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Abstract
In recent decades, environmental concerns, economic factors and limited resources have encouraged the production of
high-performance, reliable finished products. Along with a demand for rapid transportation, these issues have directed the
transport industries to develop lightweight but strong vehicles, aiming to reduce fuel consumption and CO2 emissions.
The need for high-performance products has been the driving force behind scientists and engineers in developing
advanced materials and processes. The employment of various materials with distinct physicochemical properties in the
automotive and aerospace industries has also opened a new field of research into the joining of dissimilar materials.
Several alternative methods have recently developed for joining metal-polymer multi-material structures. Friction spot
joining (FSpJ) is one of these newly developed technologies.
Prior to this work, only very limited information was available on the microstructure, bonding mechanisms and quasistatic mechanical performance of FSpJ joints. Moreover, there was no information on the durability and fatigue behavior
of FSp joints available in the literature; two essential factors for the industrial transfer of this new joining technology.
That is why this PhD work was devised to further develop and understand the fundamentals of the advanced FSpJ
process. Case-study joints were produced using aircraft grade lightweight aluminum alloy AA2024-T3 and carbon-fiber
reinforced poly(phenylene sulfide) (CF-PPS). The process temperature was measured through thermography and
thermometry that showed an average peak temperature of approximately 437°C for the optimized set of joining
parameters. The process-related physicochemical changes in the composite were studied through thermal analysis
methods (DSC and TGA) that suggested no extensive thermal degradation occurred during the process. Microstructure of
the aluminum and composite in the joining area was changed as a result of the thermo-mechanical effect of the process.
Microstructural changes caused an alteration to the local mechanical properties as confirmed by microhardness and
nanohardness measurements. Moreover, microstructural analysis of the composite part revealed the formation of a small
number of volumetric defects such as pores and fiber-matrix debonding.
In addition to a fundamental understanding of the FSpJ process, the influence of various aluminum surface pre-treatments
on the bonding mechanisms and mechanical performance of single lap shear (SLS) joints was studied. Mechanical,
chemical and electrochemical pre-treatments were applied to the aluminum surface prior to the joining process. All
surface pre-treatments increased the joint strength to some extent, compared with specimens without surface pretreatments. In addition, some surface pre-treatments (chemical and electrochemical) led to the formation of strong
chemical bonding between the aluminum and composite, which was confirmed by X-ray photoelectron spectroscopy
(XPS). Moreover, the morphology and chemical composition of the aluminum after surface pre-treatments were analyzed
in detail to study the correlation between bonding mechanisms and the mechanical performance of the joints.
The durability of the joints was also investigated under accelerated aging conditions using selected aluminum surface pretreatments. Most of the SLS joints showed only a small reduction of approximately 10% of their initial quasi-static
strength, indicating a high durability performance of friction spot joints. Only one surface pre-treatment (phosphoric acid
anodizing - PAA) led to a reduction of approximately 40% in the aged joints. This was attributed to the very fine
microporous oxide structure of the PAA pre-treated aluminum surface, allowing the diffusion of moisture in the bonding
area.
The fatigue life of the SLS FSp joints with selected aluminum surface pre-treatments was also analyzed. Three statistical
models (exponential, power law, and wear-out) were selected to fit the experimental fatigue data. All the models fitted
well and illustrated similar behavior within the experimental range. The residual quasi-static strength of joints after
surviving one million cycles of fatigue was evaluated and this revealed no damage accumulation in the joints at the
examined load level. Therefore, this work succeeds in further developing and describing the fundamentals of the
advanced FSpJ process.
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Zusammenfassung
In den letzten Jahrzehnten haben Wirtschaftswachstum, Klimaveränderungen, und begrenzte Ressourcen die Produktion
von hochleistungsfähigen und zuverlässigen End-Produkten gefördert. Neben der Nachfrage nach schnellerem Transport
haben die oben genannten Bedingungen die Industrie dazu bewegt, leichte und zugleich starke Fahrzeuge mit dem Ziel zu
entwickeln, den Kraftstoffverbrauch und die CO2-Emissionen zu verringern. Angetrieben durch den Bedarf an
leistungsfähigen Produkten, sind Wissenschaftler und Ingenieure kontinuierlich dabei, neue Werkstoffe und Prozesse zu
entwickeln. Allerdings hat die Verwendung von verschiedenen Werkstoffen mit unterschiedlichen physikalischchemischen Eigenschaften in großen Bauteilen (z.B. in Kraftfahrzeugen und Flugzeugen) ein neues - im Bereich der
Verbindung artfremder Materialkombinationen - Forschungsgebiet geschaffen. Mehrere alternative Fügeverfahren
wurden bereits für Metall-Polymer-Multimaterial-Strukturen entwickelt. Reibpunktfügen (auf Englisch: Friction Spot
Joining - FSpJ) ist eine von diesen neu entwickelten Technologien.
Vor dieser vorliegenden Arbeit waren nur sehr begrenzte Informationen über Mikrostruktur, Haftmechanismen und quasistatische mechanische Belastung von FSp-Verbindungen vorhanden. Darüber hinaus gab es keine Informationen
bezüglich Dauerhaftigkeit und Ermüdungsverhalten von FSpJ. Die aktuelle Doktorarbeit setzt sich das tiefere Verstehen
der Grundlagen und die Weiterentwicklung des FSpJ-Verfahren zum Ziel. Die Fallstudie der Arbeit befasst sich mit dem
Fügen von Aluminiumlegierung AA2024-T3 und kohlenstofffaserverstärkten Polyphenylensulfid (CF-PPS), die als
Flugzeugbauwerkstoffe in der Industrie dienen. Die Prozesstemperatur wurde durch Thermografie und Thermometrie
gemessen. Die Temperatur für die optimale Verbindung lag bei etwa 437°C. Die prozessbedingten physikalischchemischen Veränderungen im CF-PPS wurden durch thermische Analysen ermittelt und deuteten darauf hin, dass
während des Prozesses keine umfangreiche thermische Degradation auftrat. Die Mikrostruktur des Aluminiums und CFPPS im Fügebereich hat sich durch thermomechanische Wirkung des Verfahrens verändert. Die Änderungen der
Mikrostruktur des Gefüges verursachten eine Veränderung der lokalen mechanischen Eigenschaften. Außerdem wurden
die Veränderungen der Eigenschaften durch Mikro- und Nanohärtemessungen bestätigt. Die Mikrostrukturanalyse des
Verbundwerkstoffes zeigte die Bildung einiger volumetrischer Defekte an, wie zum Beispiel Poren und Faser-Matrix
Debonding.
Zusätzlich wurde auch der Einfluss von verschiedenen Aluminiumoberflächenvorbehandlungen auf die Haftmechanismen
und auf das mechanische Verhalten von Scherzugproben untersucht. Die Oberfläche des Aluminiums wurde mechanisch,
chemisch und elektrochemisch vorbehandelt. Alle Oberflächenvorbehandlungen erhöhten die Zugscherfestigkeit in einem
gewissen Grad im Vergleich zu den Proben ohne Vorbehandlung. Darüber hinaus führten bestimmte
Oberflächenvorbehandlungen - chemische und elektrochemische - zur Bildung einer starken chemischen Bindung
zwischen dem Aluminium und CF-PPS. Diese wurde durch Röntgen-Photoelektronenspektroskopie (XPS) bestätigt.
Zusätzlich wurden die Topographie und die chemische Zusammensetzung der Aluminiumoberfläche nach den
Vorbehandlungen detailliert analysiert, um den Zusammenhang zwischen den Haftmechanismen und der mechanischen
Festigkeit der Verbindungen zu untersuchen.
Außerdem wurde die Dauerhaftigkeit der Verbindung unter beschleunigten Alterungsbedingungen - mit Verwendung
ausgewählter Aluminiumoberflächenvorbehandlungen - untersucht. Die meisten Scherzugproben zeigten nur eine kleine
Verringerung von etwa 10% ihrer ursprünglichen statischen Festigkeit; das zeigt eine hohe Dauerhaftigkeit der
Reibpunktfügetechnologie (FSpJ). Nur eine einzige Oberflächenvorbehandlung - eloxieren in Phosphorsäure-Lösung
(PAA) - führte zu einer Verringerung von etwa 40% der Festigkeit der Verbindung. Dies kann darauf zurückgeführt
werden, dass die sehr feine mikroporöse Struktur der mit PAA Oxid vorbehandelten Aluminiumoberfläche die Diffusion
der Feuchtigkeit zum Fügebereich begünstigt.
Die Ermüdungslebensdauer der Scherzugproben wurde für ausgewählte Aluminiumoberflächenvorbehandlungen
ebenfalls analysiert. Drei statistische Modelle - exponentiell, Power-Law und Wear-Out - wurden ausgewählt, um die
experimentellen Ermüdungsdaten zu untersuchen. Alle Modelle passen gut und zeigten ein ähnliches Verhalten zu dem
experimentellen Bereich. Die Restfestigkeit der Verbindungen, die eine Million Zyklen ohne Versagen standhielten,
zeigten keine Schadensakkumulation in der Verbindung bei dem untersuchten Lastniveau. Fazit: die Arbeit hat
erfolgreich das FSpJ-Verfahren weiterentwickelt und dessen Grundlagen beschrieben.
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Chapter 1. Introduction
The requirements of modern society have changed over the centuries and particularly in the last few
decades. Reliable and safe structures with high performance, new energy sources, and
environmentally friendly, sustainable products and processes are some of the demands in this new
era. In addition, as a result of globalization rapid transportation has become a major requirement
with the need for travel and the export of goods and services around the world. Revolutionary
transportation concepts such as frictionless vehicles, flying cars, superfast trains and supersonic
aircraft have been designed or their development proposed for future generations. Furthermore,
environmental protection is now a major concern. Reduction in emissions of greenhouse gases
(such as carbon dioxide), particularly from vehicles by weight saving and leaner fuel consumption,
helps circumvent negative environmental impacts. Such requirements and concerns have motivated
scientists and engineers in scientific communities and industrial sectors to design lightweight yet
mechanically strong and reliable structures. Lightweight structures are nowadays increasingly in
demand for a wide range of engineering applications, such as the transport industry [1-3], wind
power [4] and bridge construction [5]. Especially in the transport industry, where energy efficiency
is required, the use of high-performance polymers and their respective composites, such as carbonfiber and glass-fiber reinforced polymers (CFRP and GFRP), has been emerging in the design of
hybrid, multi-material structures. This is primarily due to their inherent capacity to reduce the
weight of an engineering structure, such as an aircraft or car. In addition to the lightweight
character of composites, they possess outstanding corrosion resistance, environmental stability,
high strength and high fatigue performance, making them attractive for a variety of industries [6, 7].
In addition, advanced lightweight metals such as aluminum, titanium and magnesium alloys are
being further developed to reduce the weight of a structure while maintaining high mechanical
performance. The development and employment of different materials with a diverse range of
properties helps designers to select the right combination of materials to fulfill the required
properties of the desired structure [6]. New generation aircraft, e.g. Boeing 787 Dreamliner and
Airbus A350 XWB, are examples of large multi-material structures. In both aircraft, approximately
50 wt% composites are mixed with 50 wt% lightweight metal alloys such as aluminum [8, 9] - as
illustrated in Figure 1.1 for the Airbus A350 XWB.

Figure 1.1 Materials breakdown in Airbus A350XWB. Adapted from [8] with permission.

In addition to the aircraft industry, automotive manufacturers intend to use more polymers and
composites in the bodies of their cars [10-14]. Recently it was stated that by 2030 in the USA
polymers and composites will be the primary materials used by the automotive industry to fulfill its
demands [12]. Thus more material mixing is expected in automobiles in the near future. The
1

Mercedes-Benz F125 research vehicle [15] is an example of a new concept under development for
the year 2025 and beyond. As illustrated in Figure 1.2 the car will consist of metal-polymer hybrid
structures to reach its goal of emission-free mobility.

Figure 1.2 Mercedes-Benz F125 research vehicle concept. Adapted from [15] with permission.

