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Introduction

Introduction

Figure 1: Schematic representation of the recycling concept as nature’s invention.

If we carefully observe nature, we find that many modern scientific advancements are,
at their core, imitations of natural processes. Nature has long served as a canvas from
which we draw inspiration. A striking example is the development of composite materials.
In nature, composites are everywhere. Consider a bird’s wing, which is composed of
feathers and bones. Feathers, made up of keratin, provide the necessary aerodynamic
qualities, while bones offer structural support [1, 2]. This natural composite harnesses
the distinct properties of each component to achieve a functional whole, a concept that
modern material science has adopted to create advanced engineered composites.

This observation extends beyond material composition and encompasses the concept
of recycling as well. In nature as illustrated in Figure 1, nothing is wasted; every element,
after serving its purpose, is recycled and reused, contributing to the ecosystem’s balance.
The concept of waste, as we know it today, is a human creation that emerged with the
advent of synthetic products. In disrupting natures closed-loop system, we created the
need for recycling. In a way, recycling is not our invention, but rather our attempt to
mimic nature, striving to restore balance and emulate the natural processes that have al-
ways ensured sustainability. Through recycling, we aim to reintegrate synthetic materials
into a sustainable cycle.

As we continue to draw inspiration from nature, our focus has increasingly shifted
toward mitigating the damage caused by human activity. This shift is particularly evident
in the energy, construction, and transportation sectors three pillars of modern civilization
that are now embracing composite materials for their superior properties, particularly
their low density. This transition marks a crucial step in reducing the environmental
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footprint of these sectors, which are major contributors to global greenhouse gas (GHG)
emissions and the ongoing threat of global warming, one of the most pressing challenges
of our time. As a result, the composite materials market is expected to grow more than
8% annually between 2019 and 2027, reaching approximately 140 billion euros [3].

Figure 2: Ideal circular life cycle of composites.
[4]

The growing use of composite materials holds great promise not only in improving
quality of life but also in unlocking numerous economic opportunities, fueling further tech-
nical and scientific progress. However, despite their role in the promotion of lightweight
construction, composites pose a significant challenge: their recyclability. Unlike seamless
cycles in nature, where nothing goes waste, our current use of composites fails to achieve
a circular economy [5]. Ideally, the life-cycle of composite materials as illustrated in Fig-
ure 2 should mirror natures efficiency, yet in Europe, only 20% of the 2.8 million tons of
composite structures produced annually are recycled [6].

In the automotive sector, the EU End-of-Life Vehicle (ELV) Directive (2000/53/EC),
which mandates that 85% of materials in new vehicles be reusable and recyclable, has
driven progress, but the need for more effective solutions is evident. Enhancing the
recovery and reuse of composites presents a significant opportunity. Various methods
have been explored for recycling composite waste, allowing partial material recovery for
future use [5].

Mechanical recycling, in use since the 1970 s, involves grinding fiber-reinforced plastic
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(FRP) waste into low-value compounds while preserving the material’s basic structure
[7]. This method is commonly applied to thermoset composites, which are difficult to
recycle due to their rigid, cross-linked networks. Glass fiber-reinforced plastic (GFRP) is
frequently recycled this way, though the resulting products often have limited applications
[8].

Thermal recycling deconstructs composites by applying heat to separate the matrix
from the reinforcing fibers, converting them into usable products like polymers and fibers.
This method, typically using pyrolysis, aims to retrieve intact fibers but requires high
temperatures (450◦C to 700◦C), making it energy-intensive [5]. Chemical recycling breaks
down polymers into monomers or oligomers through chemical reactions, using either low
temperature solvolysis (below 200◦C) or sub- and supercritical solvolysis [9]. Of the three
methods, chemical and thermal recycling are the only ones that allow for the reuse of
composite constituents with properties similar to their original state. However, chemical
recycling poses environmental risks, while thermal recycling demands significant energy
input.

Balancing material integrity and environmental impact, sub- and supercritical solvoly-
sis stands out as the most promising technique for recycling glass fiber-reinforced (GFRP)
or carbon fiber-reinforced polymers (CFRP). It is relatively energy-efficient and allows the
fibers to be reused in new composites with performance levels comparable to the original
materials [7].

Over the past decade, there has been a significant increase in demand for debonding
technologies, as evidenced by the surge in new product introductions, publications, and
patent applications. This growing interest stems from the fundamental challenge faced
by adhesive technologies: the permanence of the bond, which hinders the reuse and
recycling of materials, leading to increased waste and material downgrading. Traditional
methods for debonding structural adhesive joints [10], such as mechanical destruction
through thermal degradation or cutting, often result in damage or even destruction of
the substrates. While acids and solvents are sometimes used, they raise health and safety
concerns. Despite the publication of numerous patents on methods for separating bonded
joints, only a few techniques have reached commercial availability.
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Figure 3: Schematic representation of the debonding on demand concept.

In response to these limitations, reversible or debondable adhesives have been devel-
oped as illustrated in Figure 3, allowing for the disassembly of components and the reuse
of materials at their original value [10]. Various debonding technologies, ranging from
those based on van der Waals forces [11] to those responsive to electrical currents [12],
and others, have been explored. However, no universal solution has yet emerged, partic-
ularly for structural bonding that balances ease of implementation with the mechanical
integrity of the bonded joints.

In this thesis, we present an innovative approach to this problem by leveraging prin-
ciples from flame retardancy. Our research repurposes flame retardants, utilizing their
unique ability to swell when exposed to heat as a trigger for debonding. This method
introduces a new dimension to debondable adhesive technology, where the application of
thermal stimuli induces a controlled and reversible separation of bonded joints. The study
explores the effects of several flame-retardant systems on the mechanical properties of
bonded structures, both before and after the debonding process. The systems investigated
include two forms of Ammonium Polyphosphate (APP), Melamine Polyphosphate (MPP),
Organophosphorus Flame Retardants (PCO 900), and Expandable Graphite (EG). By
examining these systems, the research aims to identify the most effective strategies for
achieving reliable debonding while maintaining the structural integrity of the materials
involved, ultimately contributing to the development of more sustainable and versatile
adhesive technologies. The thesis is structured as follows: It opens with a comprehensive
literature review that establishes the scientific background for the research. This review
covers the key principles of flame retardancy, the design of adhesive joints, an overview
of other debonding technologies and an introduction to the characterization methods em-
ployed throughout the study. Following this foundational review, the thesis presents a
series of papers, each contributing to different aspects of the project.
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The first paper examines Melamine Polyphosphate (MPP) and Ammonium Polyphos-
phate (APP) flame retardants, providing initial validation of the projects proof of concept.
This is followed by a paper exploring PCO 900, an organophosphorus flame retardant, and
another focusing on Expandable Graphite (EG) as a spin-off technology. The final paper
delves into the use of short-chain APP, aimed at further reinforcing the proof of concept
and achieving debonding at lower temperatures. Each study is paired with an in-depth
analysis of the mechanical and physicochemical impacts of these fillers on epoxy matri-
ces, enriching the existing literature and contributing new insights. To ensure a thorough
understanding, advanced technologies such as Micro-Computed Tomography (Micro-CT),
Nuclear Magnetic Resonance (NMR), Thermogravimetric Analysis (TGA), Dynamic Me-
chanical Analysis (DMA), Fourier Transform Infrared Spectroscopy (FTIR), Scanning
Electron Microscopy (SEM), and optical microscopy have been employed throughout the
research.

The final section of the thesis discusses the collective findings, showcasing the prac-
tical application of the debonding technologies in composites like sandwich composites
and Carbon Fiber Reinforced Polymer (CFRP) composites. The thesis concludes with
a summary and outlook, highlighting the limitations of the current work and proposing
future research directions.
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Chapter 1. Literature Review

1 Introduction to adhesive bonding and adhesives

Figure 1.1: Development of adhesives from natural to synthetic across history.

Since the dawn of time, humans figured that the only way to control the harsh environment
was by joining different materials. This method allowed them to harness various properties
of these materials, leading to the creation of the first tools. Ancient tools, such as stones
attached to sticks or horns bound to handles, represent humanity’s earliest use of joining
techniques or adhesive bonding. Such techniques, as illustrated in Figure 1.1, predate
even scripting and counting . Adhesive substances have always been abundant in nature
ranging from plant-based glues derived from tree bark or gum Arabic from acacia trees [13],
for example to animal-based adhesives like egg whites and casein glue made from milk
proteins which were used in woodworking and bookkeeping [14].

Only in the last few centuries have science and industry turned their attention to
adhesives, recognizing the significance of their performance and the advantages they of-
fer [15]. This interest sparked the development of modern synthetic adhesives, such as
polyurethanes, phenolic resins, epoxies, and acrylates, which began to be produced on an
industrial scale [16]. There has been a heavier focus on adhesion as a phenomenon, explor-
ing the aging of these substances on different materials, and classifying them based on their
properties and applications [17]. Simultaneously, these products have become increasingly
diversified and widely produced. Fast forward to today, adhesives are ubiquitous, found in
everything from kindergarten tool kits to high-end technologies like smartphones, modern
vehicles, and aircraft [18].

What, then, constitutes adhesion bonding? How is an adhesive defined? Further-
more, what are the various phenomena (Adhesion theories) that occur between adhesive
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substances and the surfaces they bond, which govern and delineate adhesion?

1.1 Definition of an adhesive and adhesion

An adhesive any material or substance that is applied in low quantities to the surface
of two dissimilar materials to form an adhesive joint that becomes permanently bonded
structure [19, 20]. Adhesion can be defined in multiple ways, and it is challenging to
find a single definition that englobes all aspects. For instance, the International Union of
Pure and Applied Chemistry (IUPAC) defines adhesion as the "process of attachment of a
substance to the surface of another substance." Alternatively, Wu suggests that "Adhesion
refers to the state in which two dissimilar bodies are held together by intimate interfacial
contact such that mechanical force or work can be transferred across the interface." [21,22]
However, theres an agreement that adhesion is primarily driven by multiple interfacial
forces operating at the nanometer scale [23], which are also referred to as adhesion theories.

In this context, before exploring these theories in detail, it is necessary to distinguish
between adhesion and cohesion represented in Figure 1.2. While adhesion refers to the
cumulative interfacial forces that result in the bonding of surfaces, cohesion represents the
sum forces that maintain the integrity of the polymer, essentially the internal strength of
a material. It is important to note that although cohesion is not adhesion, strong cohesion
is crucial for effective adhesion [24,25].

Figure 1.2: Schematic representation of adhesion and cohesion forces.
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1.2 Adhesion theories

1.2.1 Diffusion theory

Diffusion theory, illustrated in Figure 1.3, stipulates that adhesion occurs when molecules
from the adhesive and the substrate inter-diffuse. This mechanism is particularly relevant
when the adhesive and substrate consist of long-chain polymer molecules that are capable
of mobility. The binding conditions and the specific properties of the materials involved
influence the thickness of the resultant diffusion layer, which generally varies between
10 Å and 1,000 Å [26, 27]. For instance, when two different polymers are involved, the
bond strength significantly increases if the adhesion process is conducted at a temperature
above the melting points of both polymers [28].

Figure 1.3: Schematic representation of diffusion adhesion theory.

1.2.2 Mechanical interlocking

Mechanical interlocking theory, illustrated in Figure 1.4, suggests that adhesion occurs
when the adhesive fills and penetrates the surface roughness of the substrate, which con-
sists of micro-pores and cavities, by displacing the air and occupying its space. Generally,
bonding tends to be stronger on rough surfaces compared to smooth ones [29,30]. Adhe-
sion is primarily enhanced by abrasion of the surface for mechanical interlocking, but it
may also benefit from the increased cleanliness and contact surface area that result from
this process [31].
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Figure 1.4: Schematic representation of mechanical interlocking.

1.2.3 Electrostatic theory

Electrostatic theory, illustrated in Figure 1.5, emerges from observing the electrical dis-
charge that occurs when an adhesive is peeled off a substrate [32]. Infact, at the adhesive-
adherend interface, an electric double layer is formed due to electrostatic forces resulting
from electron transfer, which is attributed to differing electronic band structures [33,34].
This theory is particularly relevant when the adhesive joint under study consists of metal
and polymer components [35].

Figure 1.5: Schematic Representation of electrostatic adhesion theory.

1.2.4 Chemical bonding

At the interface between the adhesive and the substrate, several types of chemical inter-
actions can contribute to forming a strong bond. These include covalent bonds, hydrogen
bonds, acid-base interactions, and Lifshitz van der Waals forces. Among them, covalent
bonds are the strongest and most stable , with bond energies typically between 150 and
1100 kJ/mol, often leading to permanent adhesion. Hydrogen bonds are less strong but
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still significant, usually falling in the 10 to 40 kJ/mol range, and are especially relevant
when polar groups like OH or NH are involved. Acid-base interactions, though more com-
plex, generally share similar strengths to hydrogen bonding, depending on the nature of
the donor and acceptor groups. Finally, Lifshitz van der Waals forces though the weakest
individually, with energies ranging from 0.05 to 40 kJ/mol can collectively play a key role
in adhesion, particularly over large contact areas. [36, 37].

1.2.5 Acid-Base theory

Acid-Base theory draws on Lewis’s definition of acids and bases An acid is a substance
which can accept an electron pair from a base; a base is a substance which can donate
an electron pair., this theory suggests that adhesion results from an electron exchange
between positively and negatively charged molecules. This exchange results in a polar
attraction, highlighting molecular-level forces that enable materials to adhere to one an-
other [38,39].

1.2.6 Weak boundary theory

Weak boundary theory, illustrated in Figure 1.6, was Proposed by Bikerman, this theory
contends that failures in adhesive bonds result from either cohesive failure or a weak
boundary layer [40]. These weak boundary layers can originate from the adherend, the
adhesive, environmental factors, or a combination of these elements. When impurities
accumulate on the bonding surface of either the adhesive or the adherend, they form a
weak layer that ultimately leads to the failure of the bond [41,42].

Figure 1.6: Schematic representation of weak boundary theory.
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1.2.7 Wetting theory

The wetting theory, illustrated in Figure 1.7, is one of the most well-established and
widely recognized theories of adhesion. It describes how interfacial forces develop when
two materials come into contact, a process referred to as the wetting of the surface [32].
For adhesion to be effective, the adhesive must exhibit a lower surface tension than that of
the substrate. A high surface tension of the substrate is typically achieved through surface
treatments. Complete wetting maximizes bond strength by allowing the adhesive to fully
penetrate surface imperfections, whereas incomplete wetting results in weaker bonds due
to limited contact and the formation of interfacial defects [43,44]. Organic adhesives such
as epoxies are effective at bonding with metal surfaces due to good wetting properties,
but they often struggle to adhere to untreated polymeric substrates like polyethylene and
polypropylene, whose surface tensions are lower than those of the adhesives. To enhance
adhesion, the surface energy of these plastic materials is frequently elevated through a
variety of treatment methods, there by improving their receptiveness to the adhesive [45].

Figure 1.7: Schematic representation of the wetting theory.

1.3 Adhesives and adhesive materials

Adhesive materials, despite their distinct applications and categorizations as different
products, fundamentally consist of polymers characterized by large molecular chains form
intricate networks at both the substrate-adhesive and adhesive-adhesive interfaces. These
polymeric structures are crucial, as they largely dictate the final properties of the cured
adhesive, including its mechanical strength, flexibility, and resistance to various environ-
mental factors, such as moisture, temperature, and chemical exposure [46,47].

Adhesives can be systematically classified according to several criteria, illustrated in
Figure 1.8, each aligning with specific application needs and performance requirements. A
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critical aspect of adhesive materials is the curing process, which involves transforming the
adhesive from a liquid or semi-liquid state to a solid state, essential for achieving effective
bonding. This curing step is pivotal, as it converts the adhesive into a durable, functional
material. Consequently, one primary classification of adhesives is based on their reactivity
and behavior during the curing process [48,49].

Figure 1.8: Different natures of adhesives: reactive / non-Reactive.

1.3.1 Reactive/ non-reactive adhesives

Reactive adhesives

Reactive adhesives necessitate a chemical reaction during the curing stage, where the
polymer network is formed through polymerization. They exist as either one-component
(1-C) reactive adhesives or two-component (2-C) systems, typically consisting of a resin
and a hardener that initiate cross-linking. An example of such adhesives includes ther-
mosets, like epoxy resins [50].

Non-reactive adhesives

Non-reactive adhesives are those in which the polymer is pre-formed, and the curing
process does not involve a chemical reaction but rather a physical process, such as the
application of pressure or heat [50]. This category includes:

• Solvent-based adhesives, which solidify as the solvent evaporates.

• Hot melts and high-performance thermoplastics, which require heating to specific tem-
peratures to melt, then solidify upon cooling back to room temperature [51,52].

16



Chapter 1. Literature Review

1.3.2 Origin of adhesives

Figure 1.9: Origin of adhesives.

1.3.2.1 Natural adhesives

Natural adhesives are extracted from natural sources, illustrated in Figure 1.9, including
both animal and plant-based origins. Animal-based adhesives encompass products such as
collagen, casein glue, and blood albumen glue [53], while plant-based alternatives include
dextrin, starch, and natural gums derived from agar and acacia [54]. The emergence
of synthetic adhesives significantly reduced the demand for these natural options due to
differences in mechanical properties and the broader range of applications available with
synthetic materials [55]. Nonetheless, these natural adhesives have recently garnered
renewed interest due to their potential for sustainability and environmentally friendly
attributes. However, their use remains largely restricted to packaging, woodworking,
and, in certain instances, medical applications [56].

1.3.2.2 Synthetic adhesives

Synthetic adhesives, illustrated in Figure 1.9, offer the advantage of consistent supply
and uniform properties. Moreover, their characteristics can be precisely tailored to suit
specific applications, such as reducing viscosity for improved wetting on difficult surfaces.
Synthetic adhesives are generally classified into three main categories: thermoplastics,
thermosets, and elastomers [53].

1.3.2.3 Thermoset adhesives

Thermoset adhesives form permanent, heat-resistant, and insoluble bonds that cannot
be altered without degradation once crosslinking occurs. These adhesives are extensively
used in the aerospace industry due to their durability. Examples of thermosetting poly-
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mers include phenolic resins such as phenol-formaldehyde, urea-formaldehyde, as well as
unsaturated polyesters, epoxies, and polyurethanes [48].

1.3.2.4 Thermoplastic adhesives

Thermoplastics are less heat-resistant but provide strong adhesion at room temperature.
They can be softened at elevated temperatures before eventually degrading. Common
thermoplastic resins used in adhesives include polyvinyl acetate (PVA), vinyl acetate-
ethylene copolymers, polyethylene (PE), polypropylene (PP), polyamides, polyesters,
acrylics, and cyanoacrylates [50,51].

1.3.2.5 Elastomer adhesives

Elastomers can behave as either thermoplastics or thermosets, depending on whether
crosslinking is present. Their defining features are flexibility and versatility. Elastomers
commonly used in adhesives include various rubbers (e.g., butadiene rubber, butyl rubber,
nitrile rubber), silicones, and, in some cases, polyurethanes, which can also be categorized
as elastomers [57].

1.3.3 Forms of adhesives

Various forms of adhesive materials, illustrated in Figure 1.10, have been developed in
response to modern applications, each tailored for specific uses:

• Liquid: Liquid adhesives are straightforward to apply and are well-suited for large
surfaces or detailed tasks. Examples include polyvinyl acetate (PVA) and cyanoacry-
late [58].

• Paste: Paste adhesives, which are thicker than liquids, are ideal for gap filling. High-
viscosity epoxy resins are commonly used in this form [58].

• Tape: Adhesive tapes, which are pressure-sensitive, consist of an adhesive layer on
a backing material. They are typically used for light-duty tasks such as sealing and
temporary bonding [59].

• Film: Film adhesives offer precise thickness control and are commonly used in lami-
nating processes [58].

• Pellets: Pellet adhesives, often thermoplastics or hot melts, are melted for application.
Hot melt guns are used for hot melts, while thermoplastics may require equipment like

18



Chapter 1. Literature Review

hot presses or ovens [58].

Figure 1.10: Forms of adhesives.

1.3.4 Applications of adhesives

1.3.4.1 Structural adhesives

Structural adhesives, also known as high-performance adhesives, are designed to form
strong, durable bonds that can bear significant loads and resist environmental factors such
as solvents, heat, vibration, and fatigue [58, 60]. Based on their chemical composition,
these adhesives can be categorized into five main families:

• Epoxy adhesives

Epoxy adhesives are thermosetting adhesives known for their mechanical strength,
durability, and versatility, making them one of the most commonly used types of
structural adhesives in industries such as aerospace, automotive, construction, and
electronics. These adhesives are formed by polymerizing epoxy resins, illustrated in
Figure 1.11, typically the most used one is diglycidyl ether of bisphenol A (DGEBA)
accounting for over 90% of global production. DGEBA is synthesized by O-alkylation
of epichlorohydrin with bisphenol A, and its properties vary with chain length: it is
crystalline when n = 0, liquid for n < 0.5, and amorphous for higher values. The oxirane
rings in DGEBA facilitate curing, while its aromatic rings provide thermal and chemical
resistance, alkyl chains contribute flexibility, and hydroxyl groups enhance adhesion
and reactivity. Epoxies can be cured using a variety of hardeners, with amines being
the most common. Amines are categorized into aliphatic, cycloaliphatic, and aromatic
types, each affecting the curing conditions and final properties of the epoxy. Two key
parameters for evaluating epoxy systems are pot life (time to double viscosity) and
glass transition temperature (Tg), the latter indicating the polymer’s transition from a
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glassy to a rubbery state. Aliphatic amines offer short pot lives and are suited for low-
temperature applications, while aromatic amines provide superior thermal resistance
but require elevated curing temperatures [61].

Figure 1.11: Synthesis of Diglycidyl Ether of Bisphenol A (DGEBA) from Epichlorohydrin
and Bisphenol A.

• Polyurethane adhesives

Polyurethane adhesives are versatile and are known for their ability to form strong,
durable bonds across a wide range of substrates, including metals, plastics, and compos-
ites. These adhesives are formed through a reaction between polyols and isocyanates,
illustrated in Figure 1.12, resulting in a polymer structure that can be tailored to meet
specific application requirements. The unique advantage of polyurethane adhesives lies
in their flexibility, which allows them to absorb stress and resist impacts, making them
ideal for dynamic environments such as automotive and construction applications. The
curing process of polyurethane adhesives can be influenced by the choice of harden-
ers, which can include aliphatic or aromatic Poly- isocyanates, each offering different
properties such as cure speed, mechanical strength, and environmental resistance [62].

Figure 1.12: Schematic representation of polyurethane (PU) and its monomers.
[62]

• Acrylic adhesives
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Acrylic adhesives, illustrated in Figure 1.13, provide robust bonding strength and rapid
curing, making them essential in sectors such as automotive, construction, and elec-
tronics. Composed mainly of acrylate and methacrylate monomers, these adhesives
undergo polymerization through a free-radical mechanism, resulting in highly durable
bonds. Available in both one-part and two-part systems, they are particularly effec-
tive in structural applications, with two-part systems offering increased mechanical
strength and resistance to harsh environmental conditions. The curing process, typ-
ically initiated by peroxides, can be precisely controlled by modifying the adhesive’s
formulation and the specific substrates involved [63,64].

Figure 1.13: Acrylic adhesives polymerization reaction.
[63,64]

• Phenolic adhesives

Phenolic adhesives, illustrated in Figure 1.14, are a class of thermosetting adhesives
that are particularly valued for their high thermal stability, water resistance, and me-
chanical strength. These adhesives are derived from the polycondensation of phenol
with formaldehyde, producing a robust polymer network that is well-suited for ap-
plications in harsh environments, such as aerospace, automotive, and construction.
Phenolic adhesives can be modified with different fillers or co-polymers to enhance
specific properties like flexibility or adhesion to various substrates. The curing process
of phenolic adhesives generally requires heat, which promotes the cross-linking of the
polymer chains, resulting in a rigid and durable bond [65].
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Figure 1.14: Phenolic adhesives polymerization reaction.
[65]

• Structural thermoplastics

Structural thermoplastics are a class of high-performance materials recognized for their
durability, flexibility, and resistance to impact and environmental stress. Unlike ther-
mosetting polymers, these materials can be repeatedly melted and reshaped, offering
significant advantages in both processing and recyclability. Key examples of struc-
tural thermoplastics include polyamide (nylon), polycarbonate, polyetheretherketone
(PEEK), illustrated in Figure 1.15,and polyphenylene sulfide (PPS). The molecular
structure of these thermoplastics often features a high degree of crystallinity, which
enhances their strength and rigidity.Thanks to their mechanical properties and re-
sistance to chemicals and high temperatures, these thermoplastics find applications in
industries such as automotive, aerospace, and medical devices such as the use of PEEK
for medical implants [66,67].

Figure 1.15: Chemical structure of PEEK.

1.3.4.2 Non-structural adhesives

Non-structural adhesives are used in applications that do not require high load-bearing
capacity. These adhesives are typically chosen for their ease of use, flexibility, and ability
to adhere to a variety of surfaces. They can be categorized as well under 5 different
families:
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• Elastomeric adhesives

Elastomeric adhesives are a subset of non-structural adhesives, characterized by their
flexibility and resistance to environmental stressors, such as moisture and temperature
variations. These adhesives are broadly classified into two primary types: rubber-based
and silicone-based. Rubber-based elastomeric adhesives, which encompass both natu-
ral rubber and synthetic forms like styrene-butadiene rubber (SBR), are usually utilized
in applications such as footwear, upholstery, and general-purpose sealing, where both
durability and flexibility are essential. In contrast, silicone-based elastomeric adhe-
sives are distinguished by their superior resistance to extreme thermal conditions and
weathering, making them particularly suitable for applications in sealing, gasketing,
and caulking within the construction and electronics sectors [68,69].

• Pressure-sensitive adhesives (PSAs)

Pressure-sensitive adhesives (PSAs) are a class of nonstructural adhesives designed
to adhere to surfaces with light pressure without the need for additional activation,
such as heat or solvents. The performance of PSAs is critically dependent on their
rheological properties, which influence their tack, peel strength, and shear resistance.
These adhesives are primarily based on viscoelastic polymers, which allow them to
form strong bonds that are flexible and durable. PSAs are commonly categorized into
different types, including rubber-based and acrylic-based formulations, each offering
specific properties tailored to various applications. Rubber-based PSAs are known
for their flexibility, good initial tack, and resilience, making them ideal for use in
tapes, labels, and packaging. Acrylic-based PSAs, on the other hand, provide excellent
aging resistance, UV stability, and clarity, which are particularly valuable in medical,
automotive, and electronic applications [59,70].

• Hot melt adhesives

Hot melt adhesives, illustrated in Figure 1.16, are thermoplastic materials that provide
instant bonding through rapid solidification as they cool, making them ideal for high-
speed production processes. These adhesives are composed of polymers that provide
structural integrity, tackifiers that enhance adhesion by lowering the glass transition
temperature and viscosity, and sometimes waxes to speed up the setting process. A
common example of HMAs is EVA-based (ethylene-vinyl acetate) hot melt adhesives.
The performance of HMAs is heavily influenced by their rheological properties, which
govern the adhesive’s flow behavior in its molten state, as well as its tack, peel strength,
and shear resistance once solidified. Common applications of HMAs include packaging,
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bookbinding, automotive assembly, and woodworking, where it is possible to benefit
from their ability to bond a variety of substrates with minimal environmental impact
[69,71].

Figure 1.16: Ethylene-vinyl acetate hot-melt adhesive.

• Polyvinyl acetate (PVA) adhesives

Polyvinyl acetate (PVA) , illustrated in Figure 1.17,adhesives are non-structural ad-
hesives, particularly valued for their strong bonding capabilities with porous materials
such as wood, paper, and fabrics. As water-based adhesives, PVA adhesives are easy
to use, non-toxic, and clean up easily with water, making them ideal for applications in
woodworking, bookbinding, and various crafts. These adhesives function by forming a
flexible film upon drying, which provides good adhesion and durability under dry con-
ditions [72]. Meanwhile traditional PVA adhesives suffer from limitations such as low
water resistance and poor performance in humid environments. As a solution to these
various modifications have been proposed. For example, adding nano-clay or cellulose
nanofibrils to PVA adhesives has been shown to improve their thermal stability, water
resistance, and mechanical strength [73].

Figure 1.17: Polyvinyle acetate adhesives polymerisation.
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1.3.5 Composition of adhesives

An adhesive formulation is not solely composed of a resin; rather, it typically consists of a
carefully blended mixture, illustrated in Figure 1.18, tailored to meet specific application
needs and desired final properties. While the primary components in synthetic adhesives
are the polymer backbone (resin) and hardeners various other constituents are often in-
corporated into the formulation to modify the adhesive’s properties both before and after
curing. These additional components can significantly impact the adhesive’s behavior, in-
cluding its mechanical strength, flexibility, and environmental resistance [61,69]. Among
these components we find:

• Solvents: Used to control viscosity and facilitate the application and spread of the
adhesive across the substrate surface. However, the use of solvents often necessitates
an additional evaporation step [69].

• Fillers and additives: Widely employed in industrial applications, fillers and ad-
ditives serve multiple purposes. Primarily, they reduce the cost of the adhesive but
can also enhance its mechanical and thermal properties. They are used in substantial
amounts, sometimes comprising 60-70% of the total weight. For instance, tackifiers
improve adhesion, while metallic fillers create conductive layers [69].

• Catalysts: Catalysts are added to initiate and accelerate the curing reaction, thereby
reducing the curing temperature and time [69]. An example is 2-methylimidazole (2-
MI), which significantly speeds up the epoxy-amine curing process [74].

• Plasticizers: Introduced at low concentrations, plasticizers reduce viscosity and en-
hance flexibility without compromising the adhesive’s mechanical properties [69,75].

• Antioxidants: Added to protect the polymer matrix from oxygen, heat, and UV
light, antioxidants prevent the formation of free radicals that can degrade the polymer.
They also improve shelf life and durability [69]. For example, butylated hydroxytoluene
(BHT) is effective in stabilizing polymers by scavenging free radicals and interrupting
oxidative chain reactions [76].

• Pigments and dyes: These are incorporated to modify the color of the cured adhesive
[61].
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Figure 1.18: Different components of an adhesive formulation.

1.4 Adhesive joints design

An adhesive joint is a complex system composed of multiple components, , illustrated in
Figure 1.19,each contributing various factors that must be carefully optimized to achieve
strong bonding and ensure that the joint can withstand mechanical loads and environmen-
tal conditions throughout the component’s lifespan. Designing an adhesive joint requires
a multifaceted approach that considers both internal and external factors. Internal factors
include surface treatment, adhesive composition, joint geometry, and processing param-
eters, all of which directly influence the performance of the adhesive bond. External
factors, such as environmental conditions and application parameters, also play a critical
role in determining the durability and effectiveness of the adhesive joint over time [77,78].

1.4.1 Surface treatment

In theory, any type of material can be bonded using an adhesive layer. However, the
distinct surface properties of different materials require specific pretreatments to achieve
effective bonding [77].

Moreover, the chosen surface preparation method must be compatible with the adhe-
sive system in use. For example, high-temperature treatments intended to activate a sur-
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face are not suitable for low Tg thermosets, as they may lead to premature crosslinking [79]
. Generally, all surfaces undergo an initial cleaning step before further treatment [80].

Figure 1.19: Steps of substrate surface treatment.

1.4.1.1 Surface cleaning

An adhesive joint surface treatment almost invariably begins with the cleaning of the
surface. This step is essential because it ensures that contaminants such as oils, greases,
dirt, and oxidation are removed, thereby ensuring optimal adhesion [77]. Different kinds
of treatment can be employed for this purpose, these methods englobe:

• Solvent cleaning

Solvent cleaning also known as degreasing is a common method to remove, dust, oils
(fats) and grease from surfaces, utilizing various solvents with specific properties. Com-
mon solvents include isopropyl alcohol (IPA), which is effective for general cleaning and
a green solvent. Ethanol and acetone are a strong solvent for heavy grease and oil but
potentially too aggressive for some plastics. methyl ethyl ketone (MEK), toluene and
trichloroethylene are used for heavy-duty cleaning but with significant health and safety
concerns. Solvent cleaning is preferably done with lint free cloths or micro-fiber cloths,
since they can effectively trap and remove particles and retaining oil and dust [69,81].

• Acid treatment
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Acid treatments can be employed to clean and etch surfaces, enhancing adhesion by
increasing surface roughness and removing oxide layers. This process temporarily
alters the surface chemistry and pH. The choice of acid depends on the substrate [69].
Chromic acid is commonly used on metals like aluminum, where it creates an oxide
layer that improves adhesion [82]. Sulfuric acid is effective for treating rubber and
certain plastics, both cleaning and roughening the surface [83]. For carbon fibers,
nitric acid is often used, as it is a milder acid that cleans the fibers and slightly
etches the surface without damaging the fiber structure, thereby promoting better
bonding [84]. Hydrochloric acid, often used in combination with other chemicals, is
suitable for specific substrates like rubber but is typically avoided on metals due to its
highly corrosive nature [85].

• Soap or surfactant cleaning

Soap cleaning method uses of detergents and surfactants, which are highly effective
at breaking down and removing organic contaminants such as oils, greases, and dirt
from the substrate surface [69]. The surfactants work by reducing the surface tension,
allowing the contaminants to be lifted away from the surface more easily [86]. After the
cleaning agents have been applied, a thorough rinsing step is essential to remove any
remaining residues and to prevent any interference with subsequent adhesive bonding.

1.4.1.2 Surface mechanical treatment

Mechanical treatment of adhesive substrates is a fundamental technique used to enhance
adhesion strength by physically modifying the substrate surface. This modification in-
creases surface roughness and, consequently, the effective surface area, which can grow
by up to two orders of magnitude compared to the nominal area [86]. The enhanced
roughness promotes better surface wettability and facilitates mechanical interlocking be-
tween the adhesive and the substrate. Surface roughness is a complex, multi-parameter
characteristic that cannot be fully described by a single value. It is typically quantified
using various parameters classified into four main categories: amplitude (e.g., Ra, Rz,
Rt), which describe the vertical deviations; spacing (e.g., Sm), indicating the distance
between surface features; hybrid parameters (e.g., q), reflecting slope and curvature; and
symmetry or functional parameters (e.g., Rsk for skewness, Rku for kurtosis), which pro-
vide insight into the shape and distribution of peaks and valleys [85, 87]. Measurement
techniques include contact profilometers (stylus tracing), non-contact optical profilome-
ters (light scanning), atomic force microscopy (AFM), and scanning electron microscopy
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(SEM), each offering unique advantages and limitations. While increasing surface rough-
ness generally enhances adhesion, there is a practical limit; excessively deep cavities and
sharp surface asperities can hinder the adhesive’s ability to penetrate effectively [88].

Different mechanical treatment methods vary in effectiveness based on the substrate
material and specific application requirements. For instance, sandblasting and grit blast-
ing are often preferred for their speed, efficiency, and precise control, typically achieving
a recommended surface roughness (RMS) of about 150 to 250 microinches for metals. In
contrast, abrasion with sandpaper, though more labor-intensive and operator-dependent,
is well-suited for smaller or more delicate components. Wire brushing is another viable
option, effectively removing surface deposits and creating a texture conducive to bond-
ing [69,89].

In addition to altering the surface topography, mechanical treatments also impact the
surface chemistry by removing contaminants and weak boundary layers. These treatments
can expose fresh, reactive metal surfaces, further enhancing chemical bonding with the
adhesive [69].

1.4.1.3 Surface thermal treatment

Surface thermal treatment involves applying heat to the surface of substrates, with tem-
peratures reaching as high as 300◦C. Pre-heating the substrates can enhance the wet-
ting and spreading of the adhesive, eliminate adsorbed moisture and contaminants, and
promote a more uniform bond line, resulting in better adhesion. However, a potential
drawback is that the high temperatures can cause thermal degradation, leading to color
changes in some substrates, and in certain cases, may induce premature cross-linking [90].

1.4.1.4 Surface plasma treatment

Plasma is the fourth state of matter, consisting of a gas of freely moving electrons and
positively charged ions, which together form an electrically neutral system that reacts
strongly to electric and magnetic fields. [90] It is generated by applying an electrical field
to a gas, which ionizes the gas atoms, turning the gas into an electrical conductor. his
process, typically achieved using radio frequency (RF) or microwave energy, ionizes gases
like oxygen, argon, or nitrogen [91]. The resulting energetic ions, electrons, and neutral
particles interact with the substrate surface, breaking molecular bonds and creating new
reactive sites. This interaction introduces polar functional groups, such as hydroxyl and
carboxyl groups, onto the surface, increasing its surface energy and improving wettability
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[92,93]. Additionally, plasma treatment effectively cleans the surface by removing organic
contaminants and weak boundary layers, making the substrate more chemically active
and ready for bonding [93]. Plasma treatment is used, in a controlled environment to
"activate" the substrate surface, enhancing its adhesive properties. Plasma treatment can
also lead to other effects, such as photoexcitation and coating deposition, and can create
surface roughness through chemical etching [94]. While plasma treatment is precise and
can create a uniformly activated surface, the duration of its effects varies depending on
the substrate material. For instance, on plastics, the activated state may last only a few
minutes, while on metals, it can persist for several hours .This rapid loss of activation on
polymers is primarily due to hydrophobic recovery a phenomenon in which the surface
reverts to its original low-energy state as polar groups reorient or migrate whereas metals
retain their surface energy longer, with re-contamination by airborne species being the
main factor in the gradual loss of activation [95].

