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Abstract

Plate heat exchangers are widely used in industry due to their high thermal efficiency
and versatility, compact design and ease of maintenance. In gasketed plate heat exchangers
(GPHEs), the reliability of the system strongly depends on the adhesion between the
elastomeric gasket and the metallic plate.

Although GPHEs can be periodically opened and cleaned to restore heat transfer
efficiency, cleaning procedures based on high-pressure water jetting may progressively
weaken adhesive interfaces and compromise the gasket serviceability. The durability of
these bonded systems is governed by complex interfacial phenomena involving adhesion
mechanisms, polymer crosslinking, moisture diffusion and crack propagation. However,
the relationship between adhesive bond strength and gasket survival during industrial
cleaning operations remains poorly understood.

This study demonstrates that peel testing is an effective method for characterizing the
adhesion performance of gasket–adhesive–metal systems and assessing their serviceabil-
ity under high-pressure water jetting conditions. Different systems based on NBR and
EPDM gaskets together with several industrial adhesives were investigated through peel
testing, water jetting experiments and SEM-EDS analysis. The results reveal a clear cor-
relation between the critical peeling force and the resistance of the gasket to detachment
during water jetting. Systems with low bond strength detached easily during water jet-
ting, whereas high-strength epoxy-based systems remained intact under the investigated
cleaning conditions.

These findings demonstrate that peel testing and water jetting are strongly intercon-
nected and together provide a comprehensive description of gasket serviceability. The
study also highlights the importance of curing conditions, adhesive-gasket compatibility
and gasket polarity in determining adhesion performance and interfacial degradation. Fur-
thermore, experimentally determined critical force thresholds are proposed, establishing
practical limits for the cleaning conditions under which adhesively bonded gaskets can
safely operate.

Keywords: Gasketed plate heat exchangers (GPHE), Adhesion, Epoxy adhesives,
Elastomeric gaskets, NBR, EPDM, Peel testing, Water jetting, Serviceability, Interfacial
fracture, Ageing, SEM-EDS.
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Popular Science Writing

Imagine a factory, a power plant or even the heater of your own flat stopped working.
The reason? A tiny rubber gasket that has come loose. It might sound like a joke but
behind that small piece lies a fascinating science and major industrial challenge. This
master’s thesis dives into this invisible and little-known world: how and why adhesives
hold critical components together and what happens when we use them for one of the
most common devices in the world, plate heat exchangers. Adhesively bonded gaskets
are the unknown heroes of plate heat exchangers, devices essential to industry and daily
life. They allow two liquids to exchange heat without mixing, making them suitable for
all kinds of applications, from building climate control to food production. At the heart
of these exchangers are dozens of metal plates, each with a rubber gasket glued along its
edge, preventing leakage and ensuring a good sealing. If even one gasket fails, the system
can lose efficiency, contaminate fluids, or even break down entirely.

But why not just weld the plates together? The answer is rather uninspiring, but it
is the reality. Over time, especially when seawater is involved, plates can become clogged
and need to be cleaned in order to restore its efficiency. Adhesively bonded gaskets, unlike
welded heat exchangers, allow the system to be opened and cleaned, but this exposes the
adhesive joints to mechanical and thermal stresses that can compromise the bond. Here
is the challenge: how do we ensure these gaskets keep working after repeated cleanings?

Sticking two materials together might seem simple, but the science behind adhesion is
surprisingly complex. There is not a single theory that explains why adhesives work, in
fact, it is a combination of all of them: mechanical interlocking, electrical forces, chemical
reactions, diffusion and more. This research focuses on how these mechanisms operate
between the metal plate and the rubber gasket and how different adhesives respond to the
stresses of industrial cleaning.

During my thesis in Alfa Laval, a world leader company in heat exchangers, I studied
two types of rubber: NBR and EPDM. Each has unique chemical properties, which affect
how well they bond with adhesives and how durable that bond is. The result? A wide range
of adhesive-gasket combinations, all of which need to be tested under extreme conditions
to find out which ones stand after cleaning. In order to test these bonds I subjected the
gaskets to peel testing experiments combined with high-pressure water jets, simulating the
industrial cleaning process. Then, I analyzed how and where the bonds failed. The goal
is clear: to understand which adhesives and materials offer the greatest durability, and to
set safe limits for cleaning procedures.

This project is not just about solving an industrial problem, it also contributes to a
scientific field full of unanswered questions. Adhesion is fundamental to countless appli-
cations, from medicine to space exploration. Every step forward in understanding these
mechanisms can help to improve the efficiency, safety and serviceability of technologies we
rely on every day.

This thesis is a small step toward a world where machines run better and longer, thanks
to a science as invisible as it is essential: the glue that holds everything together.
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1 Introduction
Plate heat exchangers are essential components in a wide range of industrial processes
and everyday applications, enabling the efficient transfer of thermal energy between fluids
without mixing them. The integrity and serviceability of these devices depend largely on
the performance of their gaskets, which are rubber-made components located at the ends
of the plates that ensure leak-free operation under varying thermal and mechanical loads.
This thesis was conducted in collaboration with Alfa Laval, a world-leading manufacturer
of plate heat exchangers specialized in the production of adhesively bonded gasketed plate
heat exchangers (GPHE). This variant of plate heat exchangers is currently the most
versatile and best suited to the customer’s needs, representing a large proportion of the
company’s sales. This is not only due to their excellent sealing reliability, high assem-
bly efficiency and large volume capacity compared to welded plate heat exchangers, but
also because they offer maintenance opportunities that are unimaginable for their welded
counterparts. [1]

One external factor that must be considered in the maintenance of these devices is
clogging. After prolonged use, especially when seawater is involved, the plates may become
clogged, significantly reducing the heat transfer efficiency. In such cases, GPHEs offer the
major advantage that they can be opened and cleaned periodically. Consequently, high
heat transfer efficiency can be restored easily and cheaply without the need to purchase
a new plate heat exchanger. However, during the cleaning process, both mechanical and
thermal stresses are exerted on the adhesive joints, potentially leading to a reduction in
adhesion. [1]

Despite the critical role of adhesive bonded gaskets in plate heat exchangers, significant
scientific challenges remain in predicting and optimizing their service. Specifically, there is
a lack of data regarding the adhesive bond strength required to withstand a high-pressure
water jetting. This thesis will investigate the serviceability of adhesively bonded gaskets
under cleaning conditions, aiming to analyze and quantify the influence of cleaning pa-
rameters on adhesive bond strength, compare the performance of different epoxy-based
adhesives under such conditions and determine operational thresholds for cleaning param-
eters to ensure gasket serviceability.

The fundamental challenges addressed in this work are rooted in materials science,
particularly the study of interfacial phenomena which involves considerations of chemical
compatibility, thermal stability, mechanical resilience and of course the explanation behind
the interfacial adhesion between the gasket material and the metallic plate substrate. The
approach adopted to address these challenges is based on a extensive literature review,
combined with a range of experimental tests and material characterization techniques,
with the aim of quantifying and optimizing the performance of adhesive bonded joints.

2 Gasketed Plate Heat Exchangers (GPHE)
Alfa Laval is a company whose main product is plate heat exchangers. There are many
types of plate heat exchangers, which differ mainly in how they seal the fluid between
adjacent plates. Adjacent plates can be brazed, welded or use gaskets, which can be
secured with clips (mechanically attached) or bonded with adhesive. [1] This project will
study the glue bonded gasketed plate heat exchangers.
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2.1 Design

Gasketed plate heat exchangers (GPHE) are a class of compact heat exchangers charac-
terized by their modular construction and high thermal efficiency. These devices consist
of a series of thin, corrugated metal plates arranged in parallel and compressed together
in such a way that there are very narrow flow channels between adjacent plates, where
the heat exchange fluid circulates. The plates are typically fabricated from stainless steel,
titanium or other corrosion-resistant alloys, chosen for their malleability combined with a
high thermal conductivity and mechanical strength. [2]

The primary function of a GPHE is to facilitate the heat transfer of two fluid streams
without allowing direct contact between them. This is achieved by creating a large sur-
face area for heat exchange within a compact space and using the corrugations on the
plates to create a turbulent flow. The more turbulence, the better and more efficient the
heat transfer between plates will be. [3] Along the edges of each plate there is a groove
marking where the gasket is located, which is adhesively bonded to the plate. These ad-
hesively bonded gaskets are crucial for the operation of the heat exchangers and will be
the main focus of this project as they are responsible to ensure sealing, durability and
serviceability, but also to define the flow configuration such as counterflow, parallel flow or
crossflow; which influences the heat exchanger’s thermal performance and pressure drop
characteristics. Below is shown an example of a gasketed plate from a GPHE:

Figure 1: Picture of a gasketed plate used in a GPHE. The component consists of a
stainless steel plate with a corrugated pattern designed to enhance flow turbulence and
heat transfer efficiency, together with a groove where the gasket is positioned and protected
during operation. [4]

2.2 Working principle and applications

Plate heat exchangers are the most thermally efficient type of heat exchanger, far surpass-
ing traditional shell-and-tube heat exchangers. [1] Their working principle is illustrated in
Figure 2. It consists of a system with two inputs (a hot liquid and a cold liquid) and two
outputs (the cooled hot liquid and the heated cold liquid). A frame holds all the plates
in place and distributes the liquids through the corresponding inlet and outlet ports. In
order to optimize heat exchange between the fluids, they are distributed as follows: a
hot fluid and a cold fluid flow alternately and in opposite directions between the plates.
Thanks to the design of the gaskets and plates, the fluids do not mix and flow with high
turbulence, further enhancing heat exchange. [2] [5]
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Figure 2: Plate heat exchanger working principle. Two fluids at different temperatures
exchange heat without mixing. [4]

Despite its simple working principal, GPHEs are essential in multiple industries, espe-
cially where it requires a frequent maintenance, cleaning and operational flexibility. For
example, in dairy processing plants GPHEs are used to pasteurize milk by rapidly heating
and cooling it, ensuring both product safety and energy efficiency. In marine applications
such as ships, GPHEs are used to cool engine lubricants in order to maintain optimal
engine performance and prevent overheating. In power generation such as nuclear reac-
tors, GPHEs are employed to cool the reactor water or turbine lubricants. Furthermore,
it covers not only industrial needs but it can also be used in everyday life situations. For
instance, GPHEs are commonly found in residential buildings that have a shared heating
infrastructure, where these heat exchangers transfer heat from a central boiler or a district
heating network to the building’s internal heating circuit. This allows each apartment to
receive hot water for radiators or domestic use, while keeping water circuits separate for
safety and efficiency. [6]

Compared to welded or brazed plate heat exchangers, gasketed designs offer significant
advantages, specially in terms of versatility and adaptability to the customer’s needs. [2]
Welded and brazed exchangers are typically used in applications where high pressure
or aggressive fluids are present, but their sealed construction makes them difficult or
impossible to open for cleaning or inspection, which makes them vulnerable to some loss
of efficiency. [7] In contrast, gasketed plate heat exchangers can be easily disassembled,
allowing operators to remove fouling and restore the heat transfer efficiency, replace gaskets
or adjust capacity by adding or removing plates. This modularity is particularly valuable
in sectors like food and drink industry, where hygiene standards require regular cleaning,
or in situations in which seawater is used since it promotes the formation of bio-fouling,
which significantly reduces the efficiency of heat transfer. [1]

The main difference between glue bonded gaskets and mechanically fastened gaskets
in GPHEs lies in their attachment method and, as a consequence, their durability. The
gaskets that are mechanically attached to the plate are more susceptible to come loose
during operation or in the cleaning process. In contrast, glue bonded gaskets are chemically
attached to the plate due to the hardening of the adhesive, providing a more secure and
permanent attachment that resists loosening, even under repeated cleaning cycles. This
enhanced stability, which improves the reliability and service life of the heat exchanger,
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in addition to a great flexibility and maintainability, make the glue bonded GPHEs the
preferred choice. [2]

2.3 Cleaning process

In case of a customer notices an efficiency drop in a GPHE due to the accumulation of
fouling and clogging inside the plates, a standardized maintenance protocol is initiated.
The first step typically involves cleaning the unit either with a caustic-based solution to
remove bio-fouling or an acid-based solution if it is inorganic clogging. If this treatment
does not fully restore performance and there is significant fouling remaining, the heat
exchanger is disassembled and subjected to high-pressure water jet cleaning. In cases
where fouling persists even after these actions, the unit may be sent to an Alfa Laval
service center, where the plates undergo an intense cleaning using a combination of caustic
and acid baths, accompanied by water jetting. [8]

Throughout these cleaning procedures, especially during the high-pressure water jet-
ting, the gaskets are repeatedly exposed to harsh chemical and mechanical stresses, making
them particularly vulnerable to debonding or damage. Currently, Alfa Laval lacks compre-
hensive data regarding the adhesive bond strength required to withstand a high-pressure
water jetting, as well as the specific conditions (such as spraying angle, distance nozzle-
gasket and cleaning parameters) that most influence gasket detachment. Furthermore, it
remains unclear which cleaning methods best preserve gasket integrity and extend service
life. Overall, there is a need that this thesis aims to solve in determining the serviceability
of adhesively bonded gaskets in gasketed plate heat exchangers.