Despite the benefits of using different lightweight materials in a structure, the joining of dissimilar
materials such as metal alloys and composites presents a great challenge due to their distinct
physicochemical properties [2]. Amancio and dos Santos [16] have categorized various joining
technologies for metal-polymer hybrid structures, these range from more conventional adhesive
bonding and mechanical fastening to new welding-based technologies. Nevertheless, traditional
bonding and mechanical fastening exhibit technological and environmental limitations. For
instance, the curing time of an adhesive for structural adhesive bonding is a major shortcoming. In
addition, bonding of thermoplastic composites requires special pre-treatments to increase the
intrinsic adhesion between the composite and the adhesive to improve the wettability and surface
tension of the thermoplastics [17]. Problems in the mechanical fastening of metal-composite joints
have also been reported for the Airbus A380 [6]. During the development phase of the A380 wing,
composite ribs were joined to the metal skin by bolting on aluminum brackets. During the
operation, some cracks appeared in the brackets, which could have led to failure of the entire
component. Such technical limitations have motivated recent investigations into alternative and
advanced joining technologies suitable for hybrid structures, to overcome or reduce the drawbacks
of traditional techniques.
Friction spot joining (FSpJ) is an alternative joining technology for producing metal-composite
joints, patented by and developed at Helmholtz-Zentrum Geesthacht, Germany [18]. As the name
implies, FSpJ belongs to friction-based joining and welding technologies. The new technology was
developed as a variant of the Friction Spot Welding (FSpW) of metals [19]. This PhD study was
devised to evaluate and understand the fundamental scientific and technological aspects of the FSpJ
process. For this purpose, a materials science approach was selected to address the relationship
between the FSpJ process, the microstructure and mechanical properties of the joints, from microscale characterizations to the overall performance of the joints.
This thesis is structured with the following chapters:
Following this introduction as Chapter 1, Chapter 2 describes the motivation for and primary
objectives of this work.
Chapter 3 reviews the state-of-the-art literature on the joining technologies available for metalpolymer hybrid structures. Further, it briefly introduces general aspects of the metal-polymer
2

interface, the influence of metal surface pre-treatments on the mechanical performance of metalpolymer joints, the effects of accelerated aging on the behavior of the joints and metal-polymer
fatigue. A brief description on the basic characteristics of the materials used in this work rounds off
this chapter.
Chapter 4 describes the main principles of the FSpJ process. The primary process parameters are
introduced and their functions in the process are explained. Further, the typical microstructure of
the FSp joint and any defects commonly observed in the joint are reviewed. In addition, a short
summary of the advantages, limitations and potential applications of the process is given. This
chapter is based partly on the results obtained in this PhD work as well as previous publications
about the process.
Chapter 5 explains the experimental approach and different phases carried out in this work. A
flowchart is used to illustrate the steps of the project.
Chapter 6 deals with the materials, equipments and methods used throughout this work to analyze
different aspects of the joints such as their microstructure, local and global mechanical properties,
physicochemical properties and failure analysis.
The results and discussion part is divided into five chapters. Chapter 7 presents the main results
obtained in this study to further develop the FSpJ process. A brief description on optimization of
the process is given at the beginning of the chapter. Further, the temperature history during the
FSpJ process is explained with the aim of describing the process-related physicochemical changes
in the composite and the formation of different microstructural zones, both in the metal and
composite. The local mechanical properties of the metal and composite are explored using
microhardness and nanoindentation. In addition, this chapter presents a simplified model to
describe the bonding zones observed in FSpJ. Finally, failure analysis and fractography of the joints
by scanning electron microscopy (SEM) are elaborated.
Chapter 8 is devoted to the influence of metal surface pre-treatment on behavior of the FSp joint.
Various lab scale and industrially used metal surface pre-treatments that are available were applied.
The effects of surface pre-treatments on metal wettability, surface topography and surface
chemistry prior to the joining process are explained. Furthermore, a study of the fracture surfaces of
the joints by visual observation, SEM and energy dispersive spectroscopy (EDS) on SEM is shown.
In addition, the analysis of the metal-polymer interface through X-ray photoelectron spectroscopy
(XPS) is presented to explain the nature of the bonding formation during the FSpJ process.
Chapter 9 describes the influence of an accelerated aging environment on the surface features and
chemical composition of the joining parts, outside and inside the bonding area. In addition, the
mechanical performance of single lap shear (SLS) joints after accelerated aging for the selected
surface pre-treatments is explained. This chapter also gives an explanation about the analysis of the
fracture surface of the joints.
Chapter 10 presents the results obtained on fatigue performance of the selected surface pre-treated
specimens. The resultant fatigue S-N curves are explained, based on three selected fitting
procedures. The fitting procedures are also briefly discussed in Appendix A.11. Moreover, the
residual strength of the joints after surviving one million fatigue cycles is presented. Finally, the
failure behavior of the joints and typical fracture surface features are described.
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Chapter 11 summarizes the results obtained in this PhD study about different aspects of the FSpJ
process, and finally Chapter 12 offers recommendations for future scientific and technological
work.

4

Chapter 2. Motivation and Objectives
The ever-increasing demand for lightweight metal-polymer multi-material structures, particularly in
the transport industries, and the limitations of traditional joining techniques are driving forces
behind the development of alternative metal-polymer joining technologies. FSpJ is a new,
alternative and innovative metal-polymer joining process that was developed at Helmholtz-Zentrum
Geesthacht [18] prior to this PhD project.
The feasibility of the process was investigated in preliminary works. It has been shown that the
process can successfully join magnesium alloy AZ31 [20] and aluminum alloy AA6181-T4 [21] to
GFRP and CFRP composites. In these works, the main characteristics of the process, its bonding
mechanisms, joint microstructure, and the mechanical properties of SLS geometry were preliminary
investigated and addressed. However, no detailed investigation into the metal-polymer bonding
mechanisms and interface, process-related physicochemical changes on the polymer or composite,
or any failure and fracture analysis were carried out. Furthermore, no previous studies investigated
the influence of surface pre-treatments on the mechanical performance of the joints, the behavior of
the FSp joint under harsh environmental conditions or the fatigue performance of the joints, and so
there remained a knowledge gap. Therefore, this PhD work was carried out with the aim of
fulfilling the above mentioned gaps in our scientific knowledge.
Based on the knowledge gaps identified, the case-study material combination of aluminum alloy
AA2024-T3 and carbon-fiber reinforced poly(phenylene sulfide) (CF-PPS) was selected to permit a
fundamental understanding of the FSpJ process. The following objectives were defined in this
work:
a) Establish the relationship between process parameters (heat input), microstructure and
mechanical properties of the joint.
b) Investigate the bonding, failure and fracture mechanisms of single lap shear joints.
c) Understand the influence of selected metal surface pre-treatments and accelerated
environmental aging on interfacial bonding mechanisms and the mechanical performance
of overlap joints.
d) Determine the influence of cyclic loading on the fatigue performance of the FSp joints.
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Chapter 3. Literature Review
3.1 Metal-polymer joining techniques
The joining of dissimilar metal-polymer or composite hybrid structures dates back to the last
century. Over time and due to increased industrial demand to use metal-polymer hybrid structures,
various joining techniques have been developed. Figure 3.1 illustrates the categories of
technologies that are suitable for dissimilar metal-polymer joining. According to the classification
by Amancio and dos Santos [16], the individual joining techniques are adhesive bonding,
mechanical fastening, and welding-based technologies. Combinations of one or more of these
individual techniques are known as hybrid joining technologies.

Figure 3.1 Joining techniques for metal-polymer multi-materials [16].

In the following sections, the main features of each individual joining technique are briefly
overviewed.

3.1.1

Adhesive bonding

Adhesive bonding is a traditional, consolidated joining technology, not only used in structural
applications, but also as sealants or as a means of bonding surface coatings [22]. Aircraft fuselage
and wing structures [23, 24], as well as automotive body and interior parts [23] are examples of
structural applications of adhesive bonding.
With adhesive bonding, two major elements exist: first the joining parts known as adherends, and
second the adhesive. The process of adhesive bonding is divided into the following steps: The
process usually begins with surface preparation of the adherends. The surface of the adherends
should be completely clean and free of contaminants to maximize the adhesion between the
adhesive and adherends. Surface treatment is an important step in adhesive bonding to obtain a
clean, contamination-free surface so that the adhesive can spread over and wet the adherends.
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Moreover, surface treatment changes the topography and/or chemical state of the surface of
adherends for an improved adhesion. Usually, without any surface treatment the mechanical
performance of adhesively bonded joints is limited. Various surface treatments prior to bonding are
available, depending on the material of the adherend. A brief review of surface treatments for
aluminum alloys will be given later in this chapter. After surface preparation of the adherends, the
adhesive is applied to the surfaces of joining parts. The joining parts are then brought together and
firmly clamped. The final step is curing of the adhesive, which may be performed at room or
elevated temperatures, depending on the nature of the adhesive. During the curing phase, the
adhesive undergoes a hardening process that leads to the joining of the parts. The curing phase at
elevated temperatures can take several minutes to hours, whereas at room temperature several days
may be required to achieve an acceptable adhesive strength [25].
In adhesive bonding theory, two main terms are used to explain bonding mechanisms; adhesion and
cohesion. Adhesion refers to the attractive forces between the adhesive and each adherend, whereas
cohesion explains the internal forces between the adhesive’s molecules producing the internal
strength of the adhesive. Derived from these definitions, the two primary failure types of an
adhesively bonded structure are “adhesive failure” and “cohesive failure”. Adhesive failure takes
place when cracks propagate at the interface between the adhesive and one of the adherends.
However, when cracks propagate inside the adhesive, as a result of strong bonding between the
adhesive and adherends, the failure is known as cohesive. Figure 3.2 (a) illustrates the adhesive
bonding in an SLS joint geometry as an example of a metal and a composite. Adhesive and
cohesive failure types are also schematically presented in Figure 3.2 (b) and (c). In addition to
adhesive and cohesive failures, a mixed mode failure has been reported in adhesively bonded metalcomposite hybrid joints [26]. As illustrated in Figure 3.2 (d), in the mixed mode failure type,
adhesive remains attached to both adherends. This means that the crack path changes from one
interface to another within the adhesive. Furthermore, there are other types of failures classified in
the ASTM D5573 standard for adhesive bonding of fiber-reinforced plastic joints [27] that might
also occur in metal-composite hybrid joints. One category is fiber-tear failure, as illustrated in
Figure 3.2 (e). In this case, failure occurs in the composite part where a part of the composite
remains attached to the other fracture surface. If the failure happens near the interface, the failure
type is known as light fiber-tear failure. Finally, the failure may occur in one of the adherends
outside the bonding area known as a stock-break failure. This type of failure is depicted in Figure
3.2 (f).
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Figure 3.2 Schematic illustration of (a) adhesive bonding of a metal-composite SLS joint, (b) adhesive,
(c) cohesive, (d) mixed mode, (e) fiber-tear, and (f) stock-break failure types.

SLS joint geometry is widely used to assess the mechanical performance of an adhesively bonded
joint. In such joint geometry the adhesive transfers the load between the adherends by shear. Classic
theoretical models were developed to analyze the stress distribution in adhesively bonded SLS
joints. The earliest studies were performed by Volkersen [28] and Goland and Reissner [29]. It was
illustrated through these studies that the shear stress distribution is not uniform throughout the
overlap area. The shear stresses generated are minimum in the center of the overlap and increase at
its edges. Furthermore, out-of-plane forces (the so called peel forces) are also generated as a result
of the secondary bending effect in SLS joints [30]. Due to the generation of such stresses, further
types of joint geometries were developed and investigated to reduce the undesired stresses [31].
Surface treatment prior to bonding is an important step to achieve strong joints. This is due to the
fact that the surface of adherends should be activated to form strong bonds with the adhesive. Also,
as mentioned earlier, the substrate surfaces should be clean and free of contamination to maximize
adhesion. This is particularly important when bonding thermoplastic composites, for instance in
metal-composite structures. Special treatments are required to increase the intrinsic adhesion
between the composite and the adhesive that improve the wettability and surface tension of
thermoplastics [17].
Some of the main advantages of adhesive bonding are [32-34]: no drilling is required, which
reduces the stress concentration, very thin sheets (less than 500 µm) can be bonded, a more
homogeneous stress distribution in the bonding area, weight saving, smooth surface finish, and the
possibility of joining dissimilar materials. However, there are also some disadvantages related to
this technique such as [32-34]: limited elevated temperature applications due to the loss of
properties of the adhesive, durability of the bonded joints is an issue especially when suitable
surface treatments are not applied, requiring extensive surface treatments prior to bonding, long
curing times, limited suitable non-destructive testing methods, prediction of bond failure is
problematic and disassembling the joints is difficult.
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3.1.2

Mechanical fastening

Mechanical fastening is another traditional joining technique that is widely used in industrial
applications such as aeronautics and automotive [35]. Mechanical fastening is considered a subcategory of mechanical joining methods, along with mechanical attachment [36]. In the design of
mechanical fastening the strength of the structure is achieved completely by mechanical forces, in
contrast with adhesive bonding where primarily chemical forces are responsible for the integrity of
a bonded structure [36]. Mechanically fastened joints are designed primarily to sustain shear
loading [36]. Similar to metallic structures, for composites joined by mechanical fastening four
failure modes are observed [37]: net-tension, shear-out, cleavage-tension, and bearing.
There are many advantages that make mechanical fastening methods favored techniques to join
structures. These include [34, 36]: easy disassembly of the joining parts, which is useful for
replacing damaged parts, the capability of joining dissimilar materials where special and timeconsuming preparation of the joining parts is unnecessary, joint inspection is easy and there is high
engineering confidence in the design due to failure predictability. However, there are certain
shortcomings related to this joining technique such as [34, 36]: high stress concentration at the
fastening points, non-continuous joint that allows diffusion of moisture, fluids, etc., intensive labor
involved and weight penalty. Besides these common disadvantages, when polymers or composites
are joined further limitations arise. The major concern is the notch sensitivity of the composites that
may lead to crack initiation during drilling of the hole. Crack initiation in this stage may cause
premature failure of the joint.
Various types of mechanical fastening methods have been proposed such as [36, 38]: bolting, blindriveting, press-in fastening, self-tapping screwing, clinching, and staking. Besides traditional
mechanical fastening techniques mentioned above, there are newly developed processes suitable for
metal-polymer or composite hybrid structures [38]. Friction riveting (FricRiveting) and Injection
Clinching Joining (ICJ) are among them, which will now be discussed briefly.