1.4.1.5 Surface laser treatment

Laser treatment is an emerging technology that involves exposing a substrate surface
to laser radiation, which is absorbed by the surface, generating intense heat capable of
vaporizing various materials. This non-contact technique can be employed for cleaning,
texturing, increasing surface roughness, or even incorporating new elements into the sur-
face [96]. The advantages of laser treatment are significant: it eliminates direct contact
with the surface, reducing the risk of contamination, allows for precise, localized treat-
ment, and offers a rapid processing speed. Parameters such as laser power, wavelength,
pulse duration, and scanning speed can be optimized to suit different materials and achieve
specific surface modifications [96,97].

1.4.1.6 Use of coating and primers

Primers are thin coatings applied to substrate surfaces before the adhesive layer, serving
as an intermediate layer to enhance the substrate’s receptivity to the adhesive [69, 98].
Primers fulfill several critical roles: they increase surface energy and improve the wettabil-
ity of the surface, ensuring better adhesion [99]. Additionally, primers provide a uniform
base layer, which is particularly beneficial for surfaces with deep porosities [61]. Primers
can also act as cross-linking agents and serve as barriers against oils, plasticizers, and cor-
rosion, particularly in metal substrates [100]. Typically, primers are diluted epoxy-based
or polyurethane-based formulations. Beyond improving adhesion, primers are especially
useful for bonding surfaces with inherently low surface energies, such as plastics, and are
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commonly used when painting over non-stick surfaces like polyethylene [101,102].

1.4.2 Adhesive joint geometry

The geometry of an adhesive joint is the factor that will influence how the joint will
distribute the stress across the bonded area, thus influencing the joint strength and per-
formance. Various geometries, illustrated in Figure 1.20, are employed depending on the
application requirements, with common types including single-lap joints (SLJ), double-lap
joints (DLJ), stepped-lap joints, and scarf joints [103]. Single-lap joints are among the
most straightforward and cost-effective to produce, making them popular in many appli-
cations. However, their simplicity comes with a drawback: the stress distribution across
the joint is often uneven, leading to concentrated peel and shear stresses at the edges
of the overlap. Double-lap joints, by contrast, offer a more balanced stress distribution
compared to single-lap joints. The additional bonded surface area in double-lap joints
helps to reduce peel and shear stresses, improving the overall durability of the joint [104].
Stepped-lap joints and scarf joints further optimize stress distribution by providing more
gradual transitions across the bonded area, which can significantly enhance the joints
load-bearing capacity and resistance to peeling forces [105, 106]. Additionally, improving
joint strength can be achieved by incorporating a strapping layer, which reinforces the
joint and helps distribute stress more evenly. Increasing the length of the bond line is
another effective strategy, as it provides a larger surface area for the adhesive to bond,
thereby reducing the stress per unit area and enhancing the overall strength of the joint.
This approach is particularly beneficial in applications where high loads are anticipated,
or where the joint must withstand harsh environmental conditions [103,106].
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Figure 1.20: Different adhesive joint geometry.
[105,106]

1.4.3 Application and processing of the adhesives

1.4.3.1 Processing of the adhesives

The processing step involves preparing the adhesive before application is important for
ensuring the joints strength. As illustrated in Figure 1.21, The processing step includes
degassing to remove air bubbles that could weaken the bond [107]. For two-component
adhesives, proper mixing is necessary to achieve a uniform distribution of the components
and consistent curing. Various mixing techniques are used depending on the scale and
precision required [108]. Manual mixing with a spatula is simple but can introduce air
bubbles if not done carefully. Static mixing, often with cartridge systems, provides a con-
sistent mix during dispensing. Mechanical mixers, such as magnetic stirrers or ultrasound
probes, offer thorough mixing for larger volumes, but they might introduce air bubbles,
which is why the degassing is preferably done after the mixing [109]. Speed mixers, which
use centrifugal force to quickly create a homogeneous mixture, are effective in minimizing
air bubbles and are preferred in high-performance applications [110]. In-line mixing sys-
tems, used in automated production, continuously mix the adhesive as it moves toward
the application point. The adhesive formulation and the application needs will define

32



Chapter 1. Literature Review

which technique is selected [111].

Figure 1.21: Different steps of adhesive processing before application.

1.4.3.2 Application mode

The selection of an appropriate adhesive application method depends on the substrate
surface characteristics, the scale of the application, and the specific requirements of the
end-use.

• Manual application

Manual application involves the deposition of adhesive materials using handheld tools
such as brushes, rollers, glue guns, or trowels. This method is primarily employed
in situations requiring fine control and precision, often in small-scale or prototype
applications. Manual application is an effective and straightforward approach, making
it particularly suitable for processes involving limited surface areas, such as small-sized
adhesive joints (e.g., SLJ samples) or lab-scale composites prepared using hand lay-up
methods [112].

• Glue applicators

Glue applicators are mechanized devices designed to dispense adhesives with unifor-
mity and precision. These tools are used to large-scale industrial operations where
consistency in adhesive application is essential. Glue applicators are commonly used
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in sectors such as aerospace, electronics, and automotive manufacturing, where the
speed of application and the quality of adhesive distribution directly impact the per-
formance and reliability of the assembled components [113].

• Spray application

Spray application utilizes atomization techniques to disperse adhesives in the form of
a fine mist, which facilitates uniform coverage over large surface areas. This method is
particularly advantageous in high-volume production environments such as automotive
and furniture manufacturing [114].

• Beads and dots application

Adhesive beads and dots are applied using precision dispensing nozzles, enabling tar-
geted deposition in specific areas. This method is utilized in detailed assembly pro-
cesses, especially within the electronics industry, where accurate adhesive placement
is crucial for the functionality and longevity of the final product. The controlled ap-
plication provided by this technique helps form localized bonds thereby enhancing the
overall structural integrity [115].

• Dipping application

Dipping involves immersing components entirely in an adhesive solution to ensure com-
plete coverage, making it particularly useful for complex geometries or surfaces that
are difficult to coat by other means. This technique is especially advantageous for
parts with intricate designs, ensuring uniform coverage across all surfaces, including
recessed or hard-to-reach areas. However, while dipping is effective for achieving thor-
ough coverage, it presents several challenges. A primary concern is the potential for
excessive adhesive buildup, which can result in uneven coating thickness and may ne-
cessitate additional processing steps, such as draining or wiping, to achieve uniformity.
Additionally, the technique can be inefficient in terms of adhesive usage, as significant
amounts of adhesive may be wasted during the immersion process [116].

• Vacuum infusion for composites

Vacuum infusion represents an advanced adhesive application technique primarily used
in the fabrication of composite materials. In this process, dry reinforcement materials
are placed within a mold, and a vacuum is applied to draw in a low-viscosity resin,
which acts as the adhesive. The resin permeates the reinforcement fibers under vacuum
pressure, ensuring thorough impregnation. This method allows for precise control of
the resin-to-fiber ratio, which is critical for optimizing the mechanical properties of
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the composite. Specialized adhesives designed for compatibility with vacuum infusion
are often employed to enhance interlaminar shear strength and improve the overall
bonding quality within the composite structure [117].

1.4.3.3 Application patterns

The application pattern of the adhesive is important for two key reasons. First, it helps
reduce costs by preventing excess adhesive from being used, thereby minimizing waste.
Second, it ensures effective removal of air bubbles when the adhesive layer is pressed
between substrates, which is essential for achieving a strong and uniform bond. Figure
1.22 shows a simplified simulation diagram comparing different application patterns [118].

Figure 1.22: Adhesive application patterns: rectangular surfaces, left- conventional appli-
cation pattern, middle and right - "exotic".

[118]

1.4.4 Adhesive bonding gap (Adhesive layer thickness)

The thickness of the adhesive layer, known as bond line thickness, is an important factor
that affects the strength and performance of adhesive joints. Figure 1.23 illustrates the
correlation between Bond-line Thickness (mm) and failure stress (MPa). Optimal thick-
ness allows for effective stress distribution across the bonded interface, improving the
joint’s mechanical properties [119]. Generally, a thinner adhesive layer provides higher
shear strength due to reduced stress concentrations and better load transfer between
substrates. However, if the layer is too thin, it can lead to adhesive starvation, where
there isnt enough adhesive to fill surface irregularities, resulting in weaker bonds [120]. A
thicker adhesive layer can accommodate surface roughness and manufacturing tolerances,
but it may cause issues like increased peel stresses and a greater chance of cohesive failure
within the adhesive [121]. For rigid adhesives like epoxy, the optimal thickness range is
typically between 0.1 mm and 0.5 mm, where the balance between flexibility and strength
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Figure 1.23: Effect of adhesive thickness.
[119,120]

is most effective. Thicknesses below 0.1 mm usually led to poor performance. Flexible
adhesives, such as polyurethanes, can handle thicker bonding layers, with up to 1 mm
being common [122]. Bond line thickness can be controlled using shims, glass beads, or
wires, especially with rigid thermosetting adhesives. These materials help maintain the
desired thickness without negatively impacting the joint’s strength [123].

1.4.5 Adhesive joint characterization

The end goal of using adhesive joints is to be incorporated within more complex engineered
structures. Which is why adhesive joints are typically tested, or simulated prototypes are
evaluated, to predict how they will perform in their intended applications. The charac-
terization process focuses on two main aspects. The first is mechanical testing, where the
whole adhesive joint is tested. The second aspect involves the physico-chemical properties,
where the adhesive layer is primarily tested.

1.4.5.1 Mechanical characterization

Mechanical characterization of adhesive joints is essential for studying their performance,
durability, and applicability. However, at present, no non-destructive technique exists
that can assess the integrity of an adhesive joint without subjecting it to stress until

36



Chapter 1. Literature Review

failure [124]. Adhesive joints may fail under various loading conditions, classified into
three fundamental fracture modes illustrated in Figure 1.24: Mode I (opening mode),
Mode II (sliding mode), and Mode III (tearing or scissoring mode). Mode I involves
tensile stresses perpendicular to the crack plane, causing joint opening; Mode II entails
in-plane shear stresses parallel to the crack front, leading to sliding between adhesive and
adherend; and Mode III involves out-of-plane shear stresses causing tearing along the
crack front [125].

Figure 1.24: Opening modes for mechanical characterization.

Mechanical testing methods for adhesive joints can be classified into quantitative,
qualitative, and semi-quantitative techniques. Quantitative methods provide numerical
data on mechanical properties. For instance, the Single Lap Joint (SLJ) test, following
ASTM D1002 and ISO 4587 standards, measures the shear strength of adhesives by
applying tensile load to lap-jointed specimens, inducing shear stress in the adhesive layer.
This test is widely used for structural adhesives to assess performance under shear loading
[126]. Another example is the Double Cantilever Beam (DCB) test, conforming to ASTM
D3433 and ISO 25217 standards, which evaluates Mode I fracture toughness by measuring
the energy required to propagate a crack under tensile opening forces. This test provides
data on the adhesive’s resistance to crack initiation and growth [127]. Flexural tests, as per
ASTM D7905, assess Mode II fracture toughness by applying a three-point bending load
to a notched specimen, inducing shear loading conditions, and determining the adhesive’s
ability to resist shear-driven crack propagation.

Semi-quantitative methods offer comparative data that rank adhesives but may not
provide absolute values. The scratch test, for example, assesses adhesion by measuring
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the force required to scratch through the adhesive layer. Although it does not provide
exact adhesion values, it allows for comparative evaluation between different adhesives
or surface treatments [126]. Peel tests, such as the T-Peel Test (ASTM D1876) and
the 90-Degree Peel Test (ASTM D6862), measure peel strength by separating adherends
through peeling action. These tests are considered semi-quantitative because they can be
influenced by factors like adherend flexibility and may not always reflect pure adhesive
properties [127].

Figure 1.25: Main failure patterns in an adhesive Joint.

Lastly, qualitative methods involve assessments of failure modes, adhesion quality,
and surface characteristics. Analyzing failure surfaces after mechanical testing allows
for the identification of failure types schematically represented in Figure 1.25: adhesive
(at the interface), cohesive (within the adhesive), or mixed, which aids in evaluating the
effectiveness of surface preparation and adhesive selection [128, 129]. Visual inspection
and microscopic examinations, such as optical microscopy, complement mechanical test
data by revealing morphological features of the fracture surface, thereby enhancing the
understanding of interfacial bonding quality and failure mechanisms.

1.4.5.2 Physico-chemical characterization

Physico-chemical characterization of adhesive joints focuses on investigating the adhesive
layer by examining its thermal behavior, chemical stability, and long-term performance
under various environmental conditions. This is achieved primarily through analytical
techniques that provide insights into the adhesives properties at both molecular and
macroscopic levels. Parameters like the glass transition temperature (Tg) or degrada-
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tion behavior of an adhesive formulation are highly sensitive to variation. Using the same
epoxy resin for multiple formulations, these properties can be significantly influenced by
the choice of hardener, the type of filler incorporated, and the filler loading rate .

In general, to provide a holistic understanding of the physico-chemical properties, a
combination of these techniques is used. First, Differential Scanning Calorimetry (DSC)
is employed to determine the glass transition temperature (Tg) and other thermal tran-
sitions of the adhesive material. DSC provides insights into the thermal properties that
influence the mechanical performance and service life of the adhesive joint. The Tg as
illustrated in Figure 1.26, marks the temperature range over which the adhesive transi-
tions from a rigid, glassy state to a more flexible, rubbery state, affecting its load-bearing
capacity [128]. Second, Thermogravimetric Analysis (TGA) assesses the thermal stability
and decomposition behavior by monitoring the mass change of the adhesive as a function
of temperature. TGA identifies degradation temperatures and quantifies the amount of
volatile compounds released during thermal decomposition, making it possible to pre-
dict the adhesive’s performance in high-temperature applications and for understanding
its thermal degradation mechanisms [129]. In addition, Dynamic Mechanical Analysis
(DMA) evaluates the viscoelastic properties of the adhesive, such as storage modulus, loss
modulus, and damping factor, over a range of temperatures or frequencies. DMA pro-
vides valuable data on the material’s stiffness and energy dissipation characteristics under
dynamic loading conditions. This analysis is essential for applications where the adhesive
joint is subjected to vibrations, cyclic stresses, or varying thermal environments [130].

Finally, the aging of adhesive samples is essential for evaluating their long-term dura-
bility under various environmental conditions. Common aging methods include heat cy-
cling, where adhesives are repeatedly subjected to alternating high and low temperatures,
simulating thermal stress encountered in real applications. Water aging, which involves
immersion in water or exposure to high humidity, is used to assess the adhesives resistance
to moisture-related degradation, such as hydrolysis or swelling. Additionally, ultraviolet
(UV) aging exposes the adhesive to UV light to replicate prolonged sunlight exposure,
which can lead to photodegradation of the polymer matrix [131].
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Figure 1.26: Graph of glass transition temperature plotting the temperature and stiffness
of a material.

[130,131]

2 Debond-On-demand technologies

A debond-on-demand technology is an adhesive system that allows bonded joints to be
intentionally weakened or separated so that the substrates can be recycled, or the com-
ponent can be updated when triggered by a specific external stimulus. To qualify as a
debonding technology, the adhesive system must maintain all the mechanical properties
of the adhesive joint, whether the technology involves the use of fillers within the adhe-
sive material or relies on reactive modifications to the adhesive polymer. In either case,
the mechanical properties of the adhesive must be comparable to those of conventional
adhesives used in similar applications within the respective field [132, 133]. Throughout
its operational lifespan, the adhesive should resist aging and environmental degradation,
ensuring that its bonding strength remains intact until debonding is intentionally initi-
ated [134]. The technology must respond precisely to the designated stimulus, whether
thermal, electrical, chemical, or otherwise, causing the bond to weaken and enabling
easy separation of the substrates [135, 136]. After debonding, the activated adhesive
leaves minimal residue, allowing the substrates to be reused without significant reprocess-
ing [137, 138]. These technologies can be categorized into two major types: filler-based
technologies and reactive adhesive-based technologies [139,140].
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2.1 Filler based technologies

2.1.1 Thermally expandable fillers

Thermally expandable fillers are debonding technologies that operate by expanding in size
when exposed to heat, thereby causing a mechanical compromise in the structure of adhe-
sive joints. These technologies can be broadly segmented into two types: physical foaming
agents and chemical foaming agents. Physical foaming agents, such as Thermally Expand-
able Particles (TEPs), function by increasing in volume upon heating. TEPs consist of
polymeric shell materials encapsulating an active agent that, when triggered by heat,
causes the entire particle to expand, as shown in Figure 1.27, creating larger voids within
the adhesive structure, leading to a reduction in bond strength. Banea et al. [141, 142].
have shown that TEP-modified adhesives, particularly in the automotive industry, can
successfully reduce bonding strength when exposed to controlled temperatures, enabling
easier debonding. Furthermore, their research demonstrates that the debonding temper-
ature can be adjusted by altering the concentration of TEPs in the adhesive, making it
a highly tunable technology [141, 142]. In contrast, chemical foaming agents serve as a
debonding mechanism by thermally decomposing within the adhesive matrix, releasing
gases like nitrogen and carbon dioxide. This gas generation expands the adhesive ma-
terial, creating internal pressures that weaken the bond and facilitate separation [143].
Azodicarbonamide (ADC) is the most relevant example of a chemical foaming agent in
this context. However, these agents are effective as a debonding technology only with low-
temperature curing adhesives; at higher temperatures, the decomposition process initiates
prematurely, which can compromise the adhesive’s integrity before it fully cures [144].
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Figure 1.27: Schematic representation showing thermal debonding, via cohesive failure,
due to the expansion of additive microparticles.

2.1.2 Magnetically inductive fillers

Magnetically inductive fillers offer a controlled method for debonding adhesives by incor-
porating magnetic nanoparticles, typically iron oxide, within the adhesive matrix. When
subjected to an alternating magnetic field in the 10 kHz to 1 MHz range, these nanoparti-
cles generate localized heat, raising the adhesive temperature between 100◦C and 200◦C.
This controlled heating causes the adhesive to soften or degrade, allowing for separa-
tion without the need for mechanical force. Key to the process is the precise regula-
tion of the magnetic field and the uniform distribution of the fillers, ensuring effective
debonding while avoiding damage to the substrates. Salimi et al. demonstrated that
polyurethane adhesives incorporating iron oxide particles debond successfully with con-
trolled heating when exposed to an oscillating magnetic field, decreasing debonding times
significantly [145]. Other studies have confirmed the utility of magnetic nanoparticles
in thermoplastic composites for induced healing and debonding applications [146]. This
technique is particularly advantageous in complex or hard-to-access structures, enabling
remote, non-invasive separation, and holds significant potential in fields like aerospace,
automotive, and electronics, where precision and substrate integrity are crucial during
disassembly [147].
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2.1.3 Electrically conductive fillers

Electrically debondable adhesives offer a controlled method for debonding by applying a
low voltage, typically between 10 to 50 V as shown in Figure 1.28. These adhesives contain
additives like inorganic or organic salts, often in the form of ionic liquids, which migrate by
diffusion of ionic species to the electrode interface upon voltage application. This triggers
an electrochemical reaction that disrupts the interfacial bonds and allows the adhesive
to release [148, 149]. For this process to work, at least one of the bonded substrates
must be metal, and both substrates must be conductive enough to serve as electrodes.
In cases involving non-conductive surfaces, this limitation can be overcome by using an
intermediate conductive layer, such as adhesive-laminated aluminum sheets. The most
notable commercial example of this technology is the ElectRelease adhesive line developed
by EIC Laboratories, which primarily consists of amine-cured epoxy resins available in
various formulations to suit different adhesive strengths and applications [150,151].

Figure 1.28: Schematic representation of electrically debondable adhesives.

2.2 Reactive based adhesive technologies

2.2.1 Shape memory debonding adhesives

Shape memory alloys (SMAs) and shape memory fillers represent a hybrid debonding
technology that combines the properties of shape memory fillers and shape memory ad-
hesives to enable controlled bond separation. These materials, such as shape memory
polymers (SMPs) and shape memory alloys (SMAs), are initially deformed into flat ge-
ometries and integrated into the adhesive matrix, either as polymer layers, randomly
distributed fibers, or embedded fillers. Upon exposure to a thermal stimulus, these addi-
tives undergo a shape recovery process, reverting to their original, pre-programmed con-
figuration. This transformation induces mechanical stresses within the adhesive matrix,
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leading to microfractures and facilitating the debonding process [152, 153]. An example
technology is the combination of is Nitinol alloy as a polymer filler with shape memory
epoxy-based polymers, including those based on epoxy systems that are flexible and have
shape recovery above their glass transition temperature (Tg). This limits their applica-
tions in structural bonding is since this kind of systems have limited mechanical strength
and durability, making them less suitable for high-load scenarios [154]. However, they
remain particularly valuable in applications requiring multiple bonding and debonding
cycles [155].

2.2.2 Photo-induced debonding

Photo-induced debonding technologies enable the controlled separation of bonded struc-
tures when exposed to specific wavelengths of light, primarily within the (UV) spectrum.
These technologies function through different mechanisms, depending on the polymer
type. One mechanism is photoinduced overcuring, as shown in Figure 1.29, where UV
exposure increases cross-linking within the adhesive, resulting in a more rigid and less ad-
hesive structure. Another mechanism is photodegradation, where UV-sensitive groups in
the adhesive break down polymer chains, weakening the bond [152,156,157]. Additionally,
some systems employ photoacid generators, which release acids under UV light, leading to
the breakdown of the adhesive matrix and enabling debonding [158]. A second approach
involves supramolecular polymers that rely on reversible, non-covalent interactions. When
exposed to UV light, these interactions are disrupted, allowing the adhesive to soften and
the bonded components to separate [158]. However, these technologies have certain lim-
itations, including the need for substrates that are transparent to UV light, restricting
their use to specific applications. There is also a risk of unintentional exposure to UV
light causing premature debonding, making controlled UV exposure essential [159]. While
these adhesives are well-suited for applications in electronics, packaging, and medical de-
vices due to their flexibility and repeatability, their lower mechanical strength compared
to covalent adhesives limits their suitability for high-load or structural applications [130].
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Figure 1.29: Schematic representation of photoinduced overcuring causing adhesive fail-
ure.

2.2.3 Thermally responsive reactive adhesives

2.2.3.1 Non-structural suitable technologies

Reversible adhesives based on Diels-Alder (DA) chemistry is a debonding technology
based on creating covalent bonds that can be reversed under controlled conditions. The
DA reaction involves the formation of a cyclohexene ring by reacting a diene with a
dienophile, as shown in Figure 1.30, creating strong covalent bonds at relatively low
temperatures. The Tg of such adhesive systems is low (Tg <50◦C). This reaction allows
adhesives to form and break bonds through thermal cycling. Upon heating, the retro-
Diels-Alder (rDA) reaction is triggered, breaking the cyclohexene ring and weakening the
adhesive, enabling disassembly of bonded components. This reversible debonding process
is advantageous in applications such as electronics, aerospace, and automotive industries,
where disassembly and reworkability is nowdays a necessity and in parts where structurally
strong bond isnt a priority [160,161]. DA-based adhesives face certain limitations. Long-
term exposure to high temperatures may cause gradual degradation of the DA bonds,
limiting their application in environments requiring sustained high-temperature stability
[162]. Furthermore, careful selection of the diene and dienophile components is essential
to optimizing the adhesive’s mechanical properties, such as strength and flexibility, to
meet specific application needs [163].
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Figure 1.30: Retro (a) DielsAlder (b) hetero DielsAlder [4 + 2] reactions.
[160,161]

2.2.3.2 Structural suitable technologies

Aromatic thermosetting copolyesters (ATSP) are a class of high-performance reactive ad-
hesives designed for structural applications, utilizing dynamic covalent chemistry through
interchain transesterification reactions (ITR). When heated above their glass transition
temperature (Tg), which ranges from 174◦C to 310◦C depending on the formulation,
ATSP adhesives transition from a viscoelastic solid to a viscoelastic liquid, allowing for
reprocessing, repair, and recycling. This behavior provides the reworkability of thermo-
plastics, shown in Figure 1.31, while retaining the strength of thermosets. Known for their
excellent thermal stability, low moisture absorption, and resistance to wear, ATSP adhe-
sives are particularly suited for high-temperature environments, such as in aerospace and
automotive applications. Their reversible bond exchange reaction enables disassembly of
adhesive joints when heated, preserving substrate integrity, which is crucial in applications
requiring reassembly, such as complex composite structures. ATSP adhesives are formed
through a polycondensation reaction between carboxylic acid-capped and acetoxy-capped
aromatic copolyester oligomers, creating a crosslinked network while releasing acetic acid.
Although this provides strong bonding, the high temperatures required for debonding may
limit use with heat-sensitive substrates, and repeated reprocessing can degrade mechanical
properties over time [163–165].
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Figure 1.31: Example chemical reaction at surface between carboxylic acid and ester unit
via acidolysis. An example reaction for surface-surface bonding of crosslinked aromatic
polyesters[163].

2.3 Other technologies

In addition to established debonding technologies, lesser-known approaches utilize ultra-
sound as a trigger through mechanochemical mechanisms. While ultrasound is typically
associated with non-destructive testing, it has been shown to initiate debonding in certain
adhesive systems. For example, Tachi and Suyama demonstrated the use of 28 kHz ultra-
sound to activate acid-generating microcapsules within a polyurethane adhesive, resulting
in debonding via acid-catalyzed degradation [166]. Furthermore, Zhang and colleagues
reported that ultrasound could cleave Diels-Alder bonds in an epoxy-amine thermoset,
suggesting its potential applicability in other epoxy-based adhesives [152]. Ultrasound-
induced mechanochemical scission has also been explored in polymers such as perfluoro-
cyclobutane, where pulsed ultrasound triggered degradation, with the material becoming
repairable at temperatures above 150◦C [167]. In parallel, chemical stimuli such as acids
or bases can effectively degrade adhesive networks by promoting hydrolysis of the poly-
mer backbone or cross-linking interactions. Polyurethane adhesives, for instance, have
been designed to degrade rapidly in the presence of fluoride ions, where silyl-protected
phenol units undergo breakdown, leading to a reduction in molecular weight and cohe-
sive failure [168]. Other studies have employed basic solutions to disrupt hydrogen-bonded
structures in adhesives, such as those containing fatty acid and ureido-diethylene-triamine
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cross-linkers, where heating to 80◦C facilitates debonding through adhesive failure [169].
Additionally, basic species have been used to degrade adhesives by cleaving sterically
hindered urea linkages, further demonstrating the effectiveness of chemical hydrolysis for
controlled debonding in adhesive applications [152,170].

3 Introduction to flame retardancy

As with many other modern scientific disciplines, flame retardancy, can be traced
back to early civilizations. The earliest use of flame retardants dates back to Ancient
Greece around 4000 BC, when asbestos was used to prevent the burning of cremation
shrouds [171]. The concept of flame retardancy continued to evolve over the centuries,
notably gaining momentum in the 17th century when the burgeoning problem of fires in
Parisian theaters necessitated the development of flame-resistant materials [172]. This pe-
riod saw the emergence of an industry dedicated to enhancing the fire resistance of various
substances. The advent of World War II further catalyzed research and innovation in this
field, driven primarily by the urgent need for fire-resistant fabrics and coatings for military
applications [173]. Today, flame retardants are integral to a wide range of applications,
including construction materials, electrical and electronic equipment, wires and cables,
transportation vehicles, and furniture. In 2020, global consumption of these materials
reached approximately 2.19 million tons [174]. The most commonly used flame retar-
dants include aluminum trihydroxide (ATH), brominated and chlorinated compounds,
organophosphorus compounds, and antimony-based compounds [175–177]. The subse-
quent section will delve into the concept of flame retardancy, outlining its definition,
the various methods of incorporating flame retardants, the primary classes of these com-
pounds, and the mechanisms by which they function within different material matrices.

3.1 Flame retardants and flame retardancy

Flame retardants are chemical compounds that, when added to materials, especially poly-
mers, enhance their ability to resist fire [178] or their flame retardancy.

Flame retardancy refers to the characteristic of a material that enables it to resist igni-
tion and slow down the spread of flames [179]. The incorporation of flame retardants into
polymers achieves several key objectives: it prolongs the time before ignition, improves
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the materials self-extinguishing abilities, decreases the overall heat release, prevents the
formation of burning droplets, and significantly reduces the emission of harmful smoke
and toxic gases such as carbon monoxide (CO) and hydrogen cyanide (HCN) during com-
bustion [179]. Together, these functions aim to prevent fires from starting or, if they do
start, to limit their spread [180].

3.2 Methods of use of flame retardants

Enhancing the flame retardancy of a material can be achieved through different mediums.
Two primary methods for incorporating flame retardants into a polymer matrix are surface
protection and bulk modification. Surface protection involves applying flame-retardant
coatings that shield the material from ignition and combustion. On the other hand,
bulk modification integrates flame-retardant additives directly into the polymer matrix,
ensuring the material is inherently resistant to fire throughout its structure [181,182].

3.2.1 Surface modification

Surface modification for flame retardants involves the application of protective layers to
the material’s surface to enhance its fire resistance. This approach is particularly useful in
situations where a material’s surface is exposed to thermal stress. Although the protective
layer may eventually degrade or lose adhesion over time, leading to a potential reduction
in effectiveness [183], it remains a viable strategy for providing temporary or situational
flame retardancy. Techniques such as intumescent coatings and the layer-by-layer (LBL)
method are commonly used in this context. These methods work by forming a protective
barrier when exposed to high temperatures, which helps to insulate the material and slow
the spread of fire [184,185].

3.2.2 Bulk modification

Bulk modification is the most commonly used method for incorporating flame retardants
into polymers and involves either simple mixing during processing or chemically react-
ing with the polymer molecules. These additives must be used in minimal quantities to
maintain cost efficiency and to prevent significant alteration of other properties of the
polymer, such as its mechanical characteristics. In the reactive approach, the flame re-
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tardant chemically reacts with the polymer, becoming an integral part of the polymer
matrix. As a result, the material is homogeneous, and the flame retardant no longer ex-
ists in its original chemical form [186,187]. In the additive approach, the flame retardant
is physically mixed with the polymer during the processing phase, meaning it is physically
embedded within the material, retaining its original chemical structure [188].

Both approaches present their advantages and inconveniences. The reactive approach
produces homogeneous materials and preserves mechanical properties well; however, it
is expensive and challenging to scale for industrial applications [186]. Conversely, the
additive method is more cost-effective and industry-compatible but can negatively impact
the mechanical properties of the final product and pose environmental concerns due to
possible emissions [189].
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3.3 Different classes of flame retardants

Flame retardants as summerized in Figure 1.32, are categorized based on their chemical
composition and the mechanisms by which they inhibit combustion:

Figure 1.32: Diagram summary of different classes of flame retardants.

3.3.1 Halogenated flame retardants

Halogenated flame retardants contain bromine or chlorine. These compounds are effective
because they release halogen radicals that interfere with the combustion process. Bromi-
nated flame retardants (BFRs) are widely used in electronics, textiles, and construction
materials. Chlorinated flame retardants are used in leathers, paints, coatings, and rub-
bers. However, due to environmental and health concerns, the use of some halogenated
flame retardants is being phased out [190,191].
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3.3.2 Inorganic flame retardants

Inorganic flame retardants encompass a variety of compounds, including aluminum hy-
droxide, magnesium hydroxide, antimony oxides, and mineral flame retardants such as
huntite, hydromagnesite, and various borates. These substances typically function by
releasing water vapor or other inert gases when heated, which helps to cool the material
and dilute flammable gases. Additionally, they can form a protective char layer on the
material’s surface. Mineral flame retardants, as a subset of inorganic flame retardants,
often act through endothermic decomposition, absorbing heat and further cooling the
material. This makes them particularly suitable for use in polyolefins for wire and ca-
ble applications due to their relatively low decomposition temperatures. Inorganic flame
retardants are frequently combined with other types to enhance their overall effective-
ness, offering a balance between fire protection and minimizing health and environmental
impacts [192,193].

3.3.3 Nano-fillers flame retardants

Nano-fillers flame retardants enhance flame retardancy by forming protective barriers that
insulate materials from heat and oxygen. Metal oxide nanoparticles, such as TiO2 and
ZnO, reduce peak heat release rates and improve thermal stability [194]. Fiber-based
nanomaterials, like carbon nanotubes and nanoclays, promote char formation and reduce
flammability by creating a supportive network during combustion [195]. These nano-fillers
improve both fire performance and physical properties of composites.

3.3.4 Organophosphorus flame retardants

Organophosphorus flame retardants contain phosphorus and are used in a variety of appli-
cations, including textiles, electronics, and industrial materials. They work by promoting
char formation and releasing non-combustible gases, which inhibit the combustion pro-
cess. Organophosphorus compounds can be either reactive or additive and are known
for their dual function of flame retardancy and plasticization [191, 196]. There are two
main types of organophosphorus flame retardants: those that function in the condensed
phase and those that operate in the gas phase. Condensed phase flame retardants enhance
char formation, creating a protective barrier on the material’s surface that shields it from
heat and oxygen. In contrast, gas phase flame retardants release phosphorus-containing
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Figure 1.33: Schematic representation of modes of action of flame retardants.

radicals that actively quench the flame and disrupt the combustion process [197].

3.3.5 Intumescent flame retardants

Intumescent flame retardants form a protective, insulating char layer when exposed to
heat, effectively creating a barrier that shields the underlying material from high tem-
peratures and slows the spread of fire [198]. These flame retardants often incorporate
nitrogen-based and phosphorus-based compounds, which work together to enhance fire
resistance. Nitrogen compounds typically aid in the formation of a stable, expanded char
layer, while phosphorus compounds facilitate the dehydration of the polymer and con-
tribute to the formation of a carbonaceous residue. Intumescent flame retardants can
be designed as single-component systems, where all necessary components are integrated
into one material, or as multi-component systems that combine different flame-retardant
agents to achieve better performance [199,200].

3.4 Mode of Action of flame retardant

To interfere with the combustion process, flame retardants react through multiple mech-
anisms, summerized in Figure 1.33, that can be categorized into physical reactions and
chemical reactions.
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3.4.1 Physical reactions

3.4.1.1 Endothermic degradation

Endothermic degradation is when flame retardants, such as aluminum hydroxide and
magnesium hydroxide, act by undergoing endothermic decomposition when exposed to
high temperatures. This process absorbs heat from the surroundings, thereby cooling the
material and delaying ignition. The decomposition of these compounds releases water
vapor, which further helps to cool the material and dilute flammable gases [201].

3.4.1.2 Thermal shielding

Thermal shielding involves the formation of a protective barrier on the material’s surface.
Intumescent flame retardants, for example, create a char layer when exposed to heat,
which insulates the underlying material from high temperatures and oxygen, effectively
slowing the spread of fire. Non-halogenated inorganic and organic phosphate flame re-
tardants often act through this mechanism by generating a polymeric layer of charred
phosphoric acid [202,203].

3.4.1.3 Dilution of gas phase

Dilution of the gas phase occurs when flame retardants release inert gases, such as car-
bon dioxide and water vapor, during thermal degradation. These gases dilute the con-
centration of flammable gases and oxygen near the flame, thereby reducing the rate of
combustion [201,202].

3.4.2 Chemical reactions

3.4.2.1 Gas phase: radical quenching

Radical Quenching is when flame retardants release radicals during thermal decompo-
sition, examples for this would be organophosphorus flame retardants and halogenated
flame retardants. These radicals are highly effective in quenching the reactive hydrogen
(H·) and hydroxyl (OH·) radicals present in the flame, thereby disrupting the com-
bustion process. This radical quenching mechanism interrupts the chain reactions that
sustain the fire [202].
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3.4.2.2 Condensed phase: char formation

Char formation is particularly observed when flame retardants promote the development
of a carbonaceous char layer on the surface of the material. This char layer acts as a
protective barrier, preventing the release of flammable gases and shielding the material
from further thermal degradation. This effect is especially prevalent in intumescent flame
retardants that incorporate phosphorus compounds as a key component in their formula-
tion [202].

3.4.2.3 Synergistic effects

Synergistic effects are when flame retardants work synergistically with other elements
to enhance their effectiveness. For instance, organophosphorus compounds can work in
conjunction with nitrogen or boron to improve flame retardancy. The combination of
different flame retardants can result in a more effective and comprehensive fire protection
system [203].

3.5 Parameters Influencing flame retardant incorporation

3.5.1 Dispersion

For fillers to effectively enhance a polymers fire resistance and mechanical properties,
they must be well dispersed within the matrix. Poor dispersion creates weak points in the
material, compromising overall integrity. Dispersion is influenced by factors such as par-
ticle size, polymer viscosity, processing temperature, mixing duration, and shear rate. In
general, dispersion behavior can be examined and predicted using physical and thermody-
namic models [204]. On a molecular level, dispersion is governed by both thermodynamic
and kinetic principles. The Flory-Huggins interaction parameter (χ) predicts polymer-
filler compatibility, where lower values indicate better miscibility and improved dispersion.
The DLVO theory further explains how van der Waals attraction and electrostatic repul-
sion affect particle stability, determining whether fillers remain evenly distributed or tend
to agglomerate [205]. Shear forces during processing play a crucial role in dispersion.
Shear-induced diffusion helps break apart filler agglomerates and distribute them more
uniformly throughout the polymer. Nanometric fillers generally disperse more effectively
due to their higher surface area, but their effectiveness depends on interfacial interactions
and processing conditions [206]. Finally, coupling agents, such as silanes or functionalized
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polymers, can further enhance dispersion by reducing interfacial tension and preventing
re-agglomeration, ensuring a more stable and uniform distribution within the matrix [207].