3 Adhesives
The use of adhesives has revolutionised modern industry, enabling the fabrication of lighter
and more efficient products with an improved design. The case of gasketed plate heat
exchangers is not an exception as adhesives play a crucial role in their assembly and
performance, being responsible for maintaining the integrity of the seal between the gasket
material and the metallic plate. Their behaviour under mechanical loads, temperature
variations and chemical exposure directly influences the serviceability and durability of
the bonded joint. [6]

Adhesives can be defined as a material which when applied to surfaces of materials
can join them together and resist separation. [9] Unlike other joining methods, such
as welding or bolting, adhesives allow similar or dissimilar materials to be joined without
significantly altering their structure or integrity. From a physical point of view, an adhesive
can be defined as a material which, when applied in a liquid state, develops cohesive and
adhesive properties as it cures, enabling the transfer of loads between the joined substrates.
Adhesive forces are responsible for the adhesion at the interface, between the adhesive and
the substrates; and cohesive forces act within bulk of the adhesive, which means that they
are responsible for maintaining a consistent and rigid structure within the adhesive itself.
[10]

3.1 Properties of adhesives

The main component of an adhesive is an organic polymer, or one or more compounds that
can chemically react to produce a polymer. [9] However, even though all adhesives share a
polymeric basis, they can exhibit a wide variety of properties and can be classified in dif-
ferent ways. The most common types include epoxy, acrylic, polyurethane, cyanoacrylate

4



and hot-melt adhesives. Each has specific characteristics in terms of strength, flexibility,
curing time and compatibility with different materials. If we distinguish them based on
their curing process and structure, we find two types:

• Thermoplastics: Thermoplastic adhesives consist of polymer chains that are not
chemically crosslinked. As a result, they soften when heated and solidify when
cooled, so their curing process is reversible. Their bonding mechanism is primarily
based on physical interactions and they generally exhibit good flexibility but limited
mechanical strength and thermal resistance. An example of a thermoplastic adhesive
is hot-melt adhesive. [10]

• Thermosets: Thermosetting adhesives experience an irreversible chemical reaction
during curing, leading to the formation of a three-dimensional crosslinked network.
This structure provides high mechanical strength, thermal stability and chemical
resistance, making thermosetting adhesives particularly suitable for demanding ap-
plications that require a strong adhesive. Some adhesive families that are ther-
mosetting adhesives are epoxy, acrylic, polyurethane and cyanoacrylate adhesives.
It should be noted that acrylics and polyurethanes can be formulated as either ther-
moplastic or thermosetting systems depending on their curing chemistry and degree
of crosslinking. [10]

In short, crosslinking is the key process that distinguishes thermosetting adhesives
from thermoplastic systems. Crosslinking consists on the formation of covalent bonds
between polymer chains during the curing process, which translates into the development
of a three dimensional network structure reducing the molecular motion. As the degree
of crosslinking increases, the material transitions from a viscous or semi-liquid state to
a rigid solid that cannot be remelted or reshaped. The degree or extent of crosslinking
can be described by the crosslink density, a key parameter that might greatly affect the
properties of the adhesive and mainly depend on the curing method. [11] A high crosslink
density generally results in increased stiffness, strength and resistance to solvents and
elevated temperatures. However, it also reduces the material’s ability to deform, making
it more brittle. On the other hand, a lower crosslink density results in a more flexible
and tougher material but with reduced mechanical and thermal resistance. [10] Therefore,
two samples with same adhesives (in terms of composition) but different curing methods,
which translates to a difference in crosslink density, can result in two completely different
adhesives in terms of performance. It is not only the chemical composition of the adhesive
that matters, but also the curing conditions which determine the crosslink density. The
optimization of crosslinking density is not an easy task since it is a trade-off between
mechanical strength and toughness, which is particularly relevant for gasket applications
subjected to cyclic mechanical and thermal loads.

In the case of epoxy-based adhesives, crosslinking typically occurs through a reaction
between epoxide groups and curing agents such as amines that are in hardeners, resulting
in a highly interconnected network. This network structure restricts molecular mobility,
which is directly responsible for the high mechanical strength, thermal stability and chem-
ical resistance characteristic of thermosetting systems. [9] In order to better understand
the crosslinking process of epoxy-based adhesives, a diagram is shown in Figure 3.

From a serviceability point of view, crosslinking plays a crucial role in determining the
durability of adhesive joints under cleaning conditions. Exposure to heat, humidity, or
aggressive chemicals can alter the network structure through mechanisms such as chain
scission, plasticization or hydrolysis. [11] These effects may reduce the effective crosslink
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density, leading to a deterioration of mechanical properties and adhesion performance; a
process which will be referred to in this thesis as “ageing”.

(a) (b)

Figure 3: Epoxide polymer chains (in blue) before (a) and after (b) the crosslinking
process. When an epoxide is mixed with a hardener (in red) such as amines, there is a
chemical reaction which results in the formation of new covalent bonds named crosslinks
(in black) between polymer chains.

The glass transition temperature (Tg) is another fundamental property of polymeric
adhesives that defines the temperature range over which the material transitions from a
rigid and glassy state to a more flexible and rubbery state. Contrary to melting, this
transition does not involve a phase change, but instead a significant increase in molecular
mobility within the polymer network. For temperatures below Tg, the polymer chains are
highly restricted, resulting in a stiff and brittle material with high elastic modulus. Above
Tg, the chain mobility increases, allowing a greater deformation and a softer behaviour.
This transition has a direct impact on the mechanical performance of adhesive joints. [10]

In thermosetting adhesives such as epoxies, the glass transition temperature is strongly
influenced by the crosslink density of the network. A high degree of crosslinking restricts
molecular motion and shifts Tg to higher temperatures. [11] From a serviceability point
of view, Tg is a critical parameter for determining the operating limits of adhesive bonds.
If the working temperature approaches or exceeds Tg, the adhesive may experience a
significant reduction in stiffness and strength, which could lead to the failure of the bonded
joint. Therefore, ensuring that both the operating and cleaning temperatures remain
sufficiently below the glass transition temperature is essential to maintain the structural
integrity of adhesively bonded gaskets.

3.2 Adhesives in Alfa Laval

At Alfa Laval there are multiple adhesives that are used depending on the applications
and uses of the GPHEs. All the glues used during the thesis are presented below:

• GC5: the GC5 adhesive is a one component adhesive sealant that cures upon expo-
sure to atmospheric moisture in room temperature, forming a resilient and flexible
silicon rubber. Its bond strength is very weak but it counts with the advantage to be
approved by the FDA, which means that this adhesive can be used for food applica-
tions (it is eatable). As most of the silicone adhesives, GC5 is a thermoset sealant,
which means that despite its rubber appearance, it cannot be softened when heated.
The hardening process does not involve any hardener, it cures with humidity from
the air. [12]

• GC6: the GC6 adhesive is a mixture of two adhesives named GC6B and GC6C.
The first adhesive (GC6B) is an epoxy resin and the second one (known as GC6C)
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is based on a phenol-formaldehyde resin. This mixture is cured in an oven, re-
sulting in an oven-cured adhesive that combines the best properties of each resin:
the high strength of the epoxy resin and the flexibility of the phenolic resin. Both
phenol-formaldehyde and epoxy resins are classic thermosets which cure by a chem-
ical reaction as represented in Figure 3, forming a rigid and irreversible network.
[13]

• GC8: the GC8 adhesive is an acrylic nitrile/phenol resin that cures by crosslinking
as the solvent evaporates at room temperature. The hardening occurs as the solvent
evaporates, triggering a chemical crosslinking reaction that forms a rigid, irreversible
structure. Although it is a thermosetting adhesive, there is no hardener, instead, it
cures by crosslinking when the solvent starts evaporating. [14]

• GC11: the GC11 adhesive is a two component epoxy based on a toughened epoxy
resin and an amine hardener. The epoxy resin reacts with the amine hardener at
room temperature forming a strong, crosslinked network that, once cured, it cannot
be softened by heat (since it is a thermoset). It cures very rapidly compared to the
rest of the adhesives, making its handling very quick. [15]

Figure 4: Table summarizing the four adhesives that have been used during the thesis,
their type, maximum working temperature and peel strength. [16]

4 Theories of adhesion
From a materials science perspective, the performance of an adhesive bonding is deter-
mined by both interfacial interactions and the intrinsic properties of the adhesive itself.
[10] Therefore, understanding the basic principles of adhesion is essential before analyzing
their behaviour under service and cleaning conditions.

However, despite the phenomenon has been widely studied and described by several
complementary theories, each focusing on different physical and chemical phenomena oc-
curring at the interface between the adhesive and the substrate; no single theory is capable
to fully explain the adhesion mechanism in all systems.

The most accepted view is that the adhesive bonding cannot be attributed to a unique-
mechanism. In fact, it is a combination of multiple mechanisms acting simultaneously that
makes adhesion possible. [17] The most commonly accepted theories include mechanical
interlocking, thermodynamic theory, diffusion, electrostatic interactions, chemical bond-
ing and intermolecular forces, and weak boundary layer. The relative contribution of each
mechanism depends strongly on the nature of the adherends and adhesive involved, the
surface properties and the processing conditions. [10]
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4.1 Mechanical interlocking

Mechanical interlocking is one of the earliest proposed mechanisms to explain adhesion
and is based on the physical anchoring of the adhesive into the microscopic irregularities
of the substrate surface. This theory states that when a liquid adhesive is applied, it
can flow into irregularities and pores that are on the surface resulting from roughness or
porosity; as it cures, it solidifies and forms a mechanical “lock” that prevents separation
as shown in Figure 5. [18]

Figure 5: Diagram explaining the mechanical interlocking between the adherend and the
adhesive. Due to the surface roughness and porosity of the adherend (in gray), the adhesive
(in blue) gets physically anchored after hardening.

The effectiveness of this mechanism depends strongly on the surface roughness and the
ability of the adhesive to properly wet the substrate prior to curing. [17] Adequate wetting
is essential to ensure that the adhesive penetrates into surface features, maximizing the
contact area and the degree of interlocking. This explanation applies quite good in most
of the cases but it cannot be the only mechanism behind adhesion since it has been shown
that even adherends with perfectly smooth surfaces can form strong bonds. [18]

4.2 Thermodynamic theory

The thermodynamic theory of adhesion is based on the principle that adhesion occurs
when the formation of an interface between two materials results in a reduction of the
overall free energy of the system. This theory argues that the bond strength of the
system is directly related to the adhesive’s ability to maintain continuous contact with the
substrate, promoting intimate molecular contact with the adherend, a property known as
wettability. Wetting is a very important factor since it determines how close the molecules
of the bonded materials can get. Therefore, by ensuring good wetting, reduced interfacial
distances are achieved, resulting in strong adhesive forces acting on the system. [18]

The degree of wetting depends mainly on the surface energy of both the adhesive and
the adherend. Surface energy, denoted by γ, is defined as the energy required to create
a new surface per unit area. In a solid–liquid–vapor system the relation of surface and
interfacial energies is given by the Young’s equation [19]:

γsv = γsl + γlvcos(θ) (1)
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Where subscripts refer sv to solid-vapour interface, sl to solid-liquid interface and lv
to liquid-vapour interface. In addition, there is a dependency on the contact angle θ. This
parameter is not an intrinsic property of either the liquid or the solid alone, but rather
a result of the energetic equilibrium of the system. A small contact angle indicates good
wetting, meaning that the adhesive spreads easily and maximizes the interfacial contact
area; whereas a large contact angle corresponds to poor wetting and limited contact,
reflecting a poor affinity between the liquid and the solid. [18] For a better understanding
of the Young’s equation a diagram is shown in Figure 6.