3.1.2.1 FricRiveting
FricRiveting is a new, innovative joining technology, patented by [39] and developed [40] at
Helmholtz-Zentrum Geesthacht, that is suitable for metal-polymer or composite hybrid structures.
Basically in this process a metallic rivet is used to join one or more polymeric plates. The principles
of the technique are as follows [40, 41]: In a simple configuration, a rotating cylindrical rivet is
inserted into a polymeric part. During penetration of the rotating metallic rivet, frictional heat is
generated due to the high rotational speed of the rivet as well as applied axial force. Due to the low
thermal conductivity of the polymer, the local temperature at the tip of the rivet increases. Two
phenomena occur at this stage as a result of the high temperature generated; a volume of the
polymer around the rivets tip is molten, and the tip of the rivet is plasticized. At this stage the
rotational speed of the rivet is decreased and the axial pressure (forging pressure) is increased, this
leads to deformation of the plasticized rivet tip. The deformed tip of the rivet increases in diameter
yielding a parabolic shape. Finally the joint is consolidated under pressure. Figure 3.3 illustrates the
main process steps in a simple configuration. The main bonding mechanism that holds the parts
together is mechanical anchoring of the deformed rivet within the polymer part [40, 41]. However,
adhesive forces at the metal-polymer interface may also coexist [42].
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Figure 3.3 Schematic illustration of the FricRiveting process; (a) positioning of the joining parts, (b)
rivet approaching the polymer part, (c) forging of rivet into the polymer, and (d) joint consolidation.
Adapted from [41].

Several studies [41, 43-45] have been conducted to demonstrate the feasibility of the process on a
wide range of materials. In addition to the feasibility of the process, the microstructure, thermal,
and mechanical properties of the joints were studied. For more information refer to the above
mentioned works.
FricRiveting offers various advantages over other mechanically fastened joining methods that
include [38, 40]: very short joining cycles in the range of few seconds, no pre-hole drilling is
required, capability of joining a wide range of materials, no need for surface preparation or
cleaning, single side accessibility, high mechanical performance. However, like any other process,
FricRiveting has some limitations, such as difficult disassembly and, similar to traditional
mechanical fastening, the joints are discontinuous [38, 40]. Furthermore, the process cannot directly
be used to join metal-composite hybrid structures and it is more suitable for polymer-polymer or
composite-composite joints. In the case of metal-composite joints, pre-drilling of the metallic part is
required, which makes the process time-consuming and expensive. Moreover, the addition of rivets
increases the weight of the structure, which is not always desired.
Although FricRiveting was originally developed to join thermoplastic composites, its capability of
joining metals (for instance Ti) with a thermoset composite was recently demonstrated [46]. Along
with the advantages that FricRiveting offers, its ability to join thermoset composites makes this
technique a very suitable, alternative technology for joining advanced metal-polymer hybrid
structures.

3.1.2.2 Injection Clinching Joining
ICJ is another mechanical joining technique patented by [47] and developed [48-50] at HelmholtzZentrum Geesthacht. This technique is an advanced form of staking that is suitable for joining
dissimilar materials [47]. As explained by Abibe et al. [48, 49] the principles of ICJ are based on
staking, mechanical fastening and injection molding. The basic principles of ICJ can be described
as follows [38, 48, 49]: overlap joints are produced between a thermoplastic part with an integrated
stud and a joining partner with a through cavity. The joining partner can be a thermoset polymer, a
metal alloy or any other material that can withstand the heating produced at the joining area. The
parts are assembled together prior to the joining process such that the stud of the thermoplastic part
fits into the cavity of the joining partner. An energy source and axial force are used to heat up and
deform the stud into a rivet shape, creating mechanical anchoring between the joining parts.
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In the first variant of ICJ developed an electric source was used to heat the thermoplastic stud [49].
However, the time required for the process was long, in ranges of several minutes. To shorten the
joining cycle a new variant was developed and patented [51] making use of frictional heat to
plasticize and deform the stud. In friction-based ICJ (F-ICJ) the joining cycle reduced to between 3
and 20 seconds, nevertheless achieving good mechanical performance [52].
Figure 3.4 illustrates the main process steps of the electric-based ICJ (E-ICJ) and F-ICJ techniques.
As explained above, an energy source is required to heat up and plasticize the thermoplastic stud. In
case of E-ICJ, a hot case is used for this purpose, as shown in Figure 3.4 (a). A punch-piston is also
employed to deform the plasticized stud into the form of a rivet. In F-ICJ (Figure 3.4 (b))
plasticization and deformation of the stud occurs simultaneously with a one part, non-consumable
tool. The tool rotating at high angular velocities approaches the polymer stud. As a result of friction
between the rotating tool and the stud, frictional heat is generated that melts the top layers of the
stud. The tool then stops rotating while axial pressure is applied that spreads the molten/plasticized
polymer stud into the metal’s cavity. Finally, the tool is retracted and the joint consolidates.
Besides the advantages of F-ICJ, such as reduced joining cycles, the process presents some
limitations. Similar to FricRiveting and other mechanical fastening approaches, pre-drilling of the
metal sheet is required, which increases the production time and cost. In addition, stress
concentration around the stud during mechanical loading may lead to pre-mature failure of the
joints. Furthermore, with the current knowledge of the process, ICJ is not a suitable technology for
joining laminated composites.

Figure 3.4 Process steps of (a) E-ICJ (adapted from [48]) and (b) F-ICJ (adapted from [52]).
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3.1.3

Welding-based technologies

The welding-based joining techniques for metal-polymer joints reviewed here are relatively new
techniques that have been developed in the last 10 years. Induction welding, ultrasonic welding and
laser welding are briefly discussed here, whereas FSpJ will be thoroughly explained in Chapter 4.
The principles of all welding-based techniques are based on the melting of a thermoplastic part that
forms a joint with a metal partner after consolidation. Basically, mechanical interlocking and
adhesion forces are responsible for holding the joint’s parts together.

3.1.3.1 Induction welding
Although, induction welding was one of the first techniques developed for joining metal-polymer
structures among the joining methods mentioned, there is very little information in the literature
[53, 54]. For induction welding a magnetic inductor is used as the main energy source to heat up the
joining parts. The process steps can be explained as follows [53, 54]: the joining parts are placed in
the overlap configuration. In the first step (heating), the metal close to the inductor is heated by
generation of electrical eddy currents. Such currents induce heat by resistance and a magnetic field.
The heat is then conducted to the polymer/composite, leading to melting of the polymer. The
joining parts are then transferred to the consolidation station in step 2. Finally, in step 3, the joint
cools down and consolidates under application of joining pressure. The process steps are illustrated
in Figure 3.5. A temperature drop of approximately 50°C was identified in the transport step for the
selected AlMg3 / CF-PA66 joint [53]. Therefore, the temperature during heating step must be
sufficiently higher than the polymer melting temperature (close to its degradation temperature) to
assure its melted state continues until the beginning of step 3.

Figure 3.5 Schematic illustration of the induction welding process steps. Adapted from [53].

In a modified configuration, the heating and pressing steps are integrated together [53]. By
eliminating the transport step, deconsolidation of the composite part (as a result of excess heating)
is reduced. However, a shortcoming of the process is the long joining time, which is approximately
two minutes.

3.1.3.2 Ultrasonic welding
Ultrasonic welding is another welding-based technology to produce metal-polymer hybrid joints.
With this technique, ultrasonic metal welding equipment is used to join the parts, as illustrated in
Figure 3.6. The process steps are as follows [55-57]: the main voltage (50 Hz) is converted to a
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high frequency output (20 kHz) by an ultrasonic generator. This electrical oscillation is converted
into mechanical oscillation by a piezoelectric converter in the welding tool (known as a sonotrode).
Similar to the ultrasonic welding of metals, the sonotrode oscillates parallel to the joining parts. The
joining parts are positioned in an overlap configuration and clamped to an anvil below the
sonotrode. The oscillating sonotrode is brought into contact with the metal part and the oscillation
leads to the transversal movement of the metal piece. The relative movement of the metal against
the stationary polymer causes friction between the two parts. As a result, frictional heat is generated
at the interface between the metal and polymer [57]. Finally, the sonotrode is removed and the joint
consolidates.
The bonding mechanisms in ultrasonic welded metal-composite joints consist of mechanical
interlocking between metal and load bearing fibers, as well as intermolecular forces (adhesion)
between the joining parts [55, 57].
Although, ultrasonic welding has many advantages, it appears metal sheet thickness is limited in
this technology. No ultrasonic welding of metal-composite structures with a metal thickness of
more than 1 mm has been reported.

Figure 3.6 Schematic illustration of the ultrasonic welding equipment. Adapted from [58].

3.1.3.3 Laser welding
Laser welding, as the name implies, makes use of a laser as the energy source. Various types of
laser source can be employed, such as the fiber-coupled diode laser [59]. One of two overlap
configurations is selected prior to the joining process, dependent on laser transparency of the
polymer part [59]. When the polymer is laser-transparent, the laser is transmitted through the
polymer to heat the metal part. An increase in metal temperature at the interface with the polymer
leads to melting of a volume of the polymer. However, when the polymer has a low transmission
coefficient, the metal part is directly irradiated instead, which absorbs the laser energy and
generates heat at the surface. The heat is conducted to the polymer part and the polymer melts at the
interface with the metal. Similar to other welding-based techniques, the molten polymer then
consolidates, leading to the generation of adhesion forces that hold the joint’s parts together. In
addition to the adhesion forces, micro-mechanical interlocking may act as further bonding
mechanism, if there are irregularities on the metal surface in contact with polymer [59].
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With laser welding of metal-polymer joints, controlling the process parameters, particularly laser
power, is crucial to avoid polymer degradation. The generation of pores and bubbles has been
reported in the polymer or composite part [60-62]. Two mechanisms were proposed to explain the
appearance of such defects [62]. Firstly that the pores are generated as a result of non-homogeneous
solidification of the molten polymer [62]. Secondly that the pores are formed as a result of thermal
degradation of the polymer part, as reported for steel-polyamide 6 joints [60, 62], and steelpolyethylene terephthalate joints [61]. In particular thermal degradation of the polymer part should
be avoided as much as possible, because degradation diminishes the local mechanical performance
of the polymer and hence the strength of the joint.

3.2 Mechanisms of adhesion at the metal-polymer interface
Similar to adhesive bonding, in all welding-based techniques the interaction between metal and
polymer at the interface is of utmost importance, because it directly influences the strength of the
joint. While the polymer is molten its molecules have more freedom to move, interact, and generate
bonds with the metal during the consolidation phase. As melting and re-consolidation of the
polymer are important to achieve a strong bond, most efforts have been focused on joining
thermoplastics with metals. This type of interaction strongly depends on the chemical state and
topography of the metal surface. Such interaction leads to adhesion between metal and polymer,
which is responsible for the strength of the joint. Various adhesion mechanisms and models have
been proposed. Among them mechanical interlocking and adsorption theory are briefly discussed in
this section as they are more relevant to discussions in this thesis. For further information on other
types of mechanisms such as diffusion, electrostatic bonding and weak boundary theory, refer to
[63]. Although all these theories have been proposed through extensive research carried out into
adhesive bonding in recent decades, they can also be used to explain the adhesion mechanisms in
the case of welding-based techniques, in which category FSpJ also belongs.

3.2.1

Mechanical interlocking

Mechanical interlocking was one of the first mechanisms proposed to explain the adhesion of
metal-polymer or adhesive. This mechanism relies on penetration of a molten polymer into the
asperities and irregularities of a metal surface. Mechanical interlocking, or keying, is deemed
entirely responsible for joint strength [63-66]. It is well-known from adhesive bonding theories that,
in addition to the shape and angle of surface asperities, the wettability of the surface plays an
important role in the strength of the joints [63, 67, 68].
As proposed by van der Leeden and Frens [68], three types of surface irregularities can be
identified, as illustrated in Figure 3.7. The authors proposed that crevices of type “b” create
mechanical interlocking, contributing to the joint strength. The effectiveness of mechanical keying
of irregularities of type “a” and “c” depends strongly on the load direction [63]. These types of
features may also increase the joint strength under shear loading, but they do not seem to be as
effective under tensile loading.
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Figure 3.7 Schematic illustration of various types of metal surface irregularites in contact with a
molten polymer. Adapted from [68].