3.5.2 Loading rate

Loading rate significantly impacts the effectiveness of flame retardants. For instance,
mineral additives like aluminum hydroxide and magnesium hydroxide are effective only
at high loadings, typically above 40% by weight. Ammonium polyphosphate (APP) also
requires specific concentrations to be effective in different polymers. In polyamides, APP
is effective at loadings above 10-30% by weight; however, excessive loading can lead to
poor dispersion, resulting in reduced performance [208].

3.5.3 Synergy

Synergy in flame retardants is achieved by combining different agents to enhance fire resis-
tance through complementary mechanisms. For example, mixing phosphorus-based com-
pounds with nanoclays improves char cohesion, while combining nitrogen and phosphorus
additives accelerates char formation and enhances phosphorus retention in the condensed
phase. Metal hydroxides paired with zinc borate or montmorillonite also significantly
reduce heat release rates and improve fire resistance. The addition of nanoparticles fur-
ther strengthens barrier layers and promotes robust char formation, enhancing overall fire
retardancy [209,210].

3.6 Intumescent systems

This section will offer a general overview of intumescence, given that intumescent systems
are the primary flame retardants utilized in this study as debonding agents, it is crucial
to thoroughly understand their underlying mechanisms.

3.6.1 Definition

An intumescent is a substance that swells when exposed to heat, leading to an increase
in volume and a decrease in density. This swelling process, known as intumescence, is a
key principle in passive fire protection products [211,212].
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3.6.2 Components of a multi-component intumescent system

Intumescent formulations typically contain three key components:

3.6.2.1 Acid source

Provides the acidic environment necessary for the intumescence reaction. Common
acid sources include ammonium polyphosphate (APP) having the general formula (NH4)
(NH4)n+2PnO3n+1, phosphoric acid, and other inorganic acids.

3.6.2.2 Carbon source

Supplies the carbon needed to form the char layer. Typical carbon sources include pen-
taerythritol, starch, and other polyhydric compounds.

3.6.2.3 Gas source

Generates the gases required for foaming. Common gas sources include melamine, di-
cyandiamide, and other nitrogen-containing compounds [211,212].

3.6.3 Intumescence mechanism

Figure 1.34: Schematic representation of how an intumescent flame retardant is activated.

The intumescence mechanism, summerized in Figure 1.34, involves a series of physical
and chemical reactions that occur when the material is exposed to heat. The process can
be broken down into several stages:
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3.6.3.1 Softening of the binder/polymer

As the binder or polymer matrix heats up, it softens, allowing the intumescent components
to react more effectively. Release of inorganic acid (e.g. Ammonium polyphos-
phate) An acid donor, like ammonium polyphosphate (APP), decomposes to release an
inorganic acid, catalyzing subsequent reactions.

(NH4PO3)n
>250◦C−−−−→ (HPO3)n + nNH3

3.6.3.2 Carbonization

A carbon donor, such as pentaerythritol or starch, undergoes carbonization, forming a
crucial insulating char layer.

(HPO3)n + Cx(H2O)m → [C′]k + (HPO3)n ×mH2O

3.6.3.3 Gas formation (e.g. Melamine)

A foaming agent, like melamine, decomposes to release gases, expanding the softened
binder into a foam structure.

C3H6N6
∆−→ C3H3N3O3 + NH3

O2−→ N2 + H2O

3.6.3.4 Foaming of the mixture

The released gases expand the mixture, creating a foam that acts as an insulating barrier,
reducing heat transfer.

3.6.3.5 Solidification

The expanded foam solidifies through cross-linking, forming a stable char layer that resists
heat and fire spread [211,212].

3.6.4 Nonconventional flame retardants

Expandable graphite, Figure 1.35, is increasingly used as a flame retardant in various
applications, including coatings, foams, and construction materials. Its ability to form a
protective, thermally insulating layer makes it an effective and environmentally friendly
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alternative to traditional flame retardants. Unlike conventional intumescents, which follow
a classical mechanism, expandable graphite offers a unique approach to fire protection.
Derived from natural graphite flakes treated with intercalation agents like sulfuric acid,
expandable graphite expands rapidly when exposed to heat, forming an intumescent layer
that acts as a barrier to heat and oxygen. This expansion can increase the material’s
volume by several hundred times, creating a "worm-like" structure that insulates the
underlying substrate and slows the spread of fire [213,214].

Figure 1.35: Schematic Representation of expandable graphite and its exfoliation.
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1 Materials

1.1 Adhesive systems

The primary adhesive systems investigated in this work are epoxy thermosets. As out-
lined in the literature review, these adhesives belong to the thermosetting polymer family,
along with polyurethanes, benzoxazines, and polyesters, and form crosslinked networks
through the ring-opening of oxirane groups. The epoxy resin system was selected in
line with previous PhD research conducted at LIST by Sébastien Depaifve and Nicolas
Burger [215–218]. The chosen epoxy resin is a low-viscosity Bisphenol A diglycidyl ether
(D.E.R.332), commonly referred to as BADGE or DGEBA. Two different hardeners were
used in this study. Diethylenetriamine (DETA), an aliphatic amine, was employed for cur-
ing at room temperature, while 4,4-Diaminodiphenyl sulfone (DDS), an aromatic amine,
was utilized for curing at elevated temperatures. All used molecules were illustrated in
Figure 2.1. Both DDS and DETA are well-established hardeners in the literature and
were selected as models for low and high-temperature curing systems. The DGEBA/DDS
system, characterized by a more rigid and complex network with a high glass transition
temperature (Tg) of 220◦C, was used as a high-temperature structural adhesive suit-
able for aerospace applications, offering superior mechanical performance. In contrast,
the DGEBA/DETA system, with a more flexible network and a lower Tg of 160◦C, was
employed as a low-temperature structural adhesive. These two systems were chosen to
accommodate the different debonding technologies explored in this thesis and their re-
spective characteristics. All chemicals were supplied by Sigma-Aldrich.
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Figure 2.1: Molecular structure of the epoxy resin (DER.332, viscosity in MPa.s) and
hardeners (DETA and DDS, and their form at room temperature) used in this thesis.

1.2 Flame retardant fillers

In this thesis, we aimed to explore a comprehensive range of flame retardants, encompass-
ing various mechanisms to provide suitable technologies for a wide spectrum of debonding
temperatures. To achieve this, we focused on four distinct studies, each investigating dif-
ferent flame-retardant systems, illustrated in Figure 2.2, including both well-established
and novel flame-retardant technologies. The selected systems cover both phosphorus-
based and expandable graphite fillers, addressing a diverse set of applications requiring
controlled thermal degradation and debonding. The first study focused on ammonium
polyphosphate (APP) and melamine polyphosphate (MPP), which are integral to intu-
mescent systems. APP, supplied by Clariant as Exolit AP422, and MPP, supplied by
CIBA, Germany as MELAPUR 200 supplied by CIBA,Germany. The second study fo-
cuses on pentaerythritol spirobis(methylphosphonate) (PCO 900), an organo-phosphorus-
based flame retardant supplied by THOR Gmbh, Germany under the commercial name
AFLAMMIT® PCO 900. In the third study, we explore the potential of expandable
graphite, a relatively new entrant in flame retardant technology, as a debonding material.
Supplied by ACS Materials, USA, the expandable graphite fillers commercially known as
CXG5B122, CXG00522, and CXG00622 were selected to investigate their full range by
using it to create multiple debonding temperatures. The fourth study focused on evaluat-
ing the influence of ammonium polyphosphate (APP) chain length and molecular weight
on the debonding temperature of the adhesive system. Two APP variants, supplied by
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Shifang (China), were examined: TF-303, a short-chain APP (Phase I), with the gen-
eral formula (NH4)n+2PnO3n+1 and a degree of polymerization n < 20; and TF-201, a
long-chain variant with n > 1000. This study aimed to assess the effectiveness of short-
chain APP in promoting low-temperature debonding, thereby supporting its suitability
for expanding the application range of intumescent flame-retardant systems. In addition,
pentaerythritol, supplied by Sigma-Aldrich, was used in this study for its role in forming
a char layer during thermal decomposition.

Figure 2.2: Molecular structure of ammonium polyphosphates, melamine polyphosphates,
expandable graphite, Melamine Polyphosphates.

No prior chemical treatment was applied to the fillers before their incorporation into
the formulations. However, some fillers were dried before use to ensure moisture removal.
Additionally, certain fillers were mechanically ground using a coffee grinder to reduce
particle size for better dispersion in the formulations. All technical details of the fillers
are summarized in the following tables [1,2,3]

Table 2.1: Characteristics of phosphorus flame retardants

Flame Retardant Molecule Supplier Nitrogen Content (wt.%) Phosphorus Content (wt.%) Particle Size (D50) (µm)

MPP (MELAPUR-200) Melamine Polyphosphate CIBA, Germany 42–44% 12–14% 70

APP (Exolit AP422) Ammonium Polyphosphate Clariant 14–15% 31–32% 170

PCO-900 (AFLAMMIT) Pentaerythritol-phosphate THOR GmbH, Germany N/A 24% 30 (D95)

APP-TF-303a Ammonium Polyphosphate Shifang, China ≥17.5% ≥59.5% 200–300

APP-Phase-II (TF-201) Ammonium Polyphosphate Clariant 14% 30% 15–25
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Table 2.2: Characteristics of expandable graphite flame retardants

Reference Supplier Assigned Name Particle Size (µm) Purity (%) Expansion Start Temp. (◦C) Expansion Volume (ml/g)

CXG5B122 ACS Materials, USA EG225 300 ≥95% 180–110 ≥250

CXG00522 ACS Materials, USA EG250 80 ≥95% 250 ≥180

CXG00622 ACS Materials, USA EG300 50 ≥95% 300 ≥170

1.3 Epoxy curing and stoichiometric ratio calculations

1.3.1 Stoichiometric ratio calculations

To determine the required masses of the epoxy resin and curing agents, we use the epoxide
equivalent weight (EEW) provided by the supplier and the calculated amine hydrogen
equivalent weight (AHEW). The equivalent weight represents the mass containing one
mole of reactive sites. EEW of DER 332 is approximately 173.5, indicating that 173.5g
of resin contains one mole of epoxy groups.Table 3 summarizes the calculations of the
equivalent weights for the epoxy resin specifically DER 332, and the amine hardeners
used in this study.

Table 2.3: Equivalent Weight Calculations for Epoxy Resin and Hardeners

Parameter Value DGEBA (DER332) DETA DDS

Molecular Weight (g/mol) Provided by supplier or literature - MW,DETA = 103.17 MW,DDS = 248.3

Number of Active Hydrogens (nH) Based on chemical structure - nH,DETA = 5 nH,DDS = 4

Equivalent Weight MW

nH
EEW = 173.5 (Epoxide Equivalent Weight) AHEWDETA = 103.17

5
= 20.634 AHEWDDS = 248.3

4
= 62.075

From the AHEW and EEW, the stoichiometric ratios can be calculated. Table 4 pro-
vides the calculations for the mass of curing agent required per given mass of epoxy resin,
based on the equivalent weights, and the resulting weight ratios for both DGEBA/DETA
and DGEBA/DDS

Table 2.4: Stoichiometric Mass and Weight Ratio Calculations

Parameter Equation DGEBA/DETA System DGEBA/DDS System

Mass of Epoxy Resin (mDGEBA) Chosen mass for calculation mDGEBA = 173.5 g mDGEBA = 173.5 g

Mass of Hardener (mHardener) mHardener =
AHEW
EEW ×mDGEBA

mDETA = 20.634
173.5

× 173.5

= 20.634 g

mDDS = 62.075
173.5

× 173.5

= 62.075 g

Weight Ratio (Epoxy:Hardener) Weight Ratio = mHardener
mDGEBA

20.634
173.5

= 0.119

(1:0.119)

62.075
173.5

= 0.358

(1:0.358)
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1.3.2 Fillers mass fraction calculation

The mass fraction (wt.%) of flame-retardant fillers is calculated as follow:

ωfiller =
mfiller

mTotal
=

mfiller

mDGEBA +mHardener +mfiller

Table 5 outlines the method to calculate the mass of flame-retardant filler required
to achieve a specific mass fraction wfiller in the epoxy system. It shows the relationships
between the masses of epoxy resin, hardener, and filler for both systems. Example calcu-

Table 2.5: Mass Fraction Calculations for Flame-Retardant Fillers

Parameter Equation DGEBA/DETA System DGEBA/DDS System

Mass of Hardener (mHardener) mHardener = Weight Ratio ×mDGEBA mHardener = 0.119×mDGEBA mHardener = 0.358×mDGEBA

Total Mass Without Filler (mTotal) mTotal = mDGEBA +mHardener mTotal = 1.119×mDGEBA mTotal = 1.358×mDGEBA

Mass of Filler (mFiller) mFiller =
mTotal×ωFiller

1−ωFiller
mFiller =

1.119mDGEBA×ωFiller
1−ωFiller

mFiller =
1.358mDGEBA×ωFiller

1−ωFiller

lations of for a system of 10 g total with 20 wt.% of filler mass for both DGEBA/DDS
and DGEBA/DETA system. I.3.3. Filling rate The loading rates of 10 wt.%, 20 wt.%, 30

Table 2.6: Summary of the Calculated Masses for Both Systems

Component DGEBA/DETA System (g) DGEBA/DDS System (g)

Epoxy Resin (DGEBA) mDGEBA = 7.15 mDGEBA = 5.89

Hardener mDETA = 0.85 mDDS = 2.11

Flame-Retardant Filler mFiller = 2 mFiller = 2

Total Mass 10 g 10 g

wt.%, and 40 wt.% were selected to provide a clear and thorough analysis of the adhesive
matrix’s performance across a range of conditions. These specific loading levels were cho-
sen to represent both low and high filler contents. The 10 wt.% loading serves as a lower
limit, where the influence of the filler on the adhesive matrix properties is expected to be
minimal. On the other hand, the 40 wt.% loading represents a higher level, where the
filler is likely to have a more pronounced effect on the adhesive matrixs properties. The
intermediate loadings of 20 wt.% and 30 wt.% allow for a detailed evaluation of potential
trends or changes in performance. This range of loading rates ensures that the study
captures the adhesive matrix’s behavior at various concentrations, offering insights into
its overall performance and potential for different applications.
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1.4 Curing of epoxy resins

The DGEBA/DETA system undergoes a 24-hour cure at room temperature, followed by
a 2-hour post-cure at 125 ◦C to ensure complete crosslinking. On the other hand, the
DGEBA/DDS system requires an optimized curing process to prevent premature activa-
tion of the fillers. To achieve this, a kinetic DSC analysis was performed to determine the
time necessary for full crosslinking at various fixed temperatures. Figure 2.3 illustrates
the potential curing cycles and the corresponding times to reach complete conversion.
Based on this analysis, the optimal curing cycle was determined to be 10 hours at 150 ◦C.

Figure 2.3: Different cross-linking profiles of DGEBA/DDS system.

1.5 Preparation of the formulations

Two distinct experimental methodologies were employed, as illustrated in Figure 2.4. In
the first approach, additives were incorporated into the epoxy resin preheated to 130◦C
to decrease its viscosity and facilitate mixing. The mixture underwent magnetic stir-
ring at 300rpm for approximately 15minutes. To enhance dispersion within the DGEBA
matrix, the formulation was subsequently subjected to ultrasonic treatment using an ul-
trasonic probe (Hielscher Ultrasonic Processor UP400) for an additional 15 minutes. The
ultrasonic probe operates by emitting high-frequency ultrasonic waves, inducing cavita-
tion in the liquid medium, which promotes efficient particle dispersion at the microscopic
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level [219].

In the alternative method, the mixtures were homogenized using a speed mixer
(Hauschild SpeedMixer DAC 400) at 2350 rpm for 10 minutes. A speed mixer is a centrifu-
gal mixing device that utilizes simultaneous rotation and revolution of the mixing vessel
to rapidly blend materials, eliminating entrapped air and ensuring bubble-free, homoge-
neous formulations [220, 221]. For the DGEBA/DDS systems, the hardener was added
concurrently with the additives to facilitate curing. In contrast, for the DGEBA/DETA
systems, the hardener was omitted at this stage to prevent premature crosslinking prior
to the designated curing step.

Figure 2.4: Schematic representation of (a) speed mixer (b) ultrasound probe.

1.6 Samples preparation

Figure 2.5: (a) schematic presentation of sample preparation (b) Struers Tegramin 25
polishing machine (c) IsoMet High Speed Pro Automatic Precision Sectioning Machine.

1.6.1 Resin molding

To provide a comprehensive characterization of the studied debonding systems, bulk resin
samples were prepared using two methods. First, resin plates were fabricated by pressing
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the resin into a steel mold during curing to ensure the removal of all air bubbles. Second, in
the case of the DGEBA/DETA system, the resin was cast into 3D-printed thermoplastic
polyurethane (TPU) molds, shown in Figure 2.5 (a). Prior to casting, a thin layer of
release agent was applied to the mold surfaces to facilitate easy removal of the resin
plates after curing.

Subsequent processing of the samples was performed based on the requirements of the
characterization techniques, involving cutting and polishing procedures. The following
instruments were utilized:

1.6.2 Precision saw

Cured epoxy samples were precisely sectioned using an IsoMet High Speed Pro Automatic
Precision Sectioning Machine illustrated in Figure 2.5 (c). The machine was equipped with
a silicon carbide cut-off wheel (30A15) and operated at a rotation speed of 4500 rpm with
an advance speed of 0.55mm/s. A 3% aqueous solution of Corrozip in deionized water
served as a lubricant, coolant, and anti-corrosion fluid during the cutting process.

1.6.3 Polishing machine

The samples were polished using a Struers Tegramin 25 (Figure 2.5 (b)). polishing ma-
chine to achieve a surface roughness below 1µm, essential for proper contact with the
hot disk sensor and reproducible SEM surface topography analysis. Polishing began with
grinding at 15N and 150rpm for 60 seconds using #320 grit silicon carbide foil. This was
followed by pre-polishing under the same conditions for 90 seconds with #1200 grit paper,
then repeated with #2000 grit paper. Final polishing employed a 3µm colloidal diamond
suspension (DiaPro Mol R3) for 5 minutes at 150 rpm and 25 N, followed by polishing
with colloidal silica (OP-S, <1µm) for 5 minutes at 150 rpm and 10 N.

1.7 Adhesive joints

1.7.1 Surface preparation

To ensure uniform and repeatable surface treatments for the adhesive joints, several
preparatory steps were undertaken. This specific surface treatment protocol was selected
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after extensive experimentation involving various factors such as solvents, substrate heat-
ing, and plasma treatments. All aluminum specimens were initially cleaned with ethanol
to remove surface contaminants. The metallic plates were then abraded using SiC FEPA
80 sandpaper (Struers, United Kingdom) through vertical and horizontal grinding to
achieve a smooth finish. After abrasion, the plates were cleaned again with ethanol to
eliminate any residual particles.

1.7.2 Pull-off joints

For the preparation of pull-off joints, epoxy adhesive was manually applied between two
0.8mm nylon fishing threads and spread by applying pressure with an aluminum dolly. The
nylon threads ensured a consistent joint thickness of 0.3mm, regardless of the operator’s
applied pressure and the viscosity of the modified adhesive. Figure 2.6 illustrates the
manufacturing details of the specimens. To maintain the joint geometry during the curing
cycle, the joined dolly was secured to the aluminum substrates using tape.

Figure 2.6: Schematic representation of the pull off joint.

1.7.3 Single lap shear (SLJ) adhesive joints

Single lap shear test specimens were prepared following the ISO 4587 and ISO 1465
standards. The sample geometry consisted of aluminum plates measuring 100mm× 25mm,
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along the 100mm length. Two plates were overlapped to create a bonded surface area of
12.5mm×25mm. A specific laser-cut mold was employed to control the adhesive thickness
and facilitate the preparation of the SLJ samples, as shown in Figure 2.7. Direct clamping
of the single lap shear samples in the testing machine was not feasible due to the step
formed by the overlapping plates. To address this issue, metallic plates with a width
equal to that of the substrate plus the bonding gap were placed on each side of the
sample during clamping. This setup leveled the sample, allowing for straight clamping
and accurate testing.

Figure 2.7: SLJ laser cut mold.

2 Characterization methods

All characterization methods in this thesis were employed to examine the debonding capa-
bilities and their influence on the mechanical, thermal, and physicochemical properties of
both the adhesive joints and the modified resins to assess the impact of filler incorporation
on overall performance.

2.1 Thermal analysis

Thermal analysis refers to a number of techniques used to monitor changes in a material’s
physical properties as its temperature is carefully regulated through a controlled heating
or cooling program to assess material’s response to different heat variations. Thermo-
gravimetric Analysis Thermogravimetric analysis (TGA) is a method used to measure
the mass change of a material as it is heated, providing important information on its
thermal stability and decomposition behavior. The technique tracks mass loss events,
such as evaporation or degradation, as the temperature increases [222]. The experimental
setup is shown in Figure 2.8 , along with an example TGA curve. For this study, samples
( 515 mg) were placed in alumina crucibles and analyzed using a Mettler Toledo TGA
2 instrument. The samples were heated under an inert nitrogen atmosphere from room
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temperature to 800◦C at a rate of 10 K/min, unless otherwise noted. In addition, TGA
was performed in an air atmosphere to examine residue formation and char development
with different concentrations of flame-retardant fillers. A slower heating rate of 1 K/min
was also applied in some cases to better distinguish the degradation steps in the modified
resins, allowing for more detailed analysis of the decomposition process.

Figure 2.8: Experimental setup (left) and example of a TGA graph (right).

2.1.1 Differential scanning calorimetry (DSC)

Differential Scanning Calorimetry (DSC) is a thermal analysis technique used to quantify
the heat flow associated with phase transitions in materials as a function of tempera-
ture. The method operates by measuring the differential heat input required to maintain
identical temperatures between a sample and a reference, as both are subjected to a
controlled temperature program. The resulting DSC thermogram, as seen in Figure 2.9,
represents the heat flow differential (q) as a function of temperature, capturing endother-
mic or exothermic events related to transitions such as melting, crystallization, and the
glass transition [223] .
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Figure 2.9: Experimental setup of a DSC experiment. A typical DSC thermogram repre-
sent the heat flow as a function of temperature.

In this thesis, the glass transition temperature (Tg) of the epoxy resins was determined
using a DSC NETZSCH 204F1 PHOENIX instrument. Approximately 10 mg of each
sample was sealed in aluminum crucibles and heated from room temperature to 250◦C
at a rate of 10◦C/min under a nitrogen atmosphere. The Tg was extracted from the
DSC thermogram by identifying the inflection point during the step change in the heat
capacity. This inflection point corresponds to the midpoint of the glass transition region,
where the material transitions from a rigid glassy state to a more flexible rubbery state.

2.1.2 Dynamic mechanical analysis

Dynamic Mechanical Analysis (DMA) is a commonly used method to evaluate the me-
chanical properties of polymer materials as a function of temperature. The technique
involves applying a sinusoidal oscillating stress, as shown in Figure 2.10, to the sample
at controlled frequencies and measuring the resulting deformation. From this response,
key parameters such as the damping factor (tan δ), complex modulus, and viscosity are
obtained, providing insights into the viscoelastic behavior of the material [224]. In this
work, DMA was used to measure the glass transition temperature (Tg), tan δ , and the
complex storage and loss moduli of epoxy resins using a Netzsch DMA 242 instrument.
Bulk resin samples with dimensions of 60 mm in length and 10 mm in width were tested
in dual cantilever mode on a DMA GABO Eplexor 500N instrument (Netzsch-Gerätebau
GmbH). The tests were conducted at a frequency of 1 Hz with a heating rate of 3◦C/min,
over a temperature range from room temperature to 190◦C. The data obtained provided
information on the stiffness (storage modulus), energy dissipation (loss modulus), and
damping behavior of the resins, with particular emphasis on the glass transition region.
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Figure 2.10: DMA set-up experiment. A typical curve obtained from a DMA experiment
(right).

2.1.3 Pull off test DeFelsko (PosiTest AT-A)

The pull-off test is a semi-quantitative method for evaluating the adhesion strength of
coatings or adhesive bonds to substrates. The test involves bonding a metal dolly to
the surface of the coating or adhesive, and then applying a perpendicular force until the
dolly detaches. The force required for detachment provides a measure of the adhesion
strength. Due to the controlled design of pull-off joints, including precise management of
the adhesive gap and adherend thickness, this method offers a more quantitative assess-
ment of bond strength. To evaluate the adhesion performance and debonding behavior of
different adhesive systems, pull-off testing was conducted using a DeFelsko PosiTest AT-A
automatic adhesion tester with 20 mm diameter dollies. This method ensured controlled
and reproducible measurements, allowing for a systematic assessment of joint strength
and thermal debonding characteristics. The pull-off test served two primary objectives:
(1) to compare the mechanical performance of modified and unmodified adhesive formu-
lations across varying filler concentrations, and (2) to determine the debonding activation
temperature by analyzing the thermo-mechanical degradation of adhesive joints under
elevated temperatures.

For joint strength evaluation, a comparative approach was applied where each modified
adhesive formulation was assessed against its unmodified reference. The impact of filler
concentration on adhesion performance was examined, with a total of six joints tested per
formulation series to determine the standard deviation. A dedicated reference adhesive
was included in each series to establish a comparative baseline.

A modified pull-off test was implemented (Figure 2.11) to investigate the influence of
additives on adhesive joint performance at high temperatures. Joints were subjected to a
controlled temperature gradient, starting 5◦C above the curing temperature and increas-
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ing in 25◦C increments. The process continued until the reference adhesive experienced
severe degradation, enabling the identification of a debonding activation temperature.
This temperature was defined as the point at which the joint stress at failure decreased
to 10% of the maximum recorded stress for a given formulation. Since data points pro-
vided discrete stress values, the corresponding debonding temperature was determined
via linear interpolation. Three independent tests were conducted at each temperature
increment to assess the reproducibility and standard deviation of the procedure, ensuring
the reliability of the results. This methodology allowed for a systematic evaluation of
adhesion performance and debonding behavior, contributing to a deeper understanding
of the thermal stability of adhesive systems.

Figure 2.11: Pull off test DeFelsko (PosiTest AT-A) apparatus.

2.1.4 Flexural testing

Flexural testing is a standardized testing method used to evaluate the stiffness, strength,
and ductility of polymer-based materials under bending loads. It provides insights into a
materials resistance to deformation, failure mechanisms, and overall structural integrity.
The deformation of the specimen under the applied load is measured, yielding key me-
chanical properties such as flexural strength and flexural modulus. The test provides
a precise measure of the material’s ability to resist bending forces and its load-bearing
capacity before the onset of fracture or failure. [225, 226]. In this thesis, flexural tests
were conducted on resin samples using an Instron 5967 Universal Testing System, with a
crosshead speed of 2 mm/min and a span length of 40 mm. These tests were carried out
across all studied formulations to assess the influence of different additive compositions
on the flexural behavior of epoxy resins.
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2.1.5 Single lap shear testing

Single lap shear (SLS) testing, as in Figure 2.12, is a fundamental method for quantifying
the mechanical performance of adhesive joints under shear loading. It provides informa-
tion about bond strength, load transfer efficiency, and failure mechanisms by subjecting
the bonded assembly to controlled shear forces. This method is particularly relevant for
evaluating structural adhesives in applications where bonded materials experience in-plane
shear stress, simulating real-world service conditions. [227]By analyzing the response of
adhesive joints under shear loading, SLS testing aids in assessing the influence of for-
mulation modifications, filler incorporation, and surface treatments on joint durability
and adhesion performance. [228,229]In this thesis, sls tests were conducted on aluminum
substrates with a bonded area of 12.5 mm × 25 mm, in accordance with ISO 4587 stan-
dards. The tests were performed using an Instron 5967 Universal Testing System with
a crosshead speed of 2 mm/min, ensuring precise and reproducible measurements. The
results facilitated a comparative evaluation of joint strength, adhesion performance, and
failure behavior across different modified adhesive formulations.

Figure 2.12: Single lap shear testing.
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2.2 Spectroscopic analyses

2.2.1 Fourier transform infrared spectroscopy (FT-IR)

Fourier Transform Infrared (FT-IR) spectroscopy examines the interaction of infrared
electromagnetic radiation (EMR) with matter, where infrared photons induce specific vi-
brational modes in molecules, resulting in characteristic absorption or transmission spec-
tra. This provides crucial information on the chemical bonds and overall composition of
a material [230]. Figure 2.13 summerizes the experimental setup of FT-IR spectrum. In
this thesis, we primarily employed the TGA-FTIR coupled technique. During thermo-
gravimetric analysis (TGA), the gases released were captured and analyzed in real time
at different temperatures using a Bruker ALPHA 2 FTIR spectrometer. This coupling
allowed for the identification of volatile compounds released from the samples. The TGA
provided insights into the thermal stability and degradation steps, while the FT-IR spec-
tra identified characteristic functional groups and chemical interactions. This integrated
approach enhanced our understanding of the material behavior during thermal exposure,
allowing for detailed analysis of the decomposition mechanisms and chemical changes
occurring during heating.

Figure 2.13: Experimental setup of an FT-IR and IR spectrum.
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2.2.2 Nuclear magnetic resonance (NMR)

Nuclear Magnetic Resonance (NMR) spectroscopy is a widely utilized analytical tech-
nique in both research and industry for the characterization of solid and liquid materials.
It allows for the determination of molecular structures, phase composition, and dynamic
processes within complex systems, making it particularly useful for studying chemical
environments and molecular interactions at the atomic level [231]. NMR operates on
the principle that atomic nuclei with an intrinsic nuclear spin possess a magnetic mo-
ment [232]. When subjected to an external magnetic field, these nuclei align with the
field along the z-axis. By applying an oscillating magnetic field, the nuclei are excited,
and as they relax back to their equilibrium state, they generate an electrical signal known
as Free Induction Decay (FID). This FID signal is processed through Fourier transfor-
mation to produce an NMR spectrum, revealing detailed information about the chemical
environment surrounding the nuclei [233] (see Figure 2.14).

In this thesis, solid-state NMR techniques, including Carbon-13 (13C) and Proton (1H)
NMR, were employed to analyze the molecular structures and interactions within resin
systems modified with flame retardants. NMR was used to study the materials in their
solid phase, specifically comparing the structural changes present at room temperature
(RT) and after exposure to debonding temperatures. Experiments were conducted using
a Bruker Ascend 400 MHz spectrometer. Samples were packed into 4 mm ZrO2 rotors,
and Carbon-13 cross-polarization/magic angle spinning (CP/MAS) spectra were recorded
at a spinning rate of 10 kHz, with a cross-polarization contact time of 2 ms at 62.5 kHz,
employing a ramp from 50% to 100% centered on the -1 spinning sideband (SSB). A recycle
delay of 10 seconds and Spinal64 decoupling were used, with 1,000 transients collected
to ensure a high signal-to-noise ratio. Proton (1H) and Phosphorus-31 (31P MAS NMR)
spectra were also recorded, with the latter acquired at a spinning rate of 14 kHz using
Spinal64 decoupling and 16 transients for optimal spectral clarity.
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Figure 2.14: schematic setup of an NMR apparatus [1].

2.2.3 Micro computed X-ray tomography (microCT)

Micro-computed X-ray tomography (micro-CT) is a non-destructive imaging technique
that provides detailed 3D reconstructions of materials by compiling 2D cross-sectional
images. This method leverages the Compton effect, an inelastic scattering of X-rays,
where the absorption of radiation energy depends on the density and composition of the
material [234]. This enables micro-CT to differentiate between various material compo-
sitions based on their absorbance. Similar to medical CT scans, where a detector rotates
around a patient, in micro-CT, the sample itself rotates 360◦, allowing for detailed in-
ternal imaging without physically altering the specimen [235]. In this thesis, micro-CT
was employed to investigate bulk resin samples, both modified with flame retardant fillers
and non-modified, to assess the dispersion of fillers and the structural changes induced by
heat exposure. Scanning was performed at both room temperature and after subjecting
the samples to debonding temperatures. The imaging process was conducted using the
EasyTom 160 micro-CT apparatus from RX Solutions (see Figure 2.15), with rectangu-
lar samples (4 mm×1 mm×1 mm) being scanned at an X-ray source voltage of 40 kV,
current of 90 µA, and power of 3.6 W. These parameters allowed for clear phase contrast
between the epoxy matrix and the fillers, producing high-resolution images with a voxel
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size of 1.75 µm. During scanning, the samples were rotated 360◦ in angular steps of 0.25◦,
yielding 1,440 projections to capture a comprehensive view of the internal structure. The
3D reconstruction of the sample volumes was completed using Xact64 software, which
included corrections such as spot correction, geometrical offset adjustments, and ring ar-
tifact removal. The 3D images were further analyzed and processed using Avizo software,
enabling detailed interpretation of the tomographic data.

Figure 2.15: Schematic representation of ţCT experimental set-up and the EasyTom 160
micro-CT instrument.

2.3 Microscopic techniques

2.3.1 Scanning electron microscopy (SEM)

Scanning Electron Microscopy (SEM) is a high-resolution imaging technique that replaces
the photons used in optical microscopy with a focused beam of electrons (see Figure 2.16).
Unlike traditional light microscopy, SEM leverages the interaction of electrons with the
sample’s surface to generate detailed information about its topography and composition.
As the electron beam scans across the sample, various signals, including secondary elec-
trons and backscattered electrons, are emitted and detected, allowing for the creation of
highly magnified, quasi-3D images at the nanoscale [236, 237]. In this thesis, Scanning
Electron Microscopy (SEM) was employed to investigate the dispersion of flame retardant
fillers in resin matrices and to analyze surface transformations during adhesive bonding
and recycling processes. Micrographs were obtained using a FEI QUANTA FEG 200 envi-
ronmental scanning electron microscope (ESEM), which provided high-resolution imaging
for detailed morphological analysis. Various experimental approaches were used depend-
ing on the specific objectives of each investigation. First, bulk resin samples with different
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filler systems and concentrations were imaged to evaluate filler-matrix interactions and
assess the uniformity of filler dispersion within the resin. This analysis provided insights
into the distribution of flame retardant additives and their integration into the polymer
matrix. Second, to examine filler dispersion within adhesive joints, both modified and
unmodified epoxy formulations were assembled between two aluminum substrates using
a simple recovery joint configuration. A 300 µm fish thread was used to maintain a con-
sistent bondline thickness. The cross-sections of these assemblies were mirror-polished
before SEM analysis to ensure precise visualization of filler distribution and interfacial
characteristics. Additionally, SEM coupled with Energy Dispersive Spectroscopy (EDS)
was performed to evaluate the aluminum substrate surfaces at three critical stages: be-
fore adhesive application, after the debonding process, and following substrate cleaning.
This combined approach enabled a detailed assessment of elemental composition changes
and surface modifications, offering valuable insights into adhesion mechanisms, material
degradation, and the overall efficiency of the recycling process.

Figure 2.16: Schematic representation of Scanning electron microscopy.

2.3.2 Optical microscope

An optical microscope utilizes visible light to magnify and resolve the fine details of a
specimen. Light is either transmitted through or reflected from the sample, passing first
through an objective lens and then through an eyepiece lens to produce a magnified image.
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The microscope setup includes a light source, a condenser to focus the light onto the
sample, and an adjustable stage to hold the specimen in place [238]. The magnification
and resolution are determined by the numerical aperture of the objective lens and the
wavelength of the light used.

In this study, a Nikon N-STORM super-resolution microscope was employed to capture
multiple images of modified resins. This allowed for the examination of filler dispersion
within the resin at varying magnifications (x10, x20, x50), providing detailed insights into
the distribution and interaction of the fillers across different scales.

2.4 X-Ray diffraction

Figure 2.17: Schematic representation of X-Ray diffraction experimental set-up and the
a Bruker D8 Advance diffractometer instrument.

X-ray Diffraction (XRD) is a fundamental technique for analyzing the crystallographic
structure of materials, providing insights into phase composition, crystallite size, lattice
strain, and structural defects. It operates based on Braggs law, which describes the diffrac-
tion of X-rays when they interact with atomic planes in a crystalline material. XRD works
by directing a monochromatic X-ray beam at a sample, where the X-rays are scattered
by the periodic arrangement of atoms in the crystal lattice. When the path difference be-
tween scattered waves satisfies Braggs condition (nλ = 2d sinθ), constructive interference
occurs, producing a diffraction pattern unique to the material. This pattern is recorded
by a detector and analyzed to determine phase composition, structural characteristics,
and material properties such as lattice parameters and residual stress [239–241]. In this
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thesis, XRD analysis was performed using a Bruker D8 Advance diffractometer in (θ/2θ)
reflection mode, with a 2θ range of 5◦ to 70◦ and a step size of 0.026◦, using a 10 mm
spinner stage to ensure uniform exposure. The analysis was conducted on expandable
graphite (EG) powder, EG embedded in resin before exposure to debonding tempera-
tures, and EG powder and resin after debonding. This allowed for the examination of
structural changes, interlayer spacing variations, and the effects of resin incorporation and
thermal activation on the crystallographic properties of the material.

