Adhesive Layer

The traction at the initial crack tip obtained from the “conventional” method according
to Equation (4) (bold lines) as well as the mean cohesive traction in the complete adhesive
layer according to the BFS measurements, cf. Equation (12), (scatter bands) is shown in
Figure 18 for both modes I and III. It can already be observed that the measured cohesive
traction changes with loading mode, as the initial stiffness of the joint is significantly lower
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in mode III than in mode I. Furthermore, the measured cohesive traction is dependent on
the loading rate in both cases, already violating the underlying assumption of Equation (4)
that the cohesive traction must strictly depend only on the deformation and not on the
deformation rate. As can be observed, the traction obtained from dJ/dδI,t approximately
correlates with the BFS measurement in pure mode I, as both the stiffness of the adhesive
layer and the plateau stress fit well with each other. For the lowest loading velocity,
however, a clear discrepancy in the range of falling traction can be observed, which can
probably be related to an increased influence of material inhomogeneities or creep effects in
the process zone on the material behaviour. At the loading rates of 0.5 mm/s and 5 mm/s,
their influence may be less pronounced in the process zone, which could explain the better
agreement between the BFS measurement and dJ/dδI,t. Overall, the rough correspondence
between methods of traction determination correlates with the investigations of Rosendahl
et al. [14], who also found that calculating dJ/dδI,t can be used to approximate the cohesive
traction of soft, rubber-like adhesive layers in pure mode I.

For the mode III experiments at 0.05 deg/s and 0.5 deg/s, as hinted at earlier, the
cohesive traction cannot be calculated from dJ/dδI I I,t due to the observed resistance curve
behaviour. In contrast, the BFS measurement can still be used to calculate the cohesive
traction within the adhesive layer in these experiments, which is a clear methodological
advantage. Additionally, at the highest mode III loading rate of 5 deg/s, the traction ob-
tained from dJ/dδI I I,t differs greatly from the BFS measurements, allowing the conclusion
that the determination of the cohesive traction from dJ/dδI I I,t is not feasible in mode III for
such soft, rubber-like adhesive layers.

Figure 18. Comparison between traction at the crack tip obtained from dJ/dδi,t, Equation (4), (bold
lines) and mean and standard deviation curves from the BFS measurements (scatter bands): (left)
mode I DCB tests, (right) mode III ODCB tests.

It is generally assumed that the differences between both methods of evaluation arise
from violating the underlying theoretical assumptions behind the J-integral method. The
BFS measurement, however, can circumvent these assumptions and, by capturing the
deformation behaviour of the complete specimen, allows the determination of the traction
at the crack tip and along the complete cohesive zone from beam theory without neglecting
the influences of energy dissipation in the process zone or influences of the loading rate on
the cohesive traction. It can therefore be assumed that the determination of cohesive stresses
using Equation (4), i.e., dJ/dδi,t, for such soft, rubber-like adhesive layers is prone to error
and can, within the limitations of this study, only be considered an approximation in pure
mode I loading. Furthermore, the goodness of the approximation cannot be estimated a
priori, as neither the rate development nor the influence of dissipative effects in the process
zone on the material behaviour is known if the traction is calculated from Equation (4).

156



Processes 2023, 11, 356

Another benefit of the BFS measurement shall be noted: As stated earlier, the BFS
measurement also allows determining the separation of the adherends at each point of
the optical fibre from the curvature of the adherends at discrete measurements in time.
Hence, by calculating the time derivative of the measured separation at each measuring
point along with the specimen, the separation rate within the complete adhesive layer is
obtained, also allowing the investigation of the rate-dependency of the joint’s behaviour.
In Figure 19, the cohesive traction at each point of measurement is displayed over the
separation and separation rate. Interestingly, the differences between the measurements
at each measurement point seem to be very small, indicating that the cohesive traction
is, in good approximation, independent of the position along with the specimen and that
separation and separation rate are relatively similar for each point along with the specimen
throughout the measurement. Hence, it can be concluded that the modelling of the joint can
theoretically be performed relatively straightforwardly with a rate-dependent cohesive law.

Figure 19. Traction in the cohesive zone over current separation and separation rate: (left) mode I
DCB tests, (right) mode III ODCB tests.

Although we were unable to implement the traction obtained from the BFS measure-
ment into a cohesive zone model within the scope of this study, a future implementation
is deemed worthwhile. With a rate-dependent cohesive zone model formulated from the
measured values, it might be possible to better reproduce the behaviour of the adhesive
joint. It is also assumed that, if observed, it might even be possible to approximately repro-
duce stick-slip or resistance curve behaviour due to the accurate determination of cohesive
traction and separation rate from the BFS measurement. However, these assumptions
remain to be addressed in the context of a future simulative study.

4.7. Methodological Critique

As discussed earlier, a distinctive feature of the presented methodology using BFS
measurements for the investigation of the fracture behaviour of adhesive layers is that
both the nominal traction within the adhesive layer as well as the current separation
and the separation rate can be obtained for a large amount of measuring points along
with the complete specimen. This is particularly important for the numerical modelling
of the fracture behaviour using cohesive zone models, as the conventional method of
using the J-integral to obtain the cohesive traction cannot be used for the soft, rubber-like
adhesive layer under investigation because, as shown, the fundamental assumptions of
the method are violated. Hence, the results of this study heavily imply that the use of BFS
measurements for the investigation of adhesive joints may serve as a window to a better
understanding of their fracture behaviour.
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However, it has to be stated that the use of BFS measurements, especially for the
almost 1 m long adherends used in this study, requires a very high experimental effort
for specimen preparation and investigation. As there are separate measured values for
each measurement point on the optic fibre, a large amount of data has to be evaluated.
Furthermore, the numerical derivation of the measurement data to obtain cohesive traction
produces large amounts of numerical noise, which must carefully be removed using suitable
filters before processing the data. As a result, the evaluation of the measurement data is
very complex and time-consuming.

As just described, filtering the BFS measurement data for further processing is a major
challenge in evaluation. It could therefore be appropriate to first approximate the measured
beam curvature using an analytical relationship (polynomials, exponential functions, etc.)
to facilitate numerical integration and differentiation. We have refrained from this in the
context of this study to introduce as few assumptions as possible into the evaluation of the
data a priori. In future studies, however, it is argued that the evaluation process could be
simplified by carefully selecting appropriate fit functions, e.g., [24,31].

Finally, we would like to state that the determination of the beam curvature with
BFS offers additional possibilities in other areas of application within fracture mechanics
testing, which have not—or only to a limited extent—been addressed in this study: it is
argued that besides the primary focus of this work, i.e., the determination of the cohesive
traction, changes in the beam curvature due to damage evolution behind the crack tip as
observed by Schrader et al. [17] could be detected by fibre-optics measurements, allowing
the researcher to gain better insight in the damage processes within the adhesive layer
behind the major crack tip.

Especially for G-based approaches to determining the fracture energy of an adhesive
layer, the current crack length must be measured with good accuracy. As stated earlier, for
stiff adhesive layers, crack length measurements using BFS measurement techniques have
already been successfully applied in various studies in both modes I and III, e.g., [11,19–22].
The determination of an equivalent crack length from the BFS measurements was also
shown to be possible in this study for soft, rubber-like adhesive layers in both modes I
and III, which could allow the determination of crack tip position and crack propagation
rate for adhesive systems or test setups in which optical methods for the evaluation of
crack length fail due to a lack of space or lack of visibility of the current crack tip position.
Furthermore, compared to analytical methods for the determination of the equivalent
crack length from load point displacement and/or applied loads, the approach presented
here does not require any assumptions to be made about the boundary conditions of the
substrates’ beam bending, such as cantilever beams that are perfectly clamped at the crack
tip, which, considering the finite length of the process zone, was shown to be problematic
in this work.

It was also shown within the course of this study that, in theory, fibre-optics measure-
ments could even eliminate the need for other COD measurement systems, such as DIC
systems or COD gauges, as the system can also provide information about these quantities.
Particularly if the entire process zone is to be examined, measurement employing DIC is
very difficult, as a very large measurement window is required to cover the entire length
of the specimen, which will negatively affect the accuracy of the DIC measurement. Fur-
thermore, considering the mode III investigation, the large out-of-plane deformations are
difficult to capture with DIC measurements due to the limited depth of focus. A calculation
of the COD from the beam deflection curve is, therefore, a worthwhile option for evaluation
when investigating adhesive layers that exhibit finite deformations before ultimate failure.

Overall, we believe that implementing the use of fibre-optics for the mechanical
fracture investigation of adhesive joints could be a valuable addition to current research
practice, because, as was shown in this study under mode I and III loading, the BFS
measurement provides detailed insight into the behaviour of the adhesive. The novel
approach we presented based on the BFS measurement allows the determination of rate-
dependent traction separation relations directly from DCB and ODCB experiments, which
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provides a valuable database for inputting into cohesive zone models. Hence, in future
investigations, these experimental results could be used to develop new or improve existing
cohesive zone models for predicting the fracture of soft, rubber-like adhesive joints, which
is crucial for the design of adhesively bonded components.

5. Conclusions

In our study, we investigated the effects of loading rate and mode on the fracture
behaviour of a soft polyurethane adhesive joint subjected to peel and shear loading. The
rate-dependency was investigated at external loading rates over three orders of magnitude
in peel and shear. Next to the conventional evaluation methods employing the J-integral,
crack extension, process zone length, and cohesive traction were determined from BFS
measurements. Within the limitations of this study, the following conclusions can be drawn:

• The results indicate that the ERR of the tested adhesive system may be largely indepen-
dent of loading mode in pure modes I and III. This is probably due to the shear loads
in mode III testing ultimately transitioning into a peel load at finite deformations.

• The process zone can be investigated thoroughly by the use of BFS measurements. It
was observed that the process zone is fully developed at the start of crack propagation
in all cases. During the mode III investigations, the process zones are significantly
larger than in mode I, which is probably related to the stiffness of the adhesive being
lower in shear than in peel.

• The BFS measurements allow the determination of cohesive laws along with the com-
plete adhesive layer based on the Euler–Bernoulli beam theory. Differences between
the evaluation method using the proposed BFS and the J-integral method were ob-
served, which is likely due to a violation of the underlying theoretical assumptions
of the J-integral method when investigating soft, rubber-like adhesive layers. Fur-
thermore, from the BFS measurement, the rate development along with the complete
adhesive layer can be measured, which enables determining a rate-dependent cohesive
law.

• As the cohesive laws could not be determined reliably from the J-integral method in
the mode III experiments, a determination of cohesive traction with BFS measurements
or similar methods is deemed mandatory for soft, rubber-like adhesive layers subjected
to mode III loading.

• Although the ERR remains relatively independent of loading mode, the measured
cohesive laws are not. Users should bear this in mind when designing and numerically
investigating soft, rubber-like adhesive layers and must not assume that the cohesive
laws in modes I and III are equivalent.

We were able to show that the investigation of the fracture behaviour of soft, rubber-
like adhesive joints using the J-integral method involves complications that require inves-
tigation in more detail in future studies. For the time being, the BFS measurements were
used as proof of concept, from which, in future investigations, further insights can certainly
be gained. Hence, we advise that further research is undertaken in the following areas:

• It became apparent from the BFS measurements during the mode III investigations that
transverse forces in the lateral slides influence the external determination of the ERR
for the tested soft, rubber-like adhesive system. If ODCB experiments are conducted
on similar adhesive systems in the future, the transverse forces should be included in
the external evaluation of the J-integral.

• Although it was not possible to implement the measured cohesive laws in finite
element analyses in the scope of this study, an implementation using cohesive zone
models is deemed worthwhile. A simulative study could investigate whether the
experimental results (and especially the observed resistance curve behaviour) can be
reproduced with the rate-dependent model.

• It should be investigated whether local effects, i.e., damage behind the crack tip in
creep tests or geometric influences due to defects in the adhesive layer, can be investi-
gated more thoroughly using the proposed methodology from BFS measurements.

159



Processes 2023, 11, 356

Author Contributions: Conceptualization, P.S. and D.D.; methodology, P.S. and D.D.; formal analysis,
P.S. and D.D.; investigation, P.S. and D.D.; writing—original draft preparation, P.S. and D.D.; writing—
review and editing, P.S. and D.D.; visualization, P.S. and D.D.; supervision, S.M.; funding acquisition,
S.M. All authors have read and agreed to the published version of the manuscript.

Funding: This project is supported by the Federal Ministry for Economic Affairs and Climate Action
(BMWK) on the basis of a decision by the German Bundestag [grant number ZB-ZF4283703]. The
financial support is gratefully acknowledged.

Data Availability Statement: The raw and processed data required to reproduce these findings are
shown in the present manuscript or cited in the reference section where taken from literature and are
available from the corresponding author on request.

Acknowledgments: This article is part of P. Schrader’s doctoral thesis at the Doctoral Center for
Engineering Sciences of the Research Campus of Central Hessen under the supervision of the Justus-
Liebig-University Giessen in cooperation with the University of Applied Sciences of Central Hessen
(Technische Hochschule Mittelhessen). The authors would like to thank Maike Sapotta (GLUETEC
Industrieklebstoffe GmbH & Co. KG, Germany) for supplying the tested adhesive. Furthermore,
we want to thank Jens Minnert and the Institute of Civil Engineering (Technische Hochschule
Mittelhessen) for kindly lending us their fibre-optics system for the experimental investigation.

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations

The following abbreviations are used in this manuscript:

COD Crack opening displacement
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Abstract: The demand for ever-lighter structures raises the interest in bonding as a joining method,
especially for materials that are difficult to join with traditional welding and bolting techniques.
Structural adhesives, however, are susceptible to defects, but can be toughened in several ways: by
changing their chemical composition or by adding fillers, even of nanometric size. Nanomaterials
have a high surface area and limited structural defects, which can enhance the mechanical properties
of adhesives depending on their nature, quantity, size, and interfacial adhesion. This work analyzes
the Mode I fracture toughness of joints bonded with METLBOND® 1515-4M epoxy film and Xantu-
Layr electrospun XD 10 polyamide nanofibers. Two joint configurations were studied, which differed
according to the position of the nanomat within the adhesive layer: one had the nanofibers at the
substrate/adhesive interfaces, and the other had the nanofibers in the center of the adhesive layer.
Double cantilever beam joints were manufactured to evaluate the Mode I fracture toughness of the
bonding with and without nano-reinforcement. The nanofibers applied at the substrate/adhesive
interface improved the Mode-I fracture toughness by 32%, reaching the value of 0.55 N/mm. SEM
images confirm the positive contribution of the nanofibers, which appear stretched and pulled out
from the matrix. No fracture toughness variation was detected in the joints with the nanofibers placed
in the middle of the adhesive layer.

Keywords: bonded joints; bonding reinforcement; nanomaterials; fracture toughness; epoxy;
electrospinning

1. Introduction

Advanced composite materials are commonly used for various applications due to
their high strength-to-weight ratio. Glass fiber-reinforced polymers (GFRPs), carbon fiber-
reinforced polymers (CFRPs), and sandwich structures are widely used in the aerospace,
automotive, marine, and railway industries, as well as in the production of wind blades
and sports equipment. The development of these materials has led to the advancement of
structural adhesives and bonding techniques [1–5] used to join complex and multi-material
structures, replacing traditional mechanical fastening [6–8]. Composite materials, metal
fiber laminates, sandwich composites, and adhesive joints are subject to delamination.
This refers to interlayer failure in the case of composite laminates, while for metal fiber
laminates, sandwiches, and bonded joints, it refers to interface failure [9–11]. However,
adhesive bonding is prone to delamination failure under high peel loads, which can be
improved by developing new adhesive materials and bonding techniques [11].

Epoxy adhesive is widely used as a structural adhesive. However, in its neat formu-
lation, it undergoes brittle fracturing, with a low fracture toughness, which represents a
significant limitation for its application in the structural field [11,12]. Joints bonded with
brittle epoxy adhesive are defect-sensitive and exhibit broad strength dispersion due to
scatter in flaw sizes. To enhance the toughness of structural adhesives, particularly epoxy
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systems, various methods are commonly employed, such as adding fillers or thermally
expandable particles (TEPs), or modifying the chemical resin composition [13–15].

The addition of rubber is also a common method used to enhance the fracture tough-
ness of adhesives [16]. The rubbery phase can be introduced in the form of cross-linked [17,18]
or core–shell rubbery particles [19], or liquid rubber can be mixed with resin precursors to
allow the precipitation of rubbery particles during resin cross-linking [18,20]. To achieve the
toughening effect for epoxy systems, a rubbery fraction between 5 and 20 wt. % is added.
However, adding a high amount of rubber can lead to a reduction in the glass transition
temperature (Tg), elastic modulus, and strength of the resin [21].

Adding organic and inorganic fillers, such as metallic micro- and nano-particles, nano-
clays or short fibers, is another method used to improve the fracture toughness of structural
adhesives [13,22–24]. Nanoparticles can also increase the fracture toughness, strength, and
stiffness of bonded joints [13]. However, it is crucial to develop a strong interfacial adhesion
to correctly transfer the load from the polymeric matrix to the nano-reinforcement [13].
Carbon-based nanoparticles, such as carbon nanofibers (CNFs), carbon nanotubes (CNTs)
and graphene nanoplatelets (GNPs), are widely used for this purpose [25–39]. These
nanoparticles enhance the fatigue life of bonded joints and can be used for damage detection,
as they also improve the electrical properties of the resin they are dispersed in [29–39].
Recently, studies have shown that the application of hybrid nanoparticles is a viable
approach to designing tougher, stronger and more durable bonded joints [40–44].