Moreover, the molten polymer must completely fill the pores and irregularities on the surface of the
metal to achieve acceptable joint strength and durability [69]. Two criteria are important in
controlling of pore filling. The first is the shape of the pores as discussed by Packham [70]. It was
explained that cylindrical pores (type “a” in the figure above) are more easily filled by polymer
compared to ink-bottle pores (type “b” in figure above). The second concerns the rheological
properties of the molten polymer (or adhesive), as pointed out by Maeva et al. [67]. Sufficiently
low viscosity and enough time support better pore filling.
It should be noted that mechanical interlocking does not explain the forces at the molecular level, it
is just a technical method to increase the strength of the joint [63].

3.2.2

Adsorption theory

In contrast to mechanical interlocking, adsorption theory describes the interaction and forces
between molecules and atoms at the interface, also known as adhesion forces [63, 65, 71]. Adhesion
forces are generally divided into physical forces (physisorption) and chemical forces
(chemisorption) [63]. Physical forces are referred to as secondary, weak bonding as a result of Van
der Waals forces and hydrogen bonds, whereas chemical forces correspond to primary, strong
chemical bonds related to covalent, ionic, and metallic bonds [63, 65, 67].
One important criterion for physical and chemical bonds is the effective wetting of the metal
surface by molten polymer [63, 67]. This is required to achieve intimate contact between metal and
molten polymer and thus promote physical and chemical bonding. Figure 3.8 illustrates the wetting
behavior of a molten polymer in contact with a metal surface. Thorough wetting leads to more
contact between the polymer and metal and hence promotes adhesion forces. However, poor
wetting, as illustrated in Figure 3.8 (b), results in a reduction in contact area, which leads to less
adhesion forces and lower joint strength. Surface contamination and very large irregularities are
among the parameters that reduce the wettability.
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Figure 3.8 Wetting of a metal surface by the molten polymer; (a) efficient wetting, and (b) poor
wetting. Adapted from [63].

3.3 Influence of metal surface pre-treatments on the adhesion
mechanisms
It is well understood from the principles of adhesive bonding that the surface energy of the
substrate should be higher or equal to the adhesive to achieve a complete wetting, good adhesion,
and therefore increased mechanical performance [32, 72, 73]. One of the methods frequently used
to increase the surface energy of the metal is surface pre-treatment [32, 74].
It has been reported [75] that a proper surface pre-treatment should result in a clean surface, without
any contamination, increased wettability, adequate surface roughness, mechanical stability and
hydrolytic stability.
In the case of aluminum, various pre-treatments were investigated, these range from mechanical
pre-treatments, chemical pre-treatments and conversion coatings, to electrochemical pre-treatments
[76]. Primers may also be applied after electrochemical pre-treatment, prior to adhesive bonding or
joining processes. However, the application of primers is not classified as a pre-treatment process.
In addition to the cleaning effect of the mentioned pre-treatments, surface topography and chemical
state are also modified, thereby enhancing the adhesion mechanisms. Critchlow and Brewis [76]
reviewed more than 40 aluminum surface pre-treatments prior to adhesive bonding. Moreover,
extensive studies have been conducted to analyze the influence of different aluminum surface pretreatments on the topography, chemical composition and strength of joints. In this part, some of the
relevant aluminum pre-treatments are reviewed. For further information on this topic, refer to the
extensive review by Critchlow and Brewis [76].

3.3.1

Mechanical pre-treatments

One of the most used mechanical pre-treatments is sandblasting (SB) or grit-blasting using alumina
or silica particles. SB aims to generate a macroscopically rough surface, promoting mechanical
interlocking as the primary bonding mechanism between metal and polymer [63, 76, 77]. It was
stated that SB can also remove loose surface contaminations, increase the effective surface area,
improve wettability, and may also alter the physicochemical state of the aluminum surface [77].
Water contact angle measurement can be used to quantify the wetting of a solid surface. In addition
to the cleanness of the surface, the spreading of a water droplet is another aspect influencing the
contact angle obtained. However, spreading of the water and the resultant contact angle remain

16

controversial topics among researchers, as briefly overviewed by Harris and Beevers [77]. Several
studies [78, 79] claim that the presence of peaks and asperities on the surface of a rough solid limits
spreading of the water droplet, leading to a low value for contact angle and thus reduced measured
wettability. By contrast, the increased effective surface area associated with generated surface
roughness was used as an argument for improved wettability [80, 81]. The results of contact angle
measurement should therefore be interpreted carefully.
Despite the controversy about wetting interpretation of SB treated surfaces, in most of the reported
cases the joint strength was increased, due to the increase in mechanical interlocking [53, 82-84].
Other types of mechanical pre-treatments include [76]: mechanical abrasion or grinding, and
machining.

3.3.2

Chemical pre-treatments

Chemical pre-treatments for aluminum prior to adhesive bonding or joining have been investigated
frequently. Such pre-treatments usually provide an initial strength and durability superior to those
from mechanical, but inferior to electrochemical pre-treatments [75, 76]. Chemical pre-treatments
can generally be divided into two categories of acid etching (also known as acid pickling) and
conversion coating. A number of different acid etching processes for aluminum alloys have been
investigated, ranging from a concentrated solution such as nitric acid [82] and chromic acid to
dichromate-sulfuric acid etching [76]. The latter in known as Forest Products Laboratory (FPL),
which is the preferred chemical etching in the US aircraft industry [76].
The functions of chemical etching can be summarized as follows [75]: They are effective in
cleaning the aluminum surface from adhered contaminations. They also eliminate the weak natural
aluminum oxide layer, but at the same time a new, thin oxide layer is generated on the surface of
aluminum. This newly developed oxide layer is supposed to be more stable in humid and corrosive
environments [75]. In addition, depending on the etching process, the morphology of the surface
may alter and a highly micro-rough surface can be obtained. The generation of a microporous oxide
layer increases the mechanical interlocking and thus the initial strength of the joint. An increase in
initial quasi-static strength (prior to aging) of more than 40% was reported for induction welded
[53] and ultrasonic welded [82] aluminum-CFRP joints.
As well as chemical etching, conversion coating (CC) is a further class of chemical pre-treatments.
CC as its name implies, deposits a layer on the surface of the aluminum with a thickness in the
range of a few nanometers to approximately one micrometer [75]. One of the main functions of CC
is to generate a layer that is chemically active by the presence of various chemical elements and
compounds, which can produce strong chemical bonds with a molten polymer or adhesive [85, 86].
Moreover, depending on the CC solution and treatment procedure, the coated layer may act as a
passive layer that inhibits hydration and corrosion of the aluminum surface [75, 85, 86].
Different types of CC solution have been investigated, such as a chromate conversion coating [8789], Ti-Zr based coatings [90, 91], and a Zr-F coating [92]. As mentioned above, the layer formed
by all of these CC treatments significantly enhances the corrosion resistance of aluminum, for
examples see [87, 90, 93]. The initial quasi-static strength of the bonded joints through application
of CC pre-treatments was reported to be similar or even superior to that of chemically-etched
bonded joints [75].
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3.3.3

Electrochemical pre-treatments

Electrochemical pre-treatments have been extensively studied as a way to convert the aluminum
surface to aluminum oxide. The most common electrochemical pre-treatments for aluminum are
[75]: chromic acid anodizing (CAA), phosphoric acid anodizing (PAA), and sulfuric acid anodizing
(SAA). All anodizing processes are multi-step procedures to achieve the desired properties of the
pre-treatment. CAA and PAA are the most often used pre-treatments in the aerospace industry [31].
In general CAA and PAA pre-treatments lead to the formation of a highly microporous aluminum
oxide layer with specific characteristics. The formation mechanisms of the anodized oxide layer are
beyond the scope of this work, however information may be obtained from [75, 94-96]. Figure 3.9
illustrates the oxide layer formed on the aluminum surface after anodizing pre-treatment. The
generated oxide forms a barrier layer on top of the aluminum base material to protect it against
corrosion or humid environments. The thickness of this layer depends on the applied voltage, time,
and its relative resistivity [97]. Moreover, the oxide at the top of the barrier layer consists of a large
number of microscopic open porosities [75, 94]. Investigation of the oxide layer shows a
homogeneous cell structure arranged in a closely packed hexagonal structure with open porosities
in the center of the cells [75, 94]. Such a highly microporous structure increases micro-mechanical
interlocking at the interface between the aluminum oxide and the molten polymer or adhesive,
thereby enhancing joint initial strength [96]. It was reported that CAA produces a thicker oxide
layer than PAA, which could be beneficial against corrosion [75]. However, other studies, for
instance [98], showed the effectiveness of PAA pre-treatment in decelerating hydration of the
aluminum in a humid environment, leading to excellent durability.

Figure 3.9 Schematic illustration of the oxide layer structure on aluminum after anodizing pretreatment. Adapted from [95].

A highly porous oxide structure was also reported for SAA pre-treated aluminum, while the
influence of different anodizing parameters on the oxide morphology was also reviewed [95]. It was
also pointed out that the oxide layer formed after SAA pre-treatment is very thick, particularly if a
DC voltage is used for anodizing, thus protecting the aluminum against corrosion [99]. However, it
was shown that the aluminum surface after SAA pre-treatments contains up to 15 wt% aluminum
sulfate [99, 100]. Aluminum sulfate is very susceptible to water absorption and this may lead to a
large amount of water absorption if the aluminum is exposed to a humid environment [99, 100].
Such hydrated oxide may be detrimental to the joint strength, particularly in adhesive bonding.
Release of water during curing was also reported to form blisters, leading to a reduction in joint
strength [99, 101].
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Among the aluminum surface pre-treatments mentioned above, PAA and CAA are the preferred
techniques in the aircraft industry, whereas SAA and CC are more common in the automotive
industry. However, according to the European Union regulations [90, 102], the use of hexavalent
chromium is strictly limited to less than 2 g for each car produced. The regulations are still not very
strict for aircraft production, but it is anticipated that similar limitations in the use of hazardous
chromium compounds will eventually be applied in the aerospace industry. For this reason the use
of non-chromate surface pre-treatments has been the focus of recent researches.

3.3.4

Primers

Primers are organic liquids that along with other types of adhesion promoters enhance adhesion
mechanisms and are used for both metallic and non-metallic substrates [103]. Some of the main
functions of primers are as follows [103]: adjusting the surface energy of the aluminum and
enhancing wettability, inhibiting corrosion of the surface, eliminating surface contaminations by
dissolving organic compounds, and promoting chemical bonding with other polymers or adhesives.
In particular, when a primer is used on a metal surface, corrosion inhibitors such as strontium
chromate or other inorganic chromate salts may be added. Due to these characteristics, primers are
widely used in the transport industries, particularly for promoting adhesion and eliminating
corrosion problems [104]. The primers used in the aerospace and automotive industries for metals
are usually epoxy based, due to their good chemical and corrosion resistance [103]. The primer is
usually applied to the surface prior to bonding and is partially cured. A full cure of the primer is
achieved along with curing of the adhesive [103].