2.5 Recycling experiment: evaluation of adhesive Joint

reusability

Figure 2.18: Schematic representation of X-Ray diffraction experimental set-up and the
a Bruker D8 Advance diffractometer instrument.

A systematic recycling experiment was conducted to assess the reusability of aluminum
substrates following adhesive debonding and surface treatment (summerized in the dia-
gram in Figure 2.18). Initially, adhesive joints were fabricated and subjected to adhesion
strength testing at RT to establish baseline performance across all formulations. Prior
to debonding, a surface analysis was performed to characterize the initial condition of
the treated substrates. The adhesive joints were then thermally exposed at their respec-
tive debonding temperatures to induce adhesive failure. Immediately after debonding,
re-manufactured samples were prepared using the unmodified adhesive system, and ad-
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hesion strength tests were conducted to evaluate the adhesive performance before surface
treatment. A post-debonding surface analysis was performed to assess thermal degra-
dation and potential surface modifications. The substrates then underwent a laboratory
cleaning process involving solvent application and light abrasion to remove residual adhe-
sive. A final surface analysis was conducted to determine the effectiveness of the cleaning
process and any morphological changes to the substrate. Following cleaning, the sub-
strates were re-bonded using the unmodified adhesive system to fabricate remanufactured
adhesive joints, which were mechanically tested at RT to assess their adhesion strength
and overall performance.
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Chapter 3:
Use of intumescent flame-retardant

systems in epoxy adhesives for debonding
purpose

This paper focuses on validating the proof of concept that intumescent flame retardants
can be effectively used to achieve debonding in adhesive joints. The study investigates the
incorporation of melamine polyphosphate (MPP) and ammonium polyphosphate (APP)
into epoxy adhesives, assessing their ability to enable thermally responsive debonding. By
leveraging the intumescent properties of these flame retardants, activated under heat, the
research demonstrates that localized swelling and porosity can be induced within the ad-
hesive layer, facilitating the controlled separation of bonded substrates. This mechanism
offers a practical alternative to existing debonding methods, which often require complex
chemical formulations or are limited in their material compatibility.

A key novelty of this research lies in the dual functionality of MPP and APP. While
traditionally used in fire protection applications for their char-forming abilities, this study
explores their new role in debonding adhesives through thermal swelling. This approach
utilizes the intrinsic properties of the flame retardants without additional chemical mod-
ifications, simplifying preparation and broadening their applicability to other adhesive
systems.

The experimental results evaluate the impact of different loading rates of MPP and
APP on the mechanical properties and debonding behavior of adhesive joints. The in-
clusion of 20 wt.% of either additive is identified as optimal, enhancing adhesive strength
prior to activation while ensuring efficient debonding at elevated temperatures. MPP-
based formulations consistently demonstrate superior performance, with lower debonding
temperatures and improved dispersion in the epoxy matrix compared to APP. Higher
loading rates, such as 40 wt.%, result in increased viscosity and additive aggregation,
which can negatively affect joint quality.

Thermal analysis confirms that the inclusion of intumescent additives reduces the
thermal stability of the adhesives at controlled temperatures, aiding degradation and
debonding. Scanning electron microscopy (SEM) analysis highlights that MPP exhibits
better dispersion within the adhesive matrix, while APP shows a tendency to aggregate
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at higher concentrations. This improved dispersion of MPP correlates with its more
consistent debonding performance and lower activation temperatures.

The study concludes that intumescent flame retardants, particularly MPP, provide an
effective method for achieving thermally responsive debonding in adhesive joints. This
approach enables substrate separation without compromising mechanical performance
during the adhesive’s operational lifespan. The findings confirm that these additives can
be integrated into epoxy systems to create adhesives capable of on-demand debonding,
presenting a practical solution for applications requiring recyclability and disassembly.
Future investigations will focus on optimizing additive combinations and extending this
approach to other adhesive systems and substrate materials.
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Abstract

Figure 3.1: Process Flow of Adhesive Debonding Using Intumescent Flame Retardants
(IFR)

In this work, we investigated the use of intumescent flame-retardant additives as a new
debonding solution to disassemble bonded aluminum substrates. Melamine polyphosphate
(MPP) or ammonium polyphosphate (APP) was incorporated into an epoxy adhesive joint
as both an acid source and a swelling agent. This stimulus responsive behavior is trig-
gered by heating. The ability of the system containing intumescent additives to swell
and foam under heat radiation was efficiently exploited to provide enough local pressure
to induce porosities and cracks at the interface, facilitating the disassembling of bonded
aluminum substrates. Several of aluminum/intumescent-epoxy/aluminum laminates were
assembled and tested to assess the influence of the MPP and APP content on the me-
chanical strength of the joints. The structural, morphological, mechanical, and thermal
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properties of these modified epoxy resins and assemblies with aluminum substrates were
studied using Scanning Electron Microscopy (SEM), a pull-off test, Differential Scan-
ning Calorimetry (DSC), and Thermogravimetric Analysis (TGA). The ability of the
intumescent-modified joints to support temperature-controlled debonding was evaluated
using an oven. The lower debonding temperatures found were comparable to laminates
with unmodified epoxy joint systems. Our patented debonding on-demand technology,
based on an intumescent flame-retardant system, represents a promising treatment for
multi-material structures and will enable products to be recycled at the end of their
service life.

1.Introduction

Adhesively bonded joints have profoundly influenced material production methods. The
construction of materials has transitioned from mechanical joining methods, such as riv-
eting, screwing, and thermal joining, like welding, to systems that bind multiple materials
together by incorporating an adhesive layer into the assembly [242,243]. Owing to its abil-
ity to combine and thin dissimilar kinds of materials, adhesive bonding has streamlined the
development of innovative, lighter-weight assemblies that boast superior mechanical quali-
ties [244]. This process eliminates the need for the additional components typically used in
classical methods, such as screws. Indeed, the adhesive joints exhibit increased resilience
to application stresses, thereby conveying superior fatigue resistance and an extended fa-
tigue life [245,246]. The employment of lighter materials in this process addresses a critical
environmental concern. The reduction in the overall weight of the finished products cor-
responds to a significant decrease in carbon footprint, due to lower energy consumption
in the manufacturing process and product usage [247]. Nevertheless, the recyclability of
these assemblies, for instance in the automotive industry, remains constrained due to the
absence of suitable design and debonding technologies [248]. At present, existing recycling
processes for reclaiming adherents remain both costly and time-consuming [143].

The imperative for recycling or repair has spurred the evolution of adhesive tech-
nologies capable of debonding on demand in response to specific triggers or stimuli such
as heat, electrical current, and chemical reactions. Various effective adhesive methods,
including reverse Diels-Alder, electrically induced debonding, and the integration of ther-
mally expanding particles, have previously been investigated, and technical solutions are
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already accessible [249, 250]. Furthermore, certain debonding technologies, such as those
based on Diels-Alder [251] or reversible supramolecular methods [252,253], offer reversibil-
ity for the debonding process. However, due to the inferior mechanical strength of the
corresponding adhesive materials, these technologies are unsuitable for structural bond-
ing. Moreover, these methods present a significant limitation as they require the specific
chemical tuning of the adhesives in advance. Conversely, debonding technology based on
electrically induced debonding is initiated by an electrochemical reaction at the interface
between the adhesive and anodic adherent [148,149]. While this method is notable for not
requiring a heat stimulus, it is only compatible with conductive adherents or requires the
addition of metal adherent patches [150,151,254]. Moreover, promising technologies exist
that employ a heat trigger to induce debonding. These technologies involve the incorpo-
ration of special particles or agents into the adhesive to enable debonding. These can be
thermally expanding particles [255–258], foaming agents [259], migrating agents [260], or
expandable graphite [261].

While these technologies are suitable for structural bonding, their incorporation into
the adhesive matrix impairs joint strength and predisposes it to aging [262, 263]. This is
well-documented in the case of thermally expanding particles in an epoxy adhesive, where
the incorporation of 25% wt. of particles into the epoxy leads to a decrease of 33% in the
lap shear strength of the modified adhesive [142]. Moreover, most of these technologies are
incompatible with epoxy thermosets, despite epoxy adhesives being the primary choice
for structural adhesive bonding. Although many patents have been granted for different
methods of separating bonded joints, few technologies are commercially available [143].
This underscores the need to address the challenge of developing a solution that is apt for
structural bonding, easy to apply, resistant to aging, applicable to adhesive thermosets,
and does not result in the degradation of the joint strength.

The focus of this study is epoxy adhesives, as they are the standard and most effec-
tive solution for high-performance structural bonding [264]. Modifications to epoxy resins
occur primarily via two methodologies. The first method, known as reactive modifica-
tion, integrates a component during the polymerization phase. However, this approach is
fraught with challenges, requiring substantial developmental exertions in chemical synthe-
sis at both the laboratory and industrial scales to develop a product suitable for use [265].
Conversely, the additive approach has proven to be more versatile and easier to employ,
and is highly appealing to both the industrial and academic sectors [264, 265], due to
the straightforwardness of mixing additives into the epoxy adhesive prior to the curing
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process. Among the functional additives that can be incorporated into an epoxy mate-
rial, flame retardants are often utilized for specialized applications. Flame retardants are
a category of chemical compound that can be applied to a multitude of manufactured
materials, including plastics, textiles, and coatings. These compounds are activated in
the presence of a flame source and are designed to prevent or delay the spread of fire
via various physical and chemical mechanisms [266, 267]. Flame retardants commonly
feature halogens, phosphorus, nitrogen-based chemicals, and mineral fillers. Among the
various flame-retardant technologies explored, intumescent systems have emerged as the
most promising. These systems rely on a polymer’s ability to expand or foam upon ex-
posure to heat, thereby creating a porous layer that acts as a barrier against heat or gas
transfer. Typically, an intumescent system primarily comprises an acid source like APP
that, when heated, discharges polyphosphoric acid. This, in combination with a swelling
agent such as melamine, facilitates expansion through the release of inert gases (NH3,
CO2, H2O). This sequence culminates with a carbon source, for instance, pentaerythritol,
forming a cross-linked char layer. The most frequently documented intumescent system
is APP/pentaerythritol, the mechanism of which has been comprehensively elucidated in
the work of Schartel and coworkers [268]. Indeed, as noted earlier, intumescent flame
retardants have traditionally been used in fire-proofing applications [269].

However, our study aims to innovatively utilize the foaming and swelling effects of
these systems, as well as their early thermal degradation. Upon heating, the epoxy layer
bridging the two substrates expands, forming a thermally degraded porous layer that
diminishes its mechanical properties, thereby facilitating a debonding effect.

Our research team has patented an innovative technology, which this study focuses
on, that involves the debonding of an epoxy joint using flame retardant agents activated
by heat [270]. More specifically, we will examine the behavior of two well-known epoxy
adhesive systems (DGEBA/DDS and DEGBA/DETA), which have been modified by the
inclusion of traditional intumescent flame retardants (APP and MPP) at various filling
rates. In particular, we will study the degradation of the joint strength as a function of
thermal loading and adhesive modification. Furthermore, the thermochemical characteris-
tics of the modified adhesives will be investigated to provide complementary information
about their thermal behavior. Ultimately, the objective of the present study is not to
utilize intumescent flame retardants in their traditional capacity to improve the flame
retardancy of materials. Instead, we aspire to leverage these materials to pioneer an
innovative and effective debonding strategy that is specifically tailored to thermosets.
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2.Materials and methods

See section materials and methods of the thesis.

2.1.Materials

2.1.1.Adhesives

We employed Bisphenol A diglycidyl ether (D.E.R.332, commonly abbreviated as BADGE
or DGEBA), a low common viscosity epoxy resin. We also used two distinct hardeners,
an aromatic high-crosslinking agent, 4-Aminophenyl sulfone (abbreviated as DDS), and
an aliphatic flexible hardener, Diethylenetriamine (abbreviated as DETA). All products
were supplied by Sigma-Aldrich Germany.

2.1.2.Intumescent flame-retardants

The intumescent flame-retardant systems selected for this study were melamine polyphos-
phate (MPP) and Ammonium polyphosphate (APP), supplied by CIBA Germany. The
commercial name of MPP is MELAPUR 200. The following table summarizes the main
characteristics of the flame retardants, as supplied by the manufacturer.

Technical characteristics of the flame retardants used in this study

Flame-retardant MPP (MELAPUR-200) APP (Exolit AP-422)

Nitrogen Content (wt.%) 42–44 14–15

Phosphor Content (wt.%) 12–14 31–32

Particle Size (D98) (µm) 70 -

Particle Size (D50) (µm) - 17

Real Density (g/cm3) 1.85 1.9
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3.Results

The next section elucidates the results of the experiments outlined in the experimental
section. We investigated the influence of APP and MPP additives on the joint properties,
including joint strength, debonding temperatures, failure modes, physicochemical prop-
erties, and thermal properties. In addition, we closely examined the failure modes and
dispersion of the fillers in the adhesive.

3.1.Joint strength

The adhesive properties of epoxy formulations were evaluated using "dolly-plate" assem-
blies. The evolution of the adhesive strength at room temperature for an epoxy with
varying amounts of MPP or APP is depicted in the figure 3.2.

Figure 3.2: Joint strength of unmodified and modified resin epoxy at room temperature:
(a) DGEBA/DDS with MPP, (b) DGEBA/DDS with APP, (c) DGEBA/DETA with
MPP, (d) DGEBA/DETA with APP.

We observed that the introduction of MPP and APP as additives in epoxy resins
substantially enhanced the adhesive joint strength compared to the unmodified epoxy ref-

92



Chapter 3. Use of intumescent flame-retardant systems in epoxy adhesives for
debonding purpose

erence: MPP at 20 wt.% and APP at 20 wt.%, with the MPP strength increasing from 7 to
13.2 MPa, and APP from 7 to 11.7 MPa, respectively. For DGEBA/DETA systems (with
incorporated MPP and APP), the increase in joint strength was moderate and potentially
insignificant considering the values of standard deviation. For instance, joint strength rose
from 4.6 MPa to 6 MPa with the presence of 20 wt.% MPP. Although the findings were
more significant in the DGEBA/DDS adhesive matrix than in the DGEBA/DETA ma-
trix, no decline in joint strength was observed in any formulation. Given that all joint
failures were adhesive, and that joint strength increased after a modification of the ad-
hesive, these results suggest that the presence of both APP and MPP additives did not
adversely impact adhesion at the adhesive/substrate interface, and is therefore a notable
outcome. Furthermore, the values of joint strength measured by pull-off testing in the
present study are of similar magnitude to those from a previous study in which bio-based
epoxy adhesives were bonded to aluminum surfaces [271]. These joint strength values
were in the range 4-6.5 MPa.

It is also worth highlighting the positive impact of incorporating APP or MPP. The
Figure illustrates that the joint strength at 20 wt.% of additives surpassed that at 10
wt.% in all cases. However, at 40 wt.%, the values dropped below those at 20 wt.%.
This decline may be associated with the observations made during the execution of the
experimental protocol. When the mass fraction of additives exceeded 20%, the adhesive
became excessively viscous, which compromised the joint quality. Another potential ex-
planation for the decrease in joint strength could be the higher presence of aggregates
when loading surpasses 20%, which might cause early joint failure. Based on the joint
strength assessment (Figure 3.2), it is plausible to conclude that joint strength peaks at 20
wt.% of additive concentration. As observed later, when performing joint testing, there is
a failure in the adhesive at the aluminum substrate epoxy joint interface. Furthermore,
the addition of stiff microparticles such as MPP or APP to an epoxy matrix generally
leads to a significant improvement of the composite elastic modulus, as observed for the
epoxy with an APP filler [272]. It is then hypothesized for the present study that the ad-
dition of polyphosphate particles to the epoxy joint leads to an increase in the joint elastic
modulus, which reduces the elastic modulus mismatch at the epoxy aluminum interface.
This in turn delays the failure at the interface for a given normal stress and could lead
to an increase in joint strength. When the loading rate exceeds 20%, this reinforcement
mechanism is still valid, but the formation of particle agglomerates could reduce the joint
elastic modulus by creating an additional porosity and could also trigger the premature
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failure of the joint, starting within the agglomerate and possibly propagating to the epoxy
aluminum interface.

3.2.Debonding test

To investigate the thermal response of the intumescent compositions within the epoxy
adhesive on the disassembly of the aluminum/epoxy/aluminum assembly, a debonding
test was conducted using a pull-off method after heat treatment, as detailed in the exper-
imental section.

Figure 3.3: The evolution of the adhesive strength as a function of the temperature of
aluminum/epoxy/aluminum assemblies: (a) DGEBA/DDS with MPP, (b) DGEBA/DDS
with APP, (c) DGEBA/DETA with MPP, (d) DGEBA/DETA with APP.

Figure 3.3 presents the evolution of adhesive strength as a function of temperature
for aluminum/epoxy/aluminum assemblies containing different amounts of MPP or APP.
The thermal response of every adhesive composition with both hardener systems was
analyzed in incremental temperature steps until the reference epoxy in each system was
completely thermally degraded. As displayed in Figure 3.3, DGEBA/DDS systems con-
sistently exhibited stronger joint strength than the DGEBA/DETA systems. As antici-
pated, non-modified DGEBA/DDS formulations proved more resilient to higher temper-
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atures, with DGEBA/DDS joints retaining some mechanical resistance beyond 400◦C,
while DGEBA/DETA joints fully degraded after reaching 375◦C. Throughout the appli-
cation range (beginning at 225◦C for DGEBA/DDS and 175◦C for DGEBA/DETA and
ending at the debonding temperature), modified adhesives with MPP and APP main-
tained their mechanical properties effectively. Across all loading rates (10%, 20%, 40%)
for modified formulations, the mechanical strength exceeded that of the reference adhe-
sive. Additionally, all formulations with APP and MPP exhibited a slight increase in joint
strength values when subjected to high temperatures. Two theories have been developed
to explain these findings: firstly, the curing and post-curing cycles may not have achieved
a full crosslinking of the network, and secondly, the addition of flame-retardant additives
may have altered the physicochemical properties of the epoxies. Further investigations of
this latter hypothesis were conducted through DSC experiments.

The adhesive formulations containing 20 wt.% and 40 wt.% of additives exhibited
the highest strength during heating. As can be seen in Figure 3.3 (a), 20 wt.% MPP
outperformed 40 wt.% MPP, with the former peaking at a maximum value of 8.2 MPa
while the latter did not exceed 6.4 MPa. However, in Figure 3.3 (b), at 225◦C, both
20 wt.% APP and 40 wt.% APP show comparable values, but as the temperature rose,
the more concentrated formulations demonstrated superior strength until the debonding
temperature was reached. This observation can be rationalized by considering the particle
size of our additives and their dispersion within the DGEBA matrix. Given the much
smaller particle size of APP powders, better dispersion is expected.

In the presence of the MPP additive, as demonstrated in Figure 3.3 (a) and (c),
the mechanical performance of the joints abruptly deteriorated at 325◦C, falling from 7
MPa in both DGEBA/DDS and DGEBA/DETA at 300◦C to less than 1 MPa for both
systems at 325◦C. Conversely, for formulations containing APP additive, as shown in
Figure 3.3 (b) and (d), debonding occurred after 350◦C, as the joint strength decreased
from 8.1 MPa in 20 wt.% APP for DGEBA/DDS and 6.4 MPa for the same mass fraction
for DGEBA/DETA to less than 0.5 MPa. The debonding temperatures (T◦deb) of the
formulations under study were extracted from Figure 3.3 and are presented in the following
table (Table 3.1).

The inclusion of APP or MPP in the epoxy resin significantly lowered the debond-
ing temperature of the resin, with temperature reductions ranging from 17◦C to 86◦C.
Notably, the greatest decrease was achieved with the inclusion of 20wt.% MPP.
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Table 3.1: Debonding temperatures (Tdeb) of unmodified and modified resin epoxy with
APP and MPP additives

Tdeb in DGEBA/DDS (◦C) Tdeb in DGEBA/DETA (◦C)

Ref. (neat resin) 411 372

10% APP 360 355

20% APP 352 344

40% APP 361 336

10% MPP 358 341

20% MPP 325 326

40% MPP 325 329

3.3.Examination of the failure modes

We concentrated our examination of joint failures on samples collected at ambient temper-
atures and those obtained at the debonding temperature (see Figure 3.4). We evaluated
these failure modes visually and identified two primary types: mixed failure and cohesive
failure. It was observed that failure modes transitioned from cohesive to mixed failures
as the loading of flame retardants in the adhesives increased. Additionally, we noted ad-
hesive failures, particularly in the non-modified adhesive systems, in the post-debonding
phase.

Figure 3.4: Sample observation of failure modes
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3.4.Influence of the additives on the physicochemical properties

3.4.1.Influence on the glass transition temperature

To investigate the impact of additives and filling rates on the resin matrix, Differential
Scanning Calorimetry (DSC) measurements were taken for all formulations at different
loading rates and for both hardeners. The results obtained for glass transition temperature
(Tg) are summarized in the table 3.2 below. These results show that the incorporation of
MPP and APP additives, at various mass fractions, exerts a negligible influence on the
glass transition temperature (Tg) of the epoxy matrices. As illustrated in the previous
table, the Tg of the reference DGEBA/DDS system registered at 206◦C, whereas when
MPP was introduced at a 40% weight ratio, the Tg exhibited a minor deviation of merely
1◦C, reaching 207◦C. The same behavior was exhibited in all other formulations.

Table 3.2: Temperatures of glass transitions (Tg) of the formulations studied in
DGEBA/DDS and DGEBA/DETA

Tg in DGEBA/DDS (◦C) Tg in DGEBA/DETA (◦C)

Ref. 206 155

10% MPP 206 155

20% MPP 206 155

40% MPP 207 155

10% APP 208 155

20% APP 208 156

40% APP 208 156
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3.4.2.Thermogravimetric study

Figure 3.5: TGA curves of all formulations under N2, (a) DGEBA/DDS with MPP, (b)
DGEBA/DDS with APP, (c) DGEBA/DETA with MPP, (d) DGEBA/DETA with APP.

The thermal degradation of modified DGEBA epoxies was assessed in comparison to that
of unmodified DGEBA epoxies. Figure 3.5 presents the TG curves for DGEBA-DDS and
DGEBA-DETA with varying contents of MPP and APP (10, 20, and 40 wt.%). The
onset temperatures of degradation at 5% of weight loss (Tonset5%)are reported for each
formulation in the following table (Table 3.3).

The TGA results indicate that the inclusion of either MPP or APP in the DGEBA
resins reduced their thermal stabilities. In fact, with the APP additive, Tonset5% decreased
as the mass fraction of APP increased. The most significant decrease in Tonset5% was ob-
served with the incorporation of APP at a 40% loading rate for both resins, DGEBA/DDS
and DGEBA/DETA. The lowest onset temperature (297◦C) was noted for APP at a 40%
loading rate for DGEBA/DETA, while the greatest decrease in onset temperature (53◦C)
was observed for APP at a 40% loading rate for DGEBA/DDS.

For MPP additives, it was observed that the Tonset5% remained relatively consistent
regardless of the mass fraction. In DGEBA/DDS, Tonset5% for 10%, 20%, and 40% MPP
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Table 3.3: Onset temperatures of degradation at 5% of weight loss (Tonset5%) in
DGEBA/DDS and DGEBA/DETA

Tonset5% in DGEBA/DDS (◦C) Tonset5% in DGEBA/DETA (◦C)

Ref. (neat resin) 373 338

10% APP 355 311

20% APP 336 308

40% APP 320 297

10% MPP 336 311

20% MPP 335 310

40% MPP 334 305

was approximately 334± 2 ◦C. Conversely, increasing the mass fraction affected only the
residue amount at 700◦C.

When compared to DGEBA/DDS systems, degradation always commences earlier in
DGEBA/DETA. Thus, the deterioration of thermal properties in adhesives is dependent
both on the type of flame retardant used and its properties, as well as the matrix into
which the flame retardant is introduced.

Figure 3.6: TGA curves of different DGEBA-DDS based formulations with MPP under
AIR.
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Regarding the mechanism or mode of action, it is understood that the phosphoric acid
released from MPP or APP is expected to react with the carbon source (the DGEBA ma-
trix in our case), resulting in a higher formation of char. In our study, we utilized the
TGA curves under air to verify the quantity of residue and its evolution with the addition
of additives as in Figure 3.6. Table 3.4 details the amount of residue from different for-
mulations at 600◦C. We compared the residue amount obtained experimentally with the
residue calculated from the theoretical curve according to the mixing law. The deviation
between the theoretical and experimental data indicates the presence of an interaction,
facilitated by the activation of the intumescent systems. For instance, with 40 wt.% of

Table 3.4: Theoretical and experimental mass residue at 600◦C of the different flame
retardants wt.% within both DGEBA matrixes.

Flame retardants Theoretical residue (%) Experimental value (DGEBA/DDS) (%) Experimental value (DGEBA/DETA) (%)

10 % MPP 4.2 14.015 8.9

20 % MPP 8.41 21.17 17.59

40 % MPP 16.82 37.05 34.15

10 % APP 4.98 20.73 14.61

20 % APP 9.96 38.19 30.47

40 % APP 19.92 43.24 37.36

APP, the residue amounts were 38.19% in DGEBA/DDS and 37.36% in DGEBA/DETA,
while the theoretical value was only 19.92%. The mass residue in all DGEBA/DDS sys-
tems consistently surpassed the mass residue in DGEBA/DETA systems. This difference
could be attributed to the distinct chemical and structural compositions of the hardeners,
given that DDS includes more aromatic structures than DETA, which in turn contributes
to an increase in the char residue formed during thermal decomposition. Notably, when
MPP was used, the residue was less than that when using APP. For example, 20 wt.%
MPP in DGEBA/DDS resulted in 21.17% char, whereas 20 wt.% APP generated 38.19%.
This is likely due to the presence of melamine molecules in MPP, which contribute to the
creation of additional gases that ultimately evaporate as the matrix degrades.

3.5.Influence of the dispersion of the additive

To elucidate the dispersion characteristics of the additives within the epoxy resin ma-
trix, we assembled both modified and unmodified epoxy resins between two aluminum
substrates, employing a simplistic recovery joint. Figure 3.7 presents representative SEM
micrographs of both adhesive systems, each containing 20 wt.% of MPP and APP.

100



Chapter 3. Use of intumescent flame-retardant systems in epoxy adhesives for
debonding purpose

It can be discerned from the images that the MPP and APP additives do not ex-
hibit the same dispersion behavior in the epoxy resin: while MPP additives show well-
distributed particles, there is a tendency towards aggregation in the case of APP. Con-
currently, a precipitation phenomenon is particularly noticeable with APP, whereby a
higher density of particles is observed near the lower aluminum substrate. This trend is
amplified at higher loading rates; the primary distinction lies in the significantly escalated
levels of agglomeration and precipitation for APP samples. In contrast, the MPP sam-
ples maintain a largely homogeneous dispersion despite the visible increase in agglomerate
formation.

We also observed that the specific type of hardener employed does not significantly
influence these dispersion states, suggesting the primacy of the additives themselves in
shaping the distribution and behavior of the components within the epoxy resin matrix.

Figure 3.7: SEM images of the different additives at 20 wt.% in DGEBA/DDS, (a) 20 %
APP, (b) 20 % MPP, (c) close up on the epoxy adherend interface.

4.Discussion

Previous works on the debonding effect obtained by the incorporation of a dedicated
functional additive into a structural adhesive have studied chemical and physical foaming
agents [259], thermally expandable particles [255–258], expandable graphite [261], and
migrating agents [260]. To the best of our knowledge, this is the first research to investigate
the use of intumescent flame retardants as additives to impart a debonding effect on
adhesives.
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A methodology was developed in order to determine a debonding temperature char-
acteristic of the adhesive modification (see Table 3.5). This allowed a direct comparison
of the effects on the debonding temperature obtained with the incorporation of various
flame-retardant additives at different loading rates. The criterion to evaluate a debond-
ing temperature was selected as 20% of the maximum load after a statistical evaluation
of the correlation between debonding data and thermogravimetry data. More precisely,
debonding test data and TGA curves were carefully analyzed, and characteristic figures
were extracted from the data. For TGA curves, the following temperatures were evalu-
ated:

• The temperature at which 5% of the initial weight is lost. This temperature is some-
times described as the onset of degradation and is therefore called: Tonset5%

• The temperature at which 10% of the initial weight is lost. This temperature is some-
times described as the onset of degradation and is therefore called:Tonset10%

• The temperature at which 20% of the initial weight is lost, Tweight20%

• The temperature at which 50% of the weight is lost, Tweight50%

As for the debonding test data, the following temperatures were evaluated:

• The temperature at which 50% of the maximum joint strength is obtained, T50%stress

• The temperature at which 20% of the maximum joint strength is obtained, T20%stress

• The temperature at which 10% of the maximum joint strength is obtained, T10%stress

• The temperature at which the joint strength falls to zero, T0%stress

After acquiring these datasets for all reference and modified resins, we evaluated the
correlation between data from TGA and debonding tests by calculating the Pearson cor-
relation coefficient. The calculated coefficients are presented in the table below. The best
correlation between TGA data and debonding tests is observed for Tonset5% and T0%stress .
However, the information contained in T0%stress , i.e. the temperature at which the joint
fails, is not very useful since the testing was undertaken at 25◦C, meaning that in the end,
many modified resins exhibited the same T0%stress , which provided little differentiation.
Therefore T10%stress is preferred as a characteristic debonding value; justifying a posteriori
why this particular resin characteristic temperature was selected in the Method section.
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Table 3.5: Correlation coefficient values between the datasets (data for all resins)

T0% resid T20% resid T10% resid T0% resid

Tonset 5% 0.71 0.71 0.73 0.74

Tonset 10% 0.68 0.69 0.71 0.72

Tweight 20% 0.59 0.59 0.61 0.66

Tweight 50% 0.11 0.16 0.12 0.13

The value of correlation coefficient between these two datasets, Tonset5% and T10%stress

, shows a rather good, but not perfect, correlation. It is therefore assumed that the
phenomena leading to the joint thermal degradation and weight loss are different to those
leading to the thermal degradation and mechanical strength of the joint. Nevertheless,
observing the TGA results might give a first insight into the capacity of additives to lead
to debonding when increasing temperature.

Furthermore, the comparison between debonding data and TGA data, in particular,
as shown in Table 3.4, should be further analyzed. For instance, it is observed that
the onset temperature for TGA tests tends to decrease more for APP incorporation, in
particular for 40% wt.% of APP, than for MPP incorporation. This is not correlated to
the debonding data in which MPP incorporation is more effective than APP, i.e., the
debonding temperature is much lower in the case of MPP incorporation.

Observation of SEM pictures for the cases of APP and MPP incorporation shows that
APP particles are quite big after being incorporated into the epoxy, and that agglomera-
tion certainly occurs. This reduces the contact area between APP and the epoxy matrix, in
contrast to MPP where the particles are much smaller, thus increasing the corresponding
area of contact with the matrix. It can therefore be assumed that at a given temperature,
the intumescence phenomena are enhanced for MPP compared to APP, which leads to
better debonding. Lastly, this might explain a lower debonding temperature for MPP.

In addition, we confirmed that the incorporation of flame retardants had no effect on
the physicochemical characteristics of the adhesives, since the Tg remained practically
the same after APP or MPP incorporation. This is interesting, since Tg is a critical
characteristic of polymers and adhesives, and the addition of these two fillers does not
modify this characteristic despite the high loading rate (40 wt.%) tested in this study.

To the best of the authors knowledge, this study is the first to describe how the addition

103



Chapter 3. Use of intumescent flame-retardant systems in epoxy adhesives for
debonding purpose

of intumescent flame-retardant additives to an adhesive can lead to a better debonding
of the adhesive joint. For this reason, a patent describing this innovative approach was
granted [270]. A complete methodology was developed to characterize the thermal and
debonding properties of modified adhesive joints. The current debonding temperatures
are in the 325-350◦C range after adhesive modification. This is rather high compared to
typical debonding temperatures for epoxy adhesives loaded with thermally expandable
particles [255–258] or expandable graphite [261] where debonding temperatures are close
to 170◦C or 235◦C, respectively. Although the glass transition temperature of the epoxy
adhesives and the debonding methods are different for the other debonding approaches,
the current debonding temperatures are quite high and further investigations with other
intumescent systems are necessary in order to achieve lower debonding temperatures. For
instance, the combination of several flame-retardant additives could be investigated to
hopefully obtain a synergistic effect between them [269].

Finally, we also anticipate extending the range of applicability of the current study,
which was first developed on aluminum-epoxy-aluminum joints. More generally, the addi-
tion of functional additives in epoxy adhesives to obtain a debonding on-demand function
could first be employed to trigger the debonding of fiber-reinforced polymer (FRP) com-
posites, in particular, when the polymer matrix is an epoxy thermoset. Furthermore, a
more advanced application could separate reinforcement fibers and matrix in FRPs to
allow higher-value fibers to be recycled.

5.Conclusion

In this study, we developed a novel methodology to facilitate the easy debonding of adhe-
sive joints employing traditional intumescent flame-retardant systems. We tested ammo-
nium polyphosphate and melamine polyphosphate for this purpose and observed a reduc-
tion in debonding temperatures. Our findings showed that these additives did not impact
the adhesive joint properties, namely, adhesion and mechanical strength. Furthermore,
MPP and APP notably enhanced the adhesive joint strength compared to unmodified
epoxy. To investigate the thermal response of intumescent additives within the epoxy ad-
hesive during the disassembly of the aluminum/epoxy/aluminum assembly, we conducted
a debonding test using the pull-off method after heat treatment. For the first time, this
study shows that the addition of intumescent agents such as APP or MPP in epoxy-based
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joint can promote an easier debonding of the joint by an accelerated thermal degradation
of the modified epoxy. In the present study, the reduction of debonding temperature
after flame-retardant agents incorporation is less than 100◦C. Further investigations to
introduce other flame-retardants as debonding agents are conducted in order to activate
debonding at even lower temperatures in epoxy-based materials, thereby broadening the
potential applications of this debonding on-demand technology.
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Chapter 4:
Use of non-intumescent organophosphorus
flame-retardant systems in epoxy adhesives

for debonding purpose

This paper contributes directly to the objectives of this thesis by expanding the investiga-
tion of flame retardant-based debonding agents to include non-intumescent organophos-
phorus compounds. Building on prior studies that validated the potential of intu-
mescent flame retardants for thermally responsive debonding, this work shifts focus to
AFLAMMIT®PCO-900 , a phosphorus-based compound, to broaden the scope of the
research and explore its performance within adhesive systems.

The study provides a thorough characterization of the modified adhesive system, in-
cluding its mechanical properties, thermal behavior, and debonding mechanism. By ex-
amining AFLAMMIT®PCO-900 at various loading rates, the research identifies optimal
conditions where efficient debonding can occur without compromising the adhesives struc-
tural integrity during its operational phase. The systematic evaluation includes thermo-
gravimetric analysis (TGA), differential scanning calorimetry (DSC), tomography, and
scanning electron microscopy (SEM), which together provide insights into the materials
performance and its interaction within the epoxy matrix.

This work also contributes to the thesis by extending the understanding of debonding
mechanisms through detailed analyses. The findings reveal that the incorporation of
AFLAMMIT®PCO-900 results in a significant reduction in debonding temperatures, with
efficient debonding observed around 250◦C. Additionally, the study explores the effect of
filler dispersion on debonding efficiency and joint performance, highlighting the role of
optimized formulations in achieving both high mechanical strength and effective thermal
activation.

In the context of this thesis, this paper contribution lies in its systematic exploration
of alternative flame retardants, emphasizing their potential as functional additives for
adhesive debonding technologies.
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Abstract

Figure 4.1: Schematic Representation of the Bonding and Debonding Process Using a
Debonding Agent in Epoxy Resin Systems

This paper investigates the novel application of an organophosphorus flame retardant
AFLAMMIT®PCO-900, referred to as the debonding agent, for inducing debonding in
adhesive joints. Building on our previous study, which demonstrated that traditional intu-
mescent flame retardants like Melamine polyphosphate (MPP) and Ammonium polyphos-
phate (APP) can lower debonding temperatures by weakening joint strength at tempera-
tures significantly below the degradation threshold of unmodified adhesives, we explore the
debonding agent’s distinct non-intumescent mechanism. This study employs tomography
to examine the modified resin both before and after reaching the debonding temperature.
Additionally, we investigate the performance of a structural adhesive system modified with
the debonding agent at various concentrations (0, 10, 20, 30, 40 wt.%). The mechani-
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cal properties and thermal/mechanical degradation of these joints were assessed using
a modified pull-off test with specific experimental parameters, including surface prepa-
ration, adhesive gap, substrate thickness, and curing temperatures. Thermogravimetric
Analysis (TGA) and Differential Scanning Calorimetry (DSC) were conducted to evalu-
ate the physicochemical properties of the resin samples. Scanning Electron Microscopy
(SEM) was used to analyze the dispersion of the debonding agent in the epoxy matrix
and examine the joint microstructure. The results demonstrate that incorporating the
debonding agent into adhesive formulations not only lowers the degradation temperature
of structural adhesives but also enhances joint strength within the application range. It
offers a debonding solution at a distinct temperature window as low as 250 ◦C, promoting
efficient end-of-life recycling and advancing sustainable manufacturing practices.