Figure 6: Diagram explaining the contact angle (θ) and tensions (γ) for a liquid drop (in
blue) on a solid surface (in gray).

On the other hand, the work of adhesion WA is defined as the energy required to
separate reversibly a unit area of a solid–liquid interface into a free solid surface and a
free liquid surface. From an energetic point of view, this process is described by Dupré’s
equation [19]:

WA = γs + γl − γsl (2)

If both Equations (1) and (2) are combined and assuming that the surface energy
component with the vapour can be neglected (γsv ≃ γs and γlv ≃ γl), the work of adhesion
can be expressed in terms of measurable parameters:

WA ≃ γl(1 + cos(θ)) (3)

This expression, known as the Dupré–Young equation, shows that the work of adhesion
is maximum for small contact angles (θ = 0◦ is the ideal case) and liquids with a high
energy surface. The greater is the work of a adhesion the greater the wettability of the
adhesive on the substrate. [20] However, in order to optimize the work of adhesion, it is
necessary to find a balance between the surface energy of the liquid and the contact angle.
An increase in γl corresponds to an increase in the contact angle and viceversa. Hence, the
optimization of wetting is not straightforward. For a fixed rubber and metal combination,
maximizing bond strength based solely on wettability is not achieved by optimizing the
surface energy of the adhesive, but rather by matching it appropriately to the surface
energies and chemical nature of both substrates. A good wetting is a necessary but not a
sufficient condition for adhesion.

Although wetting is only one of the mechanisms responsible for adhesion, it describes
the quality of interfacial contact and constitute a necessary condition for the development
of a strong adhesive bond. [10]
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4.3 Electrostatic theory

The electrostatic theory of adhesion proposes that adhesive bonding is based on the forma-
tion of an electrical double layer at the interface between the adhesive and the substrate.
According to this theory, when two materials with different electronic properties come
into contact, there is a transfer of electrons across the interface. As a result, as shown in
Figure 7, there is a development of opposite charges on each side, creating regions with a
positive (δ+) and negative (δ−) partial charge on both surfaces, developing an attractive
electrostatic force that contributes to adhesion. [20]

Figure 7: Diagram explaining the electrostatic theory between the adhesive (in blue),
which is composed by long molecule chains (in dark blue), and the adherend (in gray).
Due to the difference in electronic properties there is a transfer of electrons across the
interface, resulting in the creation of regions that are positively (δ+) and negatively (δ−)
charged.

This mechanism is conceptually similar to the formation of parallel plate capacitor,
meaning that there is an storing of electrostatic energy in the interface. The strength of
the interaction depends mainly on the electronic properties of the materials. [20]

The electrostatic theory is particularly relevant for systems involving dissimilar ma-
terials, such as polymers bonded to metals, where differences in electronic affinity may
promote charge separation. However, in practical adhesive systems, the contribution of
electrostatic forces is generally considered to be limited and not relevant compared to
other mechanisms. In addition, environmental factors such as humidity and the presence
of undesired conductive media can dissipate accumulated charges, further reducing the
significance of electrostatic effects. Therefore, while the electrostatic theory provides a
useful conceptual framework, it is rarely seen as the dominant mechanism responsible of
the adhesion. [17]

4.4 Diffusion theory

The diffusion theory of adhesion is based on the idea that bonding occurs through the
interpenetration of polymer chains across the interface between two materials. When two
compatible polymers are in contact and the molecular mobility is high enough, chains from
each polymer can diffuse into the other, forming an interconnected network that favours
the adhesion. [20]

This mechanism is highly dependent on factors such as molecular compatibility, tem-
perature and time. Diffusion is more likely to occur when the polymers have similar
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chemical structures and when the temperature is high enough to allow chain mobility,
typically near or above the glass transition temperature (Tg). [17]

Diffusion-caused adhesion is most relevant in polymer–polymer systems. In contrast,
for systems involving a polymer adhesive and a metallic substrate, such as the one consid-
ered in this work, the potential for molecular interdiffusion is extremely limited due to the
absence of chain mobility in the metal. [20] Consequently, the contribution of diffusion to
adhesion in adhesively bonded gasket–metal interfaces is expected to be negligible.

4.5 Chemical bonding and interaction forces

Chemical bonding and intermolecular interaction forces are among the most important
mechanisms controlling adhesion, particularly in systems involving polymers bonded to
metallic substrates. Unlike mechanical interlocking, which depends on surface morphology,
these mechanisms originate from interactions at the atomic and molecular scale across the
adhesive–adherend interface. [17]

From a chemical point of view, interatomic interactions can be broadly classified into
primary and secondary bonds. Primary bonds involve the direct sharing or transfer of
electrons between atoms. Primary bonds include covalent bonds, ionic bonds and metal-
lic bonds. These interactions are characterized by high bond energies, typically in the
range of 100–1000 kJ/mol, providing a very strong adhesion. However, since sharing of
electrons requires direct atomic contact and chemical compatibility between the adhesive
and the substrate, primary bonds act only over very short distances, on the order of a few
ångströms (∼ 10−10m). [18]

On the other hand, secondary interactions are attributed to electrostatic interactions
between permanent and/or induced dipoles. These include van der Waals forces and acid-
base interactions, which are generally weaker, with bonding energies below 100 kJ/mol.
Despite their lower strength these interactions play a crucial role in adhesion because they
can act over larger interatomic distances and do not require specific chemical reactions
to occur. [18] Van der Waals forces are particularly important, as they are universally
present between all atoms and molecules. They originate from fluctuations in electron
density that create instantaneous dipoles, which create induced dipoles in neighbouring
atoms. The resulting bonding force decreases with distance following an inverse power law
dependence often approximated as proportional to r−6 for energy and r−7 for force. [19]

In the case of acid–base interactions the adhesion is described in terms of Lewis theory,
where an electron donor (base) interacts with an electron acceptor (acid). These inter-
actions are particularly relevant at polymer–metal interfaces, where functional groups in
the adhesive (such as hydroxyl or ether groups in epoxies) can interact with oxide layers
present on metallic surfaces. Hydrogen bonding can be understood as a specific case of
acid–base interaction, in which a hydrogen atom that is covalently bonded to an elec-
tronegative atom (such as oxygen or nitrogen) acts as an acceptor and interacts with
a single pair of another electronegative atom. [17] Overall, although individually weak,
secondary interactions can collectively generate significant adhesion when a large contact
area is achieved, as is the case of a sample with a good wetting. [18]

In epoxy-based adhesives, both primary and secondary interactions contribute to ad-
hesion. Covalent and acid–base interactions form between reactive groups in the adhesive
and hydroxylated oxide layers on metallic surfaces, while van der Waals forces and hydro-
gen bonding provide an additional contribution across the entire interface. The combined
effect of these interactions, distributed over a large area, is responsible for the high adhe-
sion strength typically observed in epoxy–metal systems. [9]

It should be noted that these interactions are highly sensitive to the interfacial distance.
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Even nanometer-scale separations caused by poor wetting or contamination can drastically
reduce their effectiveness. Therefore, achieving intimate contact between the adhesive
and the substrate is crucial for maximizing the contribution of chemical bonding and
intermolecular forces.

4.6 Weak boundary layer

The weak boundary layer (WBL) theory does not describe a mechanism of adhesion itself,
but rather explains why adhesion may be significantly reduced in some systems. According
to this concept, a weak layer present at or near the substrate surface can act as the limiting
factor in adhesion performance, regardless of the intrinsic properties of the adhesive. Weak
boundary layers may consist of contaminants such as oils, greases or other residues, as well
as poorly bonded oxide layers or absorbed humidity. These layers typically have a low
internal strength and a poor adhesion to the underlying substrate, causing failure to occur
within the boundary layer. [10]

In many cases, what appears to be an adhesive failure is in fact a cohesive failure
within a weak interfacial layer, leading to a significant underestimation of the true ad-
hesive potential. [17] In the context of gasket bonding in plate heat exchangers, the
formation or evolution of weak boundary layers may be influenced by operational and
cleaning conditions. Exposure to humidity, elevated temperatures or chemical cleaning
agents can modify the surface chemistry or cause degradation at the interface, which pro-
mote the development of weak boundary layers, ultimately reducing the bond strength
and serviceability. For this reason, a proper surface preparation accompained by a control
of environmental exposure is essential to minimize the formation of weak boundary layers
and ensure reliable adhesive performance.

4.7 Unified theory of adhesion

Although several theories have been proposed to explain adhesion, none of them alone is
capable to fully describe the behaviour of real adhesive systems. Instead, as mentioned
earlier, adhesion is understood as the result of multiple mechanisms acting simultane-
ously, each contributing in a different scale of action to the overall strength. From this
perspective, the total adhesion strength (ϕ) can be conceptually expressed as a weighted
combination of the contributions from the different mechanisms:

ϕ = αϕMI + βϕT + γϕE + δϕD + ϵϕC + ζϕW BL + ... + ωϕX (4)

Under the condition of normalization:√
α2 + β2 + γ2 + δ2 + ϵ2 + ζ2 + ... + ω2 = 1 (5)

Where each term represents the contribution of a specific adhesion mechanism: me-
chanical interlocking (MI), thermodynamic theory (T), electrostatic interactions (E), dif-
fusion (D), chemical bonding and intermolecular forces (C), weak boundary layer effects
(WBL), and other theories that are yet to be developed (X). The coefficients α, β, γ, δ, ϵ, ζ, ...ω
represent the relative weight of each mechanism. [20]

This formulation is not intended to work as a predictive model, but rather as a concep-
tual model highlighting that adhesion is, by nature, multi-causal. The relative importance
of each contribution depends on factors such as material compatibility, surface condition,
environmental exposure or loading conditions.
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In the specific case of adhesively bonded gasket–metal interfaces, it is expected that
thermodynamic effects (wetting), chemical interactions and mechanical interlocking will
dominate, while diffusion and electrostatic contributions will remain in a secondary place.
The weak boundary layer concept is expected to play a critical role in limiting the effective
strength of the interface. Finally, a table is included summarizing the adhesion theories
discussed, along with their scale of action:

Theory Main mechanism Scale of action
Mechanical interlocking Physical anchoring in surface roughness Microscopic
Thermodynamic theory Minimization of interfacial energy Microscopic

Electrostatic theory Electrical double layer formation Molecular
Diffusion theory Interpenetration of polymer chains Molecular

Chemical bonding and
intermolecular forces Primary and secondary bonds Atomic /

Molecular
Weak boundary layer Weak interfacial regions Molecular

Table 1: Summary of the different theories of adhesion and their respective scale of action.
[17]

5 Rubbers
Rubbers, also known as elastomers, are widely used in gasket applications due to their abil-
ity to undergo large reversible deformations while maintaining sealing performance. Their
relatively low elastic Young modulus, high flexibility and good resilience against any type
of chemicals, make them particularly suitable for applications involving repeated mechan-
ical loading and thermal cycling, such as gasketed plate heat exchangers. Elastomers
are typically composed of crosslinked polymer networks, which allow them to strain sig-
nificantly and recover their original shape once the pressure on them is released. Their
mechanical response differs significantly from the behaviour of metals or rigid polymers,
as it is governed by entropic elasticity rather than merely the stretching of the bonds.
This entropic elasticity property means that the recovery force comes from the tendency
of polymer chains to return to a more disordered and higher-entropy configuration rather
than from the stretching of chemical bonds. [21]

Alfa Laval uses many different types of gaskets, but the most common ones, and the
ones that have been the center of attention during this thesis, are NBR and EPDM.