3.4 Durability of metal-polymer joints
In addition to initial strength, the durability of a joint, which is its ability to retain initial strength
under harsh environments for long time, is particularly important, because engineering structures
such as an airplane or car are constantly exposed to the environment. In order to select and use a
specific joining method, its long-term behavior must be understood. Due to time limitations, the
aging of a joint is usually analyzed over a shorter time, but under an extremely harsh environment
(high relative humidity and high temperature). This is known as accelerated aging.
It is of utmost importance to understand the degradation mechanisms under accelerated aging
conditions, to be able to design a durable joint. Three types of mechanisms may cause degradation
of a joint (particularly adhesively bonded ones) in a humid environment.
The first mechanism is degradation of the metal-polymer interface [105-107]. If the metal-polymer
bonding contains weak boundaries, where no intimate contact exists as a result of poor surface
wetting, moisture may diffuse at the interface. Moisture can degrade the adhesion forces such as
hydrogen bonds [105], leading to a reduction of joint strength and durability.
The second mechanism to consider is the influence of moisture on the polymer (or adhesive) [108,
109]. It has been suggested that humidity may degrade the properties of the polymer through
plasticization [108-110] or the generation of swelling stresses [108, 109]. Thus a weakening of the
polymer is another reason for reduced durability of a joint.
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The third mechanism suggests degradation of the metallic part, in this case aluminum [96, 111]. It
is well known that aluminum oxide is prone to hydration in a humid atmosphere [96, 98].
Aluminum hydroxide forms a weak layer that may be easily detached from the underlying
aluminum oxide. Aluminum oxide converts to the crystalline aluminum hydroxide (AlOOH) known
as boehmite [75, 96]. Upon further hydration AlOOH transforms to Al(OH)3 known as bayerite [75,
96]. Accordingly, hydration of the aluminum surface also degrades the joint durability.
Sealants and paints may be used as a solution against the first two mechanisms of durability
degradation. However, to reduce the hydration of the aluminum surface, various surface pretreatments may be useful. Among the surface pre-treatments explained in the previous section,
electrochemical pre-treatments showed the highest durability, followed by chemical and mechanical
pre-treatments [76, 112]. The durability of SB joints was reported to be better or inferior to
chemically pre-treated bonded joints in different studies reviewed in [76]. This might be attributed
to the extent of the macroporosity generated on the aluminum surface and the wettability of the
surface. Proper wettability is necessary for obtaining a durable joint when mechanical pre-treatment
is employed. Electrochemical pre-treatments showed excellent durability as a result of generation of
a thick oxide layer, forming a barrier against humidity and corrosive environments.
Among the electrochemical pre-treatments, it is reported [111] that PAA offers the best durability.
Davis et al. [98] explained for the first time the mechanisms of hydration inhibition by PAA pretreatment. They pointed out that a very thin layer of AlPO4 is formed on top of the aluminum oxide.
This layer absorbs water from humidity to form AlPO4.H2O, which inhibits further hydration of the
underlying aluminum oxide. Nevertheless, if the aluminum is exposed to a humid atmosphere
sufficiently long, the AlPO4.H2O layer starts to dissolve. This leaves the underlying oxide layer
exposed to moisture and it begins to degrade.
In addition to the above-mentioned effects, when a metal-polymer joint is exposed to a corrosive
environment, two major corrosion mechanisms may occur: galvanic corrosion and corrosion under
rust (or corrosion creep). Galvanic corrosion is especially important when a CFRP is used. If the
metal part, such as aluminum, is in direct contact with carbon fibers it potentially leads to galvanic
corrosion [113]. By using a transition layer, such as glass [113] or titanium [114], between the
joining parts the contact between metal part and carbon fibers and hence the galvanic corrosion may
be inhibited. The second type of corrosion is the so-called corrosion creep that is particularly an
issue in adhesive bonding [115]. It happens when a corrosive medium infiltrates at the interface
between the adhesive layer and the metal part. In this type of corrosion mechanism, the metal part
below the adhesive layer starts to corrode and failure takes place in the base material rather than at
the bondline. Usually different types of surface pre-treatments are required to inhibit the corrosion
mechanisms and failure of the joint [115]. Because corrosion was not in the scope of this work, indepth literature review on the corrosion mechanisms is not given here.
To further protect the aluminum against hydration and corrosion, a suitable primer layer may be
used. Bland et al. [112] used an epoxy-based primer containing strontium and chromium particles
on a PAA pre-treated aluminum alloy prior to adhesive bonding. Their findings suggest that the
primed joint had better durability compared to PAA pre-treatment alone.
It is clear from the explanations above that a proper surface pre-treatment not only enhances the
adhesion mechanisms and therefore initial joint strength but also durability of the joint.

20

No information could be found in the literature regarding the influence of surface pre-treatments on
the accelerated aging behavior of welding-based joining techniques.

3.5 Fatigue behavior of metal-polymer joints
Engineering structures such as an aircraft or a car are not only subjected to humid environments,
but also to cyclic loading. So understanding the fatigue behavior of a structure (including a joint) is
fundamental for the reliable design of applications. There are primarily two approaches to analyze
the fatigue life of a joint (particularly adhesively bonded joints) [116]: firstly, by stress-life (or S-N
curve) analysis, and secondly, by analysis of fatigue crack growth. Most of the literature about
adhesive bonding has focused on the crack growth approach. However, due to its relevance to this
work, the stress-life analysis approach is briefly discussed in this section.
In order to analyze and predict the fatigue strength (or life) of a material (or joint) various models
have been proposed. One of the very first models developed to fit the S-N curve of metallic
structures was introduced by Basquin [117]. This was essentially a power law model (in the form of
σ = bN-a, where σ is the fatigue strength, N is the respective fatigue life, and a and b are model
parameters) that is used for fatigue data obtained under uniaxial loading conditions [118]. However,
it was stated that this model could fit the data for high cycle fatigue (HCF), but does not properly fit
when a low number of cycles is the case [119]. Therefore, the model was improved by the addition
of new parameters to better control the shape of the S-N curve in both the low and high cycle
fatigue regions [120]. As a first attempt, the Basquin model was used to analyze the fatigue life
behavior of composites. However, due to the more complex damage mechanisms of composites
under fatigue loading, modified models were derived, for example in [121].
Another issue with the fatigue analysis of composite materials was the high standard deviation
associated with fatigue life [118, 120]. New models were therefore proposed, that considered the
probabilistic nature of fatigue life of composite materials [122-124]. Of particular importance are
the differences between assumptions in each model. In a model established by ASTM [122] it is
assumed that fatigue life follows a normal distribution at each stress level, whereas in the other
models [123, 124] a Weibull distribution is assumed. Three relevant statistical models for this work
are briefly explained in Appendix A.11.
Apart from the different models used to obtain a reliable S-N curve for fatigue life analysis of a
material or joint, various aspects such as joint design and joining partners may influence the fatigue
strength of a joint [116]. Surface pre-treatments are also among the influential parameters affecting
fatigue behavior. Several studies have shown that chemical pre-treatments can improve the fatigue
life of adhesively bonded metal-metal [125] and metal-polymer [116, 126] joints. Improved
adhesion at the interface was reported [116, 126] to positively influence not only the quasi-static
strength of the joints, but also their fatigue life. Furthermore, Bland et al. [112] investigated the
influence of pre-treatments on the wet fatigue behavior of adhesively bonded aluminum joints.
Although in wet conditions (a harsher environment), their findings pointed out that PAA pretreatment with a subsequent primer application had the best fatigue performance followed by standalone PAA pre-treatment and SB.
At the time of writing this thesis, the only published data regarding the fatigue behavior of weldingbased joining techniques is reported by Balle et al. [127] for the ultrasonic welding of aluminum
21

alloy 5754 and carbon-fiber reinforced polyamide (CF-PA66). The aluminum alloy was acid
pickled prior to welding. The S-N curve of the joint was presented, although the employed stress
ratio (R = minimum cyclic stress / maximum cyclic stress) was not accurately given. The authors
used a power law model to fit the fatigue data and concluded that the fatigue limit was
approximately 35% of the respective quasi-static strength for the selected pre-treatment.

3.6 Materials used in this work
3.6.1

AA2024-T3

AA2024 is a heat-treatable aluminum alloy from the 2xxx series. The alloy has found application
primarily in the aerospace sector, particularly for the fuselage skin of aircraft [128-130]. Cu and Mg
are the main alloying elements in AA2024, which increase the mechanical properties of the alloy,
especially its strength and toughness [131, 132]. However, the addition of Cu adversely influences
the corrosion resistance of AA2024 [132]. Reduced corrosion resistance of AA2024 is mainly due
to the formation of Cu-rich secondary strengthening particles, which are precipitated in the grain
boundaries [133]. The presence of adjacent regions that are Cu-rich (at grain boundaries) and Cudepleted (inside the grains) leads to intergranular corrosion in AA2024 [133-135]. Pitting corrosion
is another common mechanism occurring in AA2024, which has also been attributed to the
presence of Cu-rich secondary particles [133, 136, 137].
AA2024 is an alloy suited to precipitation hardening, whereby formation and precipitation of
secondary particles by the aging process provide high mechanical performance to the alloy [131,
138]. For Al-Cu-Mg alloys, two precipitation sequences are generally proposed depending on the
Cu to Mg atomic ratio [138, 139]. In the case of a high Cu/Mg ratio, the following sequence was
suggested [140, 141]:
The first phase formed from solid solution produces the so called GPB (Guinier-PrestonBagaryatsky) zones, which are precipitated homogeneously as a coherent phase with the aluminum
matrix. As aging proceeds, the GPB zones dissolve to form a semi-coherent θ’’ phase. After further
aging, a θ’ phase starts to nucleate with a platelet shape. Finally, a θ phase with the composition
Al2Cu, an incoherent phase with the aluminum matrix, is formed. The sequence of precipitation is
summarized as follows:

In 2xxx series alloys with a low Cu/Mg ratio the sequence of precipitation is slightly different [140,
142, 143]. The first phase precipitated from solid solution is the GPB in the same way mentioned
above. However, the following phases are named as S’’ and S’. These are metastable phases that
are coherent and semi-coherent respectively with the aluminum matrix. The final phase precipitated
in the aging sequence is the equilibrium S phase with the composition Al 2CuMg. The precipitation
sequence is summarized as follows:
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For AA2024, the formation of S phase (Al2CuMg) predominates over the θ phase (Al2Cu) as
reported frequently [144, 145].
Generally, it is accepted that the welding of 2xxx series aluminum alloys is limited in conventional
fusion welding processes [146, 147]. Solidification cracking and porosities are among the problems
associated with fusion welding of aluminum 2xxx series [148, 149]. Solid-state welding processes,
such as friction stir welding (FSW) [150, 151] and FSpW [152] have been successfully used to
weld 2xxx series, avoiding the problems associated with the solidification of fusion welding
processes.

3.6.2

CF-PPS composite laminate

CF-PPS is a high-performance semi-crystalline engineering thermoplastic composite [153-155]
with applications mainly in primary and secondary aircraft structures, such as the Airbus A380
wing panels of the pylon forward and the Fokker 50 undercarriage door [155]. The PPS matrix of
the composite was discovered by Friedel and Crafts in 1888 [156, 157]. The primary structure of
PPS consists of aromatic rings linked to divalent sulfur atoms [153, 156, 158] as illustrated in
Figure 3.10. PPS offers a great combination of properties such as good mechanical properties,
thermal stability, low moisture absorption and excellent chemical resistance [153, 156, 158, 159].
Since its discovery in 1888, various routes were proposed to synthesize and produce PPS. The most
recent process, which allowed the commercialization of PPS production, was patented by the
Phillips Petroleum Co. in 1967 [160]. Basically, the process involves polymerization of pdichlorobenzene and the reaction with sodium sulfide at an elevated temperature and applied
pressure [153, 158]. This synthesis route enables linear PPS to be processed [153, 158]. As a result
of its market attraction, many companies started to produce neat PPS resin, mainly in the USA,
Japan, Germany, and South Korea [158].

Figure 3.10 Schematic illustration of the PPS main structure.

When quenched from the molten state, PPS has an entirely amorphous structure. However, for
engineering applications, it is usually cooled slowly to achieve a partial crystalline structure along
with an amorphous part [153]. Crystallinity can be further improved by isothermal annealing PPS at
temperatures above its glass transition temperature [153]. The crystal structure of PPS has
spherulite morphology as shown in Figure 3.11. The spherulites consist of a lamellae structure that
is arranged in a spherical shape, growing from a nucleation site in the center [161]. As
crystallization time progresses, spherulites start to grow, forming planar boundaries upon contacting
each other [161].
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Figure 3.11 Spherulitic crystal structure of PPS. Adapted from [162].

It is reported [153, 158, 159] that the glass transition temperature of the amorphous phase of PPS is
85-95°C. In addition, the crystalline fraction of PPS undergoes melting in a temperature range of
280-295°C, depending on the size of the crystals [153, 159, 163, 164]. The morphological aspects
and kinetics of crystallization in PPS have been studied extensively. It was shown that PPS has a
cold crystallization temperature (crystallization during the heating process) of 120-126.5°C [153,
165, 166]. If PPS is isothermally annealed in this temperature range, the highest crystallinity may
be obtained when enough time is given. Furthermore, it was pointed out that carbon fibers (in a PPS
matrix composite) [153] with some degree of cross-linking [167] may act as nucleation sites
facilitating crystallization of PPS. In another study, Nohara et al. [164] illustrated that although the
melting temperature of PPS is approximately 285°C, remnant crystals persist up to 340°C.
Therefore, a higher temperature than 340°C should be used to completely melt the crystalline
structure of PPS. The authors mentioned that the presence of such remnant crystals in a PPS melt
can act as nucleation sites during the cooling phase. For more information on the crystallization
behavior of the PPS refer to the excellent and extensive review by Spruiell and Janke [153].
In addition to its crystallization, thermal degradation of PPS by thermogravimetric analysis (TGA)
has been the focus of several researches. The onset of decomposition temperature for PPS is
frequently reported above 500°C, for example in [168]. However, Day and Budgell [169] showed
that the thermal degradation of PPS is very sensitive to the heating rate. They concluded that the
onset of thermal degradation shifts from 380°C to approximately 490°C when the heating rate
changes from 1°C/min to 5°C/min. Therefore, a rapid heating rate delays the thermal degradation of
PPS. The kinetics of thermal degradation and weight loss of PPS was also studied [169-171] and
showed single stage degradation with a maximum degradation rate above 500°C. By using various
analytical techniques, it was shown [170] that the degradation of linear PPS occurs in one stage
pyrolysis, consisting of depolymerization, main chain random scission, and carbonization.
Cross-linking is another degradation phenomenon reported for PPS occurring after main chain
scission [169]. Cross-linking or branching of molecular chains may increase the molecular weight
of PPS and in turn impairs the molecular motion [172]. It was shown that cross-linking leads to a
reduction of the melting temperature of thermoplastics such as PPS [173].
CF-PPS possesses very high mechanical performance, making it suitable for engineering structures.
However, like any other fiber-reinforced composite, its mechanical properties depend very much on
the volume fraction of fibers, the sequence of fiber plies, the orientation of fibers, and the degree of
crystallinity of PPS [113]. Deporter and Baird [174] showed that the flexural strength of
unidirectional CF-PPS increased with an increase in the degree of crystallinity. Furthermore,
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temperature has a remarkable influence on the mechanical properties of PPS as pointed out by
Vieille et al. [175]. The authors investigated various mechanical properties of quasi-isotropic and
angle-ply CF-PPS at elevated temperatures. Their findings showed that the tensile strength of the
quasi-isotropic samples decreased by approximately 7% when the temperature increased from room
temperature to 120°. However, this decrease was 31% in the case of angle-ply specimens. The
reduction in mechanical properties was attributed to degradation of the fiber-matrix interfacial
bonding. Comparing the fiber stacking and orientation, a higher reduction of tensile strength in the
ply-angle samples was related to the matrix-dominated properties of this configuration. Since the
properties are more matrix-dependent, reduction of the PPS matrix properties at high temperature
influences the composite as well. However, for the quasi-isotropic specimens the properties are
fiber-dependent, thus less sensitivity to the temperature increase was observed.
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Chapter 4. Friction
Technique