1.Introduction

Adhesives have became a preferred alternative to conventional bonding techniques such as
riveting and welding in a multitude of structural joining applications [242]. In fact, the in-
troduction of an adhesive layer between two materials offers several advantages including
weight reduction, impermeability to water and air, as well as good resistance to vibra-
tions [243,244] while preserving the intrinsic properties of the bonded materials and their
optimal characteristics [245]. Moreover, adhesive bonding addresses a range of technical
challenges and serves as a key enabler in reducing environmental impact by significantly
decreasing the weight of the product and minimizing raw material use [246, 247]. This
dual advantage results in a lower carbon footprint both during manufacturing and across
the product’s lifespan [248], aligning with most recent worldwide guidelines for sustain-
able constructions like the European Union’s emphasis on more sustainable construction
practices [273]. However, the permanent nature of adhesive-bonded joints poses a sig-
nificant drawback, highlighting the need for innovative debonding strategies [143]. The
ability to disassemble adhesive joints allows for easy recycling and reworking of valuable
and expensive components [248,274], thereby tackling both economic and environmental
challenges [9]. Present solutions, such as mechanical destruction and chemical debonding,
while already established, potentially harm substrates and drastically reduce their recy-
clability because of the depreciation of their original value [7, 9]. As a result, there’s an
escalating demand for the development of innovative techniques and processes that facil-
itate the easier recycling and recovery of adherends from bonded structures. A variety of
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technologies documented in literature promote adhesive reversibility or debonding. These
technologies typically fall into two principal categories: the first involves the synthesis or
modification of the adhesive structure itself, such as Diels-Alder and supramolecular ad-
hesives [251,252]. The second category comprises techniques that integrate both synthesis
and modification of the adhesive structure [10]. Alongside these, a promising approach
under exploration revolves around the creation of reworkable adhesives, incorporating el-
ements that facilitate network breakdown [253]. Yet, the scalability to industry remains
limited [141]. The second category involves the modification of adhesives by integrating
fillers that render the matrix reactive to specific triggers such as heat, electrical current,
or chemical stimuli [149]. This category includes, debonding through an electrochemi-
cal reaction at the adhesive-adherent interface, making this technology only compatible
with conductive adherents [151, 152, 254]. Another set of promising technologies utilizes
a heat trigger, leveraging physical volume expansion to induce debonding. Promising
examples of such technologies are thermally expanding particles [255–257] and expand-
able graphite [261]. While some of these methods are apt for structural bonding, their
incorporation into the adhesive matrix may compromise joint strength and accelerate the
aging process. Despite advancements in debonding technology, there remains a need for
a comprehensive solution that presents no compatibility limitations with different mate-
rials and meets essential criteria, such as preserving joint strength within the application
range, resisting aging, and facilitating debonding at the appropriate temperature win-
dows [275,276]. In response to this challenge, this work proposes an innovative debonding
strategy inspired by the concept of flame retardancy. Our previous research demonstrated
that integrating flame retardants into thermosets effectively reduces the degradation tem-
perature, thereby triggering a debonding effect. This debonding effect primarily arises
from the swelling or foaming that occurs during a specific period of heat exposure, con-
sequently weakening the joint strength [277]. In our examination of various flame retar-
dants, we found that phosphorus flame retardants are increasingly replacing halogenated
variants due to their superior performance and environmental compatibility. Notably,
organo-phosphorus compounds have demonstrated excellent flame retardancy properties.
Protocols for synthesizing these compounds exist in the literature, and they are now com-
mercially available as AFLAMMIT®PCO-900, a product by Thor [278, 279]. PCO 900,
also known as PENTAERYTHRITOL SPIROBIS(METHYLPHOSPHONATE), operates
through a distinct mechanism. Unlike conventional flame retardants that form a pro-
tective char layer to inhibit flame propagation, PCO 900 is non-intumescent and does
not induce charring as demonstrated in [280]. Instead, its behavior involves degradation
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into specific volatile compounds at elevated temperatures. This process does not involve
the creation of a char layer but rather alters the adhesive matrix differently. Its specific
impact on adhesive properties under thermal stress is explored and discussed further in
the results section. Building on this concept, this study investigates the performance of
an epoxy adhesive system (DGEBA/DDS) modified with a phosphorus-based flame retar-
dant, AFLAMMIT®PCO-900, referred to and used as as the debonding agent throughout
this work. The assessment focuses on joint strength degradation due to thermal response
and filler loading, aiming to identify the optimal heating time and debonding temperature
ratio. Additionally, it examines the thermo-mechanical and functional properties of the
modified adhesives and elucidates the reaction mechanism of the debonding agent within
the epoxy matrix.

2.Materials and methods

See section materials and methods of the thesis.

2.1.Materials

2.1.1.Adhesive System

Low-viscosity epoxy resin Bisphenol A diglycidyl ether (D.E.R.332, commonly abbrevi-
ated as BADGE or DGEBA), was selected for this study. The curing agent used is 4-
Aminophenyl Sulfone, a high-crosslinking aromatic hardener provided by Sigma-Aldrich
(commonly abbreviated DDS). The mixing rule between the epoxy resin and the curing
agent follows a stoichiometric ratio, calculated using the epoxide equivalent weight (EEW)
of the resin and the amine hydrogen equivalent weight (AHEW) of the hardener. The
EEW, provided by the supplier, is approximately 172175 g/eq for DGEBA, meaning 173.5
g of resin contains one mole of epoxy rings. Similarly, the AHEW of DDS is calculated as
248.30/4, resulting in a value of 62.075 g/eq. From these values, the stoichiometric ratio
for the DGEBA/DDS system is determined to be 1:0.358 by weight.
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2.1.2.Debonding Agent

The debonding agent selected for this study is the flame retardant pentaerythritol spiro-
bis(methylphosphonate), commercially known as AFLAMMIT®PCO-900, supplied by
THOR GmbH, Germany. The abbreviation "PCO" in the commercial name represents
Organo-Phosphorus-based Compounds. It is a white powder and, according to the manu-
facturer data, the principal characteristics are phosphorus content of 24 wt.% and Particle
size D95 = 30 ţm ţm and real density = 1,44 g/cmş.

3.Results

This section presents the outcomes of the experiments on the impact of debonding agent
additives on adhesive joints. It explores the enhancement of joint strength, changes in
debonding temperatures, and alterations in the physicochemical properties of the adhe-
sive. Detailed tomographic analysis compares the internal structures of resins with and
without debonding agent modification, both before and after debonding. Additionally,
it examines the microscale dispersion of the debonding agent fillers within the adhesive
matrix.

3.1.Mechanical study

The assessment of the influence of varying debonding agent loading rates on joint strength
was conducted at room temperature, as depicted in the Figure 4.2. When the debonding
agent, an organo-phosphorus flame retardant, was incorporated into epoxy resins, a no-
table increase in adhesive joint strength was observed compared to unmodified epoxy. This
enhancement was particularly evident with a 20 wt.% concentration, where the strength
saw an approximate 1.5-fold increase, rising from 7 to 10.7 MPa. When evaluating the
quantitative impact of the debonding agent, it was found that REF-DDS formulations
with 20 wt.%, 30 wt.%, and 40 wt.% consistently outperformed those with a 10 wt.%
concentration and unmodified epoxy. However, 30 wt.% and 40 wt.% led to a slight de-
crease in joint strength compared to 20 wt.%, declining from 10.7 MPa to 9.2 MPa and
9.7 MPa, respectively.

This observed trend was attributed to several factors identified during the experimental
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process. It was noted that as the concentration of flame retardants exceeded 30 %, there
was a significant increase in the adhesive’s viscosity, which could potentially compromise
the quality of the joint.

An alternative explanation for the diminished joint strength could be attributed to
the augmented concentration of aggregates when the load exceeds 30%, potentially pre-
cipitating early failure of the joint (see SEM observation in Section 3.4). The evaluation
of joint strength in Figure 4.2 suggests that the optimum additive concentration for peak
joint strength is around 20 wt.%. Furthermore, the addition of the debonding agent,
which consists of stiff microparticles, to an epoxy matrix generally leads to a signifi-
cant improvement in the composite elastic modulus, as observed for epoxy with APP
fillers [263, 264]. Therefore, in this study, it is hypothesized that the introduction of the
debonding agent into the epoxy joint increases its elastic modulus, which may reduce the
modulus mismatch at the epoxy-aluminum interface. This could delay interface failure
under normal stress conditions and potentially enhance joint strength. However, when the
loading rate exceeds 30%, this reinforcing mechanism remains valid, but the formation of
particle agglomerates might either lower the joint’s elastic modulus due to porosities or
act as defects that initiate joint failure. Both phenomena could lead to premature joint
failure and could explain the slight decrease in joint strength.

Figure 4.2: Comparison of joint strength in various resin formulations with different
debonding agent loadings and REF-DDS

To investigate the thermal response of the debonding agent-modified formulations
within the epoxy adhesive on the disassembly of the aluminum/epoxy/aluminum assem-
bly, a debonding test was conducted using a pull-off method after heat treatment, as
detailed in the experimental section. The outcomes of the debonding experiment are
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graphically represented in Figure 4.3, comparing a reference formulation with the differ-
ent debonding agent loading rates. The analysis focused on the adhesive composition with
DDS hardener, and all formulations were heated progressively until the REF-DDS adhe-
sive joints suffered from complete thermal degradation, leading to loss of joint strength. It
was found that these reference joints preserved their mechanical properties until reaching
a critical temperature of 400 ◦C, beyond which they began to drastically degrade.

In the temperature range from ambient to 25 ◦C above the curing temperature (175
◦C), all modified adhesives and the reference exhibited consistent mechanical properties.
In the span from 175 ◦C to 225 ◦C, the joint strength values for the modified formulations
remained mostly unaffected by the rising temperature, albeit marginally lower than the
reference. Excluding the reference joint, a significant decline in joint strength starting at
250 ◦C was observed across all joints. For instance, the joint strength dipped from 8.4
MPa at 225 ◦C to 4.7 MPa at 250 ◦C at 40 wt.% of the debonding agent. This downward
trajectory persisted until a pronounced plunge was noted in all modified formulations
at 300 ◦C. At this point, the joint strength for the filler fell below 1 MPa for 40 wt.%
debonding agent and 1.1 MPa for 20 wt.% for 20, 30, and 40 wt. %, respectively. As
such, we have assigned this temperature (300◦C) as T◦deb, calculated by extrapolating
data points from 275 ◦C to 300 ◦C. Further observations showed that joint strength values
for 10 wt.% of the debonding agent significantly decreased to approximately 3 MPa at
300◦C and only plunged below 1 MPa at 325 ◦C. This strong tendency clearly demon-
strates the debonding agent’s capacity to undermine joint strength as a function of its
loading rate.The inclusion of the debonding agent in the epoxy resin significantly lowered
the debonding temperature. We observed that the filling rate affects the debonding tem-
perature in a monotonous trend, with higher filling rates resulting in progressively lower
debonding temperatures.
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Figure 4.3: Joint strength as a function of temperature for different debonding agent
loadings with a fixed heating time of 10 minutes

The following Figure 4.4 presents the outcomes of the debonding experiment con-
ducted over varied time intervals, comparing the reference formulation (REF-DDS) with
different debonding agent loading rates. The adhesive composition was subjected to heat-
ing durations ranging from 5 to 25 minutes at a constant temperature of 250 ◦C. This
temperature was chosen as it marked the initial point at which a decrease in joint strength
was observed for the modified adhesives during the debonding test. Throughout the en-
tire experiment, the reference formulation maintained consistent joint strength. However,
a gradual decline in joint strength was observed for the other formulations, intensifying
with longer heating durations. At 250 ◦C and after 5 minutes of heating, the intumes-
cent systems within the joints began partial activation, leading to a degradation of the
adhesive joints to values lower than the joint strength observed at room temperature. For
longer heating times, 10 minutes and above, strength is progressively and continuously
decreasing for loading rates of 20% and above and reaches full debonding after 25 min-
utes. Strength is decreasing as well for joints with a 10 % loading rate, but it reaches a
kind of plateau at 2.5 MPa and does not reach full debonding. For high loading rates,
a comparison between 20 %, 30 %, and 40 % can be obtained by considering the time
needed to reach a significantly low value of debonding, such as 1 MPa. This characteristic
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time is 15 minutes for the 40 % loading rate, 20 minutes for the 30 % loading rate, and
between 20 and 25 minutes for the 20 % loading rate. This shows that a higher debonding
efficiency is obtained for high loading rates, i.e., 40 % here.

Figure 4.4: Joint strength over time at a fixed temperature of 250◦C for different debond-
ing agent loadings
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Post the mechanical tests, a thorough examination of the failure modes was conducted,
with focus on the effect of loading rate and the temperature exposure and identify the main
trends. And while the REF-DDS samples only showed adhesive failures like the previous
publication [277]. Two primary failure mechanisms were identified in our analysis of
modified samples as shown in Figure 4.5. Prior to reaching the debonding temperature ,
the observed failure mode was cohesive failure. Beyond the debonding temperatures, two
cases were identified. At low to medium loading rates, the primary failure mechanism was
cohesive failure within the adhesive itself. However, at high loading rates, the predominant
failure mechanism shifted to interface failure. Adhesives with high loading rates showed
a tendency to detach from one or both adherend interfaces.

Figure 4.5: Photographic observations and comparison of failure modes in resin samples
with debonding agent before and fillers before and after debonding

3.2.Influence of the additives on the physicochemical properties

3.2.1.Glass transition temperature

The glass transition temperature (Tg) for different loading rates is summarized in Fig-
ure 4.6. DSC analyses indicated that introducing the debonding agent at various mass
fractions reduces the Tg of the epoxy resins. As the loading rate of the debonding agent
increases, the Tg decreases, dropping from 206 ◦C at 0 wt.% to 161 ◦C at 40 wt.%. These
results support the assertion that the debonding agent acts as a plasticizer within the
resin matrix, thereby modifying the epoxy’s physicochemical characteristics. The sig-
nificant drop in Tg at high loading rates, 30 % and above, is likely attributed to the
agglomeration of the additive particles.
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Figure 4.6: Temperatures of glass transitions of the different formulations at different
loading rates

3.2.2.Thermal stability

Table 4.1: Characteristic degradation temperatures in TGA

Formulation Tonset 5% (◦C) Tmax (
◦C)

REF-DDS 368 408

10 wt.% Debonding Agent 323 376

20 wt.% Debonding Agent 321 373

30 wt.% Debonding Agent 297 359

40 wt.% Debonding Agent 292 355

As depicted in the following Figure 4.7 and Table 4.1, the incorporation of the debond-
ing agent into the resin precipitated a premature deterioration of the modified resin’s
thermal attributes. Notably, the mass loss for the modified resin commenced at a lower
temperature relative to the reference resin. For instance, the onset of 5% mass loss
(Tonset5%) for the formulation with 30 wt.% occurs around 297 ◦C, while the reference
formulation only registers a 5% mass loss at an elevated temperature of approximately
368 ◦C. The thermal degradation behaviour of the modified formulations, across different
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loading rates, positions them intermediary between the reference and the powder. Specif-
ically, the sequence of degradation commences with the powder, succeeded by modified
adhesives in descending order of filler content. To illustrate, the Tonset5% values are as
follows: 292 ◦C for 40 wt.%, 297 ◦C for 30 wt.%, 323 ◦C for 20 wt.%, and 321 ◦C for
10 wt.%. There is a discernible trend: the degradation rate of the adhesive accelerates
with increasing the debonding agent content. Interestingly, this result is correlated with
debonding results in which the temperature of debonding decreases when the filling rate
increases.

Figure 4.7: Thermal degradation profiles of REF-DDS and epoxy formulations with vary-
ing debonding agent loadings, including debonding agent Powder, under N atmosphere
at a heating rate of 10 K/min

3.2.3.Dispersion and morphology

To study the dispersion characteristics of the additives in the epoxy resin matrix, resin
samples were fabricated and polished as described in the experimental section. The next
Figure 4.8 presents representative Scanning Electron Microscope (SEM) micrographs of
the DGEBA/DDS adhesive system, incorporating 10 wt.% and 30 wt.% of the debonding
agent to enable a comparative assessment of dispersion at low and high loading rates.
The micrographs reveal that the debonding agent is homogeneously distributed within
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the resin matrix. However, an observable tendency toward aggregation is noted at higher
loading rates, which can be attributed to the increased filler content.

Figure 4.8: SEM micrographs showing dispersion of the debonding agent in epoxy resin
at 10 wt.% and 30 wt.% loading rates.

3.3.Mechanism Study

The mechanism study will delve into the debonding process in detail and will be divided
into two sections. The first section focuses on the physical mechanism of debonding, ob-
served through micro-CT analysis. The second section examines the chemical mechanism
to investigate the specific changes occurring within the adhesive layer or the modified
resin containing the debonding agent at T◦deb = 250◦C. To achieve this, a combination
of techniques was employed. First, the gas phase was studied using slow-rate dynamic
TGA at 1 K/min in an N environment to better separate the degradation steps of the
resin, debonding agent powder, and their combination. Subsequently, the gases extracted
at 250 ◦C were analyzed by FTIR to identify the reaction mode of the debonding agent
within the resin in the gas phase. Additionally, solid-state NMR was used to analyze the
condensed phase at both room temperature and after the heating step at T ◦deb.

All the reactions and phenomena identified in this study are summarized in the Figure
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4.19.

Figure 4.9: Schematic representation of the Debonding Mechanism of the Modified Resin
Containing the Debonding Agent, Highlighting Gas and Solid Phase Interactions

3.3.1.Physical debonding Mechanism

In the experimental section, tomographic analysis was conducted on resin samples at room
temperature (RT) and after exposure to a debonding temperature (T◦deb) of 250 ◦C for
15 minutes. The analysis compared two different cuts: one at a 20 wt.% filling rate where
fillers are homogeneously distributed, and another at a high loading rate (>40 wt.%)
where agglomerates formed. This comparison aimed to better visualize and intensify the
effect of heat on the adhesives, particularly the formation of voids. The images presented
in Figure 4.10 (a) and (b) indicate the presence of initial voids in the resin due to the
manufacturing process.

After heating at 250 ◦C, the emergence of micropores throughout the resin matrix was
noted. Comparative analysis of the 2D, 3D renders in Figure 4.10 (c) and (d) revealed
that micropores appear predominantly at the locations of the resin’s fillers. Both samples
from figure 3.17 (a) and (b) exhibited a void formation, of values of 3.16 %, and 0.46 % of
the total volume, for 40 % and 20 % loading rates, respectively. In contrast, the regions
without fillers, which can be compared to the non-modified resin, exhibit no presence of
micropores after heating. This observed micropores are identified as a primary factor
contributing to the debonding phenomenon. It is also noteworthy to mention that there
were smaller micropores that fall under the detection limit of 4 m of the apparatus, which
were not quantified in these respective percentages.
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Furthermore, Figure 4.10 (c) illustrates the formation of a small internal crack within
the matrix structure through the coalescence of the micropores. It is posited that these
cracks consequently impair the mechanical integrity of the resin. In the context of an
adhesive joint, the presence of these micropores, and their subsequent coalescence, leads
to mechanical degradation and the ensuing debonding phenomenon.

Figure 4.10: Micro-CT analysis of resin sample cuts with 20 wt.% ,40 wt.% of debonding
agent at room temperature and after 15 minutes of heating at 250◦C.

3.3.2.Chemical debonding mechanism

3.3.2.1 The gas phase
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Figure 4.11: TGA and derivative analysis of debonding agent powder, 30 wt.% debonding
agents in resin, and REF-DDS under nitrogen atmosphere with a heating rate of 1 K/min.

Figure 4.11 presents the TGA graph, offering insight into the thermal degradation be-
havior of the debonding agent powder, unmodified resin, and the combination of 30 wt.%
debonding agent powder and resin under a heating rate of 1 K/min in a nitrogen (N)
atmosphere. The debonding agent powder starts to degrade around 200 ◦C, with a signif-
icant peak in the derivative curve near 300 ◦C, and completes its decomposition by 400◦C.
The resin alone begins to degrade around 350 ◦C, with its main degradation phase peaking
at 400 ◦C and continuing until about 500 ◦C. For the combination of 30 wt.% debonding
agent powder and resin, a two-step degradation process is observed: the first peak in the
derivative curve around 300 ◦C corresponds to the debonding agent degradation, while
the second peak around 400 ◦C aligns with the resin’s degradation temperature. This
two-step pattern suggests that the debonding agent degrades independently within the
resin matrix, with no visible interaction between the two, although the addition of the
debonding agent appears to have a catalytic effect on the degradation behavior of the
resin.
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Figure 4.12: FTIR analysis of released gases from REF-DDS, 30 wt.% debonding agent,
and debonding agent Powder at T◦deb = 250◦C.

Figure 4.12 and the Table 4.2 present the results of a TGA-coupled FTIR experi-
ment, showing FTIR spectra extracted at 250◦C (T◦deb), the debonding temperature of
our system, along with a summary of all identified peaks. This provides a detailed com-
parison of the reference resin REF-DDS, resin combined with 30 wt.% debonding agent,
and debonding agent powder. The spectrum of the resin alone shows minimal features,
with the only significant peak corresponding to CO absorbance, indicating that the resin
remains largely stable and does not release volatile compounds at this temperature.

In contrast, the spectrum of the resin combined with 30 wt.% debonding agent exhibits
several peaks that, while less pronounced and broader than those in the debonding agent
powder spectrum, clearly indicate the presence and degradation of the debonding agent
within the resin matrix. Importantly, the combined spectrum does not show any new
peaks, signifying that the interaction between the resin and the debonding agent likely
does not result in the formation of new chemical entities, even at T◦deb = 250◦C. Notably,
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these peaks correspond to those in the debonding agent powder spectrum, which serves
as a reference with sharp and well-defined peaks.

The identified peaks include P-C stretching at 795 cm−1, multiple P-O-C stretching
bands at 1045, 1087, and 1150 cm−1, and P=O stretching bands at 1275 and 1320 cm−1

[281, 282] for peaks present in both spectra, and the -CH- stretch at 2983 cm−1 [282],
observed only in the debonding agent powder spectrum.

Table 4.2: Summary of wavenumbers of different identified peaks

Number Wavenumber (cm−1) Peak Identification

1 795 P-C stretching band

2 839 P-O-C symmetrical stretching

3 1045 P-O-C stretching band

4 1087 P-O-C stretching band

5 1150 P-O-C stretching band

6 1275 P=O band stretch

7 1320 P=O stretching band

8 2983 -CH2

3.3.2.2 Solid phase

Figure 4.13 summarizes all the NMR results, providing detailed insights into the ther-
mal stability and molecular dynamics of the studied materials. Figure 4.13 (a) presents
the Carbon-13 NMR spectra of REF-DDS (DGEBA-DDS) at room temperature and
250◦C. At room temperature, the peaks are sharp and well-defined, indicating distinct
chemical environments for the carbon atoms in the DGEBA-DDS structure. The peaks
labelled 1 to 10 correspond to specific aromatic and aliphatic carbons, with chemical shifts
ranging from approximately 0 to 200 ppm. The peaks in the aromatic region (100-160
ppm) and the aliphatic region (20-80 ppm) show the typical chemical environments of
REF-DDS [283]. As the temperature increases to 250◦C, the peaks broaden, reflecting
increased molecular motion and potential changes in the chemical environment. However,
the relative positions of the peaks remain similar, suggesting that the fundamental struc-
ture of REF-DDS remains intact. The presence of side bands in both spectra, which are
artifacts of the solid-state NMR technique, further supports the stability of the chemical
structure under elevated temperatures. This broadening of peaks at higher temperatures
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indicates increased molecular mobility.

Figure 4.13 (b) illustrates the 31 Phosphorus NMR spectra, revealing significant in-
sights into the behavior of the debonding agent powder when mixed with resin at room
temperature (RT) and at 250◦C. The characteristic peaks of the debonding agent, par-
ticularly the peak labelled 1, are sharp and well-defined in the debonding agent powder
spectrum and in the spectrum of powder + resin at RT. The chemical shift for the phos-
phorus peak of the debonding agent is around 20 ppm. However, at 250◦C, the peaks
corresponding to the phosphorus environment in the debonding agent are almost com-
pletely absent.

Figure 4.13 (c) shows the Carbon-13 NMR spectra for the debonding agent powder,
both alone and when mixed with resin (DGEBA-DDS) at room temperature (RT) and at
250◦C, providing critical insights into the chemical environments and interactions. The
characteristic peaks of the debonding agent powder are observed at chemical shifts around
19 ppm (peak 1), 21 ppm (peak 2), and 23 ppm (peak 3). When the debonding agent
powder is mixed with resin at RT, these peaks are still present at the same chemical shifts.
At 250◦C, the peaks corresponding to the debonding agent at 19, 21, and 23 ppm disappear
almost completely, indicating substantial changes or degradation of the debonding agent
within the resin matrix at elevated temperatures. In contrast, the resin’s peaks remain
prominent and well-defined under both conditions, demonstrating its chemical stability.

In conclusion, the combined NMR analyses (Carbon-13 and 31 Phosphorus) clearly
indicate that the debonding agent powder degrades independently within the resin ma-
trix. The chemical shifts of the debonding agent peaks, which are distinct in the pure
powder form, diminish or disappear when mixed with the resin, especially at elevated
temperatures, indicating significant changes in the chemical environment. Moreover, no
new peaks are detected in either the phosphorus or carbon spectra after exposure to heat,
demonstrating that no new chemical species are formed during the degradation process.
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Figure 4.13: Solid-state NMR Analysis: Carbon-13 NMR of PCO powder and 30 wt.%
resin at room temperature and 250◦C, compared with reference DDS at room temperature
and 250◦C, and phosphorus-31 NMR of PCO powder and 30 wt.% PCO 900 at room
temperature and 250◦C
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4.Discussion

Previous research conducted by the authors demonstrated that the incorporation of con-
ventional flame retardants into structural adhesives led to a reduction in debonding tem-
peratures, thereby validating their effectiveness as a debonding technology [277]. Building
on this foundation, the current study explores a different category of flame retardants,
specifically organo-phosphorus flame retardants. The debonding agent, known for its non-
intumescent properties, has shown promise as an effective technology. This paper delves
into the various parameters involved in the utilization of this flame retardant, aiming to
broaden its applicability and, in particular, to further decrease the debonding tempera-
tures.

To the authors best knowledge, this study represents the first comprehensive inves-
tigation into how the addition of the debonding agent to an adhesive can enhance the
debonding process of the adhesive joint. Consequently, a patent application detailing this
novel approach has been filed. The methodology employed for determining the debond-
ing temperature adheres to the same approach as that used in previous studies involving
flame retardants as a debonding technology, reflecting the characteristic modification of
the adhesive. This consistency facilitates a direct comparison of the impacts on debonding
temperature resulting from the incorporation of various flame-retardant additives at dif-
fering loading rates. An additional methodology was introduced to assess the activation
time required for the flame retardants within the matrix.

Examination of SEM images following the incorporation of the debonding agent reveals
that the particles are relatively large post-incorporation into the epoxy, with a notable
increase in agglomeration at higher loading rates. This agglomeration diminishes the
contact area between the debonding agent and the epoxy matrix. However, the formation
of these agglomerates does not impede the debonding process; in fact, a higher loading
rate appears to enhance the debonding effectiveness.

Furthermore, it is important to highlight that the incorporation of flame retardants
has impacted the physicochemical characteristics of the adhesives. Specifically, the glass
transition temperature (Tg) of the modified resins decreases with increasing debonding
agent loading rate, reaching values as low as 161 ◦C compared to the 206 ◦C of the
reference. However, this alteration is considered acceptable as the joint strength remains
enhanced, and the fillers, even at high loading rates, do not compromise the processability
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of the modified adhesives. Additionally, the curing cycle adapted for these resins remains
effective and applicable.

It can be reasonably deduced from the joint strength and debonding tests that the op-
timal debonding agent loading rate falls within the range of 20-30 wt.%. While this value
is specifically applicable to the REF-DDS system and other similar thermoset systems,
slight variations may occur depending on factors such as the viscosity of the resin, the type
of hardener used, and the rigidity of the crosslinked network post-curing. Furthermore,
the debonding test incorporating a time gradient suggests that to achieve debonding at
a temperature as low as 250 ◦C, the samples should be exposed to this temperature for a
minimum duration of 15 minutes.

Thermogravimetric analysis conducted on varying loading rates of the debonding
agent, ranging from 0 to 40 wt.%, revealed that higher filling rates bring the degradation
profile of the resin closer to that of the pure powder. This observation, when coupled
with tomographic data showing that micropores appear precisely at the filler locations,
supports the conclusion that the debonding agent reacts independently without interact-
ing with the resin matrix. Unlike traditional flame retardants, the debonding agent does
not engage with the resin to form a carbonous layer.

The physical reaction mechanism of the debonding agent within the resin is intrinsi-
cally linked to the chemical degradation of the filler. Remarkably, the debonding agent
does not require an external carbon source to facilitate debonding in the condensed phase.
This behavior is elucidated by slow-rate TGA analysis and its derivatives, which reveal
a distinct two-step degradation process when the resin is mixed with 30 wt.% of the
filler. Each degradation step coincides with the degradation temperatures of the indi-
vidual components, indicating that the debonding agent powder degrades independently
within the resin matrix. Upon activation, the debonding agent begins to chemically de-
grade, releasing volatile compounds as gases, as detected by TGA-FTIR analysis. This
analysis identifies the presence of P=O, P-O-C, and P-C bands, suggesting the forma-
tion of reactive radicals such as PO·, OH·, H·, HPO2· [282–285]. These radicals act
as chemical scavengers, interacting with the filler in the solid phase and participating
in reactions that release gases, including water vapor, carbon dioxide, and other non-
halogenated compounds. NMR analysis further supports this mechanism by confirming
that no new compounds form in the solid phase of the debonding agent and that the
REF-DDS resin retains its structural integrity at 250◦C. This indicates that the radicals
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predominantly interact with the fillers, leading to an auto-degradation reaction within
the solid phase. The transformation of the debonding agent into reactive species results
in the formation of micropores and voids within the resin matrix. The pressure generated
by the release of gases causes these micropores and voids to expand and coalesce, lead-
ing to crack formation. These cracks weaken the joint strength, ultimately resulting in
debonding.

The debonding temperature observed in the current study is 250◦C following the
modification of the adhesive. While this temperature is somewhat elevated, it remains
in a range that is comparable to the typical debonding temperatures of epoxy adhesives
loaded with thermally expandable particles [285] or expandable graphite [261], which
are around 140◦C and 235◦C, respectively. A significant advantage of this technology
lies in its compatibility with extended curing cycles that involve high temperatures for
curing and prolonged exposure to heat, a feature not shared by other technologies. This
compatibility is particularly relevant for high-performance systems such as DGEBA/DDS.
To further reduce the debonding temperature, exploring the combination of multiple
flame-retardant additives might be beneficial. It is hoped that such a combination could
lead to a synergistic effect, enhancing the debonding characteristics [285].

Finally, the scope of the current study, initially focused on aluminum-epoxy-aluminum
joints, is expected to broaden. Broadly speaking, the integration of functional additives
into epoxy adhesives for achieving debonding-on-demand could be initially applied to
facilitate the debonding of fiber-reinforced polymer (FRP) composites, particularly those
with an epoxy thermoset matrix. Furthermore, this approach holds potential for more
advanced applications, such as the separation of reinforcement fibers from the matrix in
FRPs, thereby enabling the recycling of high-value fibers.

5.Conclusion

In this study, the innovative application of non-intumescent organophosphorus flame-
retardant systems, specifically AFLAMMIT®PCO-900 (the debonding agent), for debond-
ing purposes in epoxy adhesives is thoroughly investigated. Unlike traditional intumes-
cent flame retardants, the debonding agent demonstrates a unique mechanism by forming
micropores in the resin matrix, leading to a significant reduction in the debonding tem-
perature, a desirable characteristic in adhesive technology. The research reveals that
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the debonding agent fillers do not interact with the resin matrix to form a carbona-
ceous layer, as is typical with classic flame retardants. Instead, they independently react,
causing chemical degradation and gas release that contribute to the debonding process.
The study successfully identifies an optimal debonding agent loading rate and highlights
the potential of these fillers in enhancing the debonding capability of epoxy adhesives,
providing a promising use for sustainable recycling and advanced manufacturing prac-
tices. Additionally, we are currently applying this technology to carbon fiber-reinforced
composites, showing promising results with similar trends in improving mechanical and
debonding properties. This further expands its potential impact in the field of material
engineering and sustainable materials.
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This study investigates the use of thermally responsive additives to enable controlled
debonding in adhesive joints, a critical step toward enhancing the sustainability and recy-
clability of adhesively bonded systems. Previous research demonstrated that the integra-
tion of intumescent flame retardants can significantly reduce the debonding temperature
by modifying the thermomechanical properties of adhesive joints at temperatures well
below the degradation onset of the unmodified adhesive system. Among these additives,
expandable graphite (EG) has shown promise as a thermally responsive material. When
incorporated into adhesive layers, even in small amounts, EG undergoes significant expan-
sion upon heating, providing an effective mechanism for disassembling adhesively bonded
structures.

Building upon these findings, the present work aims to investigate the influence of
manufacturing processes on the thermal response of EG. The central hypothesis is that
tailoring the production parameters of EG can modulate its behavior, enabling debonding
to occur at targeted temperature ranges, thus broadening its potential applications.

To explore this hypothesis, the study employs a systematic experimental approach.
The initial mechanical properties and thermomechanical degradation of EG-modified ad-
hesive systems at low loading rates are assessed using a modified pull-off test, designed to
ensure repeatability and accuracy. Microstructural changes in the resin, both before and
after exposure to the debonding temperature, are analyzed using tomography techniques,
while X-ray Diffraction (XRD) provides insights into the structural transformations asso-
ciated with the thermal activation of EG.

Thermal degradation and thermomechanical properties are further examined using
Thermogravimetric Analysis (TGA) and Dynamic Mechanical Analysis (DMA). These
analyses are complemented by Scanning Electron Microscopy (SEM), which evaluates the
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dispersion of EG particles within the epoxy matrix and their influence on the joint mi-
crostructure. Together, these techniques provide a detailed understanding of the interac-
tions between the adhesive and the thermally responsive filler, elucidating the mechanisms
underpinning the debonding process.

Finally, the study demonstrates the practical feasibility of the debonding technology
through the reuse of substrates after debonding, facilitated by a simple cleaning proce-
dure. This research not only advances the understanding of EG as a thermally responsive
additive but also highlights its potential to enable efficient, controlled debonding, con-
tributing to the development of recyclable and sustainable adhesive systems.
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Abstract

Figure 5.1: Thermally Assisted Debonding and Recycling Process Using Expandable
Graphite

The emergence of debonding technologies has enabled adhesive systems to better align
with the principles of sustainability and the circular economy by addressing the gap
between the end-of-life stage of adhesively bonded products and the potential for com-
ponent reuse. In this context, the present study explores the application of thermally
responsive additives to induce controlled debonding in adhesive joints. In our previous
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investigations, it was shown that integrating various types of flame retardants (intumes-
cent and non-intumescent) significantly reduced the debonding temperature, by altering
the thermomechanical properties of the joint at temperatures substantially lower than
the degradation onset of the unmodified adhesive system. Expandable graphite (EG),
a thermally responsive material, has previously been employed with success for similar
purposes. Its incorporation into the adhesive layer, even in trace amounts, results in a
very significant expansion upon the application of heat, thereby providing an effective
mechanism for disassembling adhesively bonded structural assemblies. The present study
builds on this prior research and probes deeper into the manufacturing processes underly-
ing EG. The primary hypothesis explored is whether tailoring these processes can result in
modulating the thermal response of adhesives modified by EG, thereby achieving debond-
ing at distinct temperature ranges suitable for a wide spectrum of applications. This
study investigates EG-modified adhesives, assessing their mechanical properties, thermo-
mechanical degradation, and microstructural changes using characterization techniques
such as pull-off tests, microtomography, TGA, and DMA. Finally, the recycling poten-
tial is demonstrated through the successful reuse of debonded substrates after a simple
cleaning process.