• Nitrile Butadiene Rubber (NBR) is a copolymer of acrylonitrile and butadiene
that is widely used in industrial sealing applications due to its excellent resistance to
oils, fuels and many chemical agents. The presence of polar nitrile groups enhances
its chemical resistance, specially against non-polar mediums, while also having a
great affinity with adhesives (since they are normally polar). [22]
From a mechanical perspective, NBR exhibits typical elastomeric behaviour, with
a relatively low elastic modulus (E = 6MPa) and high elongation at break. Its
properties can be tuned by adjusting the acrylonitrile content and the degree of
crosslinking, allowing optimization for specific applications. [23]

• Ethylene Propylene Diene Monomer (EPDM) is a non-polar elastomer known
for its excellent resistance to water-based environments, oxidation and ageing. These
properties make it particularly suitable for applications involving hot water or steam,
which are common in heat exchanger systems. [22]
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Compared to NBR, EPDM generally exhibits lower oil resistance which is compen-
sated by greater thermal stability and less oxidation. The major drawback is that
due to its non-polar nature, a poorer adhesion performance is expected, particularly
in relation to polar adhesives such as epoxies. In terms of mechanical properties,
it is very similar to NBR, with the same elastic modulus (E = 6MPa) and high
elongation at break, although it breaks slightly easier than NBR. [24]

NBR and EPDM exhibit complementary properties primarily due to their difference
in polarity. NBR, defined as a polar elastomer, offers a good resistance to oils and fuels,
while EPDM, a non-polar elastomer, provides an excellent performance in water-based
and oxidative environments. This complementarity makes these two rubbers suitable
for different operating conditions and also makes gasketed plate heat exchangers highly
versatile, being able to adapt to all kinds of customer requirements. [25]

When it comes to the application of gaskets in GPHEs, the choice of gasket material
is of great importance, but so too is its geometry. The gaskets used typically feature a
characteristic “peak” profile, designed to ensure effective sealing when compressed between
plates. This geometry allows the gasket to deform under load, creating localized pressure
regions that enhance the sealing performance.

Figure 8: “Peak”-shape gasket profile used. [26]

In terms of tensile behaviour elastomers exhibit a nonlinear stress–strain response. At
small deformations, there is an approximately linear behaviour that helps to define an
effective Young’s modulus. However, as deformation increases, the material behaviour
becomes nonlinear. Moreover, unlike metallic materials, elastomers do not exhibit a well-
defined plastic region. Instead, their deformation is mainly elastic but time-dependent,
with viscoelastic effects such as hysteresis and stress relaxation playing an important role.
Upon further loading, failure occurs without a clear elasticity limit being reached. [21]

This mechanical behaviour is particularly relevant in peel testing, where large defor-
mations are induced in the gasket material. The ability of the elastomer to deform and
dissipate energy can significantly influence the measured adhesion strength. Therefore,
it is necessary to consider both adhesive and elastic energy contributions to the overall
response in order to achieve a good estimation of the adhesive performance.

6 Peel testing
The main experimental method used during the project to quantify and evaluate the per-
formance of the different adhesives was peel testing. Peel testing is a widely used experi-
mental technique for evaluating the adhesion performance of bonded systems, particularly
when flexible adherends are involved. This characteristic makes peel testing especially
suitable for evaluating the adhesion of elastomeric materials (such as gaskets) bonded to
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rigid substrates (such as plates). This technique measures the force required to debond
the gasket from the plate, generating graphs of force as a function of the debonded dis-
tance. [27] However, graphs are not easy to interpret since the measured peel force is not
only a function of the interfacial adhesion strength, but also depends on the mechanical
properties of the adherends, particularly the deformability of the elastomer. In contrast to
simple tensile or shear tests, peel tests introduce a highly non-uniform stress distribution,
with stresses concentrated at the crack tip where the debonding happens. [28] There-
fore, the interpretation of peel test results requires a combined understanding of fracture
mechanics, interfacial adhesion and the mechanical response of the materials involved.

6.1 Peel testing theory

As mentioned earlier, peel testing results interpretation is not an easy task, in fact, there
is a whole science behind this experimental technique. From a theoretical perspective, peel
testing can be interpreted within the framework of fracture mechanics. The debonding
process can be defined as the propagation of an interfacial crack and the measured peel
force is directly related to the energy required to advance this crack along the interface.
[10] Figure 9 shows a diagram and a picture of the experimental setup for the peel test.
It consists of a tensile testing machine which uses a hook to grip one end of the flexible
adherend, which in this case is the gasket, and begins to pull it upwards at a constant
speed, measuring the force exerted as a function of distance, which corresponds to the
debonding distance. This process in which the gasket peels away from the metal plate is
done at a perpendicular angle, meaning that the method to be studied is a 90-degree peel
test. Two cylinders are used to facilitate the 90 degree peeling by rolling the plate while
is being peeled.

(a) (b)

Figure 9: (a) Diagram representing the peel test experimental set up. A flexible adherend
(the gasket, in black) is being pulled upwards with a hook perpendicularly to the plate
(in gray) with the help of two cylinders (in blue). (b) Picture of the experimental set up
used for peel testing.
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Figure 10: Peel testing curves example.

Figure 10 shows an example of some curves obtained after peel testing. The shape
of these curves is clearly determined by the type of adhesive and the failure mode; the
latter will be discussed in more detail in Section 6.2. Peeling curves are difficult to inter-
pret and extract a reliable quantifiable parameter from. However, they all share certain
similarities. Initially, the hook begins to pull upwards and a linear relationship between
force and distance is observed, meaning that the machine is pulling upwards but there is
no debonding; rather, the gasket is being elongated. Depending on the strength of the
adhesive bond, this linear regime lasts for a longer period (high-performance adhesives) or
a shorter period (low-performance adhesives). At a certain point, a maximum force Fmax

is reached and there are two possibilities: either the adhesive bond is so strong that the
gasket breaks, and therefore the machine stops measuring as there must be at least 1N of
force, or the curve stabilises at a plateau, which is the stable regime. In this regime we find
the critical force for peeling Fc, in other words, the exact force required to separate the
joint from the metal. Due to irregularities in the interface, the plateau is not completely
stable, but it is possible to calculate an average critical force over a debonded distance
defined as a = a2 − a1, where a1 and a2 are the initial and the final debonding points:

Fc = 1
a

∫ a2

a1
F (x)dx (6)

However, the critical force for peeling alone is not sufficient to describe the peeling
process in its entirety, neither represents the adhesive’s performance accurately, as it does
not take into account the elastic contribution of the gasket or the area of the bonded zone.
The key parameter for describing this process is the energy release rate G defined as the
energy per unit area that is released in the system when the metal is separated from the
gasket. This energy is defined by the external work done W , the elastic energy UE of the
peel arm, in this case the gasket, and the area A that is detached in the process. [27]

dW − dUE = G · dA (7)

Both elastic energy and work are defined by the external force F exerted, the debonded
length a and the elastic deformation ε (the strain) of the gasket: [27]

UE = 1
2Faε ; W = Fa(1 + ε) (8)

Elastic deformation can also be redefined by applying Hooke’s law:
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ε = σ

E
= F

Ewt
(9)

Where w is the width of the bonded area, which in this case is assumed to coincide
with the width of the base of the gasket, E is Young’s modulus, σ is the strain, and t is
the thickness of the gasket. Combining equations (7), (8) and (9) and defining the area
as dA = wda, the following expression for the energy release rate is obtained:

G = 1
w

(dW

da
− dUE

da
) = F

w
+ F 2

2Ew2t
(10)

In order to calculate the critical energy release rate Gc in the steady state regime over
a debonding distance a, the following expression is needed:

Gc = 1
a

∫ a2

a1

F (x)
w

+ F 2(x)
2Ew2t

dx (11)

Equation (11) is of great importance and will be used in the subsequent analysis of the
samples, but it can be further developed. Taking Equation (10) as a starting point, for
the particular scenario in which the exact force to separate the interface and to propagate
a crack is exerted(F = Fc), which means that the system releases an energy equivalent to
the critical energy release rate (G = Gc), it gives the following expression for the critical
peeling force:

Fc

w
= −Et +

√
E2t2 + 2EtGc = −Et + Et

√
1 + 2Gc

Et
(12)

Since E ∼ 6 MPa, t = 5.70mm and Gc varies from Gc ∼ 100 − 300N/m for the
weakest adhesives to Gc ∼ 2000 − 5000N/m for the strongest adhesives, it is possible to
assume 2Gc

Et << 1 only for weak adhesives. Applying Taylor’s approximation: for x << 1,√
1 + x ≃ 1+ x

2 ; it is finally obtained the following expression that relates the critical force
and the critical energy release rate:

Fc

w
= Gc (13)

This expression shows that although the elastic term was initially considered in Equa-
tion (7), it does not contribute to the calculation of the critical energy release rate when
weak adhesives are used. Combining Equation (6) and Equation (13) it is finally obtained
another expression that computes the critical energy release rate:

Gc = 1
wa

∫ a2

a1
F (x)dx (14)

6.2 Failure modes

Failure mode has a significant impact on the peel test results, indeed, it is essential to
include a section only for explaining in detail the physics behind each failure mode and
what it implies. It is possible to draw an analogy in which the adhesion of two surfaces
can be seen as a bridge connecting two banks. In this model, there are two types of forces.
First, there is the adhesive force, which is responsible for the bond between the adhesive
and the adherend. In our analogy, this force represents the foundations of the bridge.
Secondly, there is the cohesive force, in other words, the internal force of the adhesive and
the adherend themselves, which in the analogy corresponds to the strength of the bridge
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itself and the margins upon the bridge is anchored (adherend). As with the bridge, when
the adherend-adhesive-adherend system is exposed to extreme external conditions, such
as peel testing, at some point the adhesive bond fails. [18]

“An adhesion bond will fracture at its weakest link”, [10] this statement from Souheng
Wu, as simple and trivial as it might seem, is the explanation of the variation in fail-
ure modes. There are five possible failure modes for the gasket to metal bond that are
represented in a diagram in Figure 11 for a better understanding. [16]

Figure 11: Diagrams representing all five possible failure modes after peel testing in a
system composed of a metal (in gray) that is adhesively bonded to a gasket (in black)
through and adhesive (in yellow).

• Failure mode 1 (FM1): Adhesive failure to the metal plate. The adhesive peels
away from the metal because adhesion at that boundary is the weak point of the
system.

• Failure mode 2 (FM2): Cohesive failure of the adhesive. The failure occurs within
the adhesive itself. The adhesion to the adherends is stronger than the internal
strength of the polymer, and the adhesive breaks internally.

• Failure mode 3 (FM3): Adhesive failure to the gasket. The adhesive peels away
from the gasket because adhesion at that boundary is the weak point of the system.
In this case the adhesive force to the gasket is weaker than that to the metal or the
cohesive force of the adhesive itself.

• Failure mode 4 (FM4): Cohesively delamination of the gasket. The gasket inter-
nally fails but remains the part that is bonded to the adhesive.

• Failure mode 5 (FM5): Cohesive failure of the gasket. The adhesive bond is so
strong that the failure occurs in one of the adherends (in this case the gasket), away
from the bond.

In terms of adhesive performance the desired situations are FM4 and FM5, which
means that the adhesive is strong enough that the weakest point of the system is not
the adhesive but the gasket itself. When a FM4 or FM5 is achieved it means that the
operational limit of a GPHE is constituted by the integrity of the gasket.

It should be noted that despite failure modes FM1, FM2 and FM3 might be grouped as
an “adhesive failure”, it is of great importance to differentiate them in order to determine
where is the weak point of the system: the interface adhesive-metal, the interface gasket-
adhesive or the internal strength if the adhesive itself.
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As commented above, failure modes are mainly responsible for the peel curves shape,
in fact, just by looking at the curves it is possible to deduce which failure mode is involved.
Using Figure 10 as a reference, a failure mode can be assigned to each curve depending on
the range of forces reached and the debonding length. If maximum forces exceeding 40–50
N are reached, FM1–3 are no longer observed and the adhesive is considered strong. [29]
Among strong adhesives, two scenarios can occur: the gasket breaks (FM5), implying a
very short debonding length, or the gasket delaminates cohesively (FM4), resulting in a
very long debonding length.