The integration of polymeric nanofibers has been shown to be an effective method for
toughening epoxy matrices and composite materials [45]. Many studies have shown that
composite laminates reinforced with electrospun polymeric nanofibers exhibit enhanced
mechanical properties, including improved fracture toughness and delamination strength,
with the interposition of a thermoplastic nanomat between composite layers promoting the
ply-to-ply bridging effect [46–53]. Hamer et al. studied laminates of CFRP interleaved with
electrospun Nylon 66 nanofibers. They performed DCB tests to evaluate the effects of the
nanofibers on Mode I fracture toughness. The mat of naofibers embedded in the midplane
improved the toughness by about 3 times [47]. Beckermann and Pickering studied the
effects of interleaved nanofiber plies on the mode I and mode II interlaminar fracture tough-
ness of carbon and epoxy resin laminates. Various types of electrospun nanofibers were
placed in the midplane planes of the laminates. The results show that the best performance
was achieved using 4.5 g/m2 PA66 ply, with fracture toughness improvements of 156% and
69% for Mode I and Mode II, respectively [49]. Saghafi et al. studied the effect of Nylon 6,6
nanofibers interleaved in the midplane of glass/epoxy laminates on mode I and mode II
fracture toughness. Nylon 6,6 nanofibers improved the initial GIC and GIIC energy release
rates by 62% and 109%, respectively [50]. Daelemans et al. demonstrated that nanofibrous
veils of PA 6.9 with different morphologies interleaved in UD carbon/epoxy laminates
cause an increase in mode II interlaminar fracture toughness. Mode II interlaminar fracture
toughness is doubled by randomly deposited PA 6.9 nanofibers [51]. Goodarz et al. demon-
strated that the interfacial incorporation of aramid nanofibers significantly increases the
absorbed impact energy, compared to laminates without nanofibers [54].

These results suggest that polymeric nanofibers could be effective in improving crack
toughening for bonded joints as well. There have been limited studies on the use of electro-
spun nanofibers in adhesive bonding, particularly with medium–low-fracture toughness
epoxy resins [55–58]. The works [55,56] analyze the effect of a core/shell structure of elec-
trospun meta-aramid fibers integrated into the adhesive layer of the epoxy-bonded joint.
Single-lap shear test results show that electrospun meta-aramid nanofibers decreased joint
strength, while those with core/shell structure restored the strength of pure epoxy. Razavi
et al. found that incorporating polyacrylonitrile (PAN) nanofibers into an aluminum DCB
joint bonded with 2k epoxy resin resulted in a two-fold increase in fracture toughness [57].
Ekrem and Avci demonstrated that incorporating polyvinyl alcohol (PVA) nanofibrous
mats into the adhesive layer of single lap joints (SLJ) and DCB joints improved shear
strength by 13.5% and increased mode I fracture toughness by about two times that of the
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neat adhesive [58]. In a previous work, the authors demonstrated that electrospun nylon
nanofibers can act as reinforcements and support for the adhesive layer, improving the
fracture toughness of low-toughness resins in DCB joints made with pre-impregnated nano-
fibers [59–62]. In a previous work, impregnation of the nanofibers was initially performed
with low- and medium-viscosity epoxy resins to facilitate the wetting of the nanomat [59].
Then, an unfilled medium viscosity two-component epoxy adhesive was used before using
a high-viscosity, high-strength two-component epoxy adhesive system [60–62]. However,
tests performed on bonded joints were characterized by extensive areas of adhesive failure,
at the interface between substrate and adhesive. The improvement of interfacial adhesion
is critical for the evaluation of the effect of nanofibrous structures.

Despite the non-marginal scientific literature on the application of nanofibers for
interface toughening, the application to adhesive bonding is still limited, and in-house
procedures for the embedding are used, for which the possibility of scaling up to an
industrial level is either impractical or unclear. Additionally, home-made electrospun
nanofibers are often used, which may have a more limited reproducibility than when
manufactured on an industrial scale.

Based on the previous considerations, this study investigates the effect of commercial
XD 10 polyamide electrospun nanofibers (XantuLayr™, NANOLAYR LTD, Auckland, New
Zealand) on composite joints bonded with epoxy film, commonly used in the aerospace
industry. The XantuLayr nanomat is known to improve the interlaminar fracture tough-
ness of composite laminates, resulting in higher delamination resistance and damage
tolerance [49,53].

In this work, a XantuLayr electrospun nanomat was used for the first time as a tough-
ening element of composite adhesive joints made by secondary bonding. Furthermore, the
joints were produced using bonding techniques employed in the automotive and aerospace
industries, and were thus compatible with current industrial practices. The manufactur-
ing technique of these joints is therefore replicable in an industrial environment and not
just on a laboratory scale. In this work, two joint configurations were studied: one with
nanofibers applied at the adhesive/adherend interfaces, and one with nanofibers placed in
the center of the adhesive layer. Double Cantilever Beam (DCB) joints were produced to
evaluate the mode-I fracture toughness of the bond with and without nano-reinforcement.
A morphological analysis was also performed to understand the phenomena occurring
during crack propagation.

2. Materials and Method

2.1. Adherends

In this study, CYCOM® 977-2 prepreg (Solvay Specialty Polymers SpA, Bollate (MI),
Italy) was used to fabricate composite adherents. This prepreg is suitable for aerospace and
aircraft applications that require impact resistance and light weight. The unidirectional
tape used had a nominal thickness of 0.186 mm and a density of 1.55 g/cm3. A quasi-
isotropic laminate was produced using 32 layers of prepreg with a lamination sequence of
[45/0/–45/90]4s. The panels were prepared for bonding using a peel ply, a sacrificial layer
of fabric put on the surface of the composite. The panel was vacuum-bagged and cured in
an autoclave using the cycle specified by the prepreg technical datasheet. The vacuum bag
was realized as reported in Figure 1. After curing, the part was debagged and cut to size.
The peel ply was removed from the panel surface prior to bonding.
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Figure 1. Vacuum bag.

The elastic modulus of the laminate was evaluated to be 58 GPa using tensile testing
in accordance with the ASTM D3039 standard [63].

2.2. Adhesive

The epoxy adhesive used for the joint fabrication was the METLBOND® 1515-4M
(Solvay Specialty Polymers SpA, Bollate (MI), Italy). This adhesive is mainly employed for
bonding composites, although it is suitable for various metal bonding applications. The
adhesive has a nominal weight of 242 g/m2, with a nylon web carrier accounting for 7.5%
of the total weight of the film. The elastic modulus of the adhesive film is closely related
to the curing pressure and temperature. Based on recommendations from the supplier
and various studies in the literature, the elastic modulus of METLBOND® 1515-4M was
determined to be 3.5 GPa [64–66]. The yield strength, ultimate strength and strain at failure
of the adhesive were not available in the data sheet and, since they are not essential to
the purposes of the work and the manufacturing of a tensile test specimen out of a film
adhesive is not straightforward, they were not evaluated.

The curing cycle for the bonded joints included an autoclave at 6 bar pressure at
180 ◦C for 210 min. This cycle is similar to that proposed by the adhesive manufacturer’s
datasheet, and is the same as that employed for the adherents’ manufacturing. The chosen
cure cycle is of industrial significance as it enables the consolidation and cure of prepreg and
secondary bonding simultaneously, leading to time and energy savings, and it is suitable
for co-bonded joints.

2.3. Nanofibers

XantuLayr® (NANOLAYR LTD, Auckland, New Zealand) is a thermoplastic nanofiber
veil produced using Sonic Electrospinning Technology. It consists of XD10 polyamide
nanofibers that form an ultra-thin non-woven web. For this study, a XantuLayr® nanomat
with an areal density of 3 g/m2 was used. The thickness of the nanomat was measured
using a digital indicator (ALPA, Pontoglio (BS), Italy), with a preload of 0.65 N, and was
found to be in the range of 120 to 160 μm.

2.4. Double Cantilever Beam Fabrication

To assess the impact of integrating commercial nanofibers on the fracture toughness of
the adhesive system, four series of DCB joints were manufactured. Table 1 and Figure 2
provide details of the various configurations of the DCB joints.
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Table 1. Composite DCB joints configurations.

Series ID Adhesive Layer Number of Samples

1S METLBOND® 1515-4M 7
2S 2 METLBOND® 1515-4M 8

1S–2NF XantuLayr® + METLBOND® 1515-4M + XantuLayr® 8

2S–1NF METLBOND® 1515-4M + XantuLayr® +
METLBOND® 1515-4M

8

Figure 2. Configurations of the adhesive layers.

The four configurations chosen were 1S, 2S, 1S–2NF and 2S–1NF. The 1S and 2S
configurations refer to the virgin specimens, bonded with one and two layers of adhesive,
respectively. The 1S–2NF and 2S–1NF configurations refer to the bonded joints reinforced
with nanofibers. The 1S–2NF configuration involves the positioning of nanofibers at the
adhesive/support interfaces of joints bonded with one layer of adhesive. The 2S–2NF
configuration involves the positioning of nanofibers at the center of the adhesive layer of
joints bonded with a layer of epoxy film.

The number of samples was defined in such a way as to derive at least five useful
samples for calculating the average fracture toughness value and assessing the repeatability
of the failure type.

To manufacture the specimens for testing, two composite panels measuring
190 × 150 mm2 were bonded together and placed in a vacuum bag. A peel-ply was
used in the preparation of the panels, which was then removed after the composite had
cured, prior to bonding. This method proved to be an effective means of ensuring a strong
bond between the composite parts. The joint curing process was carried out in an autoclave
at 6 bar pressure and 180 ◦C temperature for 210 min. During the bonding stage, a 25 mm
initial defect was introduced by placing a 0.1 mm-thick Teflon patch on one end of the joint.
The nanofibers were placed manually on the adhesive film. Since they were supported on a
paper backing, they were easy to handle. Once the nanofibers were properly positioned,
the paper backing was removed. After curing, the panels were cut to form DCB joints with
a length of 150 mm and width of 25 mm. Two pairs of bonded panels were manufactured
for each configuration. Holes were machined for each joint to enable the attachment of
steel blocks, which were utilized to secure the specimen in the testing apparatus. Steel
blocks were glued to the DCBs using Loctite Hysol 9466 adhesive. To ensure the correct po-
sitioning of the blocks, they were fastened to the adherents with screws and bolts. Once the
adhesive was polymerized after 24 h at room temperature, screws and nuts were removed,
and the DCB was ready to be tested. The adherent dimensions were reduced if compared
with ASTM D3433 standards. These dimensions were chosen on the basis of the available
material. The DCB geometry is illustrated in Figure 3. Figures 4 and 5 show an example of
a tested specimen and the same one mounted on the test machine.
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Figure 3. Composite DCB geometry.

 
Figure 4. Example of a DCB specimen.

 
Figure 5. Specimen mounted on the testing machine.

The Table 2 shows the average thicknesses of the tested specimens. The calculation of
the adhesive layer’s thickness was carried out using the difference between the average
joint thickness and the average thickness, t, of the individual adhesives. The presence of the
nylon cloth inside the adhesive layer ensures joints with a constant adhesive cross-section.
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Table 2. Samples thickness.

Sample ID t (mm)

1S 0.17

2S 0.48

1S–2NF 0.18

2S–1NF 0.52

2.5. DCB Test

The DCB test was conducted on a servo-hydraulic MTS 810 machine with a 3 kN
load cell, using displacement control at a constant crosshead velocity. The loading and
unloading rates were 2 mm/min and 5 mm/min, respectively. The correct determination
of mode I fracture toughness is crucial to assess the integration effect of the nanomaterial.
There are several data reduction methods that can be used to overcome the problem of
direct crack length monitoring during the DCB test. The data reduction schemes include the
compliance calibration method, in which compliance is calibrated as a polynomial function
of crack length, and the compliance-based beam method, which considers the influence
of the fracture process zone [67–69]. In this paper, according to the same procedure used
in the past by the authors, partial unloadings are performed to determine the specimen
compliance and actual crack length using Krenk’s model, reported in [70], which accounts
for the out-of-plane deformation of the adhesive layer and rotation at the crack tip. The
model is represented by Equation (1):

C =
δ′

P
= 2

[
2λσ

k
(1 + λσa) + (a + g)

(
2λ2

σ

)
k

(1 + 2λσa) +
a3

3EJ
+ g

a2

2EJ

]
(1)

The joint compliance (C (mm/N)) is determined by dividing the Crack Mouth Opening
Displacement (CMOD) measurement at the front of the specimen (δ′ (mm)) by the load
(P (N)). Other variables in the equation include the actual crack length (a (mm)), Young’s
modulus of the adherents (E (MPa)), and area moment of inertia of the adherent (J (mm4)).
A clip gage was used to measure the CMOD during testing. The model presented in
Equation (1) has been modified from the one proposed by Krenk to account for the distance
(g (mm)) between the measurement point and the load axis, as well as the effect of shear.

The joint geometry is shown in Figure 6.

Figure 6. DCB geometry [71,72], where a0 is 25 mm and g is 6 mm.

The dimensionless parameters λσ and k are reported in Equations (2) and (3):

λσ = 4

√
6

h3t
Ea

E(1 − υ2
a)

(2)
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k =
2Eat

t (1 − υ2
a)

(3)

where all the sizes are expressed in mm, while Ea (MPa) and νa (dimensionless) are the
Young’s modulus and the Poisson’s ratio of the adhesive, respectively. The Mode I strain
energy release rate G (N/mm) is:

GI =
(Pa)2

tEJ

(
1 +

1
λσa

)2
(4)

Since the fiber volume fraction is negligible, for the rule of mixtures, the Young’s mod-
ulus of the nanomat prepreg is also approximately the same as that of the adhesive alone.

3. Results and Discussion

Figures 7–9 show the load against CMOD of virgin and nanomodified specimens
1S, 2S, 1S–NF and 2S–1NF, taken as representative. The load peaks of virgin samples are
slightly lower than 600 N, and the employment of two layers instead of one does not
significantly affect adhesive performance. The nanomodified sample has a slightly higher
load peak than the neat joint during crack propagation, and the behavior of the 2S–1NF
joint is comparable to that of the virgin samples.

Figure 7. Load against CMOD (δ′) for virgin specimens 1S–1 and 2S–6.

Figure 8. Load against CMOD (δ′) for both virgin (1S–1) and nylon-nanomodified (1S–2NF–1)
specimens.
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Figure 9. Load against CMOD (δ′) for both virgin (2S–6) and nylon-nanomodified (2S–1NF–5)
specimens.

Figure 10 displays the fracture surfaces of 1S, 2S, 1S–2NF, and 2S–1NF samples. As
can be seen from the picture, the fibers of the bonded surface are at 45◦. This solution
was preferred as it represents a more general case of joining. The blue areas highlight the
presence of the adhesive on the substrate under examination. The 1S specimens failed
cohesively during the first stage of the crack propagation, but the crack deviated inside the
composite support generally after 30 mm of propagation inside the adhesive. The failure
mode of 2S samples was more scattered, with cohesive failure observed in joints 2S–1, 2S–4,
and 2S–5 in the initial stage of crack propagation, interfacial fracture in joints 2S-2 and 2S-3,
and cohesive fracture in joints 2S–6, 2S–7, and 2S–8. Figure 11 shows SEM images of the
fracture surfaces of the 1S–1 and 2S–6 samples, respectively, which show micro-dimples and
broken nylon fibers. The 1S–2NF specimens failed cohesively, but the crack deviated inside
the composite supports of the samples 1S–2NF 3, 4 and 5 after 30 mm of propagation inside
the adhesive. Samples 2S–1NF exhibited cohesive failure, but half of them were subjected to
crack propagation inside the composite layer at Δa values of 10–20 mm, making the results
less reproducible. Figure 12 shows SEM images of the fracture surfaces of 1S–2NF–1 and
2S–1NF–5 samples, respectively, which showed micro-dimples, the presence of nylon cloth,
and areas rich in nanofibers. The nanofibers in the sample 2S–1NF appear less stretched
and were broken inside the matrix without evident pull-out, resulting in fracture toughness
values lower than those of 1S–2NF samples and comparable to those of virgin ones.

Figure 13 shows a comparison of the R-Curves of one representative specimen for
each configuration. The black markers identify the GIC values used for calculating the
average fracture toughness during the steady-state crack propagation phase, while the
grey markers represent the excluded ones. Considering all the specimens tested (see
Table 1), the average fracture toughness of the neat adhesive is 0.42 ± 0.07 N/mm for 1S
and 0.42 ± 0.10 N/mm for 2S. The average fracture toughness of the nanomodified 1S–2NF
series is instead 0.55 ± 0.16 N/mm, while for 2S–1NF, it is about 0.44 ± 0.8 N/mm. The
average GIC values are reported in Figure 14. The samples 1S–2NF have more scattered
values, but higher average GIC than 2S–1NF. The average maximum load values are
reported in Figure 15. Again, the highest maximum load was achieved by the 1S–2NF
samples with an average maximum load value of 580 N ± 47 N, which is 10% higher than
that of the 1S specimens.
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Figure 10. Fracture surface.

The results obtained confirm that the virgin samples exhibit the same fracture tough-
ness values, regardless of the number of adhesive layers used for bonding. The highest
values of fracture toughness were obtained by the 1S–2NF samples. Nanofibers placed
at the adhesive/adhesive interface deformed and contributed to the joint toughness. The
configuration 1S–2NF exhibited a 32% improvement compared to 1S samples. The lower de-
formation of the nanofibers placed between the two adhesive layers of the 2S–1NF samples
resulted in a lower toughness value of the system, which, however, was still comparable
with the virgin samples.
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Figure 11. SEM images of fracture surfaces of 1S–1 (a) and 2S–6 (b) at 2000×.

Figure 12. SEM images of fracture surfaces of 1S–NF–1 (a) and 2S–1NF–5 (b) at 10,000×.
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Figure 13. Comparison of R-Curves of representative virgin (1S and 2S) and nanomodified (1S–2NF
and 2S–1NF) specimens.
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Figure 15. Maximum load average values for 1S, 2S, 1S–2NF, and 2S–1NF samples.