1.Introduction

The development of a universal debonding method, suitable for various types of substrates
and adaptable to different variables inherent in the manufacturing process of adhesive
joints (such as curing cycles and adhesive degradation temperatures), is highly desirable.
This kind of adhesive system addresses the imperative of material recycling in several
significant ways. It enables the recycling of valuable materials at the end of the product’s
lifecycle, as well as facilitates repair and upgrade while the assembly is still in service
[152, 286]. In order to qualify as a universal solution, a debond-on-demand adhesive
must not interfere with the two critical steps involved in adhesive joint life cycle: the
processing and the life in service. Additionally, the debonding step should be quick,
reliable, and ensure that no unintended debonding occurs [287]. Given these criteria, the
incorporation of functional additives emerges as the most appealing solution, especially
for structural bonding applications [143]. In most instances, these additives facilitate the
mechanical deterioration of the adhesive layer through expansion and the release of gases
when subjected to a heat stimulus [141].
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Numerous debonding strategies have been explored thus far, including the addition of
foaming agents, thermally expandable particles (TEPs) [288,289] or electrically responsive
agents [151,254], which have demonstrated efficacy as debonding solutions. However, they
fall short in aspiring to be a universal solution. For example, some commercial TEPs can
expand during the curing cycles of high-performance structural adhesives, with expan-
sion occurring at temperatures as low as 60 ◦C. Additionally, most of these technologies
are designed to operate at a single, specified debonding temperature, which limits their
versatility. In our previous work, our research team ventured to address this limitation
by integrating intumescent flame retardants into the adhesive formulation. Through the
modification of the adhesive by incorporation of melamine polyphosphate, ammonium
polyphosphate, and organophosphorus flame retardants in an epoxy adhesive, we success-
fully developed debonding solutions for a broader temperature window, ranging from 325
◦C to as low as 250 ◦C [277].

Recently, a new contender with substantial expansion and charring capacity has
emerged in the flame-retardant industry: expandable graphite [290]. Expandable
graphite, also known as exfoliated graphite, is derived from the naturally occurring min-
eral [291], graphite. The unique layered structure of graphite facilitates the intercalation
of molecules between its layers [292]. The term "intercalation" denotes the process of
inserting an intercalant material between the graphene layers of a graphite crystal or par-
ticle, a characteristic feature of expandable graphite. These molecules are intercalated, or
inserted, between its layers, often aided using chemicals such as acids, like sulfuric acid.
When subjected to heat, the intercalated compounds within the graphite layers start to
decompose and to release gas. This gas release generates a significant force that drives
the graphite layers apart, resulting in the expansion of the material [293]. Moreover, the
thermal energy from heating further boosts the expansion by inducing the exfoliation
of the graphite, essentially a rapid separation of the graphite layers. This phenomenon
leads to a notable increase in volume, transforming the graphite into a worm-like or ver-
micular structure [294]. Due to its distinctive properties, notably its chemical inertness,
expandable graphite is finding a wide range of applications. It is nowadays utilized as a
flame retardant, wherein upon exposure to heat, it forms an insulation layer similar to
an intumescent layer that significantly slows down the spread of fire and mitigates the
emission of toxic gases and smoke [292]. Moreover, its porous structure proves beneficial
in environmental applications, aiding in wastewater purification and the absorption of
chemical solvents and oils [294]. Thermally Expanded Graphite (TEG), a derivative of
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expandable graphite, is proving to be pivotal in energy storage and sensor technologies. It
is employed in crafting composite materials, in conjunction with various conducting poly-
mers and metal chlorides, for a range of applications including hydrogen storage, thermal
energy storage, fuel cells, batteries, supercapacitors, and sensors [293]. Also, expandable
graphite has been effectively utilized as a debonding solution when incorporated in a ther-
moset adhesive, achieving a debonding temperature of 235 ◦C as elucidated in the work
N. Pausan et al. Although this investigation presents a noteworthy endeavor, it didnt ex-
plore the versatility of expandable graphite as a universal debonding solution [261,290]. In
fact, by tuning the preparation methodology of expandable graphite, the onset expanding
temperature can be marginally altered. For instance, the employment of strong oxidizing
agents such as perchloric acid or potassium permanganate could facilitate superior inter-
calation, potentially leading to a lower onset temperature. Moreover, adjusting the ratios
of chemicals used in the intercalation process can also influence the onset temperature.
For instance, a specific ratio of graphite to hydrogen peroxide, perchloric acid, potas-
sium permanganate, and acetic acid was demonstrated to yield an onset temperature of
approximately 155 ◦C [290]. The particle size of expandable graphite also significantly
impacts the onset temperature; larger particle sizes can reduce the surface area, con-
sequently impeding the intercalation process and leading to higher onset temperatures
for the powders [295–297]. This paper presents the incorporation of various expandable
graphite fillers with different onset temperatures in an epoxy adhesive to achieve distinct
debonding temperatures of an adhesive joint. The tailored solutions devised are capable
of debonding at temperatures as low as 225◦C, while also enduring the curing cycles of
high-performance adhesives and facilitating debonding at multiple debonding tempera-
tures extending up to 300 ◦C. Our examination will focus on the degradation of joint
strength influenced by thermal response, optimizing various parameters to achieve the
best mechanical properties and multiple debonding temperatures. Additionally, we will
investigate the thermo-mechanical properties using TGA and DMA for different fillers,
loading rates, and functional properties of the modified adhesives, elucidating the reaction
mechanism within the epoxy matrix that induces debonding. Furthermore, X-Ray Diffrac-
tion (XRD) will be employed to analyse the structural changes in expandable graphite,
offering insights into interlayer spacing, crystalline integrity, and the effects of thermal
activation both within the resin matrix and in its powder state. An additional experiment
has been included to showcase the full potential of the debonding technology in a view
of materials recycling. This involves the re-use of the adherends and the examination of
the substrate surface after debonding. The re-used adherends were incorporated into new
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adhesive joints after a cleaning step, and their joint strength was tested. This comprehen-
sive analysis aims to provide pertinent insights into the applicability of these expandable
graphite fillers as a universal debonding solution for structural adhesives, in the field of
structural bonding and the recycling of adhesive assemblies.

2.Materials and methods

See section materials and methods of the thesis.

2.1.Materials

2.1.1.Adhesives

Low viscosity epoxy resin Bisphenol A diglycidyl ether (D.E.R.332, commonly abbreviated
as BADGE or DGEBA), was selected for this study. The hardener used is an aliphatic
flexible hardener, Diethylenetriamine (abbreviated as DETA). All products were supplied
by Sigma-Aldrich Germany.

2.1.2.Fillers

The selected flame retardant for this study comprises different forms of expandable
graphites with various characteristics, supplied by ACS Materials, USA, and commer-
cially referenced as CXG5B122, CXG00522, and CXG00622. It is a black flaky powder,
and according to the manufacturer’s data, the principal characteristics of these three
forms of expandable graphite will be summarized in the following table. For the sake of
ease, we will rename the fillers as EG and a number corresponding to their debonding
temperature.

Technical details of the used fillers.

Reference Assigned Name Particle Size (ţm) Purity (%) Expansion Start Temperature (◦C) Expansion Volume (ml/g)
CXG5B122 EG225 300 ≥95.0% 180◦C ≥2250 ml/g
CXG00522 EG250 80 ≥95% 250◦C ≥180 ml/g
CXG00622 EG300 50 ≥95% 300◦C ≥170 ml/g
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3.Results

This section details the experimental results on the effects of various EG filler additives on
adhesive joints. It examines the improvements in joint strength, variations in debonding
temperatures, and modifications in the adhesive’s physicochemical properties.

3.1.Mechanical study

3.1.1.Joint strength

The assessment of joint strength focused on two main factors. The first factor compared
different formulations, specifically examining the various forms of expandable graphite
used in reference formulations with REF (0 wt.%) filler. The second factor considered the
impact of increasing the filler rate on the joint strength of the samples. All results were
expressed as joint strength fractions relative to the reference value, which was assigned a
fraction of one allowing of comparison gain or loss in percentage of mechanical properties.
As shown in the Figure 5.2 (a), all modified formulations containing expandable graphite
fillers demonstrated a slight improvement in joint strength. For example, EG225 exhibited
an increase of 12%. This increase was more pronounced in EG250, with a value of 33%,
but decreased again in EG300 to only 6% increase. These findings confirm that at a 10
wt.% loading rate, expandable graphite positively influences joint strength. It is assumed
that smaller EG fillers tend to yield higher joint strength values. For instance, EG250
particles, measuring 80 m, showed higher joint strength than EG225 particles, which were
300 m. The decrease in joint strength fraction for smaller fillers, such as EG300, can be
attributed to filler aggregation, which may promote early failure during joint strength
testing. The following Figure 5.2 (b) highlights the impact of increasing loading rates
on joint strength fractions. Using EG225, the loading rate was increased up to 40 wt.%.
A clear trend was observed: higher loading rates corresponded to lower joint strength
fractions, decreasing from an optimal value of 112% at 10 wt.% to a low of 74% at 40
wt.%. This suggests that the optimal joint strength is achieved at a 10 wt.% loading rate
and that higher rates may lead to weaker joint strength because of aggregation. As 10
wt.% is the minimum effective debonding rate, it is recommended for debonding tests.
However, to gain a comprehensive understanding of the use of expandable graphite as
a filler in the DEGBA/DETA system and comparable structural adhesive systems, all

140



Chapter 5. Use of different structures of expandable graphite for controllable debonding
temperature

loading rates will be further examined.

Figure 5.2: Adhesion test at room temperature, (a) joint strength of different formulations
(b) joint strength of different loading rates.

3.1.2.Debonding test

The results of the debonding test are shown in Figure 5.3. It compares the reference formu-
lation with various modified formulations, each containing a different type of expandable
graphite (EG) at a 10 wt.% loading rate. The focus was on the adhesive composition
with the DETA hardener, with all formulations being heated progressively until the non-
modified (REF) adhesive joints fully degraded. It was observed that these joints retained
their mechanical properties up to a critical temperature of 375 ◦C, after which they began
to degrade rapidly. To make the data better suited for a comparative study, the results
are presented as joint strength fractions, meaning all results use the initial joint strength
of the DGEBA/DETA formulation as a reference point. Throughout the experiment,
the reference formulation exhibited stable joint strength values, with minor fluctuations
observed between 200 and 300 ◦C. The lowest joint strength percentage recorded in this
range was 94%, while the highest was 115%. Before reaching their respective debonding
temperatures, the EG225, EG250, and EG300 formulations showed joint strength values
comparable to the reference formulation. For instance, at 200 ◦C, the joint strength per-
centages were 115% for EG225, 110% for EG250, and 105% for EG300, compared to the
reference value of 105%. There was no gradual degradation of mechanical properties ob-
served, indicating that the EG fillers not only improve joint strength at room temperature
but also do not pose a risk of premature debonding within the operational temperature
range of the adhesive joint. This is certainly coming from the chemical inertness of EG.
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Debonding occurred only at the respective debonding temperatures for each formulation.
Specifically:

• EG225: Joint strength percentage decreased from 115% at 200 ◦C to 5% at 225 ◦C.

• EG250: Joint strength percentage decreased from 123% at 225 ◦C to 4% at 250 ◦C.

• EG300: Joint strength percentage decreased from 94% at 275 ◦C to 10% at 300 ◦C.

When comparing the technical data sheets of the fillers, it is observed that both EG250
and EG300 debond at temperatures corresponding to their onset expansion temperatures
specified by the manufacturer, see Table2.2. However, EG225 exhibited debonding at 225
◦C, whereas its manufacturer’s specified expansion temperature was 180 ◦C. This delay in
activation can be attributed to several factors. At 180 ◦C, the adhesive system is above
its Tg but not yet in the rubbery plateau, see the figure below , making it more rigid and
less flexible, thereby hindering the expansion ability of the expandable graphite fillers. In
contrast, at higher temperatures, the DGEBA/DETA system becomes flexible enough to
allow the fillers to expand and induce debonding.

Figure 5.3: Debonding test with temperature gradient for different EG formulations at
10 wt.%
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3.1.3.Failure modes

Two main failure modes were observed as seen Figure 5.4. Before debonding, the failure
is primarily adhesive failure, occurring at the interface substrate-EG fillers layer. After
debonding, due to the expansion of the EG filler and its downward migration, the failure
becomes primarily near-interface cohesive or adhesive, occurring at or near the interface
between the expanded EG filler and the substrate, with residue on the substrate surface
persisting after the debonding. It is therefore assumed that failure is coming from the
presence of defects which are located close to the adhesive-aluminum bottom interface.
This is certainly related to the expansion of EG which has settled in the bottom part of
the joint.

Figure 5.4: Observation of disjointed substrates before and after debonding.

3.2.Influence of the additives on the physicochemical properties

3.2.1.Thermal stability

Figure 5.5(a) presents the thermogravimetric analysis (TGA) curves for three different
EG powders: EG225, EG250, and EG300, conducted in a nitrogen (N) environment at
a heating rate of 10 K/min. The corresponding characteristic temperatures are summa-
rized in Table 5.1. The degradation profiles of EG225 curve shows an onset of degradation
(Tonset5%) at 174◦C, with the maximum rate of weight loss (TMax%) occurring at 256◦C.
This degradation profile indicates a two-step process: an initial minor weight loss followed
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by a more important degradation phase. The EG250 curve, begins its degradation at a
higherTonset5% of 208◦C, with a TMax% at 225◦C. EG250 also exhibits a two-step degrada-
tion process, with a noticeable rapid weight loss initially, followed by a gradual weight loss.
The third curve of EG300, demonstrates superior thermal stability with a Tonset5% of 294◦C
and a TMax% at 331◦C. Unlike EG225 and EG250, EG300 shows a single-step degradation
process with a gradual and continuous weight loss throughout the temperature range,
maintaining a higher weight percentage. Two main hypotheses can be extracted from
these findings. Firstly, similar to the debonding test, there is a direct correlation between
the size of the fillers and the degradation temperatures, indicating that smaller particles
have better thermal stability and thus delay the debonding effect when integrated within
a resin. Second, despite the differences in degradation temperatures, the residual weight
at temperatures above 700◦C is similar for EG225 and EG300, but much lower for EG250,
suggesting that the amount of residue is independent of the particle size and pointing to
other influencing factors, such as the type of intercalated acids.

Figure 5.5 (b) shows the TGA curves for the reference resin (DGEBA-DETA), EG225
powder, and the resin modified with EG225 at different loading rates (10, 20, 30, and
40 wt.%) under the same conditions as the previous TGA experiment. The degradation
profile of the reference resin shows Tonset5% at 355◦C and TMax% at 374◦C. The EG225
powder alone exhibits a Tonset5% at 174◦C andTMax% at 256◦C, as previously noted. When
the resin is modified with 10 wt.% of EG225, the Tonset5% is reduced to 299◦C, with a
TMax% at 372◦C. Increasing the loading rate to 20 wt.% further lowers the Tonset5% to
290◦C, with a TMax at 371◦C. At 30 wt.% loading, the TOnset 5% decreases more sig-
nificantly to 248◦C, with a TMax% at 356◦C. Finally, at the highest loading of 40 wt.%,
the Tonset5% drops to 228◦C, and the TMax% is observed at 340◦C. These results indicate a
clear trend. Increasing the loading rate of EG225 in the resin matrix leads to a decrease
in both the onset of degradation temperature and the maximum degradation rate tem-
perature. Another noticeable trend is the multi-step degradation behavior observed when
EG225 is incorporated into the resin, especially at higher loading rates. The 10 wt.% and
20 wt.% modified resins show a relatively smooth single-step degradation similar to the
reference resin, albeit at lower temperatures. However, at 30 wt.% and 40 wt.% loadings,
the degradation profiles display distinct multi-step behavior. This is indicated by initial
weight losses at lower temperatures followed by further degradation steps, suggesting in-
teractions between the resin and the EG225 particles, as well as possible phase separation
during decomposition. In addition, there are notable observations regarding the residue
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amounts at temperatures above 700◦C. The reference resin leaves minimal residue, in-
dicating nearly complete decomposition. The EG225 powder, on the other hand, has a
significant residue, consistent with its higher initial degradation. When EG225 is incor-
porated into the resin at different loading rates, the residue amount increases with higher
EG225 content. At 10 wt.% loading, the residue is higher than that of the reference resin
but significantly lower than the pure EG225 powder. As the loading increases to 20, 30,
and 40 wt.%, the residue amounts progressively increase. This can be explained by the
high content of thermally stable graphite particles in the composite.

Figure 5.5: TGA Analysis of (a) Expandable Graphite Powders (EG225, EG250, EG300)
and (b) Resin Composites with Varying EG225 Loading Rates at 10 K/min in Nitrogen
Atmosphere.

Table 5.1: Onset temperatures of degradation at 5% and at Tmax of weight loss

Formulation TOnset,5% (◦C) TMax (◦C)

REF-(0wt.%) 355 374
EG-225-POWDER 174 256
EG-250-POWDER 208 225
EG-300-POWDER 294 331
EG–225 10-wt.% 299 372
EG–225 20-wt.% 290 371
EG–225 30-wt.% 248 356
EG–225 40-wt.% 228 340

3.2.2.Dispersion and morphology

To study the dispersion characteristics of the additives in the epoxy matrix, different
loading rate samples (10 wt.%, and 30 wt.%) with EG fillers were fabricated and polished
for detailed examination. Figure 5.6 displays the cross-sectional micrographs of these
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two different loading rates. A common observation between the 10 wt.% and 30 wt.% EG
loading rates is that the fillers tend to settle towards the lower part of the resin, indicating
there is no interaction between the fillers and the matrix. This phenomenon of settlement
is more pronounced at the 30 wt.% loading rates, showing the formation of agglomerates
and for both there is the formation of a separate EG layer or an interface between the
resin and the loaded resin layer in both loading rates 10 wt.% and 30 wt.% loading rates.

Figure 5.6: Microscopic observation of modified resin with 10 wt.% EG225 and 30 wt.%
EG225

3.2.3.Thermomechanical properties

The analysis of storage modulus and tan δ curves provides valuable insights into the
reinforcing efficiency of expandable graphite (EG) fillers under varying temperatures and
stress conditions. Figure 5.7 (a), (b), and (c) illustrate the changes in storage modulus,
loss modulus, and tan δ of epoxy resin with different types and concentrations of EG fillers.
The storage modulus increases with the addition of EG fillers, showing a clear correlation
with the loading rate of EG225, similar to the trends seen in flexural modulus tests. This
enhancement in storage modulus can be attributed to the improved stiffness of the epoxy
due to the high-stiffness EG particles. When comparing different types of EG fillers, the
resins modified with 10 wt.% of EG250 and EG300 also show an increased storage modulus
compared to the reference resin. EG250 exhibits the highest storage modulus among the
three types of fillers, followed by EG300 and then EG225. As the concentration of EG225
increases, more particles interact with the epoxy matrix, leading to further improvements
in storage modulus. Additionally, the interaction between EG particles and the epoxy
matrix restricts the mobility of the epoxys molecular chains near the particles, resulting
in increased storage modulus. However, as temperature increases, the storage modulus
declines which can be explained by the increased mobility of the epoxy chains. The loss
modulus, in Figure 5.7 (b). The reference resin has a peak loss modulus around 150◦C.
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The resin modified with 10 wt.% EG225 shows a similar peak, while increasing the loading
rate to 20, 30, and 40 wt.% shifts the peak to higher temperatures, indicating an increase
in Tg. The peaks for 20 wt.% and 30 wt.% loadings of EG225 are around 160◦C, while the
peak for 40 wt.% is slightly lower. The resins with 10 wt.% of EG250 and EG300 show
peaks at higher temperatures than the reference resin, with EG250 showing the highest
peak temperature. The increase in loss modulus with higher EG content indicates that the
material’s ability to dissipate energy as heat improves, which is expected since expandable
graphite is mainly made of graphite flake that are used to improve heat conductivity and
dissipation when used as a filler in a polymer resin [298, 299]. Figure 57 (c) shows the
temperature-dependent changes in tan δ , with the Tg values of the samples extracted in
Table 5.2 based on the peak points of the graphs. The reference resin has a Tg of 151◦C
and adding 10 wt.% EG225 only slightly alters this value to 154 ◦C. However, adding 10
wt.% of EG250 and EG300 increases the Tg to 157◦C and 156◦C, respectively. Higher
loadings of EG225 (20, 30, and 40 wt.%) further increase the Tg to 163◦C for 20 and
30 wt.%, while 40 wt.% slightly reduces it to 160◦C. These minor variations in Tg can
be attributed to the restriction of the movement of polymer chains near the filler-matrix
interface. It is important to note that EG fillers are inert and do not chemically interact
with the epoxy, which helps to maintain the stability of the Tg.

(a) Storage Modulus
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(b) Loss Modulus

(c) Tan δ

Figure 5.7: Dynamic Mechanical Analysis (DMA) of Resin Composites: (a) Storage Mod-
ulus, (b) Loss Modulus, and (c) Tan Delta for Different Expandable Graphite (EG) Fillers
and Loading Rates.
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Table 5.2: Glass transition temperatures of all modified formulations

Formulation Tg (◦C)

REF-(0-wt.%) 151
10-wt.%-(EG225) 154
10-wt.%-(EG250) 157
10-wt.%-(EG300) 156
20-wt.%-(EG225) 163
30-wt.%-(EG225) 163
40-wt.%-(EG225) 160

3.3.Mechanism study

3.3.1.Micro-CT analysis

Micro-CT analysis was conducted to investigate the structural changes in modified resin
samples containing EG225 before and after exposure to the debonding temperature
(T◦deb). The results, presented in Figure 5.8, illustrate porosity development and filler
activation at both the bulk and surface levels. Figures 5.8 (a) and 5.8 (b) focus on obser-
vations in the bulk resin. Before debonding, the resin exhibits minimal porosity, measured
at 0.46% (Figure 5.8 (a)). After exposure to (T◦deb), the porosity significantly increases
to 27% (Figure 5.8 (b)), driven by the activation and expansion of EG225. Expandable
graphite particles physically expand, creating voids without chemically interacting with
the resin, as shown in TGA data and existing literature [293]. These structural changes in
the bulk resin confirm that EG225 acts independently, with the expansion phenomenon
degrading the integrity of the matrix structure upon heating.

Figure 5.8 (c) presents observations at the surface level, where the activation and
exfoliation of EG225 are more pronounced. At the surface, EG flakes undergo exten-
sive expansion and exfoliation, forming characteristic plate-like structures. This localized
activation plays a crucial role in weakening the resin-substrate interface, ultimately en-
abling debonding. The observed surface exfoliation directly correlates with the mechanical
failure, demonstrating the efficiency of the debonding mechanism at the resin-substrate
interface.

The results from both the bulk and surface-level analyses highlight the dual role of
EG225 as a debonding agent. The increase in bulk porosity upon heating and the surface-
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level activation and exfoliation are instrumental in ensuring effective debonding. These
phenomena also explain the ease of cleaning in the post-debonding process, which will be
further explored in Section 3.4.

Figure 5.8: Micro-CT Analysis of Porosity Evolution in EG-Modified Resin: (a) Bulk
Resin Before Debonding, (b) Bulk Resin After Debonding, and (c) Surface-Level Changes
Before and After Debonding.

3.3.2.XRD analysis

The X-ray diffraction (XRD) patterns in Figure 5.9 provide a comparative analysis of
EG225 in both powder form and within a resin matrix, before and after exposure to the
debonding temperature (T◦deb). To enhance clarity, the diffraction signal from the post-
debonding samples has been amplified. In both powder (Figure 5.9 (a)) and resin samples
(Figure 5.9(b)), the primary peak at 26.5◦, corresponding to the (002) reflection plane
of graphite, is split into two distinct summits. This phenomenon is indicative of struc-
tural heterogeneity in expandable graphite, likely caused by variations in intercalation
or staging behavior. Staging in graphite intercalation compounds (GICs) refers to the
arrangement of intercalants between the graphene layers, which affects interlayer spacing.
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In Stage 1, intercalants are present in every interlayer, expanding the spacing and shifting
the peak to a lower 2 value. In Stage 2+, intercalants are present between every second or
third layer, resulting in a peak near 26.5◦. This heterogeneity produces regions with vary-
ing degrees of intercalation, reflected by the two peaks: the first at 26.5◦, corresponding
to less intercalated regions, and the second at 25.9◦, corresponding to expanded regions
with greater interlayer spacing.

After exposure to T◦deb, the intensity of the primary peak decreases significantly,
indicating a partial loss of crystallinity due to thermal expansion. Despite this intensity
reduction, there is no noticeable shift in the peak position, confirming that the graphite’s
hexagonal crystalline structure remains largely stable. The decrease in intensity can be
attributed to the exfoliation process, during which intercalated agents or acids are released
as vapor or gas. This release disrupts the long-range order of the graphite, thereby re-
ducing the number of coherent diffracting dipoles and leading to weaker diffraction peaks.
This behavior is characteristic of thermal exfoliation, where expanded graphite undergoes
structural reorganization. A secondary diffraction peak at 55.3◦, corresponding to the
(004) reflection plane, is observed prior to debonding. This peak shows a decrease in
intensity after debonding and shifts slightly to 54.5◦, indicating an increase in interlayer
spacing and partial exfoliation. Furthermore, this peak appears split into two summits,
suggesting the formation of multiple interlayer distances within the exfoliated graphite
structure. Another notable feature, particularly visible in Figure 5.9 (b), is the emergence
of new peaks at 44◦ and 44.5◦ after exposure to T◦deb. These peaks are attributed to the
restacking of exfoliated graphite layers, which reorganize after the release of intercalants
and structural expansion. This stacking behavior, along with the new peaks, may reflect
localized structural variations or the formation of distinct crystalline domains, which could
be further validated through complementary techniques such as Raman spectroscopy. The
thinning of diffraction peaks after debonding indicates structural refinement in expand-
able graphite. This behavior likely arises from a more uniform distribution of partially
restacked layers following exfoliation. The exfoliation process disrupts the stacking order
as intercalated agents are released, but some regions reorganize into more ordered lay-
ers, resulting in thinner peaks. Despite this refinement, the overall crystallinity decreases
due to layer expansion and separation. These structural changes reflected by reduced
peak intensity, variations in interlayer spacing, and the emergence of new reflections are
consistent with the thermally driven expansion of expandable graphite, a process that
is visibly noticeable to the eye. This expansion generates localized stresses within the
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resin, weakens adhesive forces, and facilitates mechanical separation, as confirmed by the
micro-CT analysis in Section 3.3.1.

Figure 5.9: X-Ray Diffraction (XRD) Reflection Patterns of EG225: (a) Powder Before
and After Debonding, and (b) Resin with 10 wt.% EG225 Before and After Debonding.

3.4.Recycling experiment

The recycling experiment is designed to test the potential of the debonding technology
and to which extent it can be used as a recycling technology. For this the results will
be segregated in two sections, the first is an SEM analysis and EDS of the substrate
surface before the first use, after debonding and activation of the fillers, and after a
simple cleaning phase with solvent and a light grinding step before re-use. The second
section is a comparison of the joint strength values between a reference formulation, the
first bonding, and the re-use with the recycled substrates.

3.4.1.SEM analysis of the surfaces

Figure 5.10 and Table 5.3 summarize the results of the EDS experiment of the differ-
ent surfaces at the 3 examined states. Comparing the amount of carbon in the zones
for different kinds of substrates reveals significant insights into the effectiveness of the
debonding and cleaning processes. Before debonding (and applying the adhesive), Zone 1
of the substrate shows a high aluminium content (89.32 wt.%) with no detectable carbon.
After debonding, there is an increase in carbon content to 88.87 wt.% in Zone 1, while in
Zone 2, after debonding, the aluminium content is 83.57 wt.% with no detectable carbon,
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confirming the failure type post deboning as cohesive near the surface. Following the
cleaning phase, the EDS results of the recycled surface still show a high surface carbon
content value 89.39 wt.% where a residual mark is observed. Even after cleaning, some
carbon residue remains, though its volume is significantly diminished when we compare
zone 1 from image after debonding and zone 1 from recycled surface. Examination of the
SEM images corroborate this, showing that the residue is highly reduced and the abrasion
patterns from the mechanical cleaning treatment are clearly visible again.

Figure 5.10: SEM observation of the substrate surface at different states, Before Bonding,
After debonding and recycled surface.

Table 5.3: EDS results of the substrate surface at different states: Before Bonding, After
Debonding, and Recycled Surface

Substrate Element (wt.%) Substrate before debonding Substrate after debonding Recycled substrate

Al C Al C Al C

Zone 1 89.32 0 0.44 88.87 0 89.39
Zone 2 — — 83.57 0 96.95 0

3.4.2.Recycled joint strength

The joint strength results for various formulations demonstrate the effectiveness of the
recycling process. As previous joint strength tests, all the values are normalized and
compared to the reference formulation (0 wt.% EG) has a joint strength percentage of
100 %. The joint before debonding with 10 wt.% EG shows an increase of strength
percentage of 33%, indicating that the addition of EG enhances joint strength. After
the recycling process, the recycled joint without EG shows a slightly reduced strength
percentage of 97%, which is close to the reference, suggesting that the recycled substrate
maintains a comparable level of joint strength. Notably, the recycled joint with 10 wt.%
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EG exhibits a strength percentage of 127 %, nearly matching the joint before debonding.
This highlights that the recycled substrates, even with some residual carbon detected by
EDS, do not degrade the joint strength properties.

Figure 5.11: Comparison of the joint strength of recycled joints, reference, and modified
joint before debonding at RT.

4.Discussion

The use of expandable graphite (EG) as a debonding technology has been previously
documented [261], proving effective in preserving joint strength properties and efficient
in inducing effective debonding. However, the application of multiple EG with different
characteristics to achieve debonding at various temperature windows is relatively novel,
demonstrating this technology’s versatility. In prior research done by the authors, mul-
tiple flame retardants, such as melamine polyphosphate, ammonium polyphosphate, and
organo-phosphorus flame retardants like PCO 900, were repurposed for debonding appli-
cations successfully in both patented [WO2021219736] and published works [277]. EG
was shown in this study to preserve joint strength at room temperature at filler loadings
as low as 10 wt.% and even slightly improve it, as observed with EG250 fillers for example
where joint strength fraction increased from 100 % to 133 %. Three distinct debonding
temperatures 225 ◦C, 250 ◦C, and 300 ◦C were achieved, supporting the premise that EG
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can serve as a universal debonding technology. A negative impact on joint strength was
noted with increased filler loading, as the joint strength relative values decreased from
112 % at 10 wt.% to 74 % at 40 wt.% of EG225. While expected, examining high filler
content samples offered insights into potential behaviors for other resins with varying
properties, such as different glass transition temperatures, viscosities, and curing profiles.
Unlike previous studies that focused primarily on mechanical aspects, such as adhesive
properties and ageing properties, this study provided a comprehensive physicochemical
characterization of the modified resins at various loading rates. Thermogravimetric anal-
ysis revealed a catalytic effect on the degradation profile, with higher filler concentrations
accelerating degradation and reducing residual amounts due to the volatilization of the
intercalated acids in EG fillers. A significant delay, ranging from 5 ◦C to 50 ◦C, was
observed between the debonding temperatures in modified resins and the onset tempera-
ture of the fillers, possibly due to the thermoset thermal resistance and the constraining
effect of the thermoset. Despite the advantages, EG as a debonding technology has limi-
tations. Fillers were observed settling during curing, creating a resin/resin+EG interface
visible through optical microscopy or microtomography. Additionally, an increase in glass
transition temperature (Tg) was noted, likely caused by the large specific surface of EG
fillers, hindering polymer chains mobility, requiring more thermal energy for the polymer
to reach the rubbery state. Another notable limitation of using EG fillers for debond-
ing is related to thermal cycles which are required for curing process. EG fillers may
not withstand high temperatures or prolonged curing cycles without partial activation,
potentially damaging mechanical properties and debonding effectiveness. In the current
study, this disadvantage was mitigated by selecting DGEBA-DETA as the adhesive sys-
tem, which is a low-temperature curing system. The failure modes observed correlated
well with physical trends, as fast-settling fillers impacted the adhesive-substrate inter-
face. Before debonding, failures were adhesive; after debonding and EG filler exfoliation,
failures were primarily cohesive/near-interface adhesive, close to the downside interface.
This phenomenon can be attributed to the settling behaviour of the fillers observed from
the optical microscope images. The EG fillers are inert, and the reaction mechanism
involves no interaction with the resin, this observation was confirmed through the XRD
experiment where no new peaks appeared before and after debonding temperature for
both powder and modified resin samples. Debonding occurred before resin degradation
in all three filler types. As elucidated in the literature, upon heating, intercalated acids
decompose into gases, such as sulfur dioxide or carbon dioxide, causing rapid expansion
and forming expanded graphite [299–301]. This expansion created porosities within the
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adhesive joint until mechanical failure occurred, leading to debonding. This physical
mechanism was thoroughly observed using micro-CT analysis as the fillers were tracked
before and after debonding, showing the difference in volume of porosities in the bulk and
the wormhole structure formation of activated EG fillers over the surface of the resin [301].
Moreover, attempts to reduce EG filler sizes to improve homogeneity were unsuccessful,
as smaller fillers compromised debonding capabilities by limiting expansion, as discussed
in the work of Wang et al. [302]. Larger particles facilitated greater expansion ratios. Fac-
tors affecting expansion and activation temperature include the type and concentration of
intercalated acids and interlayer spacing, where increasing these variables enhances expan-
sion as well [303, 304]. While reducing filler size positively affects mechanical properties,
excessive reduction favors agglomerate formation, negatively impacting joint strength per-
formance. Thus, an optimal filler size exists when working with EG fillers. Although no
aging tests were conducted in this study, a similar study [305] showed no significant dam-
age to adhesive joints after water submersion ageing test. Finally, the re-manufacturing
experiment involved re-preparing substrates from debonded samples to emphasize the re-
cycling aspect of debonding technology. While most studies stop at substrate separation,
this study assessed the feasibility of re-using substrates and re-manufacture an adhesive
assembly. Macroscopically, residues were easily removed with light mechanical abrasion
and solvent cleaning. Microscopically, however, residues were detectable, with traces of
adhesive confirmed by EDS experiments. Despite this, the joint strength values showed
a slight decrease from 100% to 97 % which is not significant and 27% increase in the
case of the re-manufactured sample with modified resin. EG fillers were shown to be an
effective debonding technology, offering various debonding temperatures suitable for mul-
tiple applications. However, their inability to distribute homogeneously within adhesive
matrices limits their use to adhesive joints, preventing broader application in composites
like carbon fiber composites.

5.Conclusion

This study demonstrates that expandable graphite is an effective and versatile debonding
technology, capable of achieving distinct debonding temperatures of 225 ◦C, 250 ◦C, and
300 ◦C. At low filler loadings (10 wt.%), EG preserved and slightly enhanced joint strength
at room temperature, highlighting its potential for various adhesive applications. EG’s
inert nature allows for debonding before resin degradation through physical expansion,
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and the ability to recycle debonded substrates with no compromise of joint strength was
confirmed, supporting sustainable practices and material recycling. To broaden EG’s
applications, especially in composite materials, further optimization of filler properties
and compatibility with different adhesive matrices is needed. This research provides
valuable insights into EG’s role as a debonding agent and as a ready to use debonding
technology.
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This final study in the dissertation is central to validating the primary hypothesis of this
research: that short-chain ammonium polyphosphate (APP I) enables lower debonding
temperatures while preserving adhesive joint performance. Expanding on previous inves-
tigations into flame-retardant-assisted debonding, this work examines how the molecular
characteristics of APP I influence thermal activation and adhesive disassembly. The find-
ings confirm that APP-based formulations enable controlled adhesive failure at reduced
temperatures while preserving acceptable mechanical integrity. Furthermore, the addi-
tion of pentaerythritol as an external carbon source amplifies the intumescent behavior,
promoting more effective thermal expansion and char formation, thereby enhancing the ef-
ficiency and reliability of the debonding process in structural adhesive applications. A key
contribution of this study is the evaluation of substrate recyclability, an essential consider-
ation for the sustainable reuse of bonded assemblies. While earlier research demonstrated
that thermally activated flame retardants enable adhesive disassembly, the feasibility
of reusing debonded substrates remained uncertain. This study systematically investi-
gates post-debonding surface conditions, comparing untreated, mechanically cleaned, and
solvent-treated substrates. The results indicate that with appropriate cleaning protocols,
recycled substrates can recover nearly 100% of their initial adhesion strength.

Another significant aspect of this work is the benchmarking of our lab developed
adhesive joint strength evaluation methods. While earlier studies in this dissertation
employed custom joint strength tests, this study introduces single-lap shear (SLS) testing,
an industry-standard method for adhesion assessment. The strong correlation between the
results obtained from these methods reinforces the rigor and reliability of the experimental
framework, ensuring that the findings align with established industrial testing standards.

A comprehensive characterization was conducted to achieve a deeper understanding
of the mechanical, thermal, and morphological behavior of the modified adhesive for-
mulations. This included physicochemical analyses to elucidate degradation mechanisms
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and porosity formation, further correlating the materials performance with its debonding
efficiency and debonding mechanism.