Figure 12: Peel testing curves and their corresponding failure mode.

7 Water jetting
While peel testing provides a controlled method to evaluate adhesion performance, it does
not fully represent the conditions experienced by gasketed plate heat exchangers during
service. In practice, these systems are periodically cleaned to remove fouling deposits
using high-pressure water jetting techniques. [8] Therefore, the objective of this work is
not only to examine the adhesive performance under ideal conditions, but to evaluate
the serviceability of adhesively bonded gaskets under realistic cleaning conditions, where
mechanical and hydraulic loads are imposed on the adhesive joint. Among the various
cleaning methods, water jetting is widely used due to its effectiveness in removing deposits
without the need of chemical agents despite the potential risk to the adhesives joints. [30]

Water jetting is a cleaning technique based on the projection of a high-pressure wa-
ter jet onto a surface. The cleaning effect is primarily achieved through the transfer of
momentum from the water jet to the contaminants and the substrate surface, generating
impact forces that remove deposits. The intensity of this interaction depends on several
process parameters, which control both the energy delivered to the surface and its spatial
distribution. The most relevant parameters governing water jet cleaning are [31] [32]:

• Water pressure: is one the most influential parameter, as it directly determines
the jet velocity and, consequently, the impact force exerted on the surface. Higher
pressures result in increased kinetic energy and more effective removal of deposits,
but also lead to higher stresses at the interface, potentially damaging or debonding
the adhesive layer.

• Flow rate: complements the effect of pressure by controlling the total volume of
water transferred per unit of time. While pressure defines the intensity of the jet, the
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flow rate determines the total energy input, influencing the extent and uniformity
of cleaning.

• Nozzle-surface distance: controls energy dissipation before impact. As the jet
travels through the air there is dispersion and energy dissipation. Therefore, shorter
distances result in a more concentrated and aggressive jet, while larger distances
reduce impact intensity and increase the affected area.

• Spraying angle: determines the relative contribution of normal and shear stresses
acting on the joint. At normal incidence (90◦), the jet primarily generates impact
and compressive forces, whereas at lower angles shear forces become more signifi-
cant. These shear components are particularly effective for the removal of adhered
contaminants but it also has a greater impact on the adhesive bond, promoting crack
propagation along the interface.

• Water temperature: can influence the behaviour of the adhesive. Elevated tem-
peratures enhance cleaning efficiency, but it also affects the mechanical properties
of the adhesive, particularly if the temperature approaches the glass transition tem-
perature (Tg).

• Exposure time: represents the cumulative effect of the cleaning loading. Even
though at first it may look that it does not cause immediate damage, repeated expo-
sure may lead to progressive degradation of the adhesive joint through mechanisms
such as erosion or moisture penetration.

• Sweeping speed: defined as the velocity at which the jet is moved across the
surface, it controls the exposure time per unit of area. Lower sweeping speeds result
in longer exposure and higher cumulative energy input, increasing both cleaning
effectiveness and the risk of damage. On the contrary, higher speeds reduce exposure
time and result in gentler cleaning conditions.

In addition to these process parameters, the design of the nozzle plays a crucial role in
defining the characteristics of the water jet. The nozzle geometry determines the spatial
distribution of velocity, pressure and transferred, hence influencing both cleaning perfor-
mance and the level of mechanical loading applied to the surface. The following types of
nozzles are available [32]:

• Straight jet or orifice nozzles: produce a highly concentrated jet with minimal
dispersion, resulting in a very high local energy density. These characteristics makes
them particularly effective for localized removal of strongly adhered deposits but it
also risks mechanical damage or adhesive failure.

• Rotary nozzles: introduce a rotational motion to the jet. This rotation distributes
the jet over a larger surface area, reducing the local energy density while maintaining
a relatively high cleaning efficiency. As a result, rotary nozzles are commonly used
for cleaning large surfaces, such as heat exchanger plates, where a uniform treatment
that combines power and cleaning speed is required.

• Fan jet nozzles: also known as flat spray nozzles, they generate a wide and thin
jet with a uniform distribution of water across its width. This results in a more
homogeneous and less aggressive cleaning action. They are suitable for removing
loosely adhered contaminants without causing deep erosion.
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• Multi-jet heads: divide the flow into several smaller jets, distributing the energy
more evenly across the surface. This reduces greatly the intensity of individual
impacts and leads to a gentler cleaning process.

For a better understanding, it is shown a diagram with three of the most popular
nozzle types and their respective spray patterns:

Figure 13: Diagram representing the spray pattern and depth force for an orifice nozzle (on
the left), a fan jet nozzle (in the middle) and a rotary nozzle (on the right). “Units” in this
case are used as an arbitrary measure of length for the purpose of showing a comparative
analysis of the range of each jet. [30][32]

Overall, the choice of nozzle type involves a trade-off between cleaning efficiency and
the risk of damage, and must be carefully considered when evaluating the serviceability
of adhesively bonded systems under water jetting conditions.

8 Factors that affect the adhesion
The adhesion performance of bonded gasket systems is determined by a combination of ma-
terial properties and compatibility, interfacial phenomena and external loading conditions.
As discussed in the previous sections, adhesion is not controlled by a single mechanism,
but rather emerges from the interaction of multiple factors acting across different length
scales at the same time. In the context of this study, it is essential to identify and sum-
marize the most relevant parameters that influence adhesion in a gasket-plate system. It
should be noted that this section is intended to provide a solid framework for the correct
interpretation and a deep understanding of the experimental results.

The first thing to highlight are the intrinsic properties of both the adhesive and the ad-
herends (in this case the gasket and the plate), which play a fundamental role in determin-
ing adhesion performance. For epoxy-based adhesives, key parameters include crosslink
density and glass transition temperature (Tg), which control stiffness, thermal stability and
resistance to environmental degradation. These properties directly influence the ability
of the adhesive to sustain mechanical loads, chemical exposure and resist softening under
cleaning conditions. On the other hand, the nature of the rubber substrate is also critical.
NBR and EPDM exhibit distinct chemical and mechanical behaviours caused mainly by
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their different polarity and network structure. While NBR may provide a better compati-
bility with adhesives (since all adhesives used are polar), EPDM offers a superior resistance
to water and thermal ageing. Another fact to consider is their elastomeric nature, which
introduces significant deformation and energy dissipation during loading, particularly in
peel conditions.

In addition to the intrinsic properties of the adherends, it is crucial to consider interfa-
cial phenomena to explain adhesion performance. Adhesion is strongly influenced by the
conditions at the adhesive–substrate interface. Proper wetting and surface energy compat-
ibility not only enables intimate molecular contact and promotes a high work of adhesion
(as shown in Equation (2)), but it also allows intermolecular interactions and chemical
bonding to develop. The combined contribution of chemical bonding, van der Waals in-
teractions and acid–base interactions depends largely in intimate molecular contact and
it ultimately determines the intrinsic strength of the interface.

Other interfacial effects are surface roughness and contamination. The first one en-
hances adhesion through mechanical interlocking, in fact, it has been proven in previous
studies at Alfa Laval that gaskets with a higher porosity or with a pretreatment that
maximizes roughness perform better. [29] The latter is related with the presence of weak
boundary layers and can severely reduce effective adhesion by introducing mechanically
weak regions at the interface.

In order to evaluate the performance of adhesives peel testing is used, a method that is
not only a function of interfacial properties, but it also depends on the mechanical response
of the bonded system. After a deep analysis of the physics behind this experimental
method, two models have been developed that relate the exact force (Fc) and energy (Gc)
required to propagate a crack in the interface and to separate the gasket from the metal.
On the one hand, there is a complex model defined by Equation (11), which demonstrates
that the deformation of the elastomer plays a major role. This means that in order to
separate the gasket from the metal, an energy equal to the fracture energy is not sufficient,
but the contribution of elastic energy must also be considered. On the other hand, there
is a much simpler model defined by Equation (14), which is only valid for weak adhesives,
that weak that the energy used to separate the adhesive system is equivalent to the fracture
energy. The elastic contribution is negligible when such small forces are applied.

Environmental factors such as temperature, moisture and chemical exposure can signif-
icantly affect the adhesion performance. These factors may alter the mechanical properties
of the adhesive, reduce its glass transition temperature or promote chemical degradation
at the interface. In particular, exposure to water and elevated temperatures during clean-
ing processes may accelerate degradation mechanisms, leading to a reduction in adhesion
strength over time. The cleaning process itself introduces additional mechanical loading
on the adhesive joint. Parameters such as water pressure, nozzle-surface distance, spray-
ing angle or exposure time determine the magnitude and distribution of stresses applied
to the interface. These loads may induce crack initiation or propagation, especially in
regions where adhesion is already weakened by environmental effects or interfacial defects.
Therefore, the interaction between cleaning parameters and material properties is a key
aspect in evaluating gasket serviceability.
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9 Experimental results and Discussion

9.1 Samples

In order to analyze the behaviour of gaskets in GPHEs, it is necessary to scale the analysis
to a smaller, more manageable and yet reproducible system. Figure 14 shows a diagram
with the measurements of the samples created during the thesis. It consists of a 100.0 mm
long stainless steel plate bonded to a 140.0 mm long gasket (either NBR or EPDM). This
extra length is essential and very helpful for subsequent peel testing.

Figure 14: Diagram representing the samples created in order to study adhesively bonded
GPHEs. They are composed by a plate (in gray) which is bonded to a gasket (in black)
using an adhesive (in yellow).

The sample manufacturing process is as follows: first, several stainless steel plates and
gaskets with the dimensions shown in Figure 14 are collected. In order to ensure a clean
surface and avoid weak boundary layers, both surfaces of the samples are cleaned with
isopropanol. Once cleaned, they are placed in fume hoods and the adhesive (which is
generally kept in freezers to prevent anticipated curing) to be studied is dispensed onto
the plate surface. Next, the gasket is placed on the metal plate and pressure is applied.
It is crucial to consider two factors to ensure reproducible behaviour that resembles the
plate-adhesive-gasket system found in GPHEs. First, the adhesive must be distributed
homogeneously over the entire base of the gasket and the same amount of adhesive must
be present in all samples. Second, the pressure applied must be the same for all samples
and is applied using the fixture shown in Figure 15. Once the glue is applied, all samples are
stacked in the fixture, where spacers are placed at the edges to ensure proper compression.
The fixture is then tightened with bolts. This process is crucial because the samples are
manufactured under the same pressure as the heat exchangers in the factory, in addition
it promotes effective wetting.
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Figure 15: Diagram of the fixture created for ensuring the right compression of the samples
during the curing. The right amount of compression is given by the spacers (in orange)
which vary depending on the gasket used.

Once stacked and compressed, depending on the adhesive type, the samples are cured
at room temperature or in an oven to increase crosslink density. A table listing the four
adhesives to be studied and their respective curing methods, as indicated by Alfa Laval,
is included below. After the curing time has passed and the desired crosslink density has
been reached, the samples are removed from the fixture.

Glue Recommended curing method
GC5 Curing at room temperature.
GC6 Oven cured.
GC8 Curing at room temperature.
GC11 Curing at room temperature.

Table 2: The four adhesives studied and their respective curing methods.

As mentioned in Sections 3.2 and 5, this study focused on two types of gaskets (NBR
and EPDM) and four types of adhesives (GC5, GC6, GC8, and GC11). At first glance,
it may seem that there are only eight possibilities, but this changes when factors such
as crosslink density, ageing and supplier are included. Table 3 shows the set of samples
created during the study.

It is worth noting that the GC8A and GC8B adhesives are identical in terms of char-
acteristics (an acrylic nitrile/phenol resin that cures by crosslinking as the solvent evapo-
rates) but are manufactured by different suppliers. This results in slight variations, such
as the solvent content, which can lead to small differences in performance.