4. Conclusions

The effect of commercial XD10 PA (XantuLayr®) nanofibers within composite joints
bonded with the epoxy film was studied. Materials and bonding techniques commonly
employed in the automotive and aerospace sector were used for joint manufacturing. Since
the adhesive was in film form, nanofiber integration could be approached in two ways. The
first was to apply the nanofiber at the adherents/adhesive interface. The second was to
interleave the nanomat between two layers of adhesive.

The main results are reported below:

1. The behaviors of virgin samples are similar, and are not influenced by the number of
adhesive layers used for bonding;

2. The application of commercial XD10 PA nanofibers (XantuLayr®) at the adhesive/adherent
interface improves the mechanical performance of the composite joints, which ex-
hibited higher fracture toughness and fracture resistance than virgin samples. In
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particular, the 1S-2NF specimens exhibited 10% and 32% higher maximum strength
and fracture toughness values, respectively;

3. SEM images confirm the contribution of the nanofibers that appear elongated and
detached from the matrix. The deformation of the nanomat contributes to the
joint toughness;

4. The same nanomaterial applied to the center of the adhesive layer does not contribute
to the fracture toughness of the joint, as the nanomodified joints show the same GIC
and standard deviation values as the virgin samples.

The application of commercial XD10 PA nanofibers (XantuLayr®) was very simple, and
is definitely compatible with materials and bonding techniques used for composite materials.

Further developments of this work will involve evaluating mode II fracture toughness
through End-Notched-Flexure (ENF). Further analyses could be conducted on thinner
substrate bonds by performing T-Peel tests.
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Abstract: In this study, a specimen geometry for testing finger joints was developed using finite
element simulation and proofed by experimental testing. Six different wood species and three
adhesives were used for finger-jointing specimens. With the test specimen geometry, the bonding
strength of the finger joints was determined without the usual self-locking of the joint. Under load, the
test specimen geometry introduces maximum stress at the beginning of the bond line (adhesive zone).
However, the test specimen geometry does not generate a symmetric stress state. The main difficulty
here is the flank angle of the finger joint geometry. The wood species and adhesives significantly
influenced the performance of the finger joints.

Keywords: adhesive joint design; bonding strength; finger joints; finite element simulation; hardwoods;
softwoods

1. Introduction

Finger joints are longitudinal bonded timber joints used in non-load-bearing and
load-bearing applications. They play a key role in the load-bearing capacity of bonded
engineered wood products (EWP) [1,2]. The formation of the bond line during the finger-
jointing process differs from that of surface bonding [3–7]. Factors such as the structure
of the bonding surface, pressing pressure, pressing and assembly time, and application
quantity of the adhesives are different for finger-jointing and surface bonding. When testing
adhesives for load-bearing applications according to EN 302-1 [8] by means of lap joints, the
characteristics of finger joints according to EN 15497 [9], such as very short pressing times
or bonding of end-grain wood, are not taken into account. Thus, the adhesives are only
tested for surface bonding. Recently, it has become possible to produce more EWP based
on hardwoods [10–16], which have a high strength potential. Compared with softwoods,
the manufacture and testing of hardwood EWP’s are rarely standardised. The strength
of finger joints results from the joint’s geometry-related self-locking (clamping effect) and
the bonding strength [17,18]. Currently, there is no test standard to determine the bonding
strength of a finger joint independent of the self-locking. This study aimed to develop a test
specimen geometry for mechanical performance tests of finger joint bond lines without the
usual self-locking of the joint. In previous tests, different geometries were assessed using
the finite element method (FEM) [19–21] and the behaviour of the finger joint bond line
was predicted. Experimental tests were carried out to validate the simulations. Different
wood species were bonded with commercial adhesives, and the bonding strength was
determined with the developed test specimen geometry.

Figure 1 shows a standard finger joint from EN 15497 [9] and a small test specimen
with a finger joint geometry for EWP. Typical finger joints have a finger length between
7 mm and 50 mm and a flank angle between 3◦ and 8◦. A general principle is that the
strength of the finger joint increases when the flank angle is decreased as the bonding
surface becomes larger [18,22–24]. The bonding strength, including the self-locking effect,
is tested using the shown test specimen geometry (Figure 1). This study aimed to test the
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bonding strength of a single finger joint bond line without the usual self-locking of the joint.
Therefore, a new test specimen geometry was developed which differs from a finger joint
test specimen with self-locking and several bond lines. Furthermore, the clamping of small
test specimens is difficult, as they often slip out of the clamping jaws when a tensile load is
applied or break at the clamping in the case of wedge grips. This was considered in the
development of the test specimen geometry of this study.

 

 
(a) (b) 

Figure 1. Standard finger joint from EN 15497 [9]: 1 finger base, lj finger length, p finger pitch, α flank
angle, lt fingertip gap, bcut width of cutter, bt width of fingertip (a); small test specimen with standard
finger joint, which is not suitable for the determination of bonding strength of a finger joint (b).

2. Materials and Methods

2.1. Wood and Adhesives

The wood species used in this study are shown in Table 1. The specimens were made
from plain sawn boards with predominantly tangential grain. Before manufacture of the
specimens, the boards were conditioned at 20 ◦C and 65% relative humidity until the
equilibrium moisture content (EMC) was reached.

Table 1. Affiliation, origin, density, and EMC of tested wood species.

Wood Species Affiliation Origin Density [g cm−3] EMC [%]

Beech
Fagus sylvatica, L. Hardwood Germany 0.68 ± 0.03 11.8 ± 0.3

Birch
Betula pendula, Roth. Hardwood Latvia 0.64 ± 0.05 11.5 ± 0.3

Poplar
Populus tremula, L. Hardwood Latvia 0.49 ± 0.04 12.1 ± 0.3

Pine
Pinus sylvestris, L. Softwood Germany 0.63 ± 0.05 13.5 ± 1.0

Larch
Larix decidua, Mill. Softwood Germany 0.57 ± 0.04 13.8 ± 0.3

Spruce
Picea abies, L. Softwood Germany 0.46 ± 0.02 12.4 ± 0.5

Commercially available melamine–urea–formaldehyde (MUF), phenol–resorcinol–
formaldehyde (PRF), and 1-component polyurethane (PUR) adhesive systems were used
(Table 2). They were processed according to the technical data sheets of the manufacturers.
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Table 2. Properties and processing parameters of the adhesive systems.

Adhesives
Density [g cm−3]

Viscosity
[mPas]

Mixing Ratio
(R:H)

Application
[g m−2]

R 1 H R H

MUF 1.27 1.10 10,000–25,000 1700–3500 100:50 280, one-sided

PRF 1.16 1.18 5000–10,000 5000–8000 100:20 380, on both sides

PUR 1.16 24,000 1-comp., no primer 140, one-sided
1 Resin (R) and hardener (H).

2.2. Finite Element Simulations and Shear–Tensile Tests

In an iterative process of finite element simulations and experimental testing, a shear–
tensile test specimen for finger joints was developed. EN 302-1 [8] and a standard testing
machine with 5 × 5 mm2 clamping jaws were used as a basis for the design of the test
specimen geometry. Essential test criteria were the location of the stresses and the location
of the specimen failure. Stress concentrations and specimen failure were to be localized
in the bond line. The following requirements were defined as important for the test
specimen design:

• Complete transmission of the test load into the bond line during the test;
• Testing of a single bond line without self-locking;
• Centric force transmission and shear-tensile stress as only stress state;
• Consideration of the usual manufacturing process of finger joint bonding.

Ansys 2022 (Academic/Students) analysis software was used for a static-mechanical
FE simulation of two test specimen geometries. The material properties were defined
as follows:

• Linear–elastic behaviour;
• Orthotropic stiffness matrix for beech wood according to Schaffrath (2015) [25] (Table 3).

Table 3. Material parameters according to Schaffrath (2015) [25] for input to the finite element simulations.

Material Parameters Direction Beech Wood

Modulus of elasticity
[N mm−2]

EX-longitudinal
EY-tangential

EZ-radial

14,000
1160
2200

Transverse contraction coefficient
Poisson

XY
YZ
XZ

0.043
0.71

0.073

Modulus of shear
[N mm−2]

XY
YZ
XZ

1080
460

1640

• In the contact area of the joints, the cohesive zone model (CZM) is based on the fracture
energy of the PUR adhesive according to Serrano and Enquist (2005) [26] (Table 4).

Table 4. Contact properties based on strength and fracture energy of PUR adhesive according to
Serrano and Enquist (2005) [26].

Mode I Mode II

Strength
[N mm−2]

Fracture energy
[J m−2]

Strength
[N mm−2]

Fracture energy
[J m−2]

6 550 12 1230
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• Meshing: hexahedral elements in the shear region (Figure 2) and SOLID186 as main
elements were used; hexahedral elements were preferred over tetrahedral elements
because the hexahedral elements exhibited less stiff behaviour and showed more
satisfactory convergence behaviour;

• Further conditions: fixed clamping at end face, area load in tensile direction (both
test specimen geometries with 5 kN load at opposite end face). In the following, the
relative stresses to the stress maximum are shown, so that they are independent of the
applied load.

Figure 2. Mesh design of the test specimen geometries for the FE simulation. Geometry A with
104,083 nodes and 22,779 elements (left) and geometry B with 99,180 nodes and 21,681 elements
(right). In the simulations the tangential surfaces were bonded with PUR and the flank angle of the
finger joints was 5◦. The notches of both test specimen geometries were cut asymmetrically because
of the flank angle (shown for geometry A).

The resulting relative von Mises equivalent stresses of the simulated geometries were
compared under the previously described load case.

The test specimen geometry B (Figure 2) was selected for the experiments. The
specimens were produced according to EN 14080 [27] with a finger jointing line type of
Ultra TT (Weinig Grecon GmbH & Co. KG, Alfeld/Leine, Germany). The following process
parameters were used in this study. The pressing pressure was set for beech and adjusted
proportionally to the lower density of the other wood species, so that the bonding surface
was similar for all wood species (Table 1):

• Finger joint geometry: 21.0 mm finger length and 6.2 mm finger pitch;
• Cutting feed rate: 25 m min−1;
• Cutting direction: vertical profile, perpendicular to annual rings;
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• Adhesive application: manual application, processing of PUR, MUF, PRF (Table 2),
and bonding of radial surfaces;

• Pressing pressure: beech 12.5 N mm−2, birch 11.8 N mm−2, pine 11.6 N mm−2, larch
10.5 N mm−2, poplar 9.0 N mm−2, spruce 8.5 N mm−2;

• Pressing time: 5 s.

The shear–tensile test specimens were made of lamellae with the dimensions
360 × 100 × 30 mm−3 (L × T × R) (Figure 3). The lamellae were cut in the middle
and, with a few exceptions, reconnected by finger jointing as in their original state.

Figure 3. Manufacture of shear–tensile test specimens made from a lamella with a vertical finger
joint profile.

After curing of the adhesives, the shear–tensile tests were carried out with an universal
testing machine (Zwick Roell GmbH & Co. KG, Ulm, Germany) using a 5 kN load cell,
a total clamping length of 100 mm, and a test speed of 0.5 mm min−1. The bond line
length (Figure 4, hypotenuse c) was measured representatively for each wood–adhesive
combination microscopically using a digital microscope VHX-5000 (Keyence, Osaka, Japan).
The bond line height corresponds to the specimen thickness and was measured on each
test specimen using a digital calliper. Due to the flank angle of the finger joint, the load
direction is neither parallel (requirement for shear stress) nor perpendicular (requirement
for tensile stress) to the observed section area. A mixed mode loading of shear stress fvb
and tensile stress fva was measured (Figure 4). Both stresses were calculated depending on
the flank angle of the finger joint (in this study α = 5◦). The shear–tensile strength fvc of the
finger joint bond line was calculated according Equation (1) from EN 302-1 [8] as it was
carried out in [3] for scarf joints:

fvc =
Fmax

A = Fmax
l × h =

√
fvb

2 + fva2

fvb = Fmax
A × cos (α)

fva =
Fmax

A × sin (α)

(1)

fvc = shear-tensile strength [N mm−2]
fvb = shear strength [N mm−2]
fva = tensile strength [N mm−2]
Fmax = applied breaking load [N]
A = finger-jointed area [mm2]
l = length of bond line [mm]
h = height of bond line [mm]
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On each tested specimen, the percentage of wood failure was estimated in 10% steps
by visual inspection according to EN 302-1 [8].

Figure 4 shows a simplified drawing of the test specimen geometry of the experiments,
its dimensions, asymmetric notches, and the setup of the shear–tensile test. The width of
the fingertip and fingertip gap are not shown.

 

(a) (b) 

Figure 4. Test specimen geometry for the determination of the strength of a finger joint bond line
(marked in red) (a); and shear–tensile test with asymmetric notches: cathetus a shows section area of
tensile stress, cathetus b shows section area of shear stress, and hypotenuse c shows section area of
shear–tensile stress (tested bond line) (b).

2.3. Data Processing

To evaluate the effects and interactions of the parameter settings, the following data
were processed:

• Wood species and adhesive on the resulting parameters;
• Shear–tensile strength and wood failure percentage: two full factorial designs were set

up (Table 5).

Table 5. Full factorial designs to evaluate effects and interactions of the parameter settings: n is
number of specimens, fvc is the shear–tensile strength, and WFP is wood failure percentage, each
with 18 parameter settings.

No.
n

fvc and WFP
Wood Species Adhesive

1 36 Beech MUF

2 36 Beech PRF

3 36 Beech PUR

4 26 Birch MUF

5 36 Birch PRF

6 36 Birch PUR

7 36 Poplar MUF
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Table 5. Cont.

No.
n

fvc and WFP
Wood Species Adhesive

8 36 Poplar PRF

9 36 Poplar PUR

10 34 Pine MUF

11 30 Pine PRF

12 34 Pine PUR

13 34 Larch MUF

14 33 Larch PRF

15 31 Larch PUR

16 36 Spruce MUF

17 36 Spruce PRF

18 33 Spruce PUR

In the following, statements on the wood species are to be interpreted in combination
with the wood species-specific pressing pressure.

The interaction plots represent the mean values of all settings of one factor as a function
of the setting of another factor [28]. The significance of the main effects and interactions
was tested using an ANOVA [29]. The significance level was set to the value of 0.05.

3. Results and Discussion

3.1. Results of Finite Element Simulations and Shear–Tensile Tests

The von Mises equivalent stress for a section path through the adhesive joint of the
specimen geometries A and B resulting from the finite element (FE) simulations is shown
(Figure 5). These relative stresses shown in the graph refer to the stress maximum found in
both calculations of the geometries, as mentioned above. The stress maximum of geometry
A is in the “notch bottom area” next to the adhesive zone, and the initial failure of the
specimen is expected to be in the wood and not in the bond line. The stress maximum of
geometry B is located at the beginning of the adhesive zone and it is higher than that of
geometry A. Higher stresses are expected at the entry point of the bond line, which proved
to be more appropriate for testing the bonding strength. Otherwise, a pure wood fracture
failure is very likely to occur in the notch base next to the adhesive zone. The initial failure
in the bond line of the geometry B predicted by the FE simulations was confirmed in the
experimental shear–tensile tests of this study. The stress distribution for both geometries is
not symmetrical due to the asymmetric notch depths, and differences along the path are
evident. Comparing the notches on both sides of the specimens, the deeper notched side
shows higher stresses at the beginning of the adhesive joint than the other side.

Due to the flank angle of the finger joint and the exact specimen geometry, a mixed
mode loading with more complex stress state than pure shear stress is present in the
adhesive zone (for example, tensile stress needs to be considered). The shear stresses
determined in the experiments of this study are expected to be lower compared with the
pure shear stress. Nevertheless, geometry B is a suitable test specimen geometry for an
evaluation and relative comparison of finger joint bondings. It fulfils all requirements
mentioned at the beginning of this study except for the shear–tensile stress as the only
stress state.
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Figure 5. Relative von Mises equivalent stresses of the geometries in the adhesive zone and notches;
geometry B was selected for the main experiments of this study.

The determined shear–tensile strength and the wood failure percentage of the finger
joint bondings are shown (Figure 6). The highest shear–tensile strengths were achieved by
beech and birch bonded with MUF adhesive. Some of these test specimens were able to
fulfil the required strength values of EN 301 (for thin beech adhesive joints, 10 N mm−2) [30].
However, the results of this study are not comparable to the test according to EN 301 [30].
With the test specimen geometry of this study, an overstressing at the tip of the finger joint is
expected. This makes failure at lower loads more probable compared with the standard test
by means of lap joints. Accordingly, a standard is necessary to be able to test and compare
finger joint bondings with a defined test setup. Finger joints bonded with PUR achieved
the lowest shear–tensile strengths for all wood species. The wood failure percentages
show a large scattering overall. Compared with hardwoods, softwoods showed a higher
wood failure percentage; spruce bonded with MUF showed almost complete wood failure.
The high wood failure percentage is not equivalent to better bonding [31]. The inherent
strength of the wood, which is density related, is an important factor for the evaluation of
the bonding strength [32] and must be considered when comparing bondings. Hardwoods
showed adhesion and adhesive failure as the main failure mode. This is reflected in the
low wood failure percentages. To better utilize their high strength potential, the hardwood
bondings need to be further improved. Using hardwoods, more significant differences
were found between the adhesive systems than with the softwoods. In the case of the
softwoods, it was mainly the strength of the wood that was tested.
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Figure 6. Boxplots of shear–tensile strength and wood failure percentage of the finger joint bondings:
separated by hardwoods and softwoods and sorted by decreasing density of wood species; horizontal
dotted black line marks standards requirement following EN 301 (10 N mm−2) [30] for thin surface
bonded joints of beech test specimens.

The specimen geometry for finger joint bondings used in this study was similar to
the scarf joints used in [3,33]. As for scarf joints in [33], the tests in this study revealed
relative differences between the bonding strengths of the adhesive systems and additionally
between the wood species. These could not be shown with lap joint specimens in [33].
The differences in bonding strengths of the scarf joints were much more influenced by the
adhesive systems than by the wood species [33]. As concluded for the scarf joints in [33],
the test specimen geometry of this study is not suitable for the determination of absolute
adhesive shear strength due to the mixed mode loading and possibly enhanced penetration
of the adhesive into the end-grain wood. The effect of adhesive penetration on bonding
strength needs to be verified in further studies.