Spot

Joining

(FSpJ)

4.1 Principles of the process
In the FSpJ process, a non-consumable tool consisting of three parts is used to generate frictional
heat. The tool includes a clamping ring, sleeve and pin, which are mounted coaxially and can be
moved independently of each other (Figure 4.1). The clamping ring is the external component of
the tool that is used to hold the parts to be joined together during the process against a backing bar.
The pin and sleeve can move vertically and rotate independently. They produce the required heat as
a result of the friction between these parts and the metal.

Figure 4.1 Illustration of the FSpJ tool; (a) consisting of three parts (dimensions in mm), (b) tool parts
coaxially mounted together, and (c) cross-section of the tool in the middle plane.

Before the process starts, the sheets to be joined are held together in an overlapping configuration
on a sample holder, using a clamping device. The parts are kept clamped during the whole process
to avoid any separation of the sheets during the cooling phase. This is due to the large differences in
coefficients of thermal expansion and shrinkage behavior of metal and polymer. Next, the tool
approaches the top sheet (in this case a metal alloy) and the joining parts are fixed by the clamping
ring against a backing bar, through the application of the joining pressure. Figure 4.2 illustrates the
configuration of the joining parts before the process starts.

Figure 4.2 Configuration of the joining parts and the FSpJ tool before the process starts.

The FSpJ process can be divided into three main steps [20]. There are two possible variants for the
FSpJ technique: “Pin Plunge” and “Sleeve Plunge” [20]. In the sleeve plunge variant, the first step
of the process starts when the rotating sleeve plunges into the metallic sheet at a pre-defined
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position and the pin retracts upwards. Due to the friction between the rotating sleeve and the metal,
the temperature rises locally in a volume around the tool but below the melting point of the metal,
this causes local softening and plasticizing of the metal alloy. The plasticized metal alloy flows into
the reservoir left behind by retraction of the pin (Figure 4.3-1). As a second step, the pin is pushed
against the softened metal to refill the key-hole left in the metallic sheet that was created by the
plunging sleeve (Figure 4.3-2). Finally, the tool is retracted and the joint consolidates under cooling
and pressure (Figure 4.3-3). Note that the tool only plunges into the metal part to a shallow depth
that does not reach the composite interface, to avoid any damage to the load-bearing network of
fibers. Figure 4.4 depicts the top view of a sound metal-composite FSp joint.

Figure 4.3 Schematic representation of the FSpJ process steps; (1) the sleeve plunging plasticizes the
metal, (2) spot refilling, and (3) joint consolidation. Adapted from [20].

Figure 4.4 Top view of a sound metal-composite FSp joint.

In the pin plunge variant, the pin penetrates into the metal piece while the sleeve is retracted [20].
The other process steps are equivalent to the sleeve plunge variant. As the area of the sleeve is
larger than the area of the pin, it can be assumed that in the sleeve plunge variant the bonding area
is bigger, resulting from a higher heat input, and hence better mechanical performance will be
achieved. The difference between the mechanical performances of the FSp joints based on the two
variants is illustrated in Appendix A.1. Due to its superior static mechanical performance, the sleeve
plunge variant is used throughout this dissertation.
An example of the course of the process is shown graphically in Figure 4.5. The graph plots the
motion of the tool (sleeve and pin), by rotational speed and position over time [176]. As shown in
the figure, in the first phase, both the sleeve and pin approach the metal surface (position: 0 mm)
while their rotational speed (black line) increases to the predefined speed. In the second phase, the
sleeve (blue line) plunges into the metal while the pin (red line) retracts upward. The third phase
starts with the downward movement of the pin which pushes the plasticized metal back to its
original position (position: 0 mm) while the sleeve retracts away from the metal. Both the second
and third phases together are considered the joining time during which the rotational speed of the
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tool is kept constant. Finally in the fourth phase, the tool (both sleeve and pin) is retracted upward
from the surface of the metal, the rotational speed of the tool decreases and the joint consolidates.

Figure 4.5 Example of a variation-monitoring diagram showing the FSpJ process phases in the sleeve
plunge variant.

The spot formed in an FSp joint consists of three concentric rings. Figure 4.6 illustrates a detailed
view of the rings that are related to impressions of the FSpJ tool’s parts that are left behind on the
metal in the spot area. Figure 4.6 (a) illustrates the top view of the spot area, whereas Figure 4.6 (b)
shows its 3D view. The outer ring corresponds to the impression left by the clamping ring, the
middle ring is associated with the sleeve, and the inner ring appears as a result of the pin’s
impression. However, it is not always possible to distinguish the pin and sleeve impressions and
one ring is likely observed as a result of materials mixing below the sleeve and the pin as showed in
[20].

Figure 4.6 Schematic illustration of the spot area showing the impression of the tool parts on the top
surface of the metal; (a) top view and (b) 3D view.

During the joining process, high temperatures around the tool increase the local formability of the
metal. For this reason the plasticized metal is deformed by the plunging motion of the sleeve and
the pin and it creates a geometrical undercut in the form of a “nub” [20]. As a result of the axial
force exerted by the tool, the nub is slightly inserted into the composite and this increases
mechanical interlocking between the joining parts. Figure 4.7 shows the cross-section of an FSp
joint in the middle of the spot, where the nub is indicated by a black rectangle. A reservoir is
created in the center of the nub where the composite is entrapped and accommodated inside. The
nub reservoir is also indicated in a 3D graphical view of the spot area in Figure 4.8 (without the
composite partner to aid visualization).
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Figure 4.7 Example of a cross-section of an FSp joint in the middle of the spot. The rectangle indicates
the nub, and the red circles show the gap formation below the plunging sleeve. (rotational speed: 2900
rpm, plunge depth: 0.8 mm, joining time: 4 s, joining pressure: 0.3 MPa).

Figure 4.8 Schematic illustration of the cross-section of the middle of the spot area. A nub reservoir is
formed that accommodates the molten polymer. The composite partner is omitted for better
visualization.

The shape of the nub depends not only on local formability of the metal at high temperature, but
also on the properties of the composite beneath the metal. Generally, the nub is not so pronounced
in the case of a continuous fiber-reinforced composite due to high stiffness of the network of fibers.
In addition to stiffness of the fiber network, a large volume fraction of continuous fibers in the
composite makes it difficult for the metal to displace the fiber bundles and penetrate the composite.
In contrast, using an un-reinforced polymer or a composite reinforced with short fibers and lower
local stiffness leads to a more noticeable nub. Figure 4.9 shows a cross-section of two FSp joints,
comparing the shape of the nub when using (a) continuous fiber-reinforced composite and (b) short
fiber-reinforced composite. In both cases the joining parameters, the metal alloy and the matrix of
the composites are the same; the only difference is the use of continuous and short fibers. It is clear
from these cross-sections that using a less stiff short fiber-reinforced composite leads to a larger
nub. This observation was also reported by Amancio et al. [20] for FSpJ of magnesium alloy with
continuous and short carbon-fiber reinforced composite.

Figure 4.9 Comparison of the nub shape in case of (a) a continuous fiber-reinforced composite, and (b)
a short fiber-reinforced composite. (rotational speed: 1900 rpm, plunge depth: 0.5 mm, joining time: 4
s, joining pressure: 0.2 MPa).
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Another feature that can be observed in an FSp joint is the formation of a gap below the sleeve
(between the pin and the sleeve impressions), as can be seen in Figure 4.7 and Figure 4.8. The gap
is formed on the surface of the metal below the plunging sleeve, because a portion of the metal
mass is displaced into the composite at the interface in the nub region. The mass displacement
occurs because of the increased local formability of the metal, induced by the high temperature and
axial force applied by the tool. This means there is insufficient material to refill the gap completely
that is created below the plunging sleeve. It should be noted, however, that the extent of the gap
depends very much on the shape of the nub. If the nub is not inserted deeply into the composite,
more material is available to refill the gap. Figure 4.10 shows the cross-section of two joints, (a)
where the gap is pronounced as a result of large metal mass displacement into the composite, and
(b) where there is almost no gap present on the surface of the metal, because less metal is displaced
into the composite and the key-hole is completely filled. Red dashed lines in the figure illustrate the
mid-plane before joining, i.e., the original level of the metal at the interface with the composite (and
outside the nub region). All the white parts under the lines show displaced metal into the composite.
Further, the two small bumps (indicated by arrows) in Figure 4.10 (b) that formed at the sides of the
nub help the key-hole filling. Usually large tool plunge depth leads to the displacement of more
metal mass and hence formation of the gap on the top surface of the metal. In Figure 4.10 (a) a
plunge depth of 0.8 mm was used in comparison with Figure 4.10 (b) where the plunge depth was
0.5 mm.

Figure 4.10 Comparison of the gap formed on the surface of the metal with a plunge depth of (a) 0.8
mm, and (b) 0.5 mm. Other joining parameters were rotational speed: 2900 rpm, joining time: 4 s, and
joining pressure: 0.3 MPa. The dashed lines display the mid-plane between metal and composite before
the joining process. The arrows in (b) indicate the two bumps helping the keyhole filling.

In the course of the joining process, the frictional heat generated is transferred from the metal alloy
to the composite interface via conduction. Resulting from the very low thermal conductivity of the
composite, this heat is accumulated at the interface and leads to a local increase of the temperature.
Since the temperature exceeds the melting or glass transition temperature of the composite’s matrix,
a thin layer of the molten or softened polymer forms in the spot area. A part of the molten layer is
squeezed out and flows laterally throughout the overlap region as a result of the axial pressure
exerted by the tool. The molten layer is then consolidated under pressure, whereby it induces
adhesion forces between the metal and the composite. The total bonding area in the FSpJ
corresponds to the outer periphery of the consolidated molten layer, as shown in Figure 4.11. Figure
4.11 (a) depicts the presence of adhesion forces between metal and composite inside the bonding
area. A fracture surface of the joint after lap shear testing is also illustrated in Figure 4.11 (b) where
the total bonding area is indicated by the dashed circle on the metal part.
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Figure 4.11 (a) Illustration of the adhesion forces as one of the primary bonding mechanisms in FSpJ,
and (b) an example of the fracture surface of an FSp joint tested by lap shear.

“Mechanical interlocking” and “adhesion forces” are the primary bonding mechanisms in the
friction spot joints. Both these bonding mechanisms can be further subdivided. Mechanical
interlocking occurs on both the macro and micro levels. Macro-mechanical interlocking is a result
of polymer entrapment in the formed nub. Micro-mechanical interlocking may also occur. Surface
pre-treatments have been used frequently to increase the surface roughness and to generate pores,
crevices, and asperities. Penetration of the molten polymer into such micro-scale metal
irregularities leads to the micro-mechanical interlocking phenomenon. Furthermore, with FSpJ
some of the fibers in the composite are entrapped by the metal, particularly in and around the nub
region where the metal is plasticized and slightly deformed. Fiber entrapment is also classified
under the micro-mechanical interlocking category. These aspects of mechanical interlocking in
FSpJ will be further discussed in Chapter 7 and Chapter 8. Adhesion forces can also be divided into
physical and chemical as discussed in Section 3.2.2. Physical adsorption and bonding (as a result of
weak Van der Waals forces) are believed to be present in FSpJ where the molten polymer is in
intimate contact with the metal. In addition, strong chemical adsorption and bonding may occur
between the molten polymer and the joining parts if the surface of the metal and/or composite is
activated by suitable surface pre-treatments. The presence of chemical bonding in FSpJ will be
discussed in detail in Chapter 8.
It is also worth mentioning that there are three main differences between FSpJ and FSpW. Firstly,
unlike the FSpW of metals and thermoplastics, with FSpJ the tool only plunges to a shallow depth
in the metallic part and does not reach the composite. The reason for this is to avoid excessive
degradation of the matrix of composite and damage to its network of load bearing fibers. Secondly,
with FSpJ the adhesion forces from creation of a molten layer act as one of the main bonding
mechanisms. However, atomic diffusion (in metal spot welds) and molecular interdiffusion (in
thermoplastic spot welds) are the main mechanisms leading to weld formation. Furthermore, in
FSpJ material mixing does not happen due to the huge physicochemical differences of metal and
polymer parts, which usually lead to sharp interfaces [84].