The curing method is just as crucial as the chemical composition, as it ultimately
determines the crosslink density. Crosslink density is a key parameter for assessing ad-
hesive performance. Therefore, both the chemical composition and the curing method of
an adhesive are equally important, since the curing process directly influences the final
crosslink density. Systems 11, 14 and 15 use a GC6 adhesive cured at temperatures below
the recommended range, resulting in a lower crosslink density. These are very interesting
samples because they replicate the behaviour of heat exchangers whose manufacturing
process was not ideal. System 12, on the other hand, is cured at a temperature higher
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than the recommended range, which implies a higher crosslink density. In all cases, a
difference in performance is expected.

Finally, there is System 13, which consists of a cured GC6 sample with an EPDM
gasket, cured under ideal conditions and subsequently subjected to an ageing process in
the humidity chamber. This is a very interesting experiment as it emulates the behaviour
of heat exchangers after being used for a period of time (although in the humidity chamber
the sample is subjected to much harsher conditions).

# System Gasket Glue Curing method
System 1 NBR GC5 Cured at room temperature.
System 2 EPDM GC5 Cured at room temperature.
System 3 NBR GC6 Oven cured.
System 4 EPDM GC6 Oven cured.
System 5 NBR GC8A Cured at room temperature.
System 6 EPDM GC8A Cured at room temperature.
System 7 NBR GC8B Cured at room temperature.
System 8 EPDM GC8B Cured at room temperature.
System 9 NBR GC11 Cured at room temperature.
System 10 EPDM GC11 Cured at room temperature.

System 11 EPDM GC6 Cured in the oven using a temperature
60◦C bellow recommendations.

System 12 EPDM GC8A Oven cured.

System 13 EPDM GC6
Oven cured + ageing process consisting on

11 days in the humidity chamber at
85◦C and 95% of relative humidity.

System 14 NBR GC6 Cured in the oven using a temperature
90◦C bellow recommendations.

System 15 EPDM GC6 Cured in the oven, using a temperature
90◦C bellow recommendations.

Table 3: Summary of the all the systems gasket-glue created and their respective curing
method.

Once cured, the samples are ready to be used for peel testing and water jetting.

9.2 Peel testing

Peel testing was carried out in order to evaluate the adhesion performance of the 15
different bonded gasket systems. The peel tests were performed using a Zwick Roell
tensile machine using a constant test speed of 100mm/min while maintaining a peel angle
of approximately 90◦. The experiments were carried out at room temperature. This
machine is also equipped with a software that records the applied force and displacement
during the test, resulting in the force–displacement curves characteristic of the peeling
behaviour that have been explained in Section 6. In addition, the software shows the
maximum and the average force (Fmax and Fav respectively) exerted during the test.
Both parameters have been used in Alfa Laval as a reference for evaluating the system’s
performance but it should be noted that none of them coincide with the critical peeling
force (Fc) defined in Equation (6). The difference between the average force computed by
the software and the critical peeling force lies in the interval chosen. The first one is the
average force over the entire measured interval, including the linear region in which the
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gasket is being elongated but there is no debonding, the plateau region where the peel
force oscillates around an approximately constant mean value since the gasket is being
peeled and there is a crack propagation, and the final region in which a sudden drop in
force is observed, meaning that either the debonding of the gasket is completed or the
rubber substrate has failed mechanically. In contrast, the critical force is the average force
only on the peeling interval, which coincides with the plateau regime.

The determination of the peeling interval defined by a2 and a1 in Equation (6) for
the computation of the critical force is not straightforward, as peel curves exhibit signif-
icant variability depending on the adhesive system and failure mode. Consequently, the
selection of the interval inevitably involves a certain degree of interpretation based on the
characteristic features of each curve. For strong adhesive systems, the peeling interval is
selected within the plateau region, which corresponds to stable crack propagation condi-
tions and therefore provides the most representative measure of the peeling response. An
example is shown in Figure 16a.

In contrast, weaker adhesive systems often do not exhibit a well-defined plateau re-
gion. In these cases, the peeling interval is decided by analyzing the changes in slope.
Initially, the force increases approximately linearly, with the slope being mainly governed
by the elastic deformation of the gasket material. However, a transition point is eventu-
ally observed where the slope becomes less steep, indicating the initialization of the crack
propagation. This transition reflects a change in the energy balance of the system: the
energy that is externally supplied is no longer used exclusively for the elastic elongation
of the gasket, but is also consumed in propagating the interfacial crack, which ultimately
defines the adhesive response. From this point onwards, the system is considered to have
entered the peeling regime. Within the peeling region, it is commonly observed force fluc-
tuations due to the formation and rupture of adhesive strings attached to the gasket edges
during crack propagation. Nevertheless, the end of the peeling regime is identified by a
pronounced drop in force, corresponding to complete debonding of the bonded system.
An example of this behaviour for a weak adhesive system is shown in Figure 16b.

Although the exact boundaries of the peeling interval may vary between samples, the
same selection criteria were applied consistently throughout the analysis in order to ensure
a meaningful comparison between experimental conditions.

(a) (b)

Figure 16: Peel testing graph representing the peeling force as a function of the displace-
ment, the peeling interval and its peeling force (Fc) for an (a) strong adhesive (System
11: GC6 + EPDM cured in the oven 60◦C bellow recommendations) with failure mode
FM4 and (b) weak adhesive (System 8: GC8B + EPDM cured at room temperature) with
failure mode FM3.
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It should be noted that for a peel testing that results in a failure mode FM5 no stable
peeling interval is observed. In this case, the measured force does not correspond to the
force required to propagate an interfacial crack, but rather to the mechanical load sustained
by the gasket before rupture occurs. Consequently, a different treatment of the peel curve
is required. For FM5 scenarios, the selected interval corresponds to the final portion of
the curve immediately before failure, where the maximum force is reached. The calculated
value of Fc should therefore be interpreted as a lower limit for the actual critical adhesive
force. In other words, at least this force is required to initiate adhesive debonding, but
since gasket rupture occurs prior to interfacial failure, the true adhesion limit cannot be
determined directly from the test. An example of a peel testing curve corresponding to
failure mode FM5 is shown below.

Figure 17: Peel testing graph representing the peeling force as a function of the displace-
ment, the peeling interval and its peeling force (Fc) for a sample composed of GC6 +
EPDM cured in the oven (System 4) that resulted in a failure mode FM5.

Therefore, multiple peel tests are carried out for each system, determining for each one
the failure mode (FM), the peeling force (Fc), the critical energy release rate using the
simple model (Gc) shown in Equation (14) and taking into account the elastic contribution
(Gc,elastic) as shown in Equation (11), and the two parameters provided by the Zwick Roell
software that have been used so far at Alfa Laval in order to evaluate the performance of
the systems: the average force (Fav) and the maximum force (Fmax).

Due to the inherent variability associated with adhesive joints and elastomeric ma-
terials, the experimental error is quantified using 95% confidence intervals based on the
Student’s t-distribution:

CI = t0.975,n−1
s√
n

(15)

Where s is the standard deviation, CI is the confidence interval (the error), t0.975,n−1
is the Student’s t-coefficient with 97.5% of confidence (leaving a 2.5% of uncertainty on
each side) and n is the number of tested samples.
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# System FM Fmax (N) Fav (N) Fc (N) Gc (kJ/m2) Gc,elastic (kJ/m2)
System 1 1 3.5 ± 5.8 2.4 ± 3.1 2.4 ± 3.2 0.27 ± 0.36 0.28 ± 0.37
System 2 1 2.77 ± 0.8 2.12 ± 0.64 2.14 ± 0.65 0.244 ± 0.074 0.245 ± 0.098
System 3 4-5 120 ± 28 72.6 ± 8.9 104 ± 25 11.8 ± 2.8 14.0 ± 3.9
System 4 4-5 91.8 ± 9.8 57.0 ± 7.6 79 ± 14 8.9 ± 1.5 10.2 ± 1.9
System 5 2-3 35 ± 12 19.5 ± 7.1 21.3 ± 7.8 2.42 ± 0.88 2.55 ± 0.96
System 6 3 34 ± 18 17.2 ± 8.9 20 ± 11 2.2 ± 1.2 2.4 ± 1.3
System 7 1 46 ± 15 27.7 ± 9.5 30 ± 10 3.4 ± 1.2 3.6 ± 1.3
System 8 3 14 ± 12 8.0 ± 6.4 8.4 ± 6.9 0.96 ± 0.78 0.99 ± 0.82
System 9 4-5 127 ± 20 77 ± 11 109 ± 21 12.4 ± 2.3 14.8 ± 3.2
System 10 4-5 80.2 ± 6.1 54 ± 10 72.6 ± 6.3 8.26 ± 0.72 9.28 ± 0.89
System 11 4-5 92.0 ± 8.9 66.9 ± 5.1 83.9 ± 8.3 9.69 ± 0.91 10.8 ± 1.3
System 12 4-5 60 ± 16 38.5 ± 8.8 45 ± 13 5.1 ± 1.5 5.5 ± 1.8
System 13 5 91 ± 11 55 ± 13 84 ± 12 9.6 ± 1.4 11.0 ± 1.8
System 14 3 17 ± 12 9.5 ± 3.5 10.9 ± 5.0 1.24 ± 0.57 1.27 ± 0.60
System 15 4-5 60 ± 21 40 ± 13 48 ± 17 5.5 ± 1.9 6.0 ± 2.2

Table 4: Peel testing results showing the failure mode(FM), the parameters given by the
Zwick Roell software (Fmax and Fav) and the computed parameters: peeling force (Fc),
the critical energy release rate using the simple model (Gc) and taking into account the
elastic contribution (Gc,elastic).

At first glance, it can be observed that some systems exhibit a relatively large ex-
perimental dispersion and consequently high uncertainty, resulting in significant relative
errors. This variability is characteristic of polymer-based bonded systems, whose mechan-
ical and interfacial behaviour is inherently complex and sensitive to local variations in
material properties, surface conditions and crack propagation mechanisms. As a result,
adhesive systems often display considerable sample-to-sample variability, making their
experimental characterization particularly challenging.

Nevertheless, despite this dispersion, several meaningful trends can still be identified,
allowing comparisons between systems and the establishment of a relative ranking based
on their bond strength performance. In order to facilitate a clearer visual comparison
between the different gasket–adhesive systems, a bar chart showing the representative
critical force (Fc) for each system is presented below.
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Figure 18: Peeling force (Fc) of each gasket-adhesive system and their respective failure
mode, mean, error and individual points. The systems are ordered in a descending way
based on their average peeling force.

Firstly, it is immediately evident that Systems 1 and 2, both based on the GC5 ad-
hesive, exhibit the lowest adhesion performance among all the tested configurations. The
predominance of failure mode FM1 indicates very poor adhesion to the metallic substrate,
suggesting that GC5 provides insufficient interfacial bonding strength for the present ap-
plication. Therefore, despite being FDA approved, this adhesive appears unsuitable for
adhesively bonded gasket systems where high mechanical reliability is required.

In contrast, the nitrile-based adhesive GC8 exhibits a moderate peel strength that is
nevertheless significantly higher than that of GC5. Both suppliers, GC8A and GC8B,
provide adhesives with relatively similar performance, although GC8A generally appears
to achieve slightly higher critical forces. One important advantage of GC8 is that it already
provides a certain level of adhesion without requiring oven curing, making it attractive
from a processing and manufacturing perspective. However, when oven curing is applied,
the representative peeling force increases dramatically, approximately doubling in the case
of System 12 compared to System 6. This behaviour strongly suggests the formation of a
higher crosslink density during curing, resulting in a stiffer and more mechanically resistant
adhesive network. Consequently, a larger amount of energy is required to propagate the
crack along the interface during peel testing.