The use of MUF tends to lead to the highest bonding strength and wood failure
percentage, which may be explained by its high stiffness (less ductility). However, in
this study much lower shear–tensile strengths were achieved with MUF-bonded finger
joints compared with scarf joints in [3] (12 ± 1 N mm−2) and similar to scarf joints in [33]
(7.5 N mm−2). The wood failure percentages were lower in [3] for several reasons, for
example, wood properties, adhesive system, double-sided adhesive application, longer
pressing time, and angle of the scarf joint could explain the higher shear–tensile strengths
in [3]. This needs to be further investigated. Specimens bonded with PUR tended to show
lower bonding strength and wood failure percentages, possibly due to the fact that it is
more elastic (more ductile) [34]. As mentioned above, the penetration of the adhesive
systems could be one more reason for the different bonding strengths of the finger joints.
The MUF, in comparison with the PUR, is expected to penetrate deeper into the wood
structure and can penetrate the cell wall [35]. Despite its low density (Table 1), poplar
shows a high shear–tensile strength compared with the softwoods.

In [36], lap joints (surface bondings) were proofed using shear–tensile tests with the
same or similar wood species, treatment, and adhesive systems. For most of the wood
bondings, similar shear–tensile strengths were achieved as in this study. This initially
indicates that finger joint bondings have the potential to achieve strengths like those of
surface bondings. In this study, the finger-jointed poplar was able to achieve higher shear–
tensile strengths. In [36], wood bonded with PUR was treated with a primer beforehand.
All wood species could achieve significantly higher shear–tensile strengths compared with
this study. There is currently no system on the market to apply primers on finger joints.
An improvement in bonding performance is expected with the use of a primer [37]. The
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wood failure percentages in [36] were significantly higher. This can be explained by the
subjective method to assess the wood failure percentage [38] or by the different bonding
methods (surface and finger joint bonding). Furthermore, it is pointed out that the finger
joints were tested in a standard climate state (20 ◦C and 65% rel. humidity). Pre-treatment
according to EN 302-1 [8], e.g., water storage, can significantly influence the performance
of the adhesives and wood [39].

The shear–tensile strength (fvc), shear strength (fvb), and tensile strength (fva) of the
tested finger joint bond lines are shown in Table 6. The splitting of fvc into fvb and fva shows
that under tensile load and with the used test specimen geometry, much greater shear
stresses than tensile stresses were applied to the finger joint bond lines. A change in the
flank angle of the finger joint geometry would lead to a change in the stress components.

Table 6. Average values of shear–tensile strength fvc, shear strength fvb, and tensile strength fva of the
tested finger joint bond lines. ± shows the standard deviation of the values.

Adhesive MUF PRF PUR

Wood
Species

fvc
[N mm−2]

fvb
[N mm−2]

fva
[N mm−2]

fvc
[N mm−2]

fvb
[N mm−2]

fva
[N mm−2]

fvc
[N mm−2]

fvb
[N mm−2]

fva
[N mm−2]

Beech 11.1
(±1.8)

11.1
(±1.8)

1.0
(±0.15)

10.1
(±1.4)

10.1
(±1.4)

0.9
(±0.12)

6.6
(±1.2)

6.6
(±1.2)

0.6
(±0.11)

Birch 10.5
(±1.5)

10.5
(±1.5)

0.9
(±0.13)

10.0
(±1.4)

9.9
(±1.4)

0.9
(±0.12)

7.6
(±1.3)

7.6
(±1.3)

0.7
(±0.11)

Poplar 9.1
(±1.1)

9.0
(±1.1)

0.8
(±0.10)

8.9
(±1.3)

8.9
(±1.3)

0.8
(±0.12)

7.1
(±1.7)

7.1
(±1.7)

0.6
(±0.15)

Pine 7.4
(±1.3)

7.3
(±1.3)

0.6
(±0.12)

8.0
(±1.6)

8.0
(±1.6)

0.7
(±0.14)

6.2
(±1.7)

6.1
(±1.7)

0.5
(±0.15)

Larch 8.6
(±1.0)

8.6
(±1.0)

0.8
(±0.08)

7.9
(±1.5)

7.8
(±1.5)

0.7
(±0.13)

7.1
(±1.4)

7.0
(±1.4)

0.6
(±0.12)

Spruce 11.1
(±1.8)

11.1
(±1.8)

1.0
(±0.15)

10.1
(±1.4)

10.1
(±1.4)

0.9
(±0.12)

6.6
(±1.2)

6.6
(±1.2)

0.6
(±0.11)

3.2. Two-Way Interactions and Analysis of Variance

The two-way interactions of the finger joint bondings for shear–tensile strength and
wood failure percentage are shown (Figure 7). With a few exceptions, PUR bondings
achieved the lowest mean shear–tensile strength and lowest mean wood failure percentage
for all wood species. The key message of Figure 7 is that only a few interactions between
the wood species and adhesives were found. This is indicated by the parallel course of the
lines. A comparatively large drop in shear–tensile strength was observed for beech finger
joints bonded with PUR, whereas birch finger joints achieved similar bonding strengths
with the PUR as with the other adhesives. The density of beech and birch were similar
which indicates that other reasons caused the differences. Further studies on the structure
and chemistry of the bonding surfaces of the wood species should be carried out.

All main effects and interactions are significant at the predefined level of 0.05 (Table 7).
As mentioned above, the factor wood species had a significant effect on the shear–tensile
strength and the wood failure percentage. This is probably due to the different densities and
inherent strength of the wood species. The adhesive had a lower effect on the shear–tensile
strength and wood failure percentage than the wood species. The interaction of wood and
adhesive were significant but not very pronounced as already shown in Figure 7.
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Figure 7. Two-way interactions of the finger joint bondings for mean of shear–tensile strength and
mean of wood failure percentage.

Table 7. ANOVA results table (sig. level 0.05) based on statistical designs from Table 5.

Shear–Tensile Strength Wood failure Percentage

Main Effect/
2W Interaction

F-Value p-Value F-Value p-Value

Wood species 95.79 2.50 × 10−74 81.26 3.41 × 10−65

Adhesive 117.08 9.93 × 10−44 61.30 5.74 × 10−25

Wood × adhesive 21.27 1.09 × 10−16 7.05 1.56 × 10−10

4. Conclusions

The present study proposes a specimen geometry for a finger-jointed wood bonding
strength test. Furthermore, it presents the experiment results of tests employing the
preferred test specimen geometry for a combination of six wood species specimens and
three adhesives. The following conclusions can be drawn:

• A test specimen geometry for finger joints was identified using finite element simula-
tions and proved by experimental testing. The test specimen geometry has a stress
maximum at the beginning of the bond line (adhesive zone) and on the deeper notched
side. Different finger joint bondings could be evaluated with the geometry and relative
differences of the bondings were found. However, the geometry does not generate a
symmetric stress state.

• A standard for testing finger joint bondings should be developed. The angle and
length of the finger joint geometry affect the force transmission at the bond line and
the resulting stress distribution. Different geometries should be tested, and geometry-
dependent adjustment factors should be developed.

• Statements about the bonding strength are difficult since it is a combination of wood
and adhesive failure. In this study, it was observed that the performance of the
adhesives can be assessed more precisely when the wood species have higher strengths
and can withstand loads closer to the limit of the adhesives.

• Further investigations, for example, roughness or wetting analyses, should be consid-
ered to be able to explain differences between the tested bondings.

• To improve finger-jointing and the high strength potential of hardwoods, adhesives
and finger joint geometry should be further investigated.
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Abstract: When it comes to lightweight design of automotive wheels, hybrid designs consisting
of a carbon composite wheel rim and a metallic, e.g., aluminum alloy, wheel disc offer significant
potential. However, the conventionally used bolted joint between the two parts is complex and
requires compromises in lightweight design due to the additional mechanical elements. Within this
research, an adhesive joint for a hybrid wheel is developed in order to demonstrate its performance
and lightweight potential. The main challenges are the reliable resistance against high structural
loads during different load cases, as well as the residual stresses in the joint due to different thermal
expansion rates of the composite and aluminum material. The developed joint combines an adhesive
bond with a form-fitted geometry while still enabling an assembling process of the wheel disc in
rotational direction. In addition, adaptations of the fiber layup in the rim area significantly reduce the
thermal residual stresses in the joint by 47%. Subcomponent specimens, which represent the joint of an
aluminum spoke with the composite rim, are manufactured and tested at different temperatures and
load cases. The test results show sufficient strength of the adhesive joint as well as an improvement
of the developed form-fitted joint compared to a basic adhesive bond. The adhesively joined wheel
offers a lightweight potential of 6% compared to the bolted wheel.

Keywords: adhesive joint design; hybrid joint; lightweight wheel; composites; thermal expansion;
experimental analysis; structural analysis

1. Introduction

Hybrid automotive wheels, consisting of a carbon composite (CFRP) wheel rim and
an aluminum alloy wheel disc, have been state of the art for several years, offering a
lightweight potential of 15 to 20% compared to monolithic aluminum wheels [1–4]. The
large wheel rim represents the greatest portion of the wheel. Therefore, its composite
design effectively reduces the rotational mass and improves the damping behavior of the
wheel. In addition, the cylindrical geometry enables more efficient manufacturing processes
such as braiding [5] and resin transfer molding [6,7], offering advantages regarding mass
production compared to full composite wheels. The wheel disc with its complex spoke
design, on the other hand, is best realized in metal manufacturing processes such as
casting or forging [8], with high strength and fatigue values and precise processing of the
hub intersection. The joint between the two parts is conventionally realized as a bolted
joint [9,10], due to the high structural and thermal loads. However, the realization of bolted
joints is complex. Milling processes of the composite part and integration of threaded holes
in the aluminum disc are necessary, as well as sealing measures. In addition, the bolted
joint usually needs to be combined with a form-fitted sleeve design as resistance against
the high resulting shear loads. These additional mechanical elements lead to compromises
in lightweight design.

Processes 2023, 11, 819. https://doi.org/10.3390/pr11030819 https://www.mdpi.com/journal/processes
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Within this federal research project [11], an adhesive joint for a hybrid automotive
wheel is developed in order to demonstrate its performance and lightweight potential.
In general, adhesive bonds offer several advantages when it comes to joining metal and
composite parts. The load introduction into the composite part can be realized without
damaging fiber structures, dimensional deviations of the parts can be compensated in the
adhesive thickness, and the overall mass of the joint can be reduced [12,13], (pp. 2–4). In
case of a hybrid wheel, the joint design faces several challenges. As a safety component,
the reliable resistance against high structural loads during different load cases such as
straight driving, cornering, accelerating, and braking must be assured, as well as electric
conductivity and resistance to ageing. In addition, the materials must withstand a large
temperature range from low ambient temperatures to high braking temperatures. In
case of composite wheels, measures to shield the wheel components from the braking
heat are usually taken, such as coatings or layers for heat reflection, heat distribution or
insulation [14,15]. However, the high temperature difference still leads to residual stresses
in the joint, due to the different thermal expansion rates of the composite and aluminum
material, and needs to be considered in the design process.

In the review of literature, several design parameters regarding adhesive bonding
of dissimilar materials can be identified. Apart from the selection of adhesive and ad-
herend material with suitable mechanical properties [12], (pp. 694–696), the geometrical
design of the joint has a significant influence on the stresses in the adhesive and adherend,
e.g., a single-lap design compared to a double-lap design [12], (pp. 713–714). In [16], a
review on design techniques to improve the strength of adhesive joints is given. Examples
are form-fitted configurations such as a wavy adherend design, transverse reinforcements
such as pinning or stitching, or specific design of the adhesive edges such as adherend
tapers or adhesive fillets. In addition, dual-adhesive concepts can be used [13], combining
a high-temperature and a low-temperature adhesive. The hybrid wheel, however, demon-
strates a more unique application compared to the often described overlap joints in the
literature, due to its circular geometry, its specific deformation during thermal expansion,
and loading situation.

When developing adhesive joints, computational and experimental methods are com-
monly used for structural validation. In the case of hybrid joints, different failure modes
need to be considered. Apart from cohesive failure of the adhesive, several studies with
composite adherends show delamination of the surface layer within the joint area, depen-
dent, e.g., on the load introduction or thermal exposure of the joint [17–19].

Figure 1 shows the test program for the hybrid joint development for the research.
Material properties for the simulation models are evaluated using coupon specimens [20,21];
the hybrid bond is validated on single lap joints [22]. Tests on subcomponent specimens
first give experimental joint validation, and tests on wheel prototypes give validation on a
component level.

 

Figure 1. Test program for the experimental validation of the hybrid adhesive joint.

This paper elaborates on the preliminary design development of the hybrid adhe-
sive joint and its first experimental validation on the subcomponent level. This includes
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the analysis of requirements, material selection, geometrical joint design, as well as the
manufacturing and testing of subcomponent specimens. Other related topics, such as the
characterization of the adhesive and adherend materials, structural simulation and strength
analysis of the adhesive and adherends, as well as elaborations on the manufacturing
concept of the wheel, may be presented in future publications.

2. Design of an Adhesive Joint for the Hybrid Wheel

2.1. Wheel Requirements

For the research, a 11.5 J × 20 EH2 ET 56 hybrid wheel with a five-spoke design and a
max. wheel load of 575 kg was chosen as the reference wheel. In order to identify specific
structural requirements for the joint, the different wheel load cases need to be considered.
Within Table 1, the load cases such as straight driving, cornering, braking/accelerating
and their respective maximum load values are listed. Maximum radial loads occur during
straight driving, with maximum lateral load during cornering and maximum torsional
moment during braking or accelerating, and equal values in opposite directions. Maximum
temperature within the wheel rim is defined as 200 ◦C and within the joint as 150 ◦C, due
to the greater distance to the brake. Lowest ambient temperature is defined as −40 ◦C.

Table 1. Load requirements for the hybrid wheel within the research project [11] according to OTTO
FUCHS KG and Fraunhofer LBF.

No. Load Case Load Value Unit Sketch

L1
straight driving

(incl. rough road driving)

max. radial load 14.02 kN

max. lateral load 3.84 kN

L2 cornering
max. radial load 10.59 kN

 
max. lateral load 12.71 kN

L3 braking/
accelerating max. torsional moment ±1.91 kNm

L4.1
thermal loading

max. temperature joint 150 ◦C
L4.2 min. temperature joint −40 ◦C
L4.3 max. temperature wheel rim 200 ◦C

For the objective of this research, the evaluations are limited to the selection of load
cases listed in Table 1. The consideration of further combinations of load cases and temper-
atures can be addressed in a future detailed design stage.

2.2. Material Selection

Main requirements for the selection of materials for the hybrid wheel are high struc-
tural performance as well as thermal and corrosion resistance.

The adhesive selected for the project is a newly developed, one-component, heat-
curing, epoxy-based structural adhesive by the associated project partner DuPont Specialty
Products GmbH & Co KG. It has a high glass-transition temperature of 174 ◦C and a good
capability of bonding dissimilar materials such as composites and metals. The adhesive
will be further labeled as “BETAMATE™ HTG”.

The aluminum alloy chosen for the wheel disc is EN AW-6082 T6 [23], a standard
forging alloy by OTTO FUCHS KG with high strength and good corrosion resistance.

When it comes to selecting the composite material, the manufacturing process needs
to be considered. As fabric, bidirectional woven carbon fabric WELA GG-245-1000T [24]
is used, offering advantages regarding draping of complex geometries compared to non-
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crimp fabrics. Local reinforcements are realized with unidirectional carbon fiber WELA
GV-303-0500UTFX [25]. The selected resin system is Araldite® LY 1560 [26], a toughened
epoxy resin with a high glass-transition temperature of 205 ◦C, made for resin transfer
molding (RTM) or infusion.

2.3. Analysis of Joint Requirements

The wheel loads described in Table 1 are introduced into the wheel at the tire–wheel
intersection and are supported by the wheel hub. The load distribution within the wheel
depends on the load case and the orientation of the spokes during the 360◦ rollover. In
order to identify the critical loads occurring at the joint intersections, a finite element (FE)
simulation using Ansys Workbench 2020 R1 software is carried out. The objective is the
analysis of joint requirements by evaluating critical force and moment resultants within
the joint.

2.3.1. Finite Element Model

The joint is modeled as a “basic joint”, in which the outer surfaces of the aluminum
spokes are joined with the wheel rim by a simple adhesive layer, as shown in Figure 2a. The
composite rim with its specific fiber layup is modeled using Ansys Composite PrepPost
(ACP) with shell elements. The aluminum disc, as well as the adhesive layer are modeled
with solid elements. The material behavior is defined as linear elastic, using material data
partly generated on coupon specimens within the project by Fraunhofer LBF. The most
important material parameters are listed in Table 2.

 

   
(a) (b) (c) 

   
(d) (e) (f) 

(x20) (x20) 

(x30) (x50) (x200) 

Figure 2. Simulation of the hybrid wheel in different load cases: (a) finite element model of wheel
and joint with adhesive layer; (b) wheel displacement during L1: straight driving; (c) displacement
during L2: cornering; (d) displacement during L3: braking; (e) displacement during L4.1: thermal
load case 23 to 150 ◦C; (f) displacement during L4.2: thermal load case 23 to −40 ◦C.
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Table 2. Selection of material parameters (for room temperature) used for linear elastic simulation of
the hybrid wheel for the analysis of force and moment resultants within the joint.