4.2 Process parameters
Similar to the FSpW of metals [177, 178], there are four primary process parameters in FSpJ [20,
21, 84]: rotational speed (RS) of the plunging sleeve, sleeve plunge depth (PD) into the metal alloy,
joining time (JT), and joining pressure (JP). Further important process parameters are: clamping
pressure (CP) when the joining parts are clamped to avoid separation in the cooling phase, and
cooling rate (CR) at the end of the joining process. The process parameters affect the bonding
mechanisms, microstructure, and therefore the mechanical performance of the joints. RS controls
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the heat input and temperature evolution during the joining cycle. Due to the temperature changes,
the local microstructure of the metal part is influenced by the process. Furthermore, the amount of
molten polymer generated is directly related to the heat input and hence the RS of the sleeve. In
addition, the viscosity of the molten polymer, its rheological behavior as well as the formation and
extent of defects in the composite are all temperature-dependent phenomena that are influenced
indirectly by RS. JT, which includes sleeve plunging time and retraction time, governs the joining
speed. It also contributes to the amount of the heat input into the process and the extent of
temperature development around the tool. Similar to RS, the above mentioned temperaturedependent phenomena are also affected by JT. Another important function of RS and JT is to
indirectly control the shape of the metallic nub, since the generation of more frictional heat
increases the local formability of the metal. PD of the sleeve has a forging function and is mainly
responsible for the shape and inserted depth of the nub into the composite. Higher PD usually leads
to a deeper indentation of the deformed metal into the composite, thus better macro-mechanical
interlocking between the parts, as we reported recently in our manuscript [21]. JP is a parameter
with the main function of controlling the flow of the molten polymer. An exerted axial force on the
spot area as a result of the applied joining pressure influences the lateral flow of molten polymer.
The combination of heat input and JP influences the flow and the bonding area as explained in
[176]. In addition, an intimate contact between the molten polymer and the metal at the interface
depends on the applied JP. This is especially important when the surface of the metal is rough, for
instance resulting from surface pre-treatment. Complete filling of asperities in the metal surface by
the molten polymer by applied JP leads to an increase in micro-mechanical interlocking and hence
mechanical performance of the joints.
CP is required during and after the joining cycle to avoid separation of the joining parts. However, a
very high CP may hinder lateral flow of the molten polymer and thus decrease the total bonding
area. CR is another parameter that influences the joint’s characteristics. The cooling phase starts
after retraction of the tool by blowing pressurized air onto the joining area. CR can influence the
crystalline state of the molten polymer in cases of semi-crystalline thermoplastics. A very high CR
may reduce the crystallinity of the molten polymer or even turn it into an amorphous state, so
affecting the local mechanical properties of this layer. Generated volumetric defects may be also
influenced by the CR, since a lower CR gives more time for the entrapped air to escape the molten
layer leading to a reduction of defects. Table 4.1 summarizes FSpJ joining parameters and their
respective functions.
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Table 4.1 Controllable FSpJ process parameters and their respective functions.

Joining parameter

Symbol

Rotational speed

RS

Plunge depth

PD

Joining time

JT

Joining Pressure

JP

Clamping pressure

CP

Cooling rate

CR

Function
Influences heat input and temperature evolution, shape of
the nub, microstructural changes in metal and composite,
formation of defects.
Controls shape of the nub and its inserted depth into the
composite.
Controls the joining speed, extent of temperature
development around the tool.
Governs the type of molten polymer flow.
Controls a firm contact between the joining parts and
hinders their separation during the cooling phase.
Influences crystallinity of semi-crystalline composites as
well as the formation of volumetric defects.

4.3 Defects in FSpJ
In welding-based joining techniques, where high temperatures and melting of the thermoplastic
matrix are involved, defects may be introduced into the joining area. In FSpJ, two main types of
defect could be detected [20, 21, 84, 179].
The first type of defect is related to a de-consolidation phenomenon, which is also reported in the
literature as a major defect occurring in the welding of thermoplastics. In FSpJ, two types of deconsolidation may occur: firstly, generation of voids and porosity in the consolidated molten layer,
especially adjacent to the interface with the metal (Figure 4.12 (a)); and secondly, fiber-matrix
debonding (Figure 4.12 (b)). Voids are thought to be formed as a result of air entrapment in the
molten polymer during consolidation. Since the temperature during the joining cycle is relatively
high, the viscosity of the molten polymer reduces and air can become entrapped in the molten layer.
During the consolidation phase, when the cooling rate is extremely fast this entrapped air cannot
escape from the molten layer and this leaves voids of air pockets after consolidation. To reduce the
amount of de-consolidation voids, sufficient pressure should be applied during the joining process
[180], otherwise the coalescence and growth of volumetric voids can occur. In addition to air
entrapment, examples of other phenomena that may cause volumetric flaws in a joint are polymer
thermal degradation and the evolution of structural or absorbed water [181]. The formation of voids
as a result of thermal degradation and decomposition is especially reported in the laser-based
joining of thermoplastics and metal-polymer systems [61, 62, 182-184] as a result of the very high
concentration of temperature. The second type of de-consolidation defect, fiber-matrix debonding,
occurs because the coefficient of thermal expansion and the shrinkage behavior of the fibers and
thermoplastic matrix are immense. In addition, the squeeze flow of the low viscosity molten
polymer leads to a mass displacement from the central region of the spot joint that may further the
generation of voids as well as the debonding phenomenon. Another reason for de-consolidation
defects may be thermoplastic degradation. As the process temperature is high, a part of the
thermoplastic matrix can undergo thermal degradation. However, thermal degradation is unlikely to
happen due to the very short joining cycle.
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Figure 4.12 De-consolidation defects in the composite with FSpJ, showing (a) voids in the consolidated
molten layer, and (b) fiber-matrix debonding.

In addition to the above mentioned causes that lead to the generation of de-consolidation defects,
there are other phenomena that should be considered as well. In the production of fiber-reinforced
composite laminates a relatively high consolidation pressure is used to process the laminate and
pack the fiber bundles. Such pressure generates elastic energy in the fiber bundles [185]. During the
joining process, as the viscosity of the polymer matrix decreases, the stored elastic energy is
released; thereby potentially inducing de-consolidation and void growth. Furthermore, generation
of inhomogeneous thermal stresses is an important phenomenon that leads to defect formation,
especially in semi-crystalline thermoplastic composites [186]. The cooling rate has an opposite
effect on the generation of residual thermal stresses in crystalline and amorphous phases [187]. This
leads to different shrinkage behaviors of the two phases, which in turn may facilitate defect
generation.
The second type of defect we reported for FSpJ [21, 188] is known as a broken stir zone (BSZ). A
part of the metal below the tool in the center of the spot joint breaks off and becomes detached. The
broken metal remains attached to the retracted pin and is removed from the joining area as can be
seen in Figure 4.13. As the broken part is removed from the stir zone in the metal, this defect is
termed a broken stir zone.

Figure 4.13 Illustration of a broken stir zone (BSZ) that occurs in the metal part; (a) top view of the
metal part, and (b) cross-section of the joint in (a) at the center of the spot. (rotational speed: 2900 rpm,
plunge depth: 0.8 mm, joining time: 8 s, joining pressure: 0.3 MPa).

The causes of a BSZ are explained [21, 188] as due to excessive formability of the metal and tool
plunge depth, as can be seen illustratively in Figure 4.14. Excessive heat input increases the local
formability of the metal under the sleeve and the pin. In addition, the local strength of the metal is
reduced, due to the high temperature around the tool [21, 176]. It is known that the strength and
toughness of metals (such as aluminum) are reduced by increasing the temperature [189, 190].
When the sleeve plunges excessively into the metal piece, the thickness of the metal below the
sleeve is reduced enormously, as indicated in Figure 4.14 (a). This combination of high temperature
and low thickness reduces the local strength of the softened metal. As well the local stiffness of the
composite below the tool is reduced as a result of the formation of molten polymer and so it cannot
support the plasticized metal to bear the applied pressure of the plunging sleeve. Therefore, the load
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imposed by the plunging sleeve exceeds the local strength of the metal, leading to an initiation of
cracks, as indicated in Figure 4.14 (b). Crack initiation is considered to be related to: (1) the
reduction of the metal’s local strength, (2) reduction of the metal’s thickness under the sleeve, (3)
reduced local stiffness of the composite, and (4) stress concentration at the interface of metal and
molten polymer below the sleeve. The cracks that are initiated start to propagate in the direction of
the tool at the interface between the plasticized and un-plasticized metal as the pin pushes the
displaced softened metal downwards to the original metal surface as shown in Figure 4.14 (c).
Eventually, a piece of metal is removed and remains attached to the tool after retraction (Figure
4.14 (d)). The composite under the BSZ is thereby exposed to environmental conditions, which may
further deteriorate the mechanical properties of the joint.

Figure 4.14 Mechanism of the BSZ formation; (a) excessive sleeve plunge, (b) initiation of micro-cracks
in the metal, (c) propagation of the crack, and (d) formation of the BSZ.

4.4 Advantages, limitations, and potential applications
The main advantages of FSpJ are listed below:
a) Short joining cycles: the joining time in FSpJ varies between 2 s to 8 s depending on the metal
alloy and the polymer or composite in use [20], which is much faster than state-of-the-art
adhesive bonding.
b) Weight saving: because in FSpJ no obligatory use of additional material (such as fillers or
rivets) is necessary to that of the joining parts, no additional weight is added to the structure.
c) No drilling: unlike traditional mechanical fastening techniques, there is no need to pre-drill a
hole with FSpJ. This is especially important in cases of continuous fiber-reinforced
composites, because these materials are highly susceptible to cracking as a result of drilling,
which deteriorates their local mechanical strength leading to premature failure of the joint.
d) Environmentally sound: the process is green, environmentally friendly, because there are no
emissions generated during or after the joining cycle [20].
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e) Reparability: since thermoplastics (as one of the joining parts) can withstand being re-melted
and solidified several times, the joints may be repaired on the same spot (a preliminary result is
given in Appendix A.2).
f) Recyclability: the joints can be recycled by separating the joining parts. The joint can be
heated above the melting temperature of the thermoplastic, to separate the metal from the
composite.
g) Joining over sealant: in real life applications, joints are normally sealed against corrosion and
environmental effects. If joining can be performed over a pre-applied sealant (e.g. by the
addition of a film interlayer as we have shown in [188]), the time and required effort for post
application of sealant is reduced.
h) Low cost machinery: the equipment required for production use of FSpJ is the same as the
available FSpW machine and no further alteration or adaptation is required [20].
Besides the main advantages that FSpJ offers, there are several limitations of the process as
follows:
a) Joint geometry: only overlap configuration joints can be produced with FSpJ [20].
b) Disassembling: since the joining parts are physically and chemically bonded, there is no
possibility of disassembling and reassembling the joints.
c) Low torsion and peeling strength: similar to adhesive bonding, FSp joints are mainly capable
of bearing a shear loading, but the torsion and peeling strengths of the joints are relatively low.
d) Thickness of metal sheet: due to local mechanical deformation of the metal (nub area) and the
possibility of defective joint formation (BSZ as explained in Section 4.3), thin metallic sheets
(less than one millimeter for engineering aluminum alloys) cannot be FSp joined with present
knowledge.
Weight saving is a major issue in transportation vehicles so there is an increasing tendency to use
the benefits of thermoplastic composites and lightweight metal alloys in engineering structures. For
this reason, FSpJ may be seen as a potential technology for transportation, particularly in the
aerospace and automotive industries, for joining metal-composite hybrid structures.
Figure 4.15 illustrates an example of a potential metal-composite hybrid fuselage in an aircraft
where the parts could be joined by advanced friction-based joining technologies. Figure 4.15 (a)
shows the inside overview of a presumptive overlapped metal-composite skin structure stiffened by
both metallic and composite stringers. The outside view of the hybrid skin can be seen in Figure
4.15 (b) where FSpJ could be used to join the two overlapped parts of the skin. Furthermore, the
metallic stringers, which are used as stiffeners for the skin, are the other potential areas for FSpJ
use. Mechanical fastening is the dominant method in joining skin-stringer parts [191, 192], which
indeed increases the weight of the structure by the use of rivets. As can be seen from Figure 4.15 (c)
some of these fasteners may be replaced by FSpJ. A combination of FSpJ and mechanical fastening
can give the required mechanical strength, leading to a reliable structure and at the same time
saving weight in the whole structure tremendously. The risk of the crack initiation may also be
reduced as a result of less drilling required on the composite, further leading to a safer structure and
increasing the flexibility of designing new generation aircrafts.
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Figure 4.15 Schematic illustration of potential FSpJ applications; (a) in the aircraft structure, to join
(b) a metal skin to a composite skin, and (c) a metal stringer to the composite skin.