These findings support the broader adoption of sustainable adhesive technologies and
provide a basis for transitioning this approach from adhesive joints to structural and
composite applications.
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Figure 6.1: Thermally Assisted Debonding and Recycling Process Using intumescent
flame retardants

Abstract

This paper exploits the novel approach inspired by the use of intumescent flame-retardant
such as melamine polyphosphate (MPP) and ammonium polyphosphate (APP) as addi-
tives for disassembling bonded aluminium substrates. Building on our previous work,
where we used long-chain APP and MPP, this study investigates lower molecular weight
flame retardants to enhance debonding capabilities. Short-chain ammonium polyphos-
phate (APP) was incorporated into epoxy adhesive joints, acting as both an acid source
and a swelling agent to trigger thermal debonding. To enhance this effect, pentaerythritol
was added as an external carbon source, promoting a more efficient intumescent reaction
and improving debonding performance. Upon exposure to heat, the stimuli-responsive
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nature of the system was activated, leading to swelling and foaming of the adhesive
layer in the adhesive joint. This created local porosities that facilitated the formation
of cracks at the adhesive-substrate interface and enabling efficient disassembling of the
bonded aluminium substrates. Comprehensive characterization of the resin with intumes-
cent agents incorporation and its assemblies with aluminium substrates was performed,
including structural, morphological, mechanical, and thermal property analyses. Results
revealed that incorporating lower molecular weight APP fillers as well as the external
carbon source in the intumescent system were crucial for achieving efficient debonding at
temperatures as low as 175 ◦C. In addition, a recycling experiment was conducted at the
end to test the feasibility of using recycled adherends and compare their performance to
standard adherends. This work demonstrates the potential of utilization of intumescent
flame-retardant additives for creating debonding solutions within different temperature
windows, making these solutions suitable for a wide range of applications and various
material types.

1.Introduction

For thousands of years, adhesive technologies were inspired by nature and mainly ex-
tracted from natural sources. They can be derived from plant-based sources such as tree
bark or Arabic gum from acacia trees [306, 307] as well as animal based, such as casein
glue extracted from milk proteins [307, 308]. In fact, the earliest evidence of mankind’s
use of bonding technologies can be found in ancient tools, such in stones were bound to
sticks with clay or horns attached to handles [309, 310]. It is only within the last cen-
tury that we have seen the development and widespread use of synthetic adhesives [310].
Thermosetting resins, such as epoxy, polyurethanes, and phenolic resins, have been used
as adhesives [311]. These resins offer properties as for example the ability to bond dis-
similar and fragile materials, significant weight reduction in structures, and resistance to
vibration [312, 313]. Consequently, these adhesives have become industrially produced
and have increasingly replaced traditional joining techniques such as welding and rivet-
ing [314]. While these adhesive technologies have addressed numerous challenges, they
suffer from one major drawback: the permanence of the bond [315] making the recycling
of adherends hard and almost impossible. Over the past decade, this need for recycle
and repair has led to the development of a new class of adhesives known as reversible
or debondable adhesives [141]. These new adhesive technologies are stimuli responsive
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and enable easier disassembly and reuse of materials when exposed to specific triggers
such as heat, electrical current, and chemical reactions after the components application
lifetime [249].

Debonding stimuli are a key factor in adhesive design [315]. To date, six distinct types
of stimuli have been documented in literature, each associated with specific technologies.
Light stimuli are addressed through photo-debondable adhesive technologies, also known
as supramolecular adhesives. These adhesives utilize non-covalent interactions, such as
hydrogen bonds and metal coordination, to form reversible bonds that can be dissociated
using UV light. While they are effective for temporary adhesion, their mechanical strength
is often limited [252, 307]. For heat stimuli, two major technological families exist. The
first utilizes additives within the adhesive polymer, such as thermally expanding particles
or foaming agents, which facilitate debonding upon heating. However, these additives
can reduce joint strength and accelerate material aging, thus rendering them unsuitable
for certain epoxy thermosets [256]. The second family involves modifying the adhesive
polymer itself; for instance, Diels-Alder-based adhesives employ thermally reversible cova-
lent bonds through the Diels-Alder reaction, enabling both debonding upon heating and
re-bonding upon cooling. Additionally, Aromatic ThermoSetting coPolyesters (ATSP), a
class of high-performance reactive adhesives designed for structural applications, utilizing
dynamic covalent chemistry through interchain transesterification reactions (ITR). These
adhesives demonstrate robust mechanical properties however it requires precise tuning
and are limited to high-temperature cycles, primarily for space applications [253].

Electrically induced debonding involves the application of an electric current to weaken
or sever adhesive bonds, suitable for conductive materials nevertheless requiring the inte-
gration of metal patches or conductive substrates [151,152,254]. Magnetic field-responsive
adhesives leverage hysteresis heating to achieve debonding, though their effectiveness may
be compromised by uneven particle dispersion [254, 263]. Finally, chemical debonding
utilizes specific chemical triggers, such as fluoride ions, to initiate bond degradation,
offering precise debonding capabilities with the potential downside of leaving chemical
residues [149,307].

Each of the debonding technologies discussed presents distinct advantages and limita-
tions. Despite advances, there remains a pressing need for more streamlined and versatile
debonding technologies suitable for diverse assembly scenarios, across different resins and
material types, including adhesive joints and composites such as CFRPs in a future step.
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In response to this challenge, our team has repurposed intumescent flame retardants
[270] traditionally used for fireproofing as fillers to induce a debonding effect [267–269].
Upon exposure to heat, these flame retardants begin to foam and expand within the resin
matrix, forming a porous barrier that impedes heat and gas transfer, thereby mechani-
cally weakening the joint and facilitating debonding. Previous studies have demonstrated
that ammonium polyphosphates and melamine polyphosphates can effectively lower the
debonding temperature to 325 ◦C [277], suitable for structural adhesives.

To broaden the temperature window suitable for debonding and advance the use of
intumescent flame retardants as a debonding technology, we investigated lower molecu-
lar weight variants of ammonium polyphosphate (APP). These short-chain APPs exhibit
thermal degradation at lower temperatures, potentially enabling debonding to occur be-
low the degradation threshold of the adhesive itself. Traditionally, an intumescent flame
retardant system consists of three key components: an acid source, a foaming agent, and a
carbon source, which interact synergistically to produce an expanded protective char. In
our study, since the primary goal was to initiate debonding at temperatures significantly
below the adhesives decomposition point, an external carbon source, specifically pentaery-
thritol, a well-known intumescent additive, was introduced. This allowed us to examine
the influence of pentaerythritol on both the intrinsic properties of the adhesive and the
mechanical performance of the resulting adhesive joints. The present work compares
the effects of incorporating both short-chain and long-chain ammonium polyphosphates,
with and without the carbon source, across a range of structural and thermal properties.
To assess the mechanical strength of the modified joints, we fabricated and tested alu-
minum/modified epoxy joint/aluminum specimens. A specially designed debonding test
helped evaluate and determine the debonding temperatures achieved by each system.

The modified resins with different intumescent agents were characterized and analyzed
using techniques such as SEM, EDS, pull-off tests, DMA, Micro-CT, flexural tests, and
TGA to explore their mechanical and thermal properties and to visualize and identify
the debonding mechanism. Further, to complete the cycle of debonding, recycling, and
reuse of substrate surfaces, a recycling experiment was specifically designed using single
lap shear tests. In this experiment, samples were mechanically tested before debonding.
After debonding, the substrates were cleaned and reused in new samples, and the results
from the recycled substrates were compared with those from the initial tests.

This study demonstrates that incorporating lower molecular weight APP fillers in the
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intumescent system was crucial for achieving efficient debonding at lower temperatures.
Moreover, the combination of different forms of APPs with a carbon source resulted in an
optimized intumescent system capable of inducing debonding at multiple temperatures,
thereby highlighting the versatility of this debonding technology.

2.Materials and methods

See section materials and methods of the thesis.

2.1.Materials

2.1.1.Adhesives

Low viscosity epoxy resin Bisphenol A diglycidyl ether (D.E.R.332, commonly abbreviated
as BADGE or DGEBA), was selected for this study. The hardener used is an aliphatic
flexible hardener, dithylenetriamine (abbreviated as DETA). All products were supplied
by Sigma-Aldrich Germany.

2.1.2.Intumescent flame retardants

Two APP variants, supplied by Shifang (China), were examined: TF-303, a short-chain
APP (Phase I), with the general formula (NH4)n+2PnO3n+1 and a degree of polymerization
n < 20; and TF-201, a long-chain variant with n > 1000. This study aimed to assess the
effectiveness of short-chain APP in promoting low-temperature debonding, thereby sup-
porting its suitability for expanding the application range of intumescent flame-retardant
systems. In addition, pentaerythritol, supplied by Sigma-Aldrich, was used in this study
for its role in forming a char layer during thermal decomposition. For clarity, the charac-
teristics of the three APP variants will be summarized in The following table. In addition,
pentaerythritol, supplied by Sigma-Aldrich, was incorporated in this study in powdered
form to act as an external carbon source.
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Technical details of the used fillers.

Flame Retardant Assigned Name Molecule Supplier Nitrogen Content (wt.%) Phosphorus Content (wt.%) Particle Size (D50) (m)

APP TF-303 APP I Ammonium Polyphosphate Shifang China 17.5% 59.5% 200-300

APP Phase II (TF-201) APP II Ammonium Polyphosphate Clariant 14% 30% 1525

3.Results

This section presents the experimental outcomes related to the influence of different am-
monium polyphosphate (APP) fillers on adhesive joint performance. The study investi-
gates enhancements in joint strength, variations in debonding temperatures, and alter-
ations in the physicochemical characteristics of the adhesive system.

3.1.Mechanical analysis

3.1.1.Effect of APP fillers on joint strength

The evaluation of joint strength at room temperature was conducted to assess the effect
of APP fillers at varying loadings. A 20 wt.% concentration was selected as the optimal
formulation based on previous studies with APP and MPP fillers [125], where this ra-
tio provided the best balance between mechanical integrity, adhesion performance, and
controlled debonding. All results were normalized against the reference REF DGEBA-
DETA formulation, which was assigned a relative joint strength of 100%. As shown in
Figure 6.1, two key trends emerged. First, an increase in joint strength was observed
when APP fillers were incorporated at 20 wt.%. Specifically, short-chain APP I increased
joint strength from 100% ±7% (reference) to 103% ± 6%, which is not significant , while
long-chain APP II exhibited a more pronounced enhancement, increasing from 100% ±
7% to 133% ± 16%. Conversely, the addition of pentaerythritol negatively impacted joint
strength. When 10 wt.% pentaerythritol was combined with either APP I or APP II, joint
strength decreased relative to both the reference and APP-only formulations. The APP
I + PENTA system led to a reduction to 94% ± 7%, while APP II + PENTA lowered
joint strength to 105% ±10% from the original 133% ± 16% observed with APP II alone.
Despite this reduction, the incorporation of APP fillers did not significantly impair joint
strength. Although pentaerythritol slightly weakened adhesion, joint strength values re-
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mained within acceptable limits for initial screening at RT. The superior performance of
long-chain APP II compared to short-chain APP I is likely attributed to its optimized
particle size, powder morphology, and surface treatment of the powders, which enhance
dispersion and integration within the adhesive matrix.

Figure 6.2: Adhesion test at room temperature, joint strength fraction of different formu-
lations.

3.1.2.Debonding performance of APP-modified adhesive joints

The results of the debonding tests are presented in Figure 6.3 , comparing the reference
formulation with various modified adhesive systems. These include formulations incorpo-
rating 20 wt.% of either short-chain APP I or long-chain APP II, as well as combination
formulations containing 10 wt.% APP and 10 wt.% pentaerythritol. The primary fo-
cus was to evaluate the thermal degradation behavior of the adhesive matrix using the
DETA hardener, with all formulations progressively heated until the non-modified REF
DEGBA-DETA (reference) joints underwent complete degradation. The reference for-
mulation exhibited mechanical stability up to 375 ◦C, beyond which a rapid degradation
of adhesive strength was observed. To facilitate interpretation, all results are expressed
as joint strength percentages, with the REF DEGBA-DETA formulation set as the 100%
baseline. Throughout the heating process, the reference formulation maintained relatively
stable joint strength values, fluctuating slightly between 200 ◦C and 300 ◦C, with recorded
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variations ranging from 94% ± 7% to 115% ±5%. A similar trend was observed across
all modified formulations, as each retained mechanical integrity within the operational
temperature range of the adhesive joint, with significant strength loss occurring at the
respective debonding temperatures. For the 20 wt.% APP II formulation, mechanical in-
tegrity was preserved up to 300 ◦C. However, at 325 ◦C, debonding was initiated, causing
the joint strength to drop from 117% ± 6% to complete failure (0%). In contrast, the
20 wt.% APP I formulation exhibited a much lower debonding temperature, as adhesive
failure occurred at 225 ◦C. Joint strength dropped from 112% ± 7% at 200 ◦C to 18% ±
10% at 225 ◦C, reaching complete failure at 250 ◦C. The incorporation of pentaerythri-
tol, while slightly reducing initial joint strength, facilitated a reduction in the debonding
temperature for both combination formulations. For the APP II + PENTA system, the
debonding temperature decreased from 325 ◦C to 250 ◦C, with joint strength dropping
from 106% ± 13% at 200 ◦C to 80% ± 10% at 225 ◦C, and further to 4% ± 3% at 250
◦C. This effect was even more pronounced in the APP I + PENTA formulation, where
the debonding temperature shifted from 225 ◦C to 175 ◦C. Joint strength decreased from
111% ± 10% at 175 ◦C to 11% ±3% before reaching complete failure at 200 ◦C.

Overall, the findings confirm that the inclusion of APP fillers enhances controlled
debonding behavior, with long-chain APP II providing superior thermal resistance. Mean-
while, pentaerythritol accelerates the degradation process, reducing the energy required
for joint failure.
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Figure 6.3: Debonding test with temperature gradient for different formulations at 20
wt.%

3.1.3.Analysis of failure modes

The failure mechanisms of the adhesive joints were analyzed to elucidate their mechan-
ical performance and thermal degradation behavior. Figure 6.4 presents representative
images of the fracture surfaces at different thermal exposure stages, highlighting the tran-
sition from adhesive/mixed failure at room temperature to progressive interfacial degrada-
tion before and after debonding temperatures were reached. At room temperature, both
the APP I-modified and APP I + PENTA formulations predominantly exhibited adhe-
sive/mixed failure, characterized by cohesive failure within the adhesive layer and partial
detachment at the interface. The presence of pentaerythritol did not significantly alter
the failure mode at this stage, indicating that the mechanical behaviour of the joint re-
mained comparable between APP-PENTA and APP-only formulations. As temperatures
approached the debonding threshold, distinct variations in failure patterns became evi-
dent. The APP I formulation maintained strong adhesion, with failure primarily occurring
through cohesive mechanisms. However, the APP I + PENTA formulation exhibited an
increased tendency toward interfacial failure, suggesting that pentaerythritol influenced
the adhesive-substrate interfacial strength, thereby facilitating earlier failure initiation.
Upon reaching the debonding temperature, clear distinctions in failure modes emerged.
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The APP I formulation retained partial adhesive bonding, while the APP I + PENTA for-
mulation exhibited more pronounced mixed failure, characterized by substantial adhesive
breakdown, increased interfacial detachment, and thermal degradation. This observa-
tion aligns with the measured reduction in debonding temperature for pentaerythritol-
containing formulations, reinforcing its role in promoting bond failure through thermally
induced degradation pathways.

Figure 6.4: Visual Analysis of Failure Modes in APP-Modified Adhesive Joints at Different
Thermal Stages.
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3.1.4.Flexural analysis

(a) Flexural Strength

(b) Young’s Modulus
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(c) Flexural Strain

Figure 6.5: Flexural Properties of REF DEGBA-DETA and Modified Adhesive Formula-
tions: (a) Flexural Strength, (b) Youngs Modulus, and (c) Flexural Strain.

Following the characterization of adhesive joints through joint strength testing, debonding
analysis, and failure mode observations, flexural testing was conducted to examine the
mechanical performance of the bulk resin. This approach enables a direct comparison be-
tween the unmodified and modified formulations, assessing the impact of APP fillers and
pentaerythritol on the resins stiffness, strength, and ductility. The flexural behavior of
the modified adhesive formulations was evaluated through flexural strength (Figure 6.5a),
Youngs modulus (Figure 6.5b), and flexural strain at break (Figure 6.5c). These mechan-
ical parameters provide insight into the structural integrity and flexibility of the adhesive
systems under bending stress. The reference formulation exhibits the highest flexural
strength at 75.3 MPa, indicative of its superior mechanical performance. The introduc-
tion of APP fillers results in a notable reduction in flexural strength, with the 20 wt.%
APP I formulation decreasing to 52 MPa and the 20 wt.% APP II formulation perform-
ing slightly better at 62 MPa. The combination formulations display further decreases,
with the 10 wt.% APP I + 10 wt.% PENTA formulation presenting the lowest strength
at 33 MPa, while the 10 wt.% APP II + 10 wt.% PENTA formulation attains 57.25
MPa. These results indicate that the addition of flame-retardant fillers compromises the
overall mechanical performance of the resins relative to the unmodified reference system.
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The reference formulation displays the highest flexural strength at 75.3 MPa, whereas
APP incorporation reduces this value. The 20 wt.% APP I formulation decreases to 52
MPa, while the 20 wt.% APP II formulation retains slightly better strength at 62 MPa.
The addition of pentaerythritol further diminishes flexural strength, with the 10 wt.%
APP I + 10 wt.% PENTA formulation reaching the lowest value at 33 MPa, while the
10 wt.% APP II + 10 wt.% PENTA formulation achieves 57.25 MPa. The modulus of
elasticity, as shown in Figure 3.36b, provides insight into the stiffness of the formulations.
The reference formulation exhibits a modulus of 3051 MPa, with the 20 wt.% APP I
formulation showing a slight decrease to 2994 MPa. Meanwhile, the 20 wt.% APP II
formulation remains relatively stable at 3024 MPa, indicating that APP II has a lesser
impact on stiffness than APP I. Interestingly, the combination formulations show an in-
crease in stiffness, with the 10 wt.% APP I + 10 wt.% PENTA formulation increasing to
3339 MPa and the 10 wt.% APP II + 10 wt.% PENTA formulation reaching the highest
value at 3654 MPa. This increase suggests that while flexural strength declines, the syn-
ergy between APP and pentaerythritol enhances stiffness, possibly due to modifications
in the cross-linking density of the polymer matrix. The reference formulation exhibits a
modulus of 3051 MPa, while the 10 wt.% APP I + 10 wt.% PENTA and 10 wt.% APP
II + 10 wt.% PENTA formulations achieve the highest stiffness at 3339 MPa and 3654
MPa, respectively. This suggests that while APP decreases strength, it enhances stiffness
due to changes in cross-linking density. The flexural strain at break, depicted in Figure
3.36c, illustrates the ductility of the formulations. The reference formulation exhibits the
highest strain at 2.7%, signifying its superior flexibility. The addition of APP fillers leads
to a reduction in strain, with the 20 wt.% APP I formulation decreasing to 2.1% and
the 20 wt.% APP II formulation maintaining slightly greater ductility at 2.425%. The
combination formulations further reduce strain at break, particularly in the 10 wt.% APP
I + 10 wt.% PENTA formulation, which demonstrates the lowest strain value at 1.15%,
while the 10 wt.% APP II + 10 wt.% PENTA formulation shows a strain of 1.9%. These
reductions confirm that while pentaerythritol promotes early degradation, it also leads
to decreased ductility, as evidenced by the lower strain values. The reference formula-
tion exhibits the highest strain at 2.7%, whereas APP-containing formulations reduce this
value. The 20 wt.% APP I and 20 wt.% APP II formulations exhibit strains of 2.1% and
2.425%, respectively. The combination formulations further decrease strain, particularly
the 10 wt.% APP I + 10 wt.% PENTA formulation, which reaches the lowest strain at
1.15%. The flexural analysis effectively highlights the complex interplay between flame
retardant fillers and mechanical performance. The incorporation of APP fillers, partic-
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ularly in combination with pentaerythritol, results in a trade-off between strength and
stiffness.

3.2.Influence of the additives on the physicochemical properties

3.2.1.Thermal stability

Figures 6.6 and Table 6.1 summarize the thermogravimetric analysis (TGA) results of
APP I, APP II, and pentaerythritol powders, as well as the REF DEGBA-DETA refer-
ence system and its modified formulations. These data provide insight into the thermal
degradation behavior of the individual components and their influence on the thermal sta-
bility of the adhesive matrix. Figure 6.6a presents the TGA curves for APP I and APP II
powders, performed in a nitrogen environment at a heating rate of 10◦C/min. The ther-
mal degradation profiles of these flame retardants exhibit distinct differences attributed
to their molecular weights. APP I, characterized by a lower molecular weight, undergoes
earlier degradation, with an onset degradation temperature (T%) of 133◦C, compared to
264◦C for APP II. This trend is further reflected in the maximum degradation tempera-
ture (T), with APP I reaching 202◦C, whereas APP II degrades at a significantly higher
temperature of 320◦C. These results confirm the increased thermal stability of APP II
over APP I, which is likely due to differences in chain length and decomposition pathways.
In contrast, pentaerythritol follows a distinct degradation pattern, with a T% of 209◦C
and a T of 245◦C, placing it between APP I and APP II in terms of thermal stability.
Figure 6.1b compares the degradation profiles of the modified formulations against the
REF DEGBA-DETA system. The reference formulation exhibits a T% of 355◦C and a T
of 374◦C, demonstrating its inherent thermal stability. However, the introduction of APP
fillers significantly lowers these degradation temperatures, indicating a catalytic effect on
decomposition. The 20 wt.% APP I formulation presents a T% of 278◦C and a T of 332◦C,
whereas the 20 wt.% APP II formulation exhibits slightly improved thermal stability with
a T% of 303◦C and a T of 337◦C. As expected, the addition of pentaerythritol further
accelerates the degradation process. The 10 wt.% APP I + 10 wt.% PENTA formula-
tion shows a T% of 222◦C, while the 10 wt.% APP II + 10 wt.% PENTA formulation
degrades at a slightly higher onset temperature of 240◦C. Both formulations degrade at
lower temperatures than their respective single APP-based formulations, confirming that
the presence of pentaerythritol enhances thermal degradation kinetics. Notably, when
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APP and pentaerythritol were combined, they exhibited a synergistic effect, further low-
ering the temperature range for degradation initiation, with significant decomposition
occurring between 200◦C and 300◦C. These findings align closely with the debonding test
results, supporting the hypothesis that APP I-modified formulations exhibit debonding
at lower temperatures compared to APP II-based systems. Furthermore, the presence of
pentaerythritol accelerates early thermal activation, thereby facilitating earlier adhesive
bond failure confirming the synergy between APP and pentaerythritol.

Figure 6.6: Thermogravimetric analysis (TGA) profiles of APP I, APP II, and pentaery-
thritol (PENTA) powders (a), and REF DEGBA-DETA with modified adhesive formu-
lations (b).

Table 6.1: Onset (T%) and maximum (T) degradation temperatures of REF DEGBA-
DETA and modified adhesive.

Formulation TOnset 5% (◦C) T Max (◦C)

REF DGEBA-DETA 355 374

APP I POWDER 133 202

APP II POWDER 264 320

PENTA POWDER 209 245

20 wt.% APP I 278 332

10 wt.% APP I + 10 wt.% PENTA 222 335

20 wt.% APP II 303 337

10 wt.% APP II+ 10 wt.% PENTA 240 345
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3.2.2.Dispersion and morphology

Scanning electron microscopy (SEM) analysis provides further insight into the disper-
sion and morphology of fillers within the adhesive matrix. The micrographs reveal key
differences in filler distribution and agglomeration, directly influencing mechanical per-
formance. For the 20 wt.% APP I formulation, as shown in Figure 6.7a, the SEM images
show a uniform distribution of APP I particles within the resin matrix. The presence
of relatively large, well-dispersed APP I crystals explains the minimal loss in mechanical
properties observed in mechanical testing. Conversely, as shown in Figure 6.7b, the 10
wt.% APP I + 10 wt.% PENTA formulation exhibits a markedly different morphology.
While the APP I fillers remain visible and distributed throughout the matrix, the SEM
images clearly depict significant agglomeration of pentaerythritol particles. This intense
clustering of PENTA is likely responsible for the pronounced loss in mechanical properties
observed in this formulation. The agglomeration leads to weak points in the adhesive,
disrupting stress distribution and creating localized failure sites, ultimately reducing the
overall joint strength. These observations reinforce the hypothesis that the incorporation
of APP I contributes to enhanced mechanical stability, while the addition of pentaerythri-
tol, despite promoting thermal degradation, negatively impacts mechanical performance
due to filler aggregation.
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Figure 6.7: SEM Micrographs of Modified Resin Samples: Surface Morphology Compar-
ison of 20 wt.% APP I and 20 wt.% APP I + PENTA Formulations.

3.2.3.Thermomechanical properties

DMA was conducted to assess the viscoelastic properties of the modified formulations,
focusing on storage modulus (Figure 6.8a), loss modulus (Figure 6.8b), and tan δ (Figure
6.8c). The results highlight the influence of APP fillers and pentaerythritol on mechanical
performance and thermal transitions. The storage modulus results indicate reinforcement
effects in formulations containing APP I and APP II, with both exhibiting increased
stiffness compared to the REF DEGBA-DETA formulation. The storage modulus results
as elucidated in Figure 8a indicate reinforcement effects in formulations containing APP
I and APP II, with both exhibiting increased stiffness compared to the REF DEGBA-
DETA formulation. The reference formulation has an initial storage modulus of 2000
MPa, while the 20 wt.% APP I and 20 wt.% APP II formulations achieve 2250 MPa and
2300 MPa, respectively. However, the addition of pentaerythritol leads to a reduction in
storage modulus, with the 10 wt.% APP I + 10 wt.% PENTA and 10 wt.% APP II + 10
wt.% PENTA formulations showing lower values, though still exceeding the reference. The
rate of modulus degradation is notably higher for APP I-based formulations, particularly
with pentaerythritol, suggesting faster mechanical softening with temperature. The loss
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modulus results, as illustrated in Figure 6.8b, demonstrate a shift in relaxation dynamics.
The REF DEGBA-DETA formulation exhibits a peak at 160◦C, whereas the APP I and
APP II formulations shift to 150◦C and 155◦C, respectively, indicating modified molecular
mobility. The peak intensity is also affected, with the 20 wt.% APP II formulation
displaying the highest peak 220 MPa, suggesting increased energy dissipation. In contrast,
the addition of pentaerythritol reduces peak intensity, with the 10 wt.% APP I + 10
wt.% PENTA formulation showing the lowest peak at 120 MPa, indicative of reduced
damping capacity and potential embrittlement. The tan δ analysis, shown in Figure 6.8c,
further elucidates the influence of fillers on the adhesives thermal transition. The REF
DEGBA-DETA formulation exhibits a Tg of 153◦C. The incorporation of APP fillers alone
increases Tg, with 20 wt.% APP I and 20 wt.% APP II formulations reaching 161◦C and
163◦C. However, the presence of pentaerythritol induces a plasticizing effect, reducing
Tg relative to the APP-only formulations. The 10 wt.% APP I + 10 wt.% PENTA
formulation exhibits the most pronounced reduction with a tg value of 147◦C, while the
10 wt.% APP II + 10 wt.% PENTA formulation shows a slightly higher Tg of 149◦C.
These findings confirm that APP enhances the structural rigidity of the adhesive, as
evidenced by the increased storage modulus, whereas pentaerythritol acts as a plasticizer,
promoting polymer chain mobility (lower storage modulus and higher loss modulus at low
temperature) and reducing Tg, which facilitates softening of the adhesive matrix.

(a) Storage Modulus
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(b) Loss Modulus

(c) Tan δ

Figure 6.8: Dynamic Mechanical Analysis (DMA) of REF DEGBA-DETA and Modified
Formulations: (a) Storage Modulus, (b) Loss Modulus, and (c) Tan as a Function of
Temperature.
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Table 6.2: Glass transition temperatures of all modified formulations .

Formulation Tg (◦C)

REF DGEBA-DETA 153

20 wt.% APP I 161

10 wt.% APP I + 10 wt.% PENTA 147

20 wt.% APP II 163

10 wt.% APP II+ 10 wt.% PENTA 149

3.3.Micro-CT analysis

High-resolution micro-tomography was employed to investigate the thermally induced
evolution of porosity in modified resin samples and its role in adhesive joint failure. All
results are summarized in Figure 6.9, providing a comprehensive visualization of porosity
distribution before and after thermal exposure. Figure 6.9a illustrates that the 20 wt.%
APP I resin initially presents a porosity of 0.89% at room temperature. Following thermal
exposure at 250◦C for 15 minutes (Figure 6.9b), porosity increases significantly to 11.82%,
indicating substantial micropore formation throughout the matrix. This pronounced rise
suggests that the thermal activation of APP I promotes void formation both at the bulk
and surface levels of the material. Similarly, the 10 wt.% APP I + 10 wt.% PENTA for-
mulation exhibits an initial porosity of 0.55% at room temperature (Figure 6.9c), lower
than that of the APP I-only formulation. However, after thermal exposure at 200◦C (Fig-
ure 6.9d), the porosity sharply increases to 12.56%, surpassing the porosity observed in
the APP I system despite the lower temperature threshold. This void formation occur-
ring at lower temperature highlights the synergistic effect of APP I and pentaerythritol,
confirming that the addition of pentaerythritol lowers the degradation onset temperature
and enhances porosity development. The substantial increase in porosity across both
systems directly correlates with the degradation mechanisms observed in debonding tests
and thermogravimetric analysis. The APP I formulation undergoes a more gradual ther-
mal activation process, whereas the combination of APP I and pentaerythritol induces
a more rapid structural breakdown, as evidenced by the sharp increase in porosity at a
lower temperature. Both resin systems displayed porosity increases extending beyond the
surface to the internal structure, as visualized in the 3D tomographic reconstructions. In
the context of adhesive joints, this pervasive porosity throughout the bulk plays a critical
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role in the degradation mechanism.

Figure 6.9: Micro-CT Analysis of Porosity in Modified Resin Formulations, (a) 20 wt.%
APP I at Room Temperature, (b) 20 wt.% APP I After 15 min at 250◦C, (c) 20 wt.%
APP I + 10 wt.% PENTA at Room Temperature, (d) 20 wt.% APP I + 10 wt.% PENTA
After 15 min at 200◦C.

3.4.Recycling experiment

3.4.1.SEM analysis of the surfaces

To evaluate the effectiveness of debonding and substrate reuse, scanning electron mi-
croscopy (SEM) and energy-dispersive spectroscopy (EDS) were conducted on the sub-
strate surface at different stages: before bonding, after debonding, and after surface clean-
ing. The results, summarized in Figure 6.10 and Table 6.3, provide insight into the surface
composition, the presence of adhesive residues, and the extent of substrate recovery. Prior
to adhesive application, the substrate surface (Figure 6.10a) exhibits a well-defined, clean
metallic morphology, with EDS confirming that aluminum (89.32 wt.%) is the sole de-
tected element in Zone 1 (Table 6.3). The absence of carbon or phosphorus suggests that
the surface is free of contaminants or pre-existing residues, providing an optimal bonding
interface. After debonding (Figure 6.10b), three distinct zones emerge, each character-
ized by varying degrees of residue accumulation and porosity formation. Zone 1 remains
relatively free of adhesive residues, with EDS detecting primarily aluminum (86.85 wt.%)
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and a minor phosphorus content (3.04 wt.%). The near-complete absence of carbon sug-
gests minimal adhesive retention in this region. In contrast, Zone 2 exhibits a substantial
increase in carbon content (75.15 wt.%), indicating significant adhesive residue accumula-
tion. The presence of phosphorus (4.37 wt.%) further confirms that the residues originate
from the flame-retardant-modified adhesive. Structurally, SEM imaging reveals extensive
microporosity within this zone, with some pores coalescing into larger cavities, suggest-
ing thermal and mechanical degradation of the adhesive matrix during debonding. Zone
3 shifts toward a phosphorus-rich phase, with phosphorus content reaching 26.63 wt.%
and carbon present at 26.6 wt.%, suggesting a localized variation in adhesive degradation
behavior or interaction with the substrate. The depth of the residue layer in Zone 2 ap-
pears more substantial, whereas Zone 3 presents a thinner, more phosphorus-concentrated
residue layer. Following mechanical and solvent-based surface cleaning (Figure 6.10c), sig-
nificant residue removal is evident, though some adhesive remnants persist. Two distinct
zones remain: Zone 1 is nearly identical to the pre-bonding state, with EDS confirming
aluminum (96.29 wt.%) as the primary element detected, indicating effective removal of
adhesive layers. Zone 2 still contains residual adhesive, with a dominant carbon content
of 76.57 wt.% and a significantly reduced phosphorus concentration of 3.34 wt.%. Com-
pared to Zone 2 before cleaning, this indicates that phosphorus-based residues are easier
to remove than carbonaceous ones, likely due to differences in adhesion properties or
degradation mechanisms. The recycling experiment demonstrates that the cleaning pro-
cess effectively restores substrate surfaces for potential reuse, though challenges remain
in fully eliminating adhesive remnants. While some adhesive remnants persist, particu-
larly in resin-rich areas, phosphorus-containing residues are more readily eliminated than
carbonaceous residues. Additionally, SEM observations confirm that the cleaned surface
exhibits a more uniform and thinner residual layer compared to the post-debonding state,
suggesting improved substrate conditions for potential rebonding applications.
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Figure 6.10: SEM observation of the substrate surface at different states, Before Bonding,
After debonding and recycled surface.

Table 6.3: Elemental composition (wt.%) in different zones of the substrate before and
after debonding, and in the recycled substrate.

Substrate Before debonding After debonding Recycled

Element (wt.%) Al C P Al C P Al C P

Zone 1 89.32 0 0 86.85 0 3.04 96.29 0 0
Zone 2 - - - 2.93 75.15 4.37 8.74 76.57 3.34
Zone 3 - - - 9.03 26.6 26.63 - - -

3.4.2.Recycled joint strength

The mechanical integrity of the recycled substrates was evaluated using Single Lap Shear
(SLS) testing, with results presented in Figure 6.11. To enable direct comparison, all
values were normalized to the reference REF DEGBA-DETA formulation. The observed
trends in SLS strength not only align with but also validate the findings from joint strength
testing, confirming the influence of filler addition and substrate preparation on adhesive
performance. The reference DEGBA-DETA formulation serves as the baseline, exhibit-
ing 100% relative SLS strength. The addition of APP fillers alone affects mechanical
performance differently: the 20 wt.% APP I formulation reduces SLS strength to 85%,
while the 20 wt.% APP II formulation enhances it to approximately 125%, highlight-
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ing the reinforcing effect of APP II. However, formulations incorporating pentaerythritol
show a substantial decline in adhesive performance. The 10 wt.% APP I + 10 wt.%
PENTA formulation results in a 60% SLS strength fraction, whereas the 10 wt.% APP II
+ 10 wt.% PENTA formulation reaches only 70%, demonstrating the adverse impact of
pentaerythritol on joint integrity. The most significant reduction is observed in the non-
treated post-debonding substrates, which retain only 25% of their initial SLS strength,
demonstrating the detrimental effect of adhesive residues on bonding performance by pre-
venting proper adhesion to the substrate. In contrast, the recycled substrates, following
mechanical and solvent-based cleaning, recover approximately 100% of the original SLS
strength, confirming their viability for reuse and their potential to restore adhesive per-
formance. The comparison between non-treated and recycled substrates highlights the
necessity of surface preparation in ensuring bond performance, reinforcing the need for
optimized cleaning methodologies in adhesive recycling applications.