Carbon/Epoxy Composite
Orthotropic Ply

WELA GG-245 [24]/
Araldite® LY 1560 [26]

Carbon/Epoxy Composite
Unidirectional Ply

WELA GV-303-0500 [25]/
Araldite® LY 1560 [26]

Aluminum Alloy,
Isotropic

EN AW-6082 T6 [23]

Adhesive,
Isotropic

BETAMATE™ HTG

Property Value Unit Property Value Unit Property Value Unit Property Value Unit

Ex 66.39 1 GPa Ex 124.24 1 GPa E 70.00 3 GPa E 2.54 1 GPa
Ey 66.39 1 GPa Ey 8.78 1 GPa ν 0.33 3 - ν 0.40 4 -

Gxy 15.76 1 GPa Gxy 4.70 2 GPa α 23.4 3 10−6/K α 40.0 4 10−6/K
νxy 0.30 1 - νxy 0.27 2 -
αx 2.2 2 10−6/K αx −0.5 2 10−6/K
αy 2.2 2 10−6/K αy 30.0 2 10−6/K

1 data determined in coupon tests by Fraunhofer LBF. 2 data from similar material within Ansys Workbench 2020
R1 data base. 3 data from product data sheet [23]. 4 data according to DuPont Specialty Products GmbH & Co KG
(Macquarie Park, Australia).

2.3.2. Wheel Deformation in Different Load Cases

For the interpretation of the structural behavior of the joint, examination of the simu-
lated wheel deformation of the different load cases is helpful, as shown in Figure 2b–f.

The load cases “L1: straight driving” (Figure 2b) and “L2: cornering” (Figure 2c) lead
to asymmetrical deformation of the wheel with a maximum deformation of 2.6 mm in L1
and 3.6 mm in L2 on the inboard side of the wheel rim. Deformations greater than 5 mm
can result in critical tyer leakage. The outboard side of the wheel is less deformed, due to
the stiffness of the aluminum wheel disc. However, especially in the case of “cornering”,
the high lateral load leads to maximum deformation of the spoke of 1.2 mm.

The load case “braking” (Figure 2d) is rotationally symmetrical, due to the symmetrical
introduction of the torsional moment. Only little deformation of max. 0.23 mm occurs in
this load case.

For the thermal load cases, a stress neutral temperature at 23 ◦C is assumed, without
consideration of possible residual stresses from the manufacturing process. The temper-
ature rise in “L4.1: Thermal 23 to 150 ◦C” (Figure 2e) leads to an expansion of the wheel
components. Due to the greater thermal expansion rate of the aluminum alloy compared to
the composite material, the wheel disc compresses the wheel rim into a polygon-like shape
with a maximum deformation of 0.73 mm. The temperature drop in “L4.2: Thermal 23 to
−40 ◦C” (Figure 2e) leads to a greater contraction of the wheel disc, pulling the wheel rim
interfaces toward the center axis. Here, the maximum deformation is 0.35 mm.

2.3.3. Force and Moment Resultants within the Joint

In order to evaluate the critical force and moment resultants within the joint, different
spoke positions during the 360◦ rollover need to be considered. Therefore, each load case
is simulated in different orientations of the wheel, allowing for a joint evaluation in 18◦
increments along the 360◦ rollover. The force and moment resultants are evaluated at the
intersection between the outer surface of the aluminum spoke and the inner surface of
the adhesive layer, as shown in Figure 3a. The resultants are orientated in a cylindrical
coordinate system with a radial (R), lateral (L) and circumferential (ϕ) direction. A positive
radial force resultant +FR can be interpreted as tensional loading of the adhesive layer, a
negative radial force resultant −FR as compression loading.

An exemplary evaluation of the force and moment resultants over the 360◦ wheel
rollover for the load case “L2: cornering” is shown in Figure 3b,c. The graphical course
shows maxima and minima in different spoke positions. Extreme radial and lateral forces
occur at 180◦ spoke position, with extreme circumferential forces as well as all extreme
moment resultants at 126◦ and 234◦ spoke position.
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(a) (b) (c) 

Figure 3. (a) Visualization of force and moment resultants at the intersection between the spoke
and the adhesive layer during 360◦ rollover; (b) force resultants for the load case “L2: cornering”;
(c) moment resultants for the load case “L2: cornering”.

In Table 3, the selected critical force and moment resultants for each load case are listed,
evaluated from the respective extrema in the 360◦ rollover. In the load case “L1: straight
driving”, maximum force resultants within the joint occur at 180◦ spoke position, with
maximum moment resultants at 126◦ and 234◦, similar to the load case “L2: cornering”.
However, the load values during cornering appear to be more extreme, with a high radial
force resultant of −9.25 kN and a high lateral force resultant of -10.89 kN. The high radial
moment resultants of 293 Nm can be explained by to the deformation reaction of the spoke,
caused by the circumferential force resultant of 2.50 kN. Due to the open C-shaped cross-
section of the spoke, the resulting bending deformation is coupled by a drilling deformation
around the radial axis.

Table 3. Selection of critical force and moment resultants within the wheel joint for different load
cases and spoke positions.

No. Load Case
Spoke

Position

Force Resultants Moment Resultants
Fϕ FR FL Mϕ MR ML

(kN) (kN) (kN) (Nm) (Nm) (Nm)

L1
straight
driving

126◦ 0.87 −3.67 −2.84 88 193 −205
180◦ 0.08 −8.39 −6.64 43 8 −5
234◦ −0.87 −3.67 −2.84 88 −193 205

L2 cornering
126◦ 2.50 −5.83 −6.10 171 293 −178
180◦ 0.13 −9.25 −10.89 136 11 −3
234◦ −2.50 −5.83 −6.10 171 −293 178

L3 braking all pos. −1.52 0 0 0 −78 9

L4.1 23 to 150 ◦C all pos. 0 −28.61 0.02 −67 0 0

L4.2 23 to −40 ◦C all pos. 0 14.08 −0.01 33 0 0

The same effect can be observed in the load case “L3: braking”. The braking torque
leads to a circumferential force resultant of −1.52 kN within the joint, which then results in
a radial moment resultant of −78 Nm, due to the spokes’ cross-sectional design. However,
the braking load condition appears to be less critical for the joint, with significantly lower
load values compared to the other load cases.

The thermal load cases lead to high residual radial force resultants, as described before.
The temperature rise in “L4.1: Thermal 23 to 150 ◦C” leads to radial force resultants of
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−28.61 kN, and the temperature drop in “L4.2: Thermal 23 to −40 ◦C” of +14.08 kN shows
far more extreme values than in the other load cases.

When developing the adhesive joint for the hybrid wheel, all force and moment
resultants and their interactions need to be considered as structural requirements. The
resulting stress state within the adhesive layer depends on the final chosen geometrical
design of the joint area. However, the evaluation of the principal stresses of the adhesive
layer of this preliminary “basic design” give first conclusions about the joint loading:

• The high radial force resultant of +14.08 kN in L4.2 leads to critical tensional load-
ing of the joint, due to the significantly lower tensional strength compared to the
compressional strength of the adhesive.

• The high lateral force resultant of −10.89 kN in L2 leads to critical shear loading.
• The circumferential and lateral moment resultants Mϕ and ML can be considered

more critical than the radial moment resultant MR, because they lead to out-of-plane
pealing stresses rather than in-plane shear stresses within the adhesive layer.

• The braking/accelerating load case can be considered as the least critical load case,
resulting in rather low stress states.

2.4. Joint Design

For the development of the adhesive joint design, several concepts considering the
review of literature are generated, analyzed via finite element simulation and evaluated
according to their estimated structural performance, reliability, manufacturability and
lightweight potential. The concepts include different approaches regarding design parame-
ters such as geometrical design, material selection, bonding direction, as well as adaptations
of the rim and spoke design. The final selected design features two main characteristics,
which are elaborated in the following:

• the adaption of the fiber layup in the composite rim flange;
• the geometrical joint design with a form-fitted radial and lateral support.

2.4.1. Adaption of the Fiber Layup for the Composite Rim

The analysis of the joint requirements shows that critical radial force resultants occur
in the thermal load cases due to the different thermal expansion rates of the aluminum
wheel disc and the composite wheel rim. In the case of the composite rim, the thermal
expansion rate as well as the rim stiffness result from the fiber layup and therefore offer
the potential of more convenient design adaptations. In the original rim design (Figure 4a),
unidirectional reinforcements are inserted in the rim flange areas with the objective of
increasing the rim stiffness in the circumferential direction, as well as realizing thicker areas
with a specific surface geometry. However, the reinforcements are primarily necessary for
the in-board flange side. On the out-board side, the aluminum wheel disc increases the
rim stiffness. This allows for the replacement of the unidirectional reinforcements with
foam core segments (Figure 4b), while still achieving sufficient strength and stiffness of
the rim flange. This sandwich design leads to a more flexible behavior of the rim flange in
circumferential directing, as well as to a reduction of the difference in thermal expansion
between the composite and aluminum components.

Figure 4c,d show the changes in deformation behavior between the original and the
adapted design for the load case “L4.2: Thermal 23 to −40 ◦C”. In both variations, the
shrinkage of the aluminum disc due to the temperature drop is similar. The deviation
of the composite rim to its undeformed shape, on the other hand, is less pronounced in
the adapted variation, with only a 0.25 mm deviation between the spokes, compared to
0.35 mm in the original design.
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(a) (b) 

  
(c)  (d) 

(x50) 
(x50) 

Figure 4. (a) Sketch (no detailed design) of the original fiber layup of the out-board rim flange with
unidirectional reinforcements; (b) sketch of the adapted fiber layup with foam core; (c) deformation
plot of original design under thermal load 23 to −40 ◦C; (d) deformation plot of adapted design.

Table 4 contains the force and moment resultants for the thermal load cases L4.1* and
L4.2*, evaluated with the new design adaptation in the rim flange. The evaluation shows a
significant reduction of the radial force resultants by 47%, with −15.18 kN instead of the
former −28.61 kN in L4.1, and 7.47 kN instead of the former 14.08 kN in L4.2. Therefore,
the design adaptation significantly improves the load requirement for the joint design.

Table 4. Force and moment resultants within the wheel joint for the thermal load cases, evaluated
with the design adaptation in the rim flange.

No. Load Case
Spoke

Position

Force Resultants Moment Resultants
Fϕ FR FL Mϕ MR ML

(kN) (kN) (kN) (Nm) (Nm) (Nm)

L4.1 * 23 ◦C to 150 ◦C all pos. 0 −15.18 −0.10 53 0 0

L4.2 * 23 ◦C to −40 ◦C all pos. 0 7.47 0.05 26 0 0

* Evaluated from model with design adaptation in the out-board rim flange.

Further investigation of the other load cases “L1*: straight driving”, “L2*: cornering”,
and “L3*: braking” with the new design adaptation shows no significant change in force
and moment resultants. This can be explained due to the rather force-controlled loading
in these load cases, instead of the rather deformation-controlled loading in the thermal
load cases.

2.4.2. Geometrical Joint Design

As a critical structural component, the hybrid wheel has high requirements regarding
safety and reliability. In the case of adhesive joints, the combination of an adhesive bond
with a form-fitted design can improve the joint performance and reduce critical tensional
or pealing stresses, as well as enable a fail-safe mechanism in case of adhesive failure.
However, the realization of a form-fitted adhesive design requires consideration of the
bonding process, e.g., the application of the adhesive and the bonding direction.

Within an iterative design process, considering structural finite element analyses
and manufacturing limits, a geometrical joint design is developed, in which a form-fitted
radial and lateral support is implemented, as shown in Figure 5. The design is realized by
adaptation of the foam core segments in the rim flange in the joint areas. The cross-sectional
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view shows the “claw-like” fit of the joint, supporting the adhesive bond regarding critical
radial and lateral force resultants FR and FL, as well as radial and lateral moment resultants
MR and ML. The overall design of the adhesively joined wheel offers a lightweight potential
of 6% compared to the bolted hybrid wheel.

Figure 5. Form-fitted adhesive joint for the hybrid wheel, containing a radial and lateral support.

2.4.3. Manufacturing Concept

The least critical force resultants occur in the circumferential direction (Tables 3 and 4).
Therefore, this degree of freedom is chosen as the bonding direction in which the adhesive
bond without a form-fitted lock is considered sufficient. In the developed assembling
process, the aluminum wheel disc is fixed on a rotation axis. The disc part is first positioned
in between the joint areas of the composite rim. After application of the adhesive, the
aluminum disc is rotationally moved into its final position, creating the form-fitted adhesive
bond, as visualized in Figure 6a. In order to assure sufficient distribution of the adhesive
over the bonding area and the realization of a defined adhesive thickness, the joint is
designed in a wedge shape, as shown in Figure 6b. When locking the aluminum disc into
position, an out-of-plane contact pressure is inserted, generating an evenly distributed
adhesive layer with a constant thickness.

The wedge shape of the joint also enables the manufacturing of the composite rim via
resin transfer molding (RTM). The geometry in the joint area can be realized in a multi-part
tool, in which the respective tool segment can be demounted in a rotational direction.
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(a) (b) 

Figure 6. (a) Visualization of the bonding process in rotational direction (green arrow); (b) wedge
shape (α) of the joint intersection.

3. Design and Manufacturing of Subcomponent Specimens

3.1. Design of Subcomponent Specimens
3.1.1. Geometrical Design of Subcomponent Specimen

Apart from the computational strength analysis of the joint, which may be presented in
future publications, first, experimental validation of the joint performance is an important
step in the preliminary design stage. Therefore, subcomponent specimens are designed,
which represent the joint of an aluminum spoke with the composite rim, as shown in
Figure 7a. The joint geometry is projected from the circular layout to a linear layout,
reducing the manufacturing efforts of the subcomponent. However, the cross-sectional
design with the foam core, as well as the bonding area and the wedge shape, stay similar to
the joint design in the wheel. In order to demonstrate the benefit of the form-fitted adhesive
design compared to a basic adhesive design, two variations of subcomponent specimen are
realized, as shown in Figure 7b,c.

 

 

 

 

 
(a) (b) (c) 

“form fitted joint” “basic joint” 

Figure 7. (a) Visualization of the subcomponent specimen as representation of the joint between the
aluminum spoke and composite rim; (b) subcomponent specimen as a variation “form-fitted joint”;
(c) subcomponent specimen as a variation “basic joint”.

The interfaces of the specimens are designed in a way that they can be loaded in a test
bench in a radial and a lateral orientation, as further described in Section 4.1. Both ends of
the composite part can be fixed in a clamping device. The aluminum part can be joined to
the test stand via bolted joints.
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3.1.2. Comparative Evaluation of the Subcomponent Design

The subcomponent specimens represent a simplified design of the wheel joint, enabling
a first experimental validation with comparatively little manufacturing and testing efforts.
The finite element simulation of the basic joint in the wheel model and the subcomponent
model enable a comparative evaluation.

The evaluated force and moment resultants are shown in Table 5. The radial loading of
the subcomponent up to 7.47 kN shows similar resultants compared to the critical thermal
load case of the wheel model. The lateral loading of the subcomponent up to −10.89 kN
compared to the critical cornering load case of the wheel shows greater deviations of the
radial force resultant and the circumferential moment resultant. However, it can be argued
that the additional compressional radial loading of −9.25 kN in the wheel model has a
supporting effect regarding lateral strength of the joint, due to the greater surface pressure.

Table 5. Force and moment resultants within the wheel joint for the thermal load cases, evaluated
with the design adaptation in the rim flange.

Model Load Case

Force Resultants Moment Resultants
Fϕ FR FL Mϕ MR ML

(kN) (kN) (kN) (Nm) (Nm) (Nm)

subcomponent radial loading: 7.47 kN 0 7.47 0.09 5 0 0
wheel thermal: 23 ◦C to −40 ◦C 0 7.47 0.05 26 0 0

subcomponent lateral loading: 10.89 kN 0.20 −0.86 −10.89 63 0 0
wheel cornering: 180◦ position 0.13 −9.25 −10.89 136 11 −3

The comparative evaluation of the joint deformation for the exemplary radial load case
is shown in Figure 8a,b. The composite part of the subcomponent specimen is designed with
a specific resulting stiffness; thus, the deformation in the joint area in the model (0.39 mm)
is roughly similar to the deformation in the wheel model (0.35 mm).

 
(a) (b) 

  
(c) (d) 

Figure 8. Comparative finite element analyses; (a) deformation of wheel; (b) deformation of subcom-
ponent; (c) adhesive stresses in wheel; (d) adhesive stresses in subcomponent.

The comparative evaluation of the maximum principal stress in the adhesive layer
for the exemplary radial load case is shown in Figure 8c,d. In both models, the adhesive
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area and thickness are similar. However, the simplified linear layout, as well as the
difference in stiffness of the aluminum adherend, lead to a slightly different stress state in
the subcomponent model, with more pronounced stresses up to 58.0 MPa at the bottom
corners and less pronounced stresses of 2.4 MPa in the center. Still, the deviations are
considered acceptable for the objective of first experimental validation with subcomponents.
More realistic validations can be generated by tests on wheel prototypes after a detailed
design stage.

3.2. Manufacturing of Subcomponent Specimens

The manufacturing of subcomponent specimens is performed in several different steps.
The composite adherend is realized via a vacuum infusion process. Therefore, the dry
layup, including the woven fabrics and the foam core segments, is placed into a mold and
sealed with a vacuum bag, as shown in Figure 9a. The resin is then infused into the mold
cavity by a vacuum pump. For the curing process of the resin, the specimens are placed in
an oven at 120 ◦C for 40 min and then at 190 ◦C for 2 h. In Figure 9b, a cross-sectional cut
of the “form-fitted” composite adherend with its foam core is shown.

  
(a) (b) (c) 

Figure 9. Manufacturing of subcomponent specimens: (a) vacuum infusion process of composite
adherend; (b) cross-sectional view of form-fitted composite adherend; (c) bonding process (green
arrow) within a mounting tool.