As expected for a nitrile-based adhesive, GC8 also exhibits a noticeably better per-
formance when bonded to NBR gaskets than to EPDM. This observation highlights the
importance of chemical compatibility between adhesive and gasket material. Similar po-
larity and chemical structure can facilitate adhesion mechanisms such as diffusion at the
interface and intermolecular interactions associated with chemical bonding theories. Ad-
ditional evidence supporting this compatibility is provided by the observed failure modes.
When EPDM gaskets are employed, failure mode FM3 is predominantly observed, indicat-
ing that the adhesive adheres more strongly to the metallic substrate than to the gasket
material itself. In contrast, when NBR gaskets are used, a combination of failure modes
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FM1–FM3 is observed depending on the supplier. This suggests that, in many cases, the
adhesive bond to the gasket becomes comparable to or even stronger than the bond to
the metal substrate, and in some cases the limiting factor is the cohesive strength of the
adhesive itself (FM2).

Despite these advantages, the major drawback of GC8 is its large experimental vari-
ability. The systems based on this adhesive exhibit relatively high standard deviations
and large relative uncertainties, indicating considerable sample-to-sample variability. This
suggests that the adhesive behaviour is less predictable and potentially less reliable under
practical operating conditions.

In contrast to GC5 and GC8, the epoxy-based adhesives GC6 and GC11 exhibit re-
markably high bond strength and clearly outperform the other systems investigated in
this work. In particular, GC6 represents the reference adhesive employed by Alfa Laval
due to its well-known high adhesion performance and mechanical reliability. When cured
under the recommended conditions (Systems 3 and 4), extremely high peeling forces are
obtained together with the desired failure modes, namely FM4 and FM5. In these cases,
the weakest component of the system is no longer the adhesive interface, but the gasket
material itself, meaning that the cohesive strength of the elastomer ultimately determines
the maximum load the system can withstand.

When GC6 is cured under non-ideal conditions (Systems 11, 14, and 15), a reduction
in performance can be observed. Interestingly, curing the adhesive at a temperature 60◦C
below recommendations does not significantly affect the measured performance, indicat-
ing that a comparable crosslink density is still achieved under these conditions. However,
when the curing temperature is reduced by 90◦C, there is a noticeable decrease in peel
strength, particularly in the case of NBR (System 14). This highlights the critical impor-
tance of an adequate curing process in order to achieve the desired degree of crosslinking
and the corresponding mechanical properties of the adhesive network. The large differ-
ence in peeling force between NBR and EPDM under these low-curing conditions can be
further understood by analyzing the corresponding failure modes. Under identical curing
conditions associated with a lower crosslink density (Systems 14 and 15), the adhesive
appears to penetrate and interact more effectively with the EPDM gasket surface than
with the NBR gasket, leading predominantly to FM4–FM5 instead of FM3. This suggests
that, in the case of NBR, there is an insufficiency of wetting or a reduction of mechanical
interlocking at the adhesive–gasket interface, causing this interface to become the weakest
region of the system.

Regarding the aged sample (System 13), the measured peeling force remains essentially
identical to that obtained for ideally cured GC6 + EPDM systems and for systems cured
at temperatures 60◦C below recommendations (Systems 4 and 11 respectively). This
indicates that the ageing process does not significantly affect either the effective crosslink
density or the adhesion at the adhesive–gasket interface, and therefore does not alter
noticeably the overall performance of the bonded system. This behaviour can largely be
attributed to the non-polar nature of EPDM, which results in very limited affinity for
water molecules and consequently reduced moisture diffusion through the interface.

Previous studies conducted at Alfa Laval have shown the opposite behaviour when
NBR gaskets are employed. Due to the polar nature of NBR, water diffusion through
the adhesive–gasket interface is promoted, potentially reducing wetting quality, weakening
intermolecular interactions and chemical bonding at the interface. Under ageing conditions
comparable to those investigated for System 13, NBR-based samples similar to System
12 may eventually experience complete gasket detachment from the metallic substrate.
Nevertheless, it should be emphasized that ageing processes remain inherently statistical in
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nature. Although EPDM itself is non-polar, GC6 is an epoxy-based adhesive and therefore
possesses polar character. Consequently, there is a chance that localized reductions in
peeling force may occur in certain samples due to moisture-related effects in the interface.
While such degradation was not observed in the tested samples, the possibility cannot be
completely excluded, further highlighting the stochastic nature of adhesion degradation
phenomena.

Finally, the two-component epoxy adhesive GC11 demonstrates exceptionally high
performance, comparable to that of GC6, while eliminating the need for oven curing. This
remarkable adhesion performance is primarily attributed to the very high crosslink density
achieved even at room temperature curing conditions, resulting in a mechanically robust
and highly resistant adhesive network. As it was the case with GC6, the limiting factor
of the system is the cohesive strength of the gasket (failure modes FM4 and FM5).

Another important point concerns the apparent performance difference between the
two gasket materials investigated, namely NBR and EPDM, which possess significantly
different chemical and mechanical characteristics. With the exception of GC6 cured at
a temperature 90◦C below recommendations, the NBR-based systems generally exhibit
higher measured peeling forces than their EPDM counterparts. However, the origin of
this behaviour depends strongly on the adhesive system considered. In the case of the
nitrile-based adhesive GC8, the improved performance observed with NBR can be primar-
ily attributed to the greater chemical affinity between the adhesive and the gasket ma-
terial. Since both the adhesive and the NBR gasket possess nitrile components, stronger
intermolecular interactions can develop at the interface, potentially promoting adhesion
mechanisms such as diffusion and chemical bonding. As a result, crack propagation during
peel testing becomes more difficult, leading to higher measured peeling forces compared
to EPDM-based systems.

For the epoxy-based adhesives GC6 and GC11, the situation is different. In many
cases, the tested samples exhibit failure mode FM5, meaning that rupture occurs within
the gasket before stable interfacial debonding can be established. Under these conditions,
the measured peeling force no longer corresponds directly to the true interfacial bond
strength, but rather provides only a lower limit for it. The higher forces observed in NBR-
based systems are therefore mainly related to the mechanical behaviour of the gasket
itself. Since NBR gaskets generally fail at higher loads, they naturally produce higher
measured force levels than EPDM under FM5 conditions. Consequently, the superior
apparent performance of NBR in these systems does not necessarily imply a stronger
adhesive interface, but rather reflects the higher lower-limit force associated with gasket
rupture.

Another aspect worth discussing is the difference between the various parameters pre-
sented in Table 4: the peeling force (Fc), the critical energy release rates (Gc and Gc,elastic),
and the parameters directly provided by the Zwick Roell software (Fmax and Fav). Until
now, adhesive performance at Alfa Laval had mainly been evaluated using Fmax and Fav.
However, these parameters provide a simplified description of the peel process, as they
do not explicitly account for important physical aspects such as stable crack propagation,
gasket geometry or the elastic energy dissipated through deformation of the elastomeric
substrate.

The parameter Fav provides a reasonable approximation for weak adhesive systems
such as GC5 or even GC8, where debonding initiates almost immediately and the entire
curve is dominated by interfacial crack propagation. However, it systematically underes-
timates the performance of stronger adhesives such as GC6 and GC11, where a significant
portion of the applied energy is consumed by elastic deformation or gasket rupture rather
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than stable interfacial peeling. Conversely, Fmax tends to overestimate the adhesion per-
formance of weak systems, since local force peaks are not representative of the overall
crack propagation process. Nevertheless, for systems dominated by failure mode FM5,
where gasket rupture occurs before stable peeling can be established, Fmax progressively
becomes a more representative estimator of the effective adhesion performance.

In contrast, the critical peeling force Fc provides a more physically meaningful descrip-
tion of the peel process, as it specifically characterizes the force associated with stable crack
propagation along the interface. Although its determination involves a certain degree of
subjectivity due to the selection of the peeling interval, it offers a significantly more repre-
sentative measure of the actual adhesion performance. This behaviour is clearly illustrated
in Figure 19, where Fmax and Fav are plotted as a function of Fc. Data points located
close to the reference line F = Fc indicate good agreement with the calculated critical
force, whereas large deviations reveal poor estimations of the true adhesive performance.

Figure 19: Comparison between the software-derived parameters (Fmax and Fav) and the
calculated critical peeling force Fc. The solid line represents the ideal relation F = Fc,
indicating where is the accurate estimation of the effective peeling force.

The energy release rate parameters, Gc and Gc,elastic, provide an additional advantage,
as they characterize the adhesion performance independently of the gasket width. In other
words, these parameters describe the behaviour of the gasket–adhesive–metal system inde-
pendently of its geometric dimensions. This aspect is particularly relevant in the context of
gasketed plate heat exchangers, where gasket width may vary substantially depending on
the size and design of the equipment. Consequently, the energy-based parameters enable
comparisons and predictions across systems with different gasket geometries, something
that the critical force Fc alone cannot achieve. The differences observed between Gc and
Gc,elastic are shown in Figure 20 and are consistent with the expected physical behaviour
of the systems.
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Figure 20: Critical energy release rate (Gc) of each gasket-adhesive system computed using
the simple model (Equation (14)) and the taking into account the elastic contribution
(Equation (11)). In addition, it is included the mean, error and individual points of each
system.

For weak adhesive systems such as GC5, the simple model provides results very similar
to those obtained when the elastic contribution is included, indicating that the energy
dissipated through gasket deformation is relatively small. However, for systems with
moderate or high bond strength, such as GC6, GC8 and GC11, a significant fraction
of the supplied energy is consumed in elongating and deforming the elastomeric gasket
during peeling. Under these conditions, the simple model substantially underestimates
the actual energy released during crack propagation. As a result, larger differences are
observed between Gc and Gc,elastic as the bond strength increases. The elastic contribution
can therefore not be considered negligible. On the contrary, it represents an essential
component for a complete and physically consistent description of the peeling phenomenon
in elastomeric bonded systems.
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9.3 Water jetting

Water jet cleaning experiments were carried out in order to evaluate the serviceability
of the adhesively bonded gasket systems under realistic cleaning conditions representing
industrial maintenance procedures used in gasketed plate heat exchangers. Unlike peel
testing, whose primary purpose is to characterize the intrinsic adhesion performance of
the bonded interface under controlled mechanical loading, water jetting introduces a more
complex loading scenario involving localized hydrodynamic forces and a progressive crack
initiation at the interface. The cleaning experiments were performed using a Kärcher
Professional HD 10/21-4 S operating at a pressure of 210 bar. Cleaning was carried out
using a rotary nozzle configuration with water at a temperature of approximately 30◦C.
The selected cleaning parameters were chosen in order to balance effective fouling removal
with the need to evaluate the potential degradation and detachment of the adhesive joints.

The same gasket samples described in Section 9.1 were employed for the water jetting
experiments. This approach allows the cleaning process of real GPHEs to be realistically
emulated while simultaneously maintaining the same geometry to that used in peel testing
experiments. As a result, a reliable comparison between peel testing performance and
cleaning resistance can be established. In order to perform the water jetting experiments
in a controlled and repeatable manner, a special fixture was designed and manufactured,
as shown in Figure 21. This fixture allowed the samples to be securely positioned while
ensuring a consistent exposure during spraying.

Figure 21: (a) Bird’s-eye view and (b) front view diagram of the fixture used for water
jetting. Samples composed by a plate (in light gray) bonded to a gasket (in black) using
an adhesive (in yellow) are secured by a metal fixture (in dark gray) while is being sprayed
during the water jetting cleaning.