Figure 6.11: Single Lap Shear (SLS) Strength of Reference, Modified, and Recycled Sub-
strates.
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4.Discussion

The use of ammonium polyphosphates as a debonding technology has been previously
documented, demonstrating that the incorporation of conventional flame retardants into
structural adhesives effectively reduces debonding temperatures while maintaining joint
strength. This validation highlights their efficiency in preserving mechanical integrity
while enabling controlled adhesive failure. Building upon this foundation, the present
study advances the research by utilizing short-chain APP I, aiming to further enhance
the debonding ability and expand the applicability of this approach. Intumescent flame
retardants, particularly APP-based systems, have shown significant promise as debonding
agents due to their ability to thermally activate and induce failure at targeted temper-
atures. This study systematically investigates the role of APP I in lowering debonding
temperatures compared to its previously studied counterpart, APP II, by evaluating its
effect across multiple characterization techniques. Additionally, the incorporation of pen-
taerythritol, a secondary carbon source, is explored to assess its synergistic role in mod-
ifying degradation behavior and further optimizing the debonding mechanism. To the
authors best knowledge, this study represents the first in-depth investigation into how
short-chain APP I improves adhesive debonding in structural joints. The methodology
employed for determining debonding temperatures follows a consistent approach with
previous studies, ensuring comparability across different flame-retardant additives and
formulations. The mechanical performance of adhesive joints was evaluated to assess the
impact of APP fillers on joint strength. The incorporation of APP I and APP II resulted
in distinct mechanical behaviors, demonstrating the influence of molecular weight and
chemical structure on adhesion properties. While APP II led to a 25% increase in joint
strength relative to the reference, indicating a reinforcing effect, APP I caused a minor
reduction in joint strength due to differences in interfacial bonding and filler dispersion.
The presence of pentaerythritol, however, introduced a more pronounced weakening effect,
with joint strength reductions reaching 40%. This loss in mechanical performance can be
attributed to pentaerythritol plasticizing effect, leading to microcomposite softening and
a decrease in cohesion. Despite the reduction in joint strength observed in certain for-
mulations, the overall results confirm that APP-based modifications do not compromise
mechanical performance beyond acceptable limits for structural adhesives. Second, the
evaluation of debonding performance further reinforces these findings, demonstrating that
APP-modified formulations enable thermally induced separation at well-defined tempera-
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tures. The debonding temperature varied depending on APP type and formulation, with
short-chain APP I facilitating earlier failure than APP II. The most efficient formulation,
containing 10 wt.% APP I + 10 wt.% PENTA, exhibited the lowest debonding tempera-
ture of 175◦C, confirming the role of pentaerythritol in accelerating thermal activation. In
contrast, APP II-based formulations-maintained adhesion at higher temperatures, with
debonding occurring at 250◦C, before undergoing failure, suggesting strong filler-filler in-
teractions or a synergistic effect between APP and pentaerythritol. Additionally, failure
mode observation provides information into the underlying debonding mechanisms by
evaluating how adhesive failure evolves under thermal activation. Prior to debonding,
failure in the reference system was predominantly cohesive, indicating strong interfacial
bonding between the adhesive and substrate [277]. However, the introduction of APP
fillers altered the failure behavior, leading to a transition from adhesive failure to cohe-
sive and near-interface failures. This change is attributed to the thermal activation of
APP, which initiates porosity formation within the adhesive matrix, weakening the inter-
nal structure and facilitating cohesive failure. Given the notable influence of APP fillers
on adhesive joint performance, it was important to examine their impact at the bulk resin
level to better understand their interaction with the polymer matrix. Flexural testing
provided key insights into the mechanical integrity of the resin, particularly in terms of
stiffness, strength, and ductility. The incorporation of APP fillers led to a reduction in
flexural strength. For example, the 20 wt.% APP I formulation showed a decrease in
flexural strength from 75.3 MPa (REF DGEBA-DETA) to 52 MPa. However, this ef-
fect was counterbalanced by an increase in stiffness, especially when pentaerythritol was
present. For instance, the 10 wt.% APP I + 10 wt.% PENTA formulation exhibited a
flexural modulus of 3339 MPa, compared to 3051 MPa for the reference. Nevertheless,
this combination also resulted in increased brittleness, as reflected by the decrease in
strain at break. The 10 wt.% APP I + 10 wt.% PENTA formulation showed a reduc-
tion in strain at break from 2.7% (REF DGEBA-DETA) to 1.15%, indicating reduced
ductility. These results highlight a clear trade-off between reinforcement and material
fragility, showing that while flame retardant additives improve stiffness, they simultane-
ously reduce flexibility and toughness. This trade-off must be considered across different
adhesive joint setups and configurations, as the mechanical response of adhesive joints
can vary depending on adhesive thickness, filler distribution, and localized stress concen-
trations. Moreover, physicochemical characterization was performed to investigate the
thermal stability, degradation mechanisms, and their direct impact on adhesive perfor-
mance. Thermogravimetric analysis showed that the reference formulation exhibited an
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onset degradation temperature (T 5%) of 355◦C, while the 20 wt.% APP I formulation
degraded at 278◦C and the 20 wt.% APP II formulation at 303◦C. The addition of pen-
taerythritol further reduced the onset degradation temperature, with the 10 wt.% APP
I + 10 wt.% PENTA formulation degrading at 222◦C and the 10 wt.% APP II + 10
wt.% PENTA formulation at 240◦C. Thermogravimetric analysis confirmed that APP I
degrades at a lower temperature than APP II, and the addition of pentaerythritol further
accelerates degradation, reducing the onset temperature and facilitating a more rapid loss
of structural integrity. These results align with the debonding temperatures, confirming
that the lower thermal stability of APP I-based formulations correlates with their earlier
debonding behavior. To further understand the structural implications of APP incorpo-
ration, a morphological analysis was performed to assess the distribution of fillers, the
formation of porosities, and the structural changes occurring during thermal activation.
SEM imaging confirmed that APP I fillers were well-dispersed within the resin matrix,
though their relatively large crystal size contributed to minimal mechanical property
loss. In contrast, formulations containing 10 wt.% APP I + 10 wt.% PENTA exhib-
ited significant filler agglomeration, particularly with pentaerythritol, which resulted in
a pronounced reduction in mechanical strength. The microstructural evaluation revealed
that pentaerythritol-rich areas formed clusters, limiting uniform resin-filler interaction
and generating stress concentration zones that contributed to premature failure. Moving
forward, dynamic mechanical analysis was conducted to assess the storage modulus, loss
modulus, and damping behavior of the modified formulations. The storage modulus re-
sults indicated that formulations containing APP I and APP II exhibited an increase in
stiffness compared to the reference, with the 20 wt.% APP I formulation increasing by
12% and the 20 wt.% APP II formulation increasing by 15%, reinforcing their structural
integrity. However, the addition of pentaerythritol led to a reduction in storage modulus,
with the 10 wt.% APP I + 10 wt.% PENTA formulation showing a 9% decrease compared
to APP I alone, though the values remained higher than those of the unmodified adhesive.
A notable trend was the faster degradation rate observed in APP I-based formulations,
particularly when combined with pentaerythritol, suggesting an accelerated loss of me-
chanical integrity at elevated temperatures. The loss modulus results revealed that all
modified formulations peaked at lower temperatures than the reference, with APP I for-
mulations peaking at 110◦C, APP II at 114◦C, and penta-containing formulations shifting
even lower to 107◦C, indicating a shift in the materials viscoelastic behavior. While the
peak magnitude was generally higher than that of the unmodified system, formulations
containing APP I and APP I + PENTA exhibited the lowest values, further emphasizing
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the weakening effect of pentaerythritol on mechanical performance. Lastly, the tan delta
analysis demonstrated a plasticizing effect with the addition of pentaerythritol, leading
to a decrease in the glass transition temperature from 153◦C in the reference formulation
to 147◦C in APP I + PENTA, while APP-modified formulations exhibited an increase,
with APP II reaching 163◦C due to its reinforcing effect on the polymer network. In
contrast, APP-modified formulations exhibited a Tg increase, confirming their stiffening
effect on the polymer network. To gain insight into the debonding mechanism, micro-
CT analysis was conducted to evaluate the structural evolution of the adhesive matrix
during thermal activation. The results demonstrated that as the fillers were activated,
significant porosity formation occurred, progressively degrading the mechanical integrity
of the resin. Micro-CT analysis quantified this evolution, showing that the 20 wt.% APP
I formulation had an initial porosity of 0.89% at room temperature, which increased sig-
nificantly to 11.82% after exposure to 250◦C. A similar trend was observed in the 10 wt.%
APP I + 10 wt.% PENTA formulation, where porosity increased from 0.55% at room
temperature to 12.56% at the lower activation temperature of 200◦C. This difference
confirms that the incorporation of pentaerythritol enhances porosity development while
reducing the required activation temperature, further facilitating adhesive joint failure
under thermal exposure. Complementary to this observation, the chemical mechanism
underlying the debonding process is consistent with the well-documented behavior of in-
tumescent flame retardants. Upon thermal degradation, APP undergoes decomposition,
releasing phosphoric acid derivatives that catalyze the charring process while simulta-
neously activating the carbon source, in this case, pentaerythritol. The reaction leads
to the release of ammonia (NH3), which serves as a foaming agent, contributing to the
expansion and structural weakening of the adhesive matrix [267–269]. This expansion,
coupled with the generation of voids observed in micro-CT analysis, ultimately facili-
tates adhesive joint failure at controlled temperatures. Finally, to evaluate the potential
for substrate reusability, SEM and EDS analyses were conducted to assess the effective-
ness of mechanical and solvent-based cleaning methods in restoring adhesive performance.
Before debonding, the aluminum substrate exhibited a clean surface with no detectable
carbon content. After debonding, distinct zones emerged, indicating variations in residue
distribution. Zone 1 showed minimal residue with a slight phosphorus signal, whereas
Zone 2 exhibited a high concentration of carbon (76.57%), primarily originating from the
adhesive matrix, along with a lower phosphorus content. Zone 3, in contrast, retained a
more balanced mix of carbon (26.6%) and phosphorus (26.63%), suggesting an accumula-
tion of phosphorus-rich degradation byproducts. Following mechanical and solvent-based
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cleaning, EDS results demonstrated a substantial reduction in surface contamination.
Phosphorus-based residues were almost entirely removed, while carbonaceous residues
persisted, albeit in a more uniform and thinner layer. The significant reduction in residue
thickness suggests that phosphorus-rich degradation products are more easily eliminated
than carbon-based residues, which require more aggressive cleaning methods for complete
removal. The mechanical evaluation using single-lap shear (SLS) testing confirmed the
impact of residual contamination on adhesive performance. Post-debonding, non-treated
substrates retained only 25% of their original SLS strength, certainly indicating that a
significant part of the residual adhesive creates a weak boundary layer which weakens
the adhesive structure after re-manufacturing. In contrast, recycled substrates subjected
to cleaning exhibited a complete recovery of SLS strength, reaching nearly 100% of the
reference formulation, confirming that the cleaning process successfully restored adhesion
properties. The successful restoration of adhesion strength in recycled substrates confirms
that APP-based debonding technology enables multiple reuse cycles, making it a viable
option for sustainable adhesive applications. Furthermore, the alignment between the
standardized SLS testing method and the joint strength evaluation confirms that both
approaches follow the same trends, reinforcing the validity of the experimental method-
ology designed and employed in this study and previous research. To sum up, this study
provides a comprehensive evaluation of APP-based debonding systems, demonstrating
their effectiveness in lowering debonding temperatures while maintaining an acceptable
balance of mechanical properties. The findings confirm that controlled adhesive failure
can be achieved through tailored filler selection, with pentaerythritol acting as a key syn-
ergist in reducing activation temperatures and enhancing debonding efficiency. Further
investigation would be necessary to find another carbon source acting as a synergist, while
having a less detrimental effect on the modified adhesive mechanical properties.

5.Conclusion

This study established the effectiveness of short-chain ammonium polyphosphate (APP
I) in lowering debonding temperatures, with the 10 wt.% APP I + 10 wt.% PENTA
formulation achieving the lowest at 175◦C. The addition of pentaerythritol enhanced
degradation through increased porosity formation, though at the cost of reduced me-
chanical strength due to a large plasticization effect. A comprehensive characterization
confirmed the relationship between mechanical properties, thermal stability, and debond-
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ing efficiency, demonstrating that APP-based formulations maintain an effective balance
between structural integrity and controlled failure. The debonding mechanism as well was
identified, revealing that thermal activation of APP fillers induces porosity formation, pro-
gressively weakening the adhesive matrix and facilitating separation. This behaviour was
further enhanced by pentaerythritol, which accelerated degradation and increased void
formation. Substrate recyclability assessments further demonstrated the feasibility of
reusing debonded substrates, with cleaning protocols successfully restoring nearly 100%
of adhesion strength. Our future work will focus on improving cleaning methods, inves-
tigating other debonding solution , alternative carbon source synergists, and extending
this debonding approach to composite structures to enhance its industrial relevance in
sustainable adhesive and structural applications.
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Summary, conclusions and perspectives

1 Benchmarking similar debonding technologies

1.1 Introduction

This section presents a detailed benchmarking framework for thermally responsive tech-
nologies used in adhesive debonding. Benchmarking is a critical step in situating the
findings of this research within the broader context of existing and emerging debond-on-
demand technologies. It facilitates a systematic evaluation of our approach against both
commercially available solutions and methods documented in scientific literature, allowing
for a clear comparison of performance parameters and identifying the key innovations of
this work.

The underlying principle of thermally responsive debonding technologies lies in weak-
ening adhesive cohesion through internal expansion, triggered by heat. Debonding agents
are incorporated into the uncured adhesive matrix and remain inert under normal condi-
tions. Upon exposure to a specific thermal stimulus, these agents undergo expansion or
release gases, generating porosity and internal stresses that disrupt the adhesive’s struc-
tural integrity. This process enables the separation of bonded substrates with minimal
damage to the adherends. However, for these technologies to be practically viable, the
debonding agents must meet stringent performance requirements. These requirements
include compatibility with resin systems, stability during the curing process, mechanical
performance within operational conditions, and effective debonding activation at con-
trolled temperatures.

Key benchmarking criteria for evaluating thermally responsive debonding technologies
include the level of expansion, compatibility with various thermoset resins, and stability
under curing and service conditions. It is also essential to assess the impact of debonding
agents on the thermal and mechanical properties of the adhesive, particularly at room
temperature and within the typical service temperature range, which spans from -55 ◦C
to +200 ◦C for the aerospace industry for example. Additionally, the activation temper-
ature for debonding must be sufficiently high to prevent unintentional activation during
service but low enough to ensure that the debonding process is energy efficient. Another
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important factor is the amount of residue left on substrates post-debonding, as excessive
residue can hinder the reusability and recyclability of components.

This section will present the results of benchmarking in a summary table, incorpo-
rating the aforementioned criteria. The performance of our debonding technologies will
be compared to other solutions, with particular emphasis on the two thermoset systems
examined in this research: DGEBA/DDS and DGEBA/DETA. This analysis provides a
comprehensive evaluation of the thermal and mechanical behavior of our thermally respon-
sive adhesive formulations, thereby supporting future advancements in adhesive bonding
technologies and sustainable recycling practices. All the results will be summerized in
Table 7.1 and Table 7.2 .
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Table 7.1: Benchmarking of Thermally Responsive Debonding Technologies Based on
Compatibility, Processing Behavior, Debonding Performance, and Mechanical Properties
- Part 1.

Debonding
Agent Name

Commercial
Reference

Supplier Compatibility Processing Constraints

DGEBA/DDS DGEBA/DETA

Expandable
Graphite
(EG225)

CXG5B122 ACS Materials Non-Compatible Compatible Not suitable for high-
temperature curing. Inho-
mogeneous mixing, fillers
settle fast.

Expandable
Graphite
(EG250)

CXG00522 ACS Materials Non-Compatible Compatible Not suitable for high-
temperature curing. Inho-
mogeneous mixing, fillers
settle fast.

Expandable
Graphite
(EG300)

CXG00622 ACS Materials Compatible Compatible Not suitable for high-
temperature curing. Inho-
mogeneous mixing, fillers
settle fast.

Organo-
phosphorus
(PCO 900)

AFLAMMITő
PCO 900

Thor Group Compatible Compatible Agglomeration at high loading
rates.

Ammonium
Polyphosphate
(APP)

Exolit AP 422
/ AP 740 /
TF-201

CIBA Germany /
Shifang China

Compatible Compatible Agglomeration at high loading
rates. Settling of fillers.

Melamine
Polyphosphate
(MPP)

MELAPUR
200

CIBA Germany Compatible Compatible Agglomeration at high loading
rates. Settling of fillers.

Melamine Or-
thophosphate
(MOP)

PMN 185 Thor Group Compatible Compatible Agglomeration at high loading
rates. Settling of fillers.

Short-Chain
APP

TF-303 / TF-
304

Shifang China Non-Compatible Compatible Not suitable for high-
temperature curing. Agglom-
eration and humidity-sensitive
fillers.

Short-Chain
APP + Pen-
taerythritol

TF-303 +
Pentaerythri-
tol

Shifang China /
Sigma-Aldrich

Non-Compatible Compatible Not suitable for high-
temperature curing. Agglom-
eration and humidity-sensitive
fillers.

Melamine Or-
thophosphate
(MOP) + Pen-
taerythritol

MOP + Pen-
taerythritol

Thor Group /
Sigma-Aldrich

Compatible Compatible Agglomeration at high loading
rates.

Ammonium
Polyphosphate
(APP) + Pen-
taerythritol

Exolit AP 422
/ AP 740 /
TF-201

CIBA Germany /
Shifang China

Compatible Compatible Agglomeration at high loading
rates.

Azodicarbon
amide Rescoll
technology

ADC Sigma-Aldrich non-Compatible Compatible Not suitable for high temper-
ature extensive curing cycles.
Agglomeration at high loading
rates. Sensitive to humidity

p-
Toluenesulfonyl
Semicarbazide

p-TsH Sigma-Aldrich non-Compatible Compatible Not suitable for high temper-
ature extensive curing cycles.
Agglomeration at high loading
rates. Settling of the fillers
sensitive to humidity

Thermally Ex-
pandable Parti-
cles (TEP)

TEP Expancel, Mat-
sumoto

non-Compatible Compatible Not suitable for high temper-
ature extensive curing cycles.
Agglomeration at high loading
rates.
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Table 7.2: Benchmarking of Thermally Responsive Debonding Technologies Based on
Compatibility, Processing Behavior, Debonding Performance, and Mechanical Properties
- Part 2.

Debonding
Agent Name

Temperature
of Induced
Debonding
(◦C)

Optimal Load-
ing Rates

Effect on Joint Strength
at Optimal Loading
Rates (% change com-
pared to reference)

Visible In-
tumescence
Expansion at
Tdeb

Recyclability Potential
(Residue left post-
debonding and ease of
cleaning)

Expandable
Graphite
(EG225)

225 10 wt.% +12% High High

Expandable
Graphite
(EG250)

250 10 wt.% +33% Moderate High

Expandable
Graphite
(EG300)

300 10 wt.% +6% Low Moderate

Organo-
phosphorus
(PCO 900)

250-300 20-30 wt.% +67% None Moderate

Ammonium
Polyphosphate
(APP)

300-350 20 wt.% +53% Low High

Melamine
Polyphosphate
(MPP)

300-325 20 wt.% +88% Low High

Melamine Or-
thophosphate
(MOP)

275 20 wt.% +34% None Moderate

Short-Chain
APP

225-250 20 wt.% +3% Low High

Short-Chain
APP + Pen-
taerythritol

175-200 20 wt.% -6% Low High

APP + Pen-
taerythritol

250 20 wt.% +5% Low High

MOP + Pen-
taerythritol

250 20 wt.% +9% Moderate Moderate

Azodicarbonamide
(ADC) - Rescoll
technology

200–220 10–15 wt.% -8% High High

p-
Toluenesulfonyl
Semicarbazide

200–220 20 wt.% -9% Low Moderate

Thermally Ex-
pandable Parti-
cles (TEP)

200–285 10–15 wt.% N/A Moderate Moderate
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1.2 Benchmarking and discussion

The benchmarking study provides a comprehensive analysis of thermally responsive
debonding technologies by evaluating key parameters, including compatibility, processing
behavior, debonding temperature, mechanical reinforcement, expansion behavior, residue
removal, and recyclability. These parameters are interrelated, influencing both the per-
formance and application scope of each technology.

Compatibility with adhesive systems such as DGEBA/DDS and DGEBA/DETA de-
pends heavily on the thermal stability of the debonding agents. Technologies such as
short-chain APP (TF-303 and TF-304), ADC, and thermally expandable particles (TEP)
exhibit limited compatibility with DGEBA/DDS due to their inability to endure the sys-
tem’s high-temperature curing cycles. These agents tend to activate prematurely, causing
matrix degradation and weakened mechanical properties. Expandable graphite (EG225
and EG250) faces similar challenges with DGEBA/DDS but performs well in the lower
temperature curing environment of DGEBA/DETA. EG300, benefiting from optimized
particle size and greater thermal stability, demonstrates compatibility with both systems.
By contrast, phosphorus-based flame retardants such as APP, MPP, and MOP maintain
high thermal resistance, ensuring strong compatibility across both adhesive systems. This
broad adaptability makes phosphorus-based systems suitable for demanding industrial ap-
plications.

Processing behavior is influenced by the size and stability of the fillers. Larger par-
ticles, such as those in EG225 and EG250, exhibit rapid settling and inhomogeneous
mixing during formulation, creating variability in joint properties. Even EG300, with
smaller particle size, faces some dispersion challenges. Short-chain APP and ADC suffer
from similar issues, particularly under humid conditions that destabilize particle distribu-
tion. Phosphorus-based additives such as MPP and APP offer relatively stable dispersion
but are prone to agglomeration when loading exceeds 20 wt.%. These constraints high-
light the importance of optimized filler dispersion and particle design to ensure stable
processing and mechanical performance. Mechanical reinforcement is primarily governed
by particle size, distribution, and particle-resin interactions. Well-dispersed additives with
strong resin bonding significantly enhance joint strength. For example, MPP at 20 wt.%
increases joint strength by 88%, while APP provides a 53% improvement through robust
filler-matrix interactions. EG250 achieves moderate reinforcement, improving strength by
33% at 10 wt.% loading, whereas EG225 and EG300 yield smaller gains of 12% and 6%,
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respectively. These modest improvements in expandable graphite systems reflect issues
related to inconsistent dispersion and aggregation, which reduce the effectiveness of the
reinforcement mechanism. Effective mechanical performance requires careful optimization
of particle size, uniformity, and resin compatibility.

The debonding temperature influences operational flexibility but does not directly
affect mechanical reinforcement. Lower-temperature systems such as ADC (200-220 ◦C)
and short-chain APP with pentaerythritol (175-200 ◦C) are suitable for applications where
rapid debonding and low thermal exposure are necessary. However, these systems tend to
exhibit reduced mechanical stability due to weaker structural integration of the filler. Con-
versely, high-temperature activation systems like MPP and APP (300-350 ◦C) maintain
superior mechanical properties while requiring greater energy input to achieve debond-
ing. Expandable graphite fillers cover a broad temperature range, with EG225 activating
at 225 ◦C, EG250 at 250 ◦C, and EG300 at 300 ◦C. This flexibility allows for tailored
application-specific performance.

Residue removal and recyclability are crucial parameters for assessing the sustainabil-
ity of debonding technologies. Systems with high expansion properties, such as ADC,
EG225, and short-chain APP, minimize residue by promoting internal matrix disruption
during activation. EG225, in particular, demonstrates high recyclability due to its effi-
cient residue reduction at 225 ◦C. However, rigid thermoset adhesives like DGEBA/DDS,
with their high cross-linking density, limit the extent of expansion and thereby retain
more residue even with high-expansion agents. In contrast, phosphorus-based systems
such as PCO 900, APP, and MPP exhibit moderate expansion and leave manageable
residue, which can be mitigated through optimized debonding conditions, such as longer
heating durations or higher activation temperatures. These moderate-residue systems
strike a balance between structural integrity and recyclability, making them suitable for
applications requiring both mechanical performance and manageable cleaning processes.

Recyclability is further enhanced by systems designed to minimize chemical reactions
at the interface. High-expansion systems, such as ADC, EG225, and TEP, facilitate
straightforward cleaning and reuse by mechanically breaking the adhesive bond without
excessive chemical alteration. This results in minimal adhesion residue on the substrate
surface, enabling efficient recycling. Systems like MOP and APP II, which interact more
strongly with the resin matrix, require additional cleaning but provide enhanced load-
bearing properties, which may justify the additional effort in structural applications.
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These findings underscore the multifaceted nature of thermally responsive debonding
technologies. Expandable graphite systems offer competitive recyclability and residue
management, though they face challenges in achieving optimal mechanical reinforce-
ment and dispersion stability. Conversely, phosphorus-based flame retardants provide a
well-rounded solution, offering robust mechanical performance, broad compatibility, and
adaptable residue control. The ability to optimize these systems through targeted par-
ticle engineering and resin formulation enhances their competitiveness across a range of
structural and flexible bonding applications. Together, these technologies provide viable
pathways for sustainable adhesive bonding and material recycling in industrial settings.
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2 Demonstrators and transfer to composites

The transition from adhesive joint studies to practical applications in composite struc-
tures is a crucial step in advancing thermally responsive debonding technologies. While
the work done through-out this project primarily focused on simple adhesive joint config-
urations, real-world industrial applications extend also to the need of the implementation
of these technologies in complex, multi-material structures. Composite systems, partic-
ularly carbon fiber-reinforced polymers (CFRPs) and sandwich panels with honeycomb
cores, are extensively used in high-performance sectors such as aerospace, automotive,
and renewable energy. Demonstrating successful debonding within these structures is es-
sential to validate the viability of these technologies for large-scale manufacturing, repair,
and recycling applications.

Figure 7.1: Debonding performance of CFRP demonstrators with EG225 and PCO 900
fillers

For this purpose, two debonding technologies PCO 900, a non-intumescent
organophosphorus flame retardant, and EG225, an expandable graphite were selected
from those discussed in this thesis. These technologies were tested across three demon-
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strator configurations: CFRP laminates, sandwich structures with honeycomb cores, and
pre-preg-modified CFRP composites designed to induce localized debonding between spe-
cific layers. Each configuration aimed to test the effectiveness of these technologies under
real structural conditions. Figure 7.1 illustrates the debonding performance in CFRP
laminates, Figure 7.2 shows the separation achieved in sandwich structures, and Figure
7.3 highlights the targeted debonding within pre-preg composites. These tests provided
critical insights into the success of the debonding process, as well as the influence of
heating time and residue accumulation post-activation of the fillers or debonding.

Figure 7.2: Debonding performance of sandwich structures demonstrators with EG225
and PCO 900 fillers

The results confirmed that debonding was successful in all three configurations. In
the sandwich structures (Figure 4.1), complete separation of the adhesive skins from the
honeycomb core was achieved, demonstrating the potential for effective disassembly in
lightweight structural components. The core itself remained structurally intact, support-
ing the feasibility of reusing both core and skin materials. In the CFRP laminates (Figure
7.2), debonding was localized to specific layers without affecting the surrounding lami-
nate, an essential requirement for selective disassembly in high-performance applications.
Similarly, in the pre-preg-modified CFRP composite (Figure 7.3), localized debonding
was successfully induced at the sacrificial layer, proving that thermally responsive layers
can be integrated within composite structures to facilitate controlled separation between
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chosen layers.

Figure 7.3: Pre-preg targeted debonding demonstrator.

Two critical observations were made during these tests. The first relates to the heating
time required for complete debonding. As detailed in the second article, extending the
heating duration at the debonding temperature (T◦deb) can significantly improve sepa-
ration by fully activating the debonding agents. In the case of CFRP laminates using
expandable graphite (EG), 10 minutes of heating was insufficient, with full debonding
occurring only after 15 minutes. For the CFRP laminate incorporating PCO 900, a non-
intumescent flame retardant, 25 minutes of heating was necessary to achieve complete
separation. This longer heating period reflects the slower activation of non-intumescent
systems. By contrast, the sandwich structures required less heating time, with successful
separation achieved within 10 minutes, likely due to more efficient heat transfer through
the thin adhesive layers and honeycomb core.

The second key observation concerns residue accumulation. Across all configurations,
significant residue was found on the debonded surfaces, though the extent varied depend-
ing on the structure. In the sandwich structures, residue was more concentrated on the
adhesive skins compared to the honeycomb core. In CFRP laminates, residue primar-
ily accumulated on the surface of the carbon fiber textile, consisting of both adhesive
remnants and inactive filler particles. This residue was observed in both EG- and PCO
900-based systems, indicating that while mechanical debonding was effective, chemical
degradation of the adhesive was incomplete. The residue presents a challenge for re-
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manufacturing purposes where clean surfaces are needed for substrate reuse, emphasizing
the need for optimization in both formulation and thermal processing. Strategies such
as modifying heat cycles or introducing post-debonding cleaning steps may help reduce
residue and improve substrate recyclability.

Overall, the demonstrators effectively validated the integration of thermally responsive
debonding technologies within complex composite architectures. The successful induc-
tion of localized separation in CFRP laminates, sandwich panels, and pre-preg-modified
systems highlights the practical feasibility of these approaches for advanced composite
disassembly and reuse. This work also culminated in a collaborative research article, cur-
rently under review in Composites Part B, with Samet Ozygit as first author and myself
as second author. In this study, CFRP composites were processed through the entire
debonding cycle, achieving complete fiber recovery post-debonding. Nevertheless, further
developments are required to refine thermal activation protocols and reduce surface con-
tamination, in order to meet industrial benchmarks for recyclability, process repeatability,
and structural integrity.

3 Conclusions

This PhD research investigated the potential use of flame-retardant systems, particu-
larly intumescent and non-intumescent types, as debonding agents in adhesive joints and
composite structures. The work spanned multiple studies, each contributing to the valida-
tion and development of thermally responsive debonding technologies. The initial study
served as a proof of concept, demonstrating that intumescent flame retardants could be
successfully integrated into adhesive layers to induce debonding. This research explored
and optimized the conditions required for effective debonding, including the appropriate
filler loading rates and thermal activation characteristics. In the first publication, intu-
mescent systems such as melamine polyphosphate (MPP) and ammonium polyphosphate
(APP) were tested, proving that these materials could facilitate debonding at temper-
atures around 300-325 ◦C, depending on the formulation. This work confirmed that
intumescent flame retardants not only provided the necessary expansion but also main-
tained mechanical properties in the adhesive until activation. The second paper expanded
the research to PCO 900, a non-intumescent organophosphorus flame retardant, which
achieved debonding at a temperature range of 250-300 ◦C. This study explored an alter-
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native mechanism of debonding, driven not by expansion but by the thermal degradation
of the resin matrix. The third paper examined the use of EG225, an expandable graphite,
which provided flexibility in debonding temperatures, ranging from 225-300 ◦C, depend-
ing on particle size and formulation. Finally, the fourth study pushed the boundaries
of the proof of concept by evaluating short-chain APP forms, demonstrating that under
optimized conditions, debonding could be achieved at significantly lower temperatures,
around 175-225 ◦C. Across these studies, we successfully validated the original hypoth-
esis that flame retardants could be incorporated into adhesive layers and resin matrices
to create effective debonding solutions. Traditionally, flame retardants are used in high
concentrations to reduce flammability and, at times, production costs. However, in this
work, we identified optimal filling rates that balanced debonding performance, mechani-
cal properties, and processability. These findings revealed critical trade-offs and the need
for careful formulation to ensure both structural integrity and reliable debonding perfor-
mance. Another major contribution of this research was the development of an in-house
debonding evaluation method a modified version of the pull-off test. This method provided
a practical and reproducible alternative to conventional mechanical testing methods, such
as single lap shear tests. As demonstrated in the fourth article, the pull-off test yielded
consistent results with greater ease of sample preparation, reduced equipment require-
ments, and improved flexibility for monitoring debonding behavior. The test also allowed
the correlation of mechanical performance and temperature data, enabling the charac-
terization of debonding temperatures, resin degradation, and activation behavior of the
debonding agents. Each study included detailed characterization of the modified resins,
tailored to the technology under investigation. These characterizations supplemented by
existing literature provided the necessary parameters for evaluating mechanical proper-
ties, thermal stability, and the mechanisms underlying debonding. Together, these studies
equipped this research with a complete framework of knowledge, making the technologies
discussed ready for application in industrial adhesive systems. Additionally, this work ex-
tended beyond adhesive joints by demonstrating the application of these technologies to
more complex composite structures, such as CFRP laminates and sandwich panels. One
of the final contributions of this PhD research was the investigation of recycling. This
study explored the possibility of substrate reuse after debonding by recycling debonded
materials and re-testing their mechanical performance. The results showed that with mild
abrasion and solvent cleaning (ethanol), the recycled substrates retained comparable me-
chanical properties. However, this also highlighted that further research is needed to
develop more efficient residue-cleaning technologies, particularly in composite structures.
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Such solutions should align with sustainable practices, possibly involving environmentally
friendly cleaning agents such as acetic acid. Despite the successes of this research, cer-
tain limitations were noted. While the two epoxy adhesive systems chosen DGEBA/DDS
and DGEBA/DETA are among the most challenging in terms of curing and debonding,
additional testing on other thermosets, such as polyurethanes, would have broadened
the applicability of the technology. As discussed in the benchmarking section, systems
compatible with rigid thermosets are likely to perform well in more flexible thermosets.
Another area for further exploration is the method of delivering these fillers in industrial
applications, such as coating or spraying directly onto composites or primers, which could
offer additional versatility. In terms of aging performance, although extensive long-term
studies were not conducted, this was justified by the existing body of knowledge on the
long-term stability of the selected flame-retardant fillers. These materials, including APP,
MPP, and EG225, have been widely used and documented in both academic literature and
industrial applications for their durability under thermal and environmental conditions.
Furthermore, the research priorities of this PhD focused on advancing new debonding
technologies rather than dedicating time to extended aging tests. The dissemination of
this work was carried out through both traditional methods, such as publications and
conferences, and creative approaches, including promotional videos to showcase the tech-
nology. Through the guidance of my supervisors and collaboration with my research team,
I gained valuable expertise in materials chemistry and scientific research methodologies.
Coming from an engineering background focused on practical problem-solving, this ex-
perience enabled me to develop a deeper scientific understanding of material behavior,
bridging both theoretical and application-oriented perspectives.
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Figure 7.4: Summary of the debonding technologies studied in this thesis and their acti-
vation temperatures.

Acronym Description
APP-I Short-Chain Ammonium Polyphosphate
APP-II Ammonium Polyphosphate Phase-II
PENTA Pentaerythritol

EXP Expandable Graphite
MPP Melamine Polyphosphate
MOP Melamine Orthophosphate

PCO-900 Organo-Phosphorus Compound

Table 7.3: Acronyms and Their Descriptions

4 Perspectives

This PhD research aimed to develop debond-on-demand technologies inspired by flame-
retardant systems. Throughout this work, we explored a variety of flame-retardant fillers
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and systems to create multi-window debonding technologies. We systematically screened
both established and novel possibilities, building on existing literature and previous sci-
entific advancements. The studies conducted within this thesis demonstrated the poten-
tial for flame retardants traditionally used to improve flammability resistance in resins
and polymers to serve as effective debonding agents when optimized for adhesive joints
and composite structures. A key realization I gained during this research is that while
conducting innovative experiments and exploring new perspectives is essential, the long-
term value of scientific work relies on continuity and the ability to integrate findings into
broader research efforts and industrial applications. Ensuring that our technologies can be
applied to composite structures and closing the recycling loop without compromising ma-
terial performance are critical components of this continuity. These efforts are currently
being carried forward by my colleague, Samet Ozygit, who is focusing on optimizing
composite debonding processes and developing advanced fiber-cleaning methods for post-
debonding reuse. Looking forward, several pathways have been identified to expand the
scope and applications of the debonding technologies developed in this work. The first
pathway involves aligning with current trends in flame-retardant technology, particularly
in response to sustainability and health concerns. There is growing demand for environ-
mentally friendly alternatives to conventional flame retardants, as some materials, such
as melamine-based compounds, have raised health and safety concerns. To address these
challenges, our research has initiated testing of bio-based intumescent flame retardant
systems. These systems involve replacing conventional components acid sources, foaming
agents, and carbon sources with sustainable, naturally derived alternatives. Examples
include cellulose and starch for carbon sources, urea as a foaming agent, and natural
acid extracts to activate the system under thermal conditions. The first phase of this re-
search focuses on evaluating the thermal interactions among these components to confirm
their compatibility and performance. Once validated, the next step will be to integrate
these bio-based systems into adhesive joints and assess their impact on both mechanical
properties and debonding efficiency. A second pathway involves enhancing the versatil-
ity of debonding technologies through deeper integration into composite structures. One
particularly promising approach is to embed debonding agents directly into the sizing of
carbon fibers. This strategy could address one of the major challenges identified in this
work residue accumulation after debonding. By incorporating debonding agents into the
fiber sizing, we could minimize residue on the fiber surfaces, allowing for more efficient
recovery and reuse of fibers with reduced cleaning requirements. This method would
also enable greater flexibility in resin compatibility, streamline composite fabrication pro-
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cesses, and reduce the energy and resources needed for post-debonding recycling. Such
advancements would strengthen the position of these technologies as practical, scalable
solutions for composite manufacturing. The third pathway focuses on expanding the ap-
plication of debonding technologies to non-structural bonding markets, which are gaining
increasing attention due to the rise in adhesive use in electronic devices. Electronics are
typically produced using expensive and rare materials, making their recycling a critical
component of the circular economy. Incorporating debond-on-demand technologies into
electronic components could enhance recyclability by enabling the efficient separation
of bonded parts, thereby facilitating material recovery and improving sustainability. A
fourth pathway leverages the advancements in artificial intelligence (AI) and machine
learning (ML) to optimize material design and testing. The past few years have seen
significant progress in AI-driven technologies, including neural networks, large language
models, and data analysis frameworks. During the course of this research, correlations
between input parameters such as filler concentration, processing conditions, and cur-
ing cycles and performance metrics, including fracture toughness, adhesive strength, and
debonding behavior, became evident after extensive data analysis. These relationships
were not immediately obvious through conventional experimental methods, highlighting
the potential value of a data-driven approach to material optimization. By training ML
models on experimental data, it would be possible to predict key material properties,
streamline the design process, and reduce the need for time-consuming iterative testing.
Such models could provide rapid predictions for new formulations, identify critical perfor-
mance variables, and ultimately enhance the efficiency of both material development and
industrial implementation. These pathways bio-based flame retardant systems, fiber siz-
ing integration, non-structural bonding applications, and AI-driven material optimization
represent promising directions for future research. They address the need to continually
improve and diversify the technology’s capabilities while responding to evolving market
demands and sustainability goals. Additionally, they offer opportunities to refine the
performance of these technologies in a range of contexts, from large-scale composite man-
ufacturing to precision applications in electronics. While these pathways form the core
of our current research focus, many other ideas remain in the conceptual stage, awaiting
further development and refinement. These ideas will be explored and materialized in
future research efforts within our team. All in all, these were the main ideas that we
began exploring, which is why they were discussed in this perspectives section. While
many more possible pathways remain at the stage of ideas, these ideas will be developed,
worked on, and concretized in the next stages of research by our team.
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