The aluminum adherend is made from a forged aluminum alloy within a milling and
drilling process. For the adhesive bonding process, a mounting tool is realized, as shown
in Figure 9c. Here, the adherends are joined in a similar bonding direction as planned
for the wheel joint, creating contact pressure via the wedge-shaped form of the interfaces.
For the curing process of the adhesive, the assembly is exposed to 180 ◦C for 30 min.
Figure 10 shows the finished subcomponent specimens in variations such as “basic joint”
and “form-fitted joint”.

  
(a) (b) 

Figure 10. Subcomponent specimens as (a) “basic joint”; (b) “form-fitted joint”.
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4. Experimental Analysis of Subcomponent Specimens

The objective of the tests on subcomponent specimens is a first experimental evaluation
of the performance of the joint design. Therefore, a test bench is realized, a test program
is defined, and the test results are discussed. The main aspects of the investigations are
the following:

• Can the joint withstand the required maximum loading?
• What are the failure modes of the joint?
• How does the “form-fitted joint” perform compared to the “basic joint”?
• What is the influence of temperature on the joint performance?

4.1. Test Bench

For the experimental evaluation of the joint, a test bench is realized, which allows
for the testing of the joint in different load cases and at different temperatures. Figure 11a
shows the CAD design of the test bench with its main components. The specimen can be
mounted in a clamping device, connecting the composite side of the specimen to a fixed
support. The loads are introduced on the aluminum side of the specimen by a hydraulic
cylinder with a maximum limit of 25 kN. The movement of the cylinder is guided by a
linear carriage. The specimen is placed within a climate chamber, so that loading at different
temperatures can be realized by a hot-air unit. The resulting forces can be measured by a 3D
load cell, placed outside the climate chamber. The displacement as well as the temperature
are measured close to the adhesive joint.

 
(a) 

  
(b) (c) 

Figure 11. (a) CAD design of the test bench for the experimental evaluation of subcomponent
specimens; (b) radial orientation of the specimen within the test bench; (c) lateral orientation.

The specimens can be mounted in two different orientations, as shown in Figure 11b,c.
In the first orientation, the load can be introduced in the radial direction of the joint; in the
second orientation, the load is introduced in the lateral direction.
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4.2. Test Program

The selected test program is shown in Table 6. Due to a limited number of specimens,
the test parameters are limited to two variations of specimens (“basic” and “form-fitted”),
two load cases (radial and lateral), and two temperatures (23 and 150 ◦C). Each parameter
set contains a sample size of two to three specimens. The load is applied as quasi-static
loading, with a constant displacement of 1 mm/min.

Table 6. Test program for subcomponent specimens with different load cases and temperatures.

Specimens Type of Test Load Case
Number of Specimens
23 ◦C 150 ◦C

“basic specimen”

quasi-static test
radial 3 2

lateral 3 2

“form-fitted specimen” quasi-static test radial 3 3
lateral 3 3

residual fatigue test radial 1
lateral 1

On two specimens, a residual fatigue test is performed under tension/tension loading
with a stress ratio of R = 0.1 and a frequency of 4 Hz.

4.3. Test Results and Discussion
4.3.1. Quasi-Static Tests

The test results of the quasi-static tests on the subcomponent specimens are shown
in Figures 12 and 13 as force–displacement curves. For each test, a first-crack initiation,
located at the edge of the adhesive layer, can be identified in the trend of the curve and
confirmed by the visual observation of a video recording of the test. After a phase of crack
propagation, total failure of the specimens occurs as a rupture. However, due to the limit
of the hydraulic cylinder at 25 kN, some specimens are not tested until total failure.

 
(a) (b) 

Figure 12. Force–displacement curves of radial tests on subcomponent specimens: (a) 23 ◦C; (b) 150 ◦C.
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(a) (b) 

Figure 13. Force–displacement curves of lateral tests on “basic” and “form-fitted” subcomponent
specimens at (a) 23◦C; (b) 150◦C.

The test results of the radial load case are shown in Figure 12a for 23 ◦C and Figure 12b
for 150 ◦C. For both temperatures, the results show significant improvement of the max-
imum bearable force of the “form-fitted joint” compared to the “basic joint”. The crack
initiation of the “form-fitted joint” occurs after the required radial load of 7.47 kN (Table 4),
while the “basic joint” does not meet the requirement.

Table 7 shows the adherends after total failure with their characteristic failure patterns.
At 23 ◦C, the failure predominantly occurs in the surface layer of the composite adherend,
due to the high out-of-plane stresses in the radial load case. At 150 ◦C, the failure pattern
shows more pronounced cohesive failure within the adhesive layer.

Table 7. Characteristic failure pattern in radial tests for the “basic joint” and the “form-fitted joint”.

T = 23 ◦C T = 150 ◦C

basic joint

    

form-fitted
joint

    

The test results of the lateral load case are shown in Figure 13a for 23 ◦C and Figure 13b
for 150 ◦C. Similar to the radial tests, the “form-fitted joint” shows improved performance
regarding strength at crack initiation as well as total failure, compared to the “basic joint”.
For both temperatures, the required maximum lateral load of 10.89 kN (Table 3) is met by
the “form-fitted joint”. Table 8 shows the facture pattern of the “basic joint” from the lateral
tests with predominant cohesive failure within the adhesive layer. For the “form-fitted
joint”, rupture does not occur within the range of 25 kN of the hydraulic cylinder. However,
the visual crack observation indicates a failure mode within the composite surface layer.
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Table 8. Characteristic failure pattern in the lateral test for the “basic joint”.

T = 23 ◦C T = 150 ◦C

basic joint

    

For both load cases, radial and lateral, the variations in temperatures of 23 and 150 ◦C
do not show significant influences in absolute strength of the joint. Still, variations in
failure modes occur, with predominant failure of the composite surface layer at 23 ◦C and
predominant cohesive failure within the adhesive layer at 150 ◦C. This indicates different
effects of temperature influence for the composite adherend and the adhesive, which have
been observed in other studies in the review of literature [19,20].

The distinctive phase of crack propagation before total failure of the “form-fitted
joint” indicates a high margin of safety after crack initiation. In addition, further design
optimization of the adhesive edge, which has been identified in the literature [18], might
result in further improvement of the joint strength. However, the low sample size and the
scattering of the test results need to be considered.

4.3.2. Residual Fatigue Tests

For each load case, one of the “form-fitted specimens”, which did not rupture after
25 kN quasi-static loading, is tested in a residual fatigue test at a very high maximum load
of 24 kN at 23 ◦C. The specimen under cyclic radial loading fails after 5639 cycles, and the
specimen under cyclic lateral loading fails after 691,763 cycles. This preliminary fatigue
evaluation indicates good fatigue strength of the joint.

5. Conclusions

Within this research, an adhesive joint for a hybrid automotive wheel is developed,
joining the aluminum wheel disc with the composite wheel rim. The development includes
the analysis of joint requirements, the generation of a joint design and the experimental
evaluation of the joint performance in tests on subcomponent specimens.

The structural joint requirements are obtained via a finite element simulation of the
hybrid wheel in different load cases (Table 1). The force and moment resultants at the
interface between the aluminum spoke and composite rim are evaluated, identifying several
critical load combinations (Table 3).

Within a design phase considering different design parameters from the literature, an ad-
hesive joint design is developed (Figure 5), which offers a lightweight potential of 6% compared
to a conventionally bolted wheel design, and which contains two main characteristics:

• The adaption of the fiber layup in the composite rim flange, which reduces the radial
force resultants during the thermal load cases significantly;

• The geometrical joint design with a form-fitted radial and lateral support

For the experimental evaluation of the joint design, subcomponent specimens
(Figure 10) are manufactured. The specimens represent the joint of the aluminum spoke
with the composite rim and are realized in two variations, as a “basic joint” and as a
“form-fitted joint”. The experimental evaluation offers the following conclusions:

• The newly developed “form-fitted joint” meets the required critical radial and lateral
load and shows significant strength increasement compared to the “basic joint”.

• After a first-crack initiation, the joint shows a distinctive crack propagation phase
before final rupture, offering advantages regarding safety design.
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• The variation in temperature influences the failure mode of the joint, with a predomi-
nant failure of the composite surface layer at 23 ◦C and a more pronounced cohesive
failure within the adhesive layer at 150 ◦C.

• Residual fatigue tests on the subcomponent specimens indicate good fatigue strength.

The experimental evaluation shows promising results regarding the structural perfor-
mance of the joint design. However, further investigations within a detailed design phase
and experimental phase need to be carried out:

• optimization via detailed structural analyses of adhesive and adherend failure;
• optimization of the joint design regarding crack initiation at the edge of the adhesive;
• further evaluation of critical load cases in multiaxial loading at different temperatures

with a larger sample size of specimens;
• fatigue tests on wheel prototypes.

Author Contributions: Conceptualization, J.-D.W., T.K., H.L., J.D. and S.B.; methodology, J.-D.W.,
T.K., J.D. and S.B.; validation, J.-D.W. and J.D.; formal analysis, J.-D.W.; investigation, J.-D.W. and T.K.;
data curation, J.-D.W.; writing—original draft preparation, J.-D.W.; writing—review and editing, T.K.,
H.L., J.D., A.J., O.H. and S.B.; visualization, J.-D.W.; supervision, J.D. and S.B.; project administration,
T.K. and S.B.; funding acquisition, J.D. and S.B. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was funded by the German Federal Ministry of Education and Research
(BMBF) within the framework “Hybrid Materials–New Possibilities, New Market Potentials (HyMat)”
and was managed by the Project Management Agency Jülich (PTJ). The authors are responsible for
the content of this publication.

Acknowledgments: The authors thank Alexander Droste, Research Investigator of DuPont, for
the donation of adhesive material and his technical advice as associated partner of the project
GOHybrid [11].

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Hybrid Composite Wheel Reduces Fuel Consumption. Available online: https://www.reinforcedplastics.com/content/products/
hybrid-composite-wheel-reduces-fuel-consumption/ (accessed on 4 January 2023).

2. Every Gram Counts-M Carbon Compound Wheels for the BMW M4 GTS. Available online: https://www.bmw-m.com/en/
topics/magazine-article-pool/every-gram-counts.html (accessed on 4 January 2023).

3. Wheels from the Highest Standard-Mubea Performance Wheels. Available online: https://www.mubea.com/en/mubea-
performance-wheels (accessed on 4 January 2023).

4. CFK-Räder Gehen 2016 in Serie. Available online: https://www.kfz-betrieb.vogel.de/cfk-raeder-gehen-2016-in-serie-a-505562/
(accessed on 4 January 2023).

5. Porsche and the Braided Carbon Fiber Wheel. Available online: https://www.compositesworld.com/articles/porsche-and-the-
braided-carbon-fiber-wheel (accessed on 4 January 2023).

6. Rondina, F.; Taddia, S.; Mazzocchetti, L.; Donati, L.; Minak, G.; Rosenberg, P.; Bedeschi, A.; Dolcini, E. Development of full carbon
wheels for sport cars with high-volume technology. Compos. Struct. 2018, 192, 368–378. [CrossRef]

7. Wacker, J.-D.; Laveuve, D.; Contell Asins, C.; Büter, A. Design of a composite nose wheel for commercial aircraft. IOP Conf. Ser.
Mater. Sci. Eng. 2021, 1024, 012018. [CrossRef]

8. The Fuchsfelge-Forged, Not Cast. Available online: https://www.fuchsfelge.com/en/the-fuchsfelge.html (accessed on
4 January 2023).

9. Thyssenkrupp Carbon Components GmbH. Vehicle Wheel Comprising a Wheel Rim and a Wheel Disc. Patent WO2016/037611A1,
17 March 2016.

10. Mubea Carbo Tech GmbH. Wheel for a Vehicle. Patent WO2016/066769A1, 6 May 2016.
11. GOHybrid-Gestaltung und Optimierung von Hybridverbindungen unter Besonderer Berücksichtigung der Unterschiedlichen

Wärmedehnungen der Werkstoffpartner. Available online: https://www.werkstoffplattform-hymat.de/Group/GOHybrid/
Pages (accessed on 4 January 2023).

12. Da Silva, L.F.M.; Öchsner, A.; Adams, R.D. Handbook of Adhesion, 2nd ed.; Springer: Berlin/Heidelberg, Germany, 2011; pp. 2–4.
13. Marques, E.A.S.; da Silva, L.F.M.; Banea, M.D.; Carbas, R.J.C. Adhesive Joints for Low- and High-Temperature Use: An Overview.

J. Adhes. 2015, 7, 556–585. [CrossRef]
14. Mubea Carbo Tech GmbH. Heat Shield Structure for a Wheel. Patent WO2016/097159A1, 17 March 2016.

209



Processes 2023, 11, 819

15. Carbon Revolution PTY Ltd. Method of Producing Thermally Protected Composite. Patent WO2016/168899A1, 27 October 2016.
16. Shang, X.; Marques, E.A.S.; Machado, J.J.M.; Carbas, R.J.C.; Jiang, D.; da Silva, L.F.M. Review on techniques to improve the

strength of adhesive joints with composite adherends. Compos. Part B Eng. 2019, 177, 107363. [CrossRef]
17. Wacker, J.-D.; Tittmann, K.; Koch, I.; Laveuve, D.; Gude, M. Fatigue life analysis of carbon fiber reinforced polymer (CFRP)

components in hybrid adhesive joints. Mater. Sci. Eng. Technol. 2021, 52, 1230–1247. [CrossRef]
18. Qin, G.; Na, J.; Tan, W.; Mu, W.; Ji, J. Failure prediction of adhesively bonded CFRP-Aluminum alloy joints using cohesive zone

model with consideration of temperature effect. J. Adhes. 2019, 95, 723–746. [CrossRef]
19. ASTM D5573−99; Standard Practice for Classifying Failure Modes in Fiber-Reinforced-Plastic (FRP) Joints. ASTM International:

West Conshohocken, PA, USA, 2019.
20. ISO 11003-2:2019-06; Adhesives-Determination of Shear Behaviour of Structural Adhesives-Part 2: Tensile Test Method Using

Thick Adherends. International Organization for Standardization: London, UK, 2019.
21. ISO 527-5:2009; Plastics-Determination of Tensile Properties-Part 5: Test Conditions for Unidirectional Fibre-Reinforced Plastic

Composites. DIN Deutsches Institut für Normung e.V.: Berlin, Germany, 2009.
22. ISO 4587:2003-03; Adhesives-Determination of Tensile Lap-Shear Strength of Rigid-to-Rigid Bonded Assemblies. DIN Deutsches

Institut für Normung e.V.: Berlin, Germany, 2003.
23. OTTO FUCHS KG. EN AW-6082 nach DIN EN 573 FUCHS AS15/AS11. Product Data Sheet, Rev. 1. Available online:

https://www.otto-fuchs.com/fileadmin/user_upload/Infocenter/Werkstoffinformationen/Al-Datenblaetter/AS10-15.pdf
(accessed on 4 January 2023).

24. WELA Handelsgesellschaft mbH. Kohlefasergewebe WELA GG-245-1000T (AKSA A-38). Product Data Sheet. 2020. Available
online: https://wela-hamburg.de/wp-content/uploads/2019/01/datenblatt.pdf (accessed on 4 January 2023).

25. WELA Handelsgesellschaft mbH. UD-Kohlefasergewebe WELA GV-303-0500UTFX. Product Data Sheet. 2013. Available online:
https://wela-hamburg.de/faserverstaerkungen/ (accessed on 4 January 2023).

26. Huntsman Advanced Materials. Araldite®LY 1560/Aradur®917-1/Accelerator DY 079. Product Data Sheet. 2016. Available
online: https://www.huntsman-transportation.com/EN/products/all-products/composite-resin-systems.html/ (accessed on
4 January 2023).

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

210



Citation: Butenegro, J.A.; Bahrami,

M.; Martínez, M.Á.; Abenojar, J.

Reuse of Carbon Fibers and a

Mechanically Recycled CFRP as

Rod-like Fillers for New Composites:

Optimization and Process

Development. Processes 2023, 11, 366.

https://doi.org/10.3390/pr11020366

Academic Editor: Raul

D.S.G. Campilho

Received: 29 December 2022

Revised: 19 January 2023

Accepted: 23 January 2023

Published: 24 January 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

processes

Article

Reuse of Carbon Fibers and a Mechanically Recycled CFRP as
Rod-like Fillers for New Composites: Optimization and
Process Development

José Antonio Butenegro 1,*, Mohsen Bahrami 1, Miguel Ángel Martínez 1 and Juana Abenojar 1,2

1 Materials Science and Engineering and Chemical Engineering Department, IAAB, University Carlos III
Madrid, 28911 Leganés, Spain

2 Mechanical Engineering Department, Universidad Pontificia Comillas, Alberto Aguilera 25,
28015 Madrid, Spain

* Correspondence: jbuteneg@ing.uc3m.es; Tel.: +34-655390804

Abstract: The rising amount of carbon fiber reinforced polymer (CFRP) composite waste requires new
processes for reintroducing waste into the production cycle. In the present research, the objective is
the design and study of a reuse process for carbon fibers and CFRP by mechanical recycling consisting
of length and width reduction, obtaining rods and reintegrating them as fillers into a polymeric
matrix. Preliminary studies are carried out with continuous and discontinuous unidirectional fibers
of various lengths. The processing conditions are then optimized, including the length of the
reinforcement, the need for a plasma surface treatment and/or for resin post-curing. The resin
is thermally characterized by differential scanning calorimetry (DSC), while the composites are
mechanically characterized by tensile strength tests, completed by a factorial design. In addition,
the composites tested are observed by scanning electron microscopy (SEM) to study the fracture
mechanics. Optimal processing conditions have been found to reduce the reinforcement length to
40 mm while maintaining the mechanical properties of continuous reinforcement. Furthermore, the
post-curing of the epoxy resin used as matrix is required, but a low-pressure plasma treatment (LPPT)
is not recommended on the reinforcement.