The experimental procedure consisted of inserting the bonded samples into the fix-
ture and positioning the nozzle at an approximate stand-off distance of 5 cm from the
sample surface. Water spraying was then initiated while progressively varying the spray-
ing angle from approximately 90◦ to 30◦ relative to the surface. Under these conditions,
weak adhesive systems typically detached almost immediately upon exposure to the water
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jet at 90◦. Systems with intermediate adhesion strength generally required lower spray-
ing angles before debonding occurred, whereas the strongest adhesive systems remained
attached independently of spraying angle and exposure time. Table 5 summarizes the
water jetting results obtained for the different gasket–adhesive systems, including whether
peel-off occurred, the spraying angle at which debonding happened and the corresponding
failure mode observed. Systems are displayed in the table ranked from highest to lowest
according to the critical force Fc obtained during peel testing:

# System Peel-off Peel-off angle FM Fc (N)
System 9: GC11 + NBR No - - 109 ± 21
System 3: GC6 + NBR No - - 104 ± 25
System 13: GC6 + EPDM (*) Yes / No - - 84 ± 12
System 11: GC6 + EPDM (**) No - - 83.9 ± 8.3
System 4: GC6 + EPDM No - - 79 ± 14
System 10: GC11 + EPDM No - - 72.6 ± 6.3
System 15: GC6 + EPDM (***) Yes 30◦ 3 48 ± 17
System 12: GC8A + EPDM (****) Yes 30◦ 3 45 ± 13
System 7: GC8B + NBR Yes 45◦ 3 30 ± 10
System 5: GC8A + NBR Yes 60◦ 3 21.3 ± 7.8
System 6: GC8A + EPDM Yes 90◦ 3 20 ± 11
System 14: GC6 + NBR (***) Yes 90◦ 3 10.9 ± 5
System 8: GC8B + EPDM Yes 90◦ 3 8.4 ± 6.9
System 1: GC5 + NBR Yes 90◦ 1 2.4 ± 3.2
System 2: GC5 + EPDM Yes 90◦ 1 2.14 ± 0.65

Table 5: Water jetting results of all the tested systems ranked from highest to lowest
according to the critical force Fc. It is shown whether peel-off occurred, the spraying
angle at which debonding happened, the failure mode observed and their correspond-
ing critical force. The symbols denote specific sample conditions: (*) aged sample, (**)
curing temperature 60◦C below recommendations, (***) curing temperature 90◦C below
recommendations, and (****) oven-cured sample instead of room-temperature curing.

These results confirm a clear correlation between peel testing performance and the
behaviour observed during water jetting experiments. The ranking of the adhesive systems
based on the critical force obtained from peel testing is in strong agreement with the
detachment behaviour observed under high-pressure water jetting conditions. The weakest
adhesive systems, based on GC5, detach easily even at a spraying angle of 90◦. As the
bond strength increases, progressively steeper spraying angles are required to achieve
gasket detachment. This trend ultimately reaches a limit in the case of the System 10
(GC11 + EPDM), for which no detachment was observed under the investigated cleaning
conditions. In this sense, the corresponding critical force, 72.6 ± 6.3, N, represents the
lowest experimentally observed value for which complete survival during water jetting
was achieved. This value can therefore be interpreted as an experimentally determined
operational threshold for gasket serviceability under the present cleaning conditions.

Nevertheless, a partial anomaly is observed for System 13, where some samples survived
the water jetting process while others detached. This behaviour is most likely associated
with the statistical nature of the ageing process. As discussed previously, the majority of
aged samples exhibit critical forces comparable to those that had not been aged (System
4), indicating that the ageing conditions were not sufficiently severe to significantly de-
grade the interface in most cases. However, localized variations may still occur due to the
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stochastic nature of moisture diffusion and interfacial degradation processes. The samples
that detached during water jetting (2 out of 4) likely exhibited locally reduced interfacial
strength, where water molecules had penetrated the adhesive–gasket interface and pro-
moted weaker intermolecular interactions and easier crack propagation. Apart from this
particular case, all other systems behaved consistently with the expected trend derived
from peel testing.

The observed failure modes during water jetting also deserve attention, as they differ
in several cases from those obtained during peel testing. This suggests that the loading
conditions introduced by high-pressure water jetting promoted different failure mecha-
nisms at the interface. In particular, exposure to water appears to weaken the adhesive
joint and promote adhesive failure either at the metal interface (FM1) or at the gasket
interface (FM3). Interestingly, failure mode FM5 was never observed during water jetting
experiments, which suggests that, under the investigated conditions, the water jetting
process does not generate stresses sufficiently high to mechanically rupture the gasket ma-
terial itself, but instead promotes progressive weakening and debonding of the adhesive
interface.

9.4 SEM-EDS

In order to further investigate the anomalous behaviour observed for System 13 during the
water jetting experiments, the metallic surface of one of the detached samples was analyzed
using Scanning Electron Microscopy coupled with Energy-Dispersive X-ray Spectroscopy
(SEM-EDS). Although visual inspection after water jetting initially suggested a pure FM1
failure mode, higher magnification SEM observations revealed the presence of small EPDM
fragments still attached to the metallic surface, indicating that the failure mode actually
corresponds to a combination of FM1 and FM4, a behaviour that was not observed in any
of the peel testing samples. These features are shown in Figure 22.

Figure 22: SEM image performed on the metallic surface of one of the detached samples
of System 13 (GC6 + EPDM aged) used during water jetting. It confirms the presence of
small EPDM fragments still attached to the metallic surface.

The coexistence of FM1 and FM4 suggests that in this case, contrary to other sam-
ples that did not detached during water jetting or the samples that were evaluated with
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peel testing, the ageing treatment was effective in degrading the adhesive interface. The
regions that exhibit FM1, water molecules likely penetrated through the adhesive inter-
face during the ageing process, progressively weakening the interfacial bonding strength.
Most probably, moisture diffusion reached the adhesive–metal interface and reduced the
intermolecular interactions and chemical bonding that helped the adhesion. As a con-
sequence, the crack propagation energy required for debonding during water jetting is
lowered. In contrast, the regions where EPDM fragments remained attached to the metal-
lic surface (FM4) indicate that moisture penetration was not complete and preserved an
strong adhesive bond, causing micro-scale rupture within the gasket material itself during
the detachment caused by water jetting. This local behaviour is the one that have been
seen during peel testing (there was a dominance of FM4) and likely for the samples that
did not detached during water jetting. Therefore the anomaly found in Table 5 could be
attributed to an statistical behaviour of the ageing process, in some samples it has an
impact and in other it does not.

In addition to the remaining gasket fragments, the SEM image also revealed the charac-
teristic grain boundary structure of the stainless steel substrate. Due to the high contrast
observed between grains and grain boundaries, EDS analyses were performed in both re-
gions in order to investigate possible compositional differences. The spectrum acquired on
the grain interiors shown in Figure 23b (Spectrum 11) mainly exhibited peaks correspond-
ing to Fe (64.1%), Cr (15.5%) and Ni (9.7%), which are the principal alloying elements
of stainless steel, together with a relatively small carbon contribution (7.0% of C) likely
associated with residual adhesive or gasket material.

(a) Spectrum 10 (b) Spectrum 11

Figure 23: Spectroscopy performed on top of grains boundaries (a) and on top of grains
(b).

However, the spectrum obtained directly on the grain boundaries shown in Figure 23a
(Spectrum 10) revealed a significantly different composition: Fe (42.8%), C (35.1%), Cr
(10.4%), Ni (5.1%) and O (4.6%). The substantial increase in carbon content together
with the presence of oxygen is the main difference. Although this increase in the peak
of carbon may be caused by chromium carbides since they naturally segregate at grain
boundaries in stainless steels, [33] it is discarded considering the simultaneous reduction
in chromium intensity and the unusually high carbon concentration. The results instead
suggest the presence of residual adhesive material that remains anchored within the grain
boundary regions. Since the adhesive is initially applied in liquid form prior to curing, it is
plausible that it penetrated locally into surface irregularities and microscopic grain bound-
ary grooves of the stainless steel substrate. This behaviour indicates a good wettability of
the GC6 adhesive on the metallic surface and demonstrates the existence of mechanical
interlocking as a contributing adhesion mechanism. Therefore, the penetration of the ad-
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hesive into these microscopic surface features may explain the good performance seen in
samples with the GC6 adhesive.

10 Conclusion
This thesis has investigated the serviceability of adhesively bonded gaskets used in gasketed
plate heat exchangers under cleaning conditions representative of industrial high-pressure
water jetting. In collaboration with Alfa Laval, different gasket–adhesive systems based
on NBR and EPDM elastomers together with several industrial adhesives, ranging from
weak silicone-based systems to high-performance epoxy adhesives, were experimentally
characterized and compared.

The theoretical framework presented throughout this work established the fundamen-
tal concepts governing adhesion, including interfacial adhesion mechanisms, crosslinking
phenomena, elastomer behaviour, peel testing mechanics, failure mode possibilities and
the influence of cleaning parameters during water jetting. Particular attention was de-
voted to understanding the mechanics of crack propagation at the interface gasket-metal,
leading to the conclusion that three main parameters define it: the critical peeling force
(Fc) and the critical energy release rates (Gc and Gc,elastic)

Experimentally, peel testing proved to be an effective method for quantifying the ad-
hesion performance of the investigated systems. Different approaches for evaluating bond
strength were analyzed and compared, including the software-derived parameters Fmax

and Fav, the critical peeling force Fc and the critical energy release rates Gc and Gc,elastic.
The results demonstrate that Fc provides a significantly more representative description of
the actual peeling process in comparison to the software-derived parameters since it specif-
ically characterizes the force associated with stable crack propagation along the interface.
In addition, energy-based parameters Gc and Gc,elastic offer the advantage of describing
adhesion independently of gasket geometry, making them particularly useful for the pre-
diction of the bond strength of gaskets with different dimensions. The comparison between
Gc and Gc,elastic also confirmed the importance of considering the elastic contribution of
the gasket, especially for high-strength adhesive systems where a substantial fraction of
the applied energy is dissipated through elastomer deformation.

The experimental results further revealed significant differences in performance be-
tween the investigated adhesives. Weak adhesive systems such as GC5 exhibited poor
interfacial adhesion and detached easily during water jetting, whereas epoxy-based sys-
tems such as GC6 and GC11 achieved remarkably high bond strengths and favorable
failure modes, where the gasket itself became the limiting factor of the assembly. The
importance of curing conditions was also demonstrated, particularly for epoxy-based sys-
tems, where insufficient curing temperatures resulted in reduced crosslink density and
degraded adhesion performance. Moreover, the chemical compatibility between adhesive
and gasket material was shown to play a major role, especially for nitrile-based adhesive
systems interacting with NBR gaskets.

One of the main outcomes of this work is the clear correlation identified between peel
testing performance and gasket serviceability under water jetting conditions. The results
demonstrate that the resistance of the bonded systems to high-pressure cleaning is directly
related to the measured critical peeling force. Systems with Fc < 21.3, N failed even at
a spraying angle of 90◦, indicating very poor serviceability. Systems with intermediate
adhesion strength, approximately within the range 21.3, N < Fc < 72.6, N, detached only
at intermediate spraying angles between 30◦ and 60◦. Finally, systems with Fc > 72.6, N
survived the investigated water jetting conditions without gasket detachment. Therefore,
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these experimentally determined values establish practical limits for the cleaning condi-
tions under which adhesively bonded gaskets can safely operate. They provide a simple
criterion to evaluate gasket serviceability during high-pressure water jetting and help de-
fine cleaning conditions that avoid unwanted gasket detachment during maintenance.

Additional insight into interfacial degradation mechanisms was obtained through SEM-
EDS analysis of an aged sample. The results suggest that moisture penetration during
ageing can locally weaken the adhesive interface, promoting adhesive failure during water
jetting while preserving strong adhesion in other regions. However, this ageing process
did not behave in the same way for all samples, suggesting that it is a statistical process
involving a degree of randomness. Furthermore, microscopic observations confirmed the
presence of wetting and mechanical interlocking as adhesion mechanisms that contribute
to the bonding between the adhesive and the stainless steel substrate.

Overall, the results obtained in this thesis confirm that peel testing and water jetting
are strongly correlated and together provide a complete description of the serviceability
of adhesively bonded plate heat exchanger gaskets. The methodology developed in this
work therefore represents a valuable framework for evaluating and optimizing industrial
adhesive systems for GPHE applications.

Finally, several directions for future work can be proposed. A more extensive inves-
tigation of ageing phenomena and moisture diffusion mechanisms would help to better
understand the long-term degradation of adhesive interfaces. In addition, a more accu-
rate determination of the real bonded area between gasket and metal would improve the
calculation of the critical energy release rate Gc. In this work, the base gasket width
(w = 8.78, mm) was assumed to represent the bonded width. Although this approxima-
tion is reasonably close to reality, the actual bonded area changes during curing due to
gasket compression and adhesive spreading. Further efforts should also focus on develop-
ing experimental procedures that provide more reproducible sample behaviour, thereby
reducing the statistical variability commonly observed in polymeric bonded systems.
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