Keywords: polymer composites; carbon fiber reinforced polymers; recycling processes; properties
optimization

1. Introduction

Carbon fiber reinforced polymer (CFRP) composite materials are made from carbon
fibers embedded in a polymer matrix. These materials are renowned for their high strength-
to-weight ratio, which makes them suitable for a wide range of applications, such as the
construction of aircraft and other transportation vehicles, sporting goods, wind turbine blades,
and other applications that require advanced composite materials [1–3]. CFRPs have high
tensile strength and excellent fatigue resistance, allowing them to withstand high levels of
stress and repeated stress without breaking. In recent years, there has been increasing interest
in using CFRPs in the construction of buildings and other structures [4–6], as well as in
medical devices and energy storage technologies, due to their potential for weight savings and
improved performance compared to traditional materials. These materials are also utilized in
the aerospace, automotive, and sporting goods industries due to their lightweight properties.

The limited service life of these CFRPs is one of today’s environmental issues. The service
life of CFRPs is about 50 years, which is the key reason for the recycling concept [7–9]. When
the CFRPs reach the end of their service life, the carbon fibers are still able to retain their
properties. Nevertheless, extensive use of CFRP leads to crucial waste disposal problems. The
disposal of CFRPs has become a growing concern due to the increasing volume of material
produced each year. The average cost per kilogram of CFRP produced using virgin carbon
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fibers is approximately between USD 30 and USD 60, with the majority of material being used
in the aerospace and automotive sectors [10]. In these applications, turning CFRP waste into
reusable materials and closing the loop in the CFRP life-cycle is the key challenge to increasing
resource efficiency and continuing the use of materials [11].

There are three main routes for recycling CFRPs: mechanical, thermal, and chemi-
cal [12]. Mechanical recycling consists of shredding and grinding of CFRP components into
smaller pieces, which can then be used as feedstock for the production of new composite
materials [13,14]. Thermal recycling usually involves the use of pyrolysis, a process that
breaks down the polymer matrix of CFRPs into smaller molecules through the application
of heat [15–18]. Chemical recycling is related to the use of solvents to dissolve the polymer
matrix, allowing for the separation and purification of the carbon fibers [19,20]. Despite
the potential for recycling CFRPs, the current rate of recycling is relatively low, with only
around 5% of CFRP material being recycled each year. The average cost per kilogram of
recycled CFRP is much lower than that of virgin carbon fiber reinforced polymer, making
it a cost-effective alternative to the production of new material [10]. However, the lack of
infrastructure and specialized equipment for recycling CFRPs remains a significant barrier
to increasing the rate of recycling. Furthermore, the development of new manufacturing
techniques and the increasing demand for one-dimensional CFRPs are likely to drive down
production costs in the future [21,22].

A significant concern associated with the recycling of carbon fibers and carbon fiber
reinforced polymers (CFRPs) is the potential loss of added value resulting from the recycling
process. The mechanical properties and performance of the final recycled material can
be influenced by the length of the fibers present, with short fibers, typically less than
1 mm in length, and long fibers, typically longer than 1 mm in length, exhibiting different
characteristics [23]. Short fibers are more compatible with traditional polymer matrix
composite manufacturing techniques, but possess relatively low mechanical performance
in comparison to long fibers [24,25]. Conversely, long fibers exhibit higher strength and
stiffness, and are less prone to pullout or debonding from the matrix [26]. Longer fiber
lengths allow for a near one-dimensional orientation, which improves the mechanical
behavior of the composites. This implies that long fibers tend to preserve more added value
and require less energy for mechanical reduction.

Fiber-matrix adhesion in CFRPs is another critical factor that directly affects the
mechanical behavior of these materials. Plasma treatments are a commonly used method
for surface modification of carbon fibers to improve fiber-matrix adhesion [27–29]. The
use of plasma treatments represents a quick, environmentally friendly, and non-toxic dry
process that modifies surfaces without altering bulk properties [30]. Particularly, low-
pressure plasma (LPP) treatment is a cost-effective method for modifying material surfaces
at the microscopic level without the need for labor-intensive processes or chemicals [31].
This technique allows for the controlled and reproducible modification of the surface of
various materials to improve their bonding capabilities or to impart new surface properties.
Additionally, LPP can be applied over a wider area to completely cover surfaces. As
such, LPP offers a fast, clean, green, and efficient treatment option for carbon fibers in the
production of CFRPs [32].

Many research studies are unable to attain definitive results due to a deficiency in
design. This can be avoided through a properly implemented experiment, as it is a design
error rather than a systematic issue [33]. An analysis of influence may be utilized to
identify implicit problems in order to ascertain the suitability of a decision and to gain a
comprehensive understanding of the obtained conclusions [34]. When planning the testing
of discontinuous fiber composites, it is essential to determine whether to follow a standard
or to consider alternative approaches.

Factorial experimental design, in general, involves the analysis of various factors that
can influence an experiment. Factorial design is a powerful tool for understanding the
complex interactions between processing or manufacturing parameters [35]. Therefore,
factorial design allows for the identification of the optimal combination of levels given to
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the factors through the testing of relevant hypotheses related to the various factors and the
estimation of their effect on the test results. It utilizes a linear statistical model for predicting
responses for each factor through the addition of a common parameter for all combinations
of factor levels. However, factorial design is also subject to several limitations. These
include the limited number of factors that can be studied simultaneously, the potential
for interactions between factors to impact the response, and the number of levels that
can be used for each factor. Additionally, factorial design relies on the assumption of
normality in the response, which may not always be valid [36]. Moreover, factorial design
can become complex when dealing with large amounts of data and multiple factors and
levels, requiring specialized software or statistical techniques for analysis.

The DOE (Design Of Experiments) method is a fractional factorial experiment in
which only a carefully chosen subset of the treatment combinations necessary for a full
factorial experiment to be conducted is chosen [37]. This method is more effective than
other design of experiment methods, such as Taguchi, which is less time-consuming but
ignores interactions between factors [38].

In the present research, a comprehensive characterization of the epoxy resin has been
carried out through the thermal and chemical study of its curing. After manufacturing the
composites, the DOE method has been applied to study the effect of various processing
parameters, such as reinforcement length (L), post-curing (C), and plasma treatment (P), on
the properties of the resulting composite materials. By comparing the results at two levels
of each factor (high and low), the optimal processing conditions for the production of
CFRPs have been identified. Figure 1 depicts factors in a three-dimensional space, with
each factor being represented on a different axis. The results are enhanced with SEM
micrographs showing the reinforcement-matrix interface in the case of carbon fiber and
epoxy resin.

Figure 1. Variation of a single factor (blue), of two factors (green), and of three factors (brown)
between the low value (−) and the high value (+). P, C, and L are represented in the axis X, Y, and
Z, respectively. P corresponds to the application of a plasma treatment; C means post-curing was
performed in the composites; L refers to the reinforcement length.

Therefore, the objective of this research is to design a process for the incorporation of
recycled carbon fibers and composite materials into new composite materials. Mechanical
recycling is selected as the recycling method due to its lower energy requirements, reduced
generation of waste, and ability to maintain the integrity of the fibers in comparison to
thermal and chemical recycling methods. A factorial design is employed to determine
the most significant parameters impacting the properties of the manufactured composite
material. The results obtained from the factorial design are then applied to a new com-
posite material consisting of epoxy resin reinforced with a commercially available CFRP
mechanically recycled in the shape of rods. This mechanical recycling process differs from
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current methods, which predominantly consist of grinding and are consequently more
energy-intensive, by preserving the influence of fiber length to retain added value.

2. Materials and Methods

2.1. Materials

A rigid epoxy system consisting of an epoxy resin (SR 8500, Sicomin Epoxy Systems,
Châteauneuf-les-Martigues, France) and a hardener (SD 8601, Sicomin Epoxy Systems,
Châteauneuf-les-Martigues, France) was selected as matrix. The resin and hardener are
mixed following a 100/35 weight ratio at room temperature conditions (23 ◦C/50% RH) The
epoxy system has a clear liquid aspect and SD 8601 hardener is reported to have an ultra-
slow reactivity. The manufacturer recommends performing a post-curing of 8 h at 80 ◦C
after one day to achieve optimal properties. Table 1 presents a comparison between the
epoxy system without post-curing and the epoxy system after undergoing the previously
mentioned post-curing process. The last two rows in Table 1 present the data provided
by the manufacturer and the data calculated experimentally, respectively. Hereafter, the
experimental data from the last row will be considered for comparison purposes.

Table 1. Mechanical properties of the epoxy system SR 8500/SD 8601, as reported in the PDS for the
first two rows [39] and experimental data obtained by the authors for the last row.

Curing Schedule of SR
8500/SD 8601

Tensile Flexural
Charpy
Impact

Strength

Glass
Transition

Tensile
Strength

(MPa)

Elastic
Modulus

(Gpa)

Strain at
Failure (%)

Flexural
Strength

(Mpa)

Flexural
Modulus

(Gpa)

Strain at
Failure (%)

Resilience
(J/m2)

Glass
Transition

Temperature
(◦C)

14 days 23 ◦C 42 3.4 1.2 69 3.5 1.8 9 51
24 h 23 ◦C + 8 h 80 ◦C

(manufacturer) 69 2.8 4.8 112 3.0 10.7 65 87

24 h 23 ◦C + 8 h 80 ◦C
(experimental) 51 ± 5 1.6 ± 0.1 3.4 ± 1.0 154 ± 5 9.9 ± 0.8 2.4 ± 0.2 88 ± 1

Carbon fiber fabric (GG 600 T, MEL Composites, Barcelona, Spain) and pultruded
carbon fiber plates (Carbodur S 512, Sika S.A.U. España, Alcobendas-Madrid, Spain) were
selected as reinforcement. Carbon fibers were cut in the shape of bundles, manually
separating the fibers inside the bundles aiming to keep their one-dimensional nature.
Carbon fibers’ length was reduced to the desired values mechanically by means of scissors.
In the case of CFRP as reinforcement (see Table 2), the plates were mechanically cut to
obtain 1–1.5 mm width rods, keeping the original thickness of 1.2 mm. Therefore, both
reinforcements are examples of mechanically recycled fibers and CFRPs, respectively.

Table 2. Technical information of Sika Carbodur S 512, as reported in the PDS [40].

Material
Density
(g/cm3)

Fiber Volume
Fraction (%)

Tensile
Strength

(MPa)

Elastic
Modulus

(GPa)

Transverse
Modulus

(GPa)

Longitudinal
Poisson’s

Ratio

Strain at
Failure (%)

Glass
Transition

Temperature
(◦C)

Carbodur S 512 1.60 >68 2900 165 9 0.28 1.80 >100

2.2. Manufacturing of Specimens

The specimens were manufactured in silicone molds in all cases, with a constant
length/width ratio higher than 10 for all sets. In addition, a carbon fiber content of 13 ± 1%
in weight was set. In the case of plasma treatment being required, it was carried out in a
vacuum chamber with air atmosphere on the carbon fibers or on the mechanically recycled
composite rods before the final composites were manufactured. The composites were
demolded at least 7 days after the epoxy components were mixed and the specimens were
fabricated. If post-curing was necessary, 24 h after mixing the components, the post-curing
was carried out in an oven at 80 ◦C for 8 h in an air atmosphere. In this case, the demolding
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of composites was carried out 16 h after removal from the oven, when both the mold and
the samples were at room temperature.

2.3. Surface Modification

Before manufacturing the composites and in some of the cases, carbon fibers were
treated with LPP in a plasma cleaner chamber (Harrick, Ithaca, NY, USA) in an air atmo-
sphere to produce plasma at a pressure of 300 mtorr. After achieving a stable vacuum in
the chamber, carbon fibers were treated for 2 min at a power of 30 W.

To ensure the preservation of the surface modification caused by the LPP treatment,
the composites were manufactured immediately following the removal of the carbon fibers
from the vacuum chamber.

2.4. Morphology Study

Carbon fibers’ surface, as well as the fracture surface of the composite specimens after
tensile testing, were analyzed using a scanning electron microscope (SEM) (Philips XL-33 FEI
EUROPE SEM, Eindhoven, The Netherlands) in order to study the effect of the LPP treatment.
The specimens were coated with gold in a Polaron high-resolution sputter coater to serve as a
conductor for the electrons and provide sufficient contrast in the SEM micrographs.

2.5. Mechanical Characterization

To evaluate the mechanical behavior of the epoxy and the composites manufactured,
tensile tests were carried out on a universal testing machine (Microtest, Madrid, Spain). A
load cell of 20 kN was used for test data acquisition. The test speed used was 1 mm/min
since the objective is a quasi-static test. To avoid slippage during testing, P180 sandpaper
was used between the specimens and the grips. At least five specimens were tested per set.

Stress is calculated, according to ISO 527-5, as the ratio between the force and the area of
the specimen, the latter being assumed constant during the test. Strain is defined, according
to the same standard, as the ratio between the increase in length experienced by the specimen
and its initial value, the latter taken as the distance between grips. Finally, the elastic modulus
is defined, similarly with respect to the aforementioned standard, as the ratio between the
stress and strain increments in the strain range between 0.0005 and 0.0025.

2.6. Thermal and Chemical Characterization

The materials were characterized by differential scanning calorimetry (DSC) and
Fourier-transform infrared spectroscopy (FTIR).

A DSC 822 (Mettler Toledo GmbH, Greifensee, Switzerland) was used to determine
the curing kinetics of the epoxy. Samples with weights of 8 ± 1 mg were placed in 40 μL
aluminum crucibles and under nitrogen atmosphere for testing.

To determine the curing kinetics of the epoxy, scans consisting of non-isothermal heating
from −20 to 200 ◦C at different heating rates of 5, 10, and 20 ◦C/min were performed.
By means of STARe software (Mettler Toledo GmbH, Greifensee, Switzerland), model-free
kinetics (MFK) was used to calculate the degree of conversion at different temperatures based
on the thermograms obtained at different heating rates. The analysis of these values enables
the calculation of the activation energy as a function of the degree of conversion [41,42]. A
comprehensive understanding of the curing process of the resin is of importance, as optimal
curing conditions will yield the most favorable mechanical performance.

Additionally, the glass transition temperature (Tg) was studied by performing cycles
at 20 ◦C/min from −20 to 200 ◦C. Tg is a second-order transition, without a phase change,
but rather a change in the volume of the sample due to the mobility of the chains.

A Bruker Tensor 27 spectrometer (Bruker Optik GmbH, Ettlingen, Germany) was
used to obtain the infrared spectra of the samples. The attenuated total reflectance (ATR)
technique was used to analyze the chemical modifications produced at about 5–10 μm
depth of the sample. A diamond prism was used and the angle of incidence of the infrared
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radiation was 45◦. Forty scans with a resolution of 4 cm−1 were obtained and averaged
between 600 and 4000 cm−1.

3. Results and Discussion

3.1. Matrix Characterization: Curing of the Epoxy Resin

Thermal characterization of the epoxy matrix was performed using DSC to study the
curing kinetics and determine the glass transition temperature. In addition, a chemical
analysis of the matrix was conducted using FTIR-ATR to examine the chemical changes
that occurred during the curing process and assess other aspects related to the curing of
the matrix [43].

3.1.1. Differential Scanning Calorimetry (DSC)

The curing process of the epoxy resin is studied using thermograms at different rates.
The corresponding Sicomin 8500 data are shown in Figure 2. The curves shift to different
temperatures (Tp) depending on the heating rate (β). The integrals of the curves have
similar areas, representing the heat released during the curing process (ΔH).

Figure 2. Temperature peaks as a function of heating rate for the epoxy resin.

Figure 2 illustrates the displacement of temperature peaks to higher temperatures as
the heating rate increases. In addition, Table 3 presents the heat released by Sicomin 8500
during the curing process. Using the STARe software, the degree of conversion is calculated
from the initial thermograms at different rates These curves are shown for Sicomin 8500 in
Figure 3. It is necessary for the application of MFK that the curves do not intersect, and
since this requirement is satisfied, the activation energy can be calculated using the STARe
software as a function of the degree of conversion based on these curves.

Table 3. Curing peak temperatures and enthalpy of the epoxy resin.

β (◦C/min)
5 10 20

ΔH ± 1 (J/g)
Tp ± 1 (◦C)

Sicomin 8500 113 127 143 444
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Figure 3. Degree of conversion as a function of temperature at different heating rates for the epoxy resin.

Figure 4 exhibits the activation energy for the epoxy resin as a function of the degree
of conversion [44]. The activation energy of common industrial epoxy is known to be
influenced by a range of factors. These include, but are not limited to, the chemical
composition of the epoxy, the curing conditions (temperature, time, and humidity), the
presence of impurities such as moisture or contaminants, the aging of the epoxy, even
when properly stored, and variations in measurement conditions, including temperature
and humidity. Three well-defined phases are observed. In the first zone, corresponding
to the n-order reaction, a higher level of energy is required to initiate the reaction; in an
intermediate zone, during the autocatalytic process, the energy needed to maintain the
reaction is practically constant; finally, a greater energy input is required to complete the
crosslinking reaction [41,45,46]. The necessity for a significantly higher energy input to
complete the curing reaction confirms the necessity for post-curing the resin or, alternatively,
a longer curing time at room temperature.

Figure 4. Activation energy as a function of the degree of conversion for the epoxy resin.
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Based on the calculation of the activation energy, the isothermal curing at constant
temperature for the epoxy resin can be simulated. Table 4 shows this simulation for Sicomin
8500. It should be noted that it is not possible to simulate the 100% curing environment
as the error incurred would be very high. Similarly, the beginning of the reaction is taken
as 0.1–0.2% cured. Table 4 reports that the curing time at room temperature is 10,140 min
(7 days and 1 h), an excessively long time for the curing of an epoxy resin in an industrial
process. At the proposed post-curing temperature (80 ◦C), 99% curing is achieved in
260 min (4 h and 20 min).

Table 4. Isothermal process simulation at different temperatures for the epoxy resin.

Temperature (◦C) 25 50 75 80 90 100

Degree of Conversion (%) Time (min)

10 158.7 27.9 6.3 4.8 2.8 1.7
20 305.3 53.3 12.0 9.1 5.4 3.3
30 450.6 79.1 17.8 13.6 8.1 4.9
40 609.3 107.6 24.4 18.6 11.0 6.7
50 805.9 143.1 32.6 24.8 14.8 9.0
60 1089.6 193.9 44.2 33.7 20.1 12.3
70 1534.7 274.4 62.8 48.0 28.6 17.5
80 2336.6 419.5 96.4 73.6 44.0 27.0
90 4847.6 838.1 186.4 141.6 83.6 50.7
99 10,140.0 1644.3 346.3 260.4 150.8 89.9

Once the resin has been prepared, the Tg is calculated by DSC. In this case, two scans
were made on the same sample to erase the thermal history and determine if the resin
has finished curing. Sicomin 8500 presents an overlapped Tg with a relaxation enthalpy,
followed by a curing peak in the first scan after curing at room temperature, performed
24 h after mixing the components. The presence of a curing peak indicates the epoxy resin
is not fully cured. Once the thermal history has been erased and the adhesive has finished
curing with post-curing, in the second scan it has a Tg of 88 ± 1 ◦C, as shown in Figure 5.
A higher Tg indicates greater crosslinking and, consequently, higher stiffness, confirming
what was observed in the mechanical properties in terms of higher stress [47].

Figure 5. Glass transition temperature of the epoxy resin.

3.1.2. Fourier-Transform Infrared Spectroscopy (FTIR)

Figure 6 shows the spectra of components A and B of Sicomin 8500 resin before
mixing, once mixed (uncured), cured, and after post-curing. It is clearly seen that the
peak at 914 cm−1 disappears after post-curing. However, if post-curing is not carried
out, after 24 h of curing at room temperature, the peak continues to appear. This peak
corresponds to the oxirane group, which opens up with the reaction with the hardener or
component B, giving rise to OH groups that autocatalyze the reaction and produce the
crosslinking of the resin. The hardener (component B) is a polymer of lower complexity,
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where a greater presence of CH2 and CH3 aliphatic groups can be observed. The rest of
the peaks can be observed in Table 5 and correspond mainly to C-C or CH bonds, with the
presence of aromatic rings being important in this case, which increase the rigidity of the
epoxy due to the lack of mobility in double bonds. These observations, along with those
obtained by means of DSC, confirm that Sicomin 8500 is an epoxy with a reduced level
of filler additives.

Figure 6. Infrared spectra of components A and B, and epoxy resin before curing, after curing, and
after post-curing.

Table 5. Correspondences of the most characteristic infrared bands of the spectrum, adapt [48].
Reproduced with permission from authors.

Wavenumber (cm−1) Correspondence

755 –CH2 γ, for C–(CH2)n–C, n < 4
831 ArC–H δ oop
914 C–O–C st s, oxirane
971 CH2 ω
1030 ArC–O–C–al st s
1110 C–OH st
1180 ArC–H d ip
1237 ArC–O–C–al st as
1297 C–O–C st as, oxirane
1348 –CH3 δ st
1453 CH2 ip

1508–1608 ArC–C
2813–3105 –CH3, –CH2, –CH st
3400–3600 –OH, –NH st
3700–3850 –OH

st: tension, ar: aromatic, δ: bending, s: symmetric, as: asymmetric, ω: flapping, t: torsion, al: aliphatic, ip: in-plane
bending, oop: out-of-plane bending, γ: skeleton vibrations, n: number of CH2 groups.

3.2. Carbon Fiber as a Reinforcement

Composite material specimens made of carbon fiber have been mechanically tested
through tensile tests. Table 6 collects the design factors and the test plan chosen. Figure 1
represents the factors in a three-dimensional space, each factor being represented on a
different axis. Eight sets of specimens have been designed to cover the cases shown in the
table. On the one hand, it is possible to apply a LPP treatment to the carbon fibers before
they are impregnated with epoxy (factor P). On the other hand, once the composite has
been manufactured, it can be subjected to a post-curing process to achieve faster curing of
the resin while improving certain mechanical properties (factor C). Finally, the length of
the carbon fiber can be either 18 or 40 mm (factor L). It should be noted that certain factors,
such as the porosity in the final composite, the width of the carbon fiber beams used, or the
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deviation of the fibers from the hypothesis of one-dimensionality (both in the horizontal
plane and in the vertical plane), among others, have not been considered.

Table 6. Design factors and test plan. P corresponds to the application of a plasma treatment; C
means post-curing was performed in the composites; L refers to the reinforcement length, in mm.

Configuration
Design Factors Test Plan

P C L P C L

1 − − − No No 18
p + − − Yes No 18
c − + − No Yes 18
l − − + No No 40
cl − + + No Yes 40
pl + − + Yes No 40
pc + + − Yes Yes 18
pcl + + + Yes Yes 40

Table 7 exhibits the mechanical results obtained after tensile tests. The average of five
samples is shown along with the standard deviation as a measure of variability. Further-
more, the coefficient of variation (CoV) is represented as the ratio between the standard
deviation and the average, expressed in percentage. Due to the inherent inhomogeneity of
the specimens, in addition to effects not considered, such as deviation from the hypothesis
of one-dimensionality in the horizontal and vertical planes, the CoV shows high values in
almost all the tested sets and for all the measured responses.

Table 7. Mechanical results obtained from testing. CoV represents the coefficient of variation.

Configuration Stress (MPa) [CoV]
Strain at Maximum Stress

(%) [CoV]
Elastic Modulus (GPa)

[CoV]

1
31 ± 9 2.2 ± 0.7 1.4 ± 0.4
[27.9] [23.9] [32.0]

p 99 ± 13 4.1 ± 0.9 2.4 ± 0.5
[13.1] [22.6] [22.4]

c 89 ± 21 2.3 ± 0.2 3.9 ± 0.9
[23.2] [7.2] [24.4]

l
100 ± 13 5.6 ± 0.8 1.6 ± 0.4

[12.8] [15.1] [26.1]

cl
237 ± 47 5.5 ± 1.5 4.3 ± 0.9

[19.9] [26.6] [21.4]

pl 74 ± 12 2.4 ± 0.7 3.1 ± 0.5
[16.7] [29.4] [16.9]

pc 99 ± 24 3.1 ± 0.6 3.1 ± 0.5
[24.4] [19.0] [16.0]

pcl 148 ± 44 7.5 ± 1.5 2.0 ± 0.6
[29.7] [19.6] [32.5]

Table 8 presents a matrix representation of the individual effects of each factor and their
interactions. By analyzing this matrix, in conjunction with the experimental data provided
in Table 7, it is possible to extract several key data points: the average response, three main
factor effects, three interaction effects between pairs of factors, and one interaction effect
involving three factors. Utilizing Yates’ algorithm allows for the calculation of influence
values, represented in Table 8. To determine the Yates order for a fractional factorial design,
it is necessary to understand the confounding structure of the design. The experimental
data obtained for each combination of parameters are used to calculate the effect of each
factor and interaction on the response, which is achieved by adding or subtracting the
averages of the responses. Therefore, Table 8 lists the effects and interactions of the factorial
experiment, with the influence factors serving as dimensionless indicators that can be
compared based on their relationship to the order of magnitude of the response.
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Table 8. Factors and their interactions after applying Yates’ algorithm.

P C L C × L P × L P × C P × C × L

Stress (MPa) −4.6 33.6 30.1 19.1 −24.1 −15.1 −0.6
Strain at maximum stress (%) 0.2 0.5 1.2 0.7 −0.5 0.5 0.8

Elastic Modulus (GPa) −0.1 0.6 0.0 −0.2 −0.1 −0.7 −0.3

In the sample space, it can be seen how the factor that presents the most positive
impact in terms of stress is the application of a post-curing (C), followed by using long
fibers (L), and the combination of those two (C × L); meanwhile, a LPP treatment (P) and
its combination with any other factor leads to a reduction in this response.

The length of the carbon fiber (L) exhibits the most significant positive change in terms
of strain, followed by a combination of LPP, post-curing, and long fibers (P × C × L), and a
combination of post-curing and long fibers (C × L). In this case, the combination of LPP
and long fiber leads to a decrease in strain at maximum failure.

Finally, the stiffness, represented by the elastic modulus, is favored by the application
of post-curing, followed by the incorporation of long fibers (with a positive value close
to zero). As in the case of stress, the use of LPP and its combination with the remaining
factors leads to a decrease in the elastic modulus. Similarly, the combination of post-curing
and long fibers results in a reduction in stiffness.

From the analysis of the influence values shown in Table 8, the key factors are the
application of post-curing to the resin, an increase in fiber length, and a combination of both.
Regarding post-curing, it is the factor that most improves tensile strength and provides
greater stiffness to the material. This need for post-curing coincides with the information
provided by the manufacturer in the technical data sheet referred to in Table 1. Additionally,
this coincides with the results obtained from the chemical and thermal characterization
of the epoxy resin, which indicated that post-curing improved the mechanical properties
of the resin, increasing its Tg, and demonstrated that post-curing ensured the opening of
the oxirane rings that confirm the completion of the epoxy crosslinking process. In terms
of fiber length, increasing the length of the carbon fiber beams from 18 to 40 mm has an
effect almost as positive as post-curing on tensile strength while having the most positive
effect on strain at maximum stress. However, fiber length does not modify significantly
(it should be noted that the obtained influence values are relative) the stiffness of the
composites, as occurs with the application of post-curing. Finally, the combination of
post-curing and fiber length also yields very positive results in terms of stress and strain
at maximum stress, although stiffness is compromised. In general, the energy absorption
capacity before breaking, known as toughness, of the composites that either cure with
post-curing, incorporate long fibers, or combine post-curing and long fibers, is higher than
that of the rest of the sets. Additionally, it seems clear that the LPP treatment leads to a
general decrease in the mechanical behavior of the composites.

To gain a deeper understanding of the impact of LPP treatment on carbon fibers,
Figure 7 exhibits samples that have been studied using SEM. The examination was focused
on the samples that yielded the most promising results, as determined by a factorial design
study. These samples included the combination of post-cured and long carbon fibers
(C × L), as well as the combination of LPP treatment, post-cured and long carbon fibers
(P × C × L). This analysis aimed to verify the potential positive effect of LPP treatment
on the carbon fibers, and to evaluate the adhesion properties between the reinforcement
and matrix.
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Figure 7. SEM micrographs at different magnification levels: (a,b) composites with untreated carbon
fibers; (c,d) composites with LPP-treated carbon fibers.

Figure 7 illustrates composite specimens in which the LPP treatment was not applied
to the carbon fibers (Figure 7a,b) and those in which it was (Figure 7c,d). No discernible
difference was observed between the specimens, suggesting that the plasma treatment
did not yield an improvement in the reinforcement-matrix adhesion. Consequently, it can
be inferred that the plasma treatment, in contrast to its effects on natural fibers, did not
enhance the mechanical performance of carbon fiber composites in this instance [49]. To
address this issue, a more effective approach might be to enhance the surface contact of
the carbon fibers by reducing their width or thickness, or by modifying the resin so that
capillary action does not impede the wetting of the carbon fibers.

3.3. Use Case: A Mechanically Recycled CFRP as a Reinforcement

Following the characterization of the resin and the development of the process for
the production of composite materials reinforced with mechanically cut carbon fiber, it is
proposed to extend this process using rod-shaped mechanically recycled CFRP (Carbodur
S512) as reinforcement in the same epoxy matrix. The composite materials reinforced with
mechanically recycled CFRP were fabricated in the same manner as in the previous case,
following the same process. In accordance with the reported results, the reinforcement of
these new composite materials was long (40 mm), did not receive LPP treatment, and was
subjected to post-curing in an oven at 80 ◦C for 8 h 24 h after manufacture. The composite
materials were then tested through tensile tests. Table 9 shows the results obtained from
tensile tests for the epoxy resin, carbon fiber reinforced composites and CFRP reinforced
composites. The results were subjected to a Grubbs test (95% confidence interval) to detect
and eliminate outliers. Furthermore, the results, compared in pairs, were subjected to an
analysis of variance (ANOVA), which showed that the sets are not similar.

222



Processes 2023, 11, 366

Table 9. Comparison between epoxy resin, composites manufactured with carbon fiber as reinforce-
ment and composites manufactured with a mechanically recycled CFRP as reinforcement.

Reinforcement Stress (MPa) [CoV]
Strain at Maximum Stress

(%) [CoV]
Elastic Modulus (GPa)

[CoV]

None
51 ± 5 3.4 ± 1.0 1.6 ± 0.1
[10.3] [28.2] [6.9]

Carbon fiber
237 ± 47 5.5 ± 1.5 4.3 ± 0.9

[19.9] [26.6] [21.4]

CFRP
88 ± 12 4.0 ± 0.6 1.6 ± 0.1
[13.6] [14.7] [6.8]

Table 9 compares the mechanical behavior of the epoxy resin, composites made with
carbon fiber reinforcement, and those using mechanically recycled CFRP as reinforcement.
It was observed that the use of mechanically recycled CFRP, which includes a cured epoxy
resin, resulted in rods that were more constrained in the composite than carbon fibers.
Furthermore, the contact surface between the epoxy matrix and the mechanically recycled
CFRP rods was found to be lower than in the case of carbon fiber reinforcement, leading
to decreased reinforcement-matrix adhesion and lower levels of sustained stress, strain,
elastic modulus, and therefore, absorbed energy.

Figure 8 shows the stress–strain curves of the materials compared in Table 9, including
the epoxy resin, carbon fiber reinforced composites, and CFRP reinforced composites.

Figure 8. Stress–strain curves for the epoxy resin, carbon fiber reinforced composites and CFRP
reinforced composites.

On the one hand, Figure 8 exhibits that the area under the curve of the carbon fiber
reinforced composites is much larger than that of the epoxy resin. The maximum stress
is 365% higher, the strain at maximum stress is 63% higher, and the elastic modulus is
172% higher.

On the other hand, CFRP-reinforced composites display a larger area under the
curve than epoxy resin and compared to it show 75% higher stress, 18% higher strain at
maximum stress and comparable elastic modulus. In this case, even with a reinforcement
mass fraction of 13%, which means a fiber volume fraction of only 8%, there is a substantial
improvement in mechanical properties. This confirms the feasibility of using small amounts
of reinforcement in the epoxy resin for its use in non-structural applications.

Comparing now the composites among each other, it is observed that those reinforced
with carbon fibers are able to absorb a greater amount of energy. Thus, it is observed that
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these composites, compared to those reinforced with CFRP, show a 170% higher stress, a
37% higher strain at maximum stress, and a 163% higher elastic modulus.

Potential solutions to this inferior mechanical behavior include further separating
the CFRP rods to increase the contact surface with the epoxy or modifying the epoxy to
improve the wetting of the reinforcement.

The results obtained demonstrate the validity of using epoxy as a matrix and recycled
composite material as reinforcement in a process for reintroducing composite materials
that have reached their end-of-life back into the production cycle. Otherwise, these CFRPs
would likely have been destined for incineration or landfilling. In the present case, the
epoxy–epoxy bond exhibits favorable adhesion properties and does not require further
treatments for improvement.

4. Conclusions

The process of manufacturing composites using discontinuous carbon fibers and
mechanically recycled commercial CFRP in the form of rods was developed in this study.

The thermal characterization of the epoxy matrix was carried out to investigate the
curing kinetics and the Tg. The chemical characterization of the epoxy matrix was also
conducted to examine the chemical changes in both components, as well as after mixing,
after curing for 24 h, and after post-curing. The findings from this analysis confirmed
the observations made using DSC and the recommendations made by the manufacturer
concerning the necessity of post-curing. The proposed post-curing was 8 h at 80 ◦C to
achieve 99% curing of the resin and to increase the Tg (88 ± 1 ◦C), which resulted in greater
crosslinking and higher resin stiffness.

A fractional factorial design (DOE method) was utilized to examine the effect of three
chosen factors on the mechanical behavior of composites using discontinuous carbon fibers
as reinforcement: LPP treatment, post-curing, and fiber length. By varying the values
of each factor between high and low, the eight possible combinations were tested and
the effect of each factor individually, as well as pair interactions and all factors together,
were analyzed. Analysis of the experimental data using Yates’ algorithm revealed several
general conclusions. Firstly, LPP treatment had a minimal impact on mechanical properties
and tended to be unfavorable. Essentially, any combination of another factor with LPP
treatment resulted in a decline in mechanical properties, except in the case of strain, which
was enhanced when LPP treatment was accompanied by post-curing (up to 3.1%) or post-
curing and long fiber (up to 7.5%). Secondly, the factors that most significantly improved
mechanical behavior were post-curing in terms of stress and stiffness (89 MPa and 3.9 GPa,
respectively), and fiber length in terms of strain at maximum stress (up to 5.6%). The
optimal combination of factors, particularly considering stress, was found to be post-curing
and fiber length (C x L). Therefore, this combination was selected as the most suitable for
the manufacture of the composites, which led to achieving a maximum stress, stiffness, and
strain at maximum stress of 237 MPa, 4.3 GPa, and 5.5%, respectively.

Finally, composites were manufactured using the same epoxy matrix but a commer-
cially recycled CFRP mechanically in the form of rods. The epoxy–epoxy bond between
the matrix and reinforcement leads to effective adhesion, making additional treatments
unnecessary. While using mechanically recycled CFRP as a reinforcement is beneficial
from a cost and weight perspective, the mechanical properties of the composite produced
with carbon fibers are still superior to those of the CFRP, as demonstrated in this study
with a 170% higher stress, a 37% higher strain at maximum stress, and a 163% higher
stiffness. Potential solutions for future work may include further separating the CFRP
rods to increase the contact surface with the epoxy or enhancing the wetting properties of
the epoxy and reinforcement. While the results showed potential for improvement, they
also illustrated the feasibility of the recycling process for CFRP and the manufacturing of
composites using recycled CFRP.
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