37

Chapter 5. Experimental Approach
The experimental approach of this PhD can be divided into six main phases. In the first phase of the
project, the feasibility of FSpJ for the selected joining parts, AA2024-T3 and CF-PPS, was
evaluated. Further, a window of variation ranges of process parameters, RS, PD, JT, and JP, was
established, based on the mechanical performance of the SLS joints. A one-factor-at-a-time
(OFAT) approach was chosen to study the influence of individual process parameters on the SLS
strength of the joints and to reduce the range of variation for each parameter. The results of this
phase are not included in the thesis.
After defining the range of process parameters, the FSpJ process was optimized for the selected
joining parts in the second phase of the work. For process optimization, statistical analysis based on
the full-factorial design of experiments (DoE) and analysis of variance (ANOVA) were employed.
The influence of individual process parameters and their interactions on the bonding area and the
SLS strength of the joints were studied. An optimized set of parameters was obtained through this
study, to increase the mechanical performance of the SLS joints. The optimized joining condition
was used from phase four to phase seven of this work. The results of this optimization process are
briefly presented in Section 7.1. However, that was not the focus of this thesis. For further
information and discussion refer to [176].
In the third phase of the work, a detailed analysis of the joints was carried out. This involved a
thorough investigation into the bonding mechanisms, understanding the process-related
physicochemical changes in the composite, analysis of the joint microstructure, investigation of
local and global mechanical properties, and analysis of joint failure and fracture. A wide range of
analytical techniques were used to investigate the above mentioned aspects of FSpJ. These included
light optical microscopy (LOM), SEM, thermal analysis (differential scanning calorimetry - DSC
and TGA), microhardness, and nanoindentation. Two joining conditions were selected for
comparison purposes in this phase, which are mentioned later in the Results and Discussion
Chapters.
In the fourth phase of the project, the influence of a wide range of aluminum surface pre-treatments
on the surface features of the aluminum, interfacial bonding mechanisms, mechanical performance
of the joints, and the failure mechanisms was investigated. Mainly SEM, EDS, XPS and mechanical
testing were used for this purpose, to evaluate the influence of aluminum surface pre-treatments.
Based on the results obtained in this work, four aluminum surface pre-treatments were selected for
the fifth and sixth phases.
In the fifth phase of the work, the durability behavior of the FSp joints under a harsh environment,
known as accelerated aging, was studied. Four surface pre-treatments were selected from the
previous phase. The effects of the accelerated aging condition on the surface features, mechanical
performance of the SLS joints, and failure and fracture surfaces were investigated using SEM, EDS,
and XPS.
In the sixth phase, the behavior of the FSp joint under cyclic loading was studied. In this phase also
four aluminum surface pre-treatments from phase four were used to perform the fatigue
experiments. A fatigue life analysis (S-N curve) of the joints was carried out considering three
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different fitting procedures to propose the best fitting model for the obtained experimental data. The
failure mechanisms of the joints under cyclic loading were briefly investigated in this phase using
SEM.
Based on the results and knowledge obtained from the various phases of this work, FSpJ can be
proposed as an alternative metal-polymer joining technology. Figure 5.1 illustrates the experimental
approach of this PhD.

Figure 5.1 Schematic illustration of the experimental approach of this PhD project.
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Chapter 6. Materials, Equipment, and Methods
6.1 Base materials
6.1.1

AA2024-T3 rolled sheets

Rolled sheets of aluminum alloy AA2024-T3 with a thickness of 2 mm (supplied by Constellium,
France) were used as the metallic partner for FSpJ throughout this work. This alloy is mainly used
in the primary structures of aircraft. AA2024 is an alloy suited to precipitation hardening with Cu
and Mg as its main alloying elements. Heat treatment (T3) leads to the formation of strengthening
phases such as Al2CuMg and CuAl2, which give rise to the high strength of this alloy [128]. The
alloy exhibits a high strength to weight ratio, good fatigue resistance and damage tolerance, high
fracture toughness, as well as good formability [149]. Table 6.1 lists the nominal chemical
composition of the AA2024-T3 alloy used in this work, which was determined by chemical
analysis. The main mechanical and physical properties of the alloy are also given in Table 6.2.

Table 6.1 Nominal chemical composition of AA2024-T3 used in this work.

Element

Si

Fe

Cu

Mn

Mg

Cr

Zn

Ti

Al

Wt%

0.1

0.17

4.55

0.45

1.49

<0.01

0.16

0.021

Bal.

Table 6.2 Selected mechanical and physical properties of the AA2024-T3 used in this work.

Tensile
strength
(direction
TL) [MPa]

Yield
strength
(direction
TL) [MPa]

Elongation
[%]

437*

299*

21*

Melting onset
[°C]

Thermal
conductivity
[Wm-1K-1]

Coefficient of
thermal
expansion
within 20300°C [K-1]

502**

121**

24.7**

* Experimentally evaluated in this work.
** Data obtained from [149].

Figure 6.1 shows the microstructure of the alloy in longitudinal (L), transverse (T) and surface view
with respect to the rolling direction. It is possible to observe more elongated grains in the
longitudinal direction in contrast with the equiaxed grains of the transverse direction and surface
view. Black spots are visible in the microstructure in all directions. These are secondary hardening
particles as a result of the formation of Al2CuMg and CuAl2 phases in AA2024-T3 [139, 140, 143].
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Figure 6.1 Microstructure of AA2024-T3 in longitudinal (L) and transverse (T) directions according to
the alloy rolling direction, as well as the surface view (Barker etched, magnification 50X).

6.1.2

CF-PPS

CF-PPS with a 2.17 mm nominal thickness consisting of 5 harness-woven quasi-isotropic laminates
(supplied by TenCate, the Netherlands) with 50 vol% fibers (42 wt% fibers) was used as the
composite partner for FSpJ. The composite consists of 7 plies of carbon fibers in the following
sequence: [(0,90)/(±45)]3/(0,90). CF-PPS is considered a high-performance semi-crystalline
thermoplastic composite that is mainly used in primary and secondary aircraft parts, because of its
high strength, rigidity, chemical resistance and low water absorption [153-155]. Table 6.3 lists the
main mechanical and physical characteristics of the CF-PPS used in this work.

Table 6.3 Selected mechanical and physical properties of the CF-PPS used in this work.

Tensile
strength
(warp) [MPa]

In-plane
shear strength
[MPa]

Glass
transition
temperature
[°C]

Melting
temperature
[°C]

Thermal
conductivity
[Wm-1K-1]

Coefficient of
thermal
expansion
within 23300°C [K-1]

580*

119**

85*

285*

0.19**

52.2**

* Experimentally evaluated in this work.
** Data obtained from supplier’s datasheet [193].

Figure 6.2 illustrates the microstructure of the composite in the warp direction (0° oriented fibers).
Weft fibers (90° oriented fibers) and ±45° oriented fibers are visible in between the warp fibers in
the figure.
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Figure 6.2 Microstructure of CF-PPS in the warp direction, showing fibers in 0°, 90°, and ±45°.

6.2 FSpJ equipment
The equipment used to produce FSp joints was a displacement-controlled machine (RPS100, Harms
& Wende GmbH, Germany) at Helmholtz-Zentrum Geesthacht. The machine was originally
manufactured for the FSpW of metals such as aluminum and magnesium. One of the advantages of
the FSpJ process is that the same FSpW equipment already available in the market can be readily
used without the need for any modifications. The equipment consists of a welding head, in which
the FSpJ tool is assembled, and a pneumatic piston that applies the joining pressure against the
FSpJ tool. The design of the RPS100 equipment is such that the welding head is fixed and the
pneumatic piston applies the joining pressure from below. The piston moves up and down vertically
to apply and release the joining pressure. A welding table is used to place the joining parts or a
sample holder on. A switch cabinet is attached to the equipment as the main electrical unit to
control the rotation and movement of the FSpJ tool parts. Figure 6.3 depicts various features of the
RPS100 FSpW/J equipment.

Figure 6.3 (a) A photo of the RPS100 welding head, the assembled tool, welding table, the pneumatic
piston, and (b) a magnified image of the welding head and table showing the limited upstroke in the
equipment.

The machine is capable of applying the tool’s rotational speed in the range 500-3300 rpm. In
addition, the upstroke (in the z-axis) of 20 mm provides a limited space to join thick specimens.
The specimen can be cooled down after the joining process by blowing a pressurized air stream and
the airflow can be controlled. Although the equipment is supplied with sensors that make it possible
to control and evaluate the FSpJ tool position and rotational speed during the process, it is not
capable of giving additional information on the joining force and applied torque, which is a
limitation of the equipment RPS100. Newer releases of the joining equipment are available with
force and torque monitoring systems.
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6.3 Methods
6.3.1

Joining procedure

Prior to the joining process, the composite parts were cleaned in an acetone ultrasonic bath for 3
minutes and dried in air. The aluminum parts were wiped with acetone to remove loose surface
contaminations. In addition, some of the aluminum specimens were pre-treated with a variety of
procedures. These are explained in detail in Section 6.3.8. After cleaning the specimen, the
aluminum part was placed above the composite in an overlap configuration against the sample
holder. The joining parts were clamped together during and after the joining cycle, to ensure an
intimate contact and to avoid separation of the parts during the cooling phase due to the differing
coefficients of thermal expansion of the selected materials. The configuration of the FSpJ tool,
joining parts, sample holder, and the clamping part was illustrated in Figure 4.2 (Page 26). Joining
parameters (RS, PD, JT, JP) were set in the control unit of the RPS100 and then the joining process
was started manually. At the end of the joining process, an experimental consolidation time
(intentionally extended to times above the minimum time required for polymer consolidation, to
ensure the complete absence of differential contraction) of one minute was selected for the joining
conditions. During the consolidation time pressurized air (flow rate: 22.9 l/min) was blown
continuously over the joint. Finally, the joint was removed from the clamping system for further
analysis.

6.3.2

Temperature measurement

Temperature development during the FSpJ process was monitored by thermometry and infrared
(IR) thermography. Chromium-nickel type K thermocouples (TC) (with a diameter of 0.7 mm)
were used for thermometry, to measure the local temperature in the aluminum part as well as at the
interface. Holes of 0.8 mm were drilled at the required positions to set up the thermocouples. A data
acquisition system connected to the thermocouples was used to collect the measured data at the rate
of 50 Hz. Figure 6.4 schematically shows the position of the three thermocouples used in this work.

Figure 6.4 Schematic presentation of the position of thermocouples to measure the local temperature of
the aluminum (TC-1 and TC-2) and interface (TC-3); (a) 3-D view, and (b) magnified cross-section
showing the exact position of each thermocouple.

TC-1 and TC-2 were placed at 1.8 mm and 0.2 mm respective depths in the aluminum part, 4.5 mm
away from the overlap edges (i.e. 0.5 mm away from the clamping ring’s outer diameter). These
thermocouples were used to measure the local temperature of the aluminum close to the interface
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(TC-1) and surface (TC-2) to be able to later interpret aluminum microstructural changes at
different positions due to temperature variation. The third thermocouple was placed within the CFPPS in the interface with the aluminum at the center of the spot. As the center of the spot is
believed to experience the highest temperatures during the joining process, TC-3 gives the highest
possible temperature achieved by the PPS molten layer.
Since the thermocouples are only capable of measuring the temperature locally and not over a wider
area, an infrared thermographic camera (VarioTHERM, Jenoptik, Germany) was also used to
monitor temperature changes on the surface of the aluminum during the joining cycle. The
monitoring process was carried out in the range of 150 to 700°C with a resolution of 256 × 256
pixels at 50 Hz. Figure 6.5 (a) illustrates the position of the infrared camera in relation to the
joining parts. The camera was inclined approximately 15° both in x and z directions to be able to
capture the temperature on the aluminum surface through the whole bonding area. Moreover,
Figure 6.5 (b) illustrates the measurement set up and the position where the temperature was
captured on the surface of the aluminum. This figure also shows a snapshot of a thermograph in
which the measurement area is indicated. The peak temperature in the selected area was reported as
the process temperature. Prior to capturing the temperature, the aluminum parts were painted with
black paint to reduce any measurement errors as a result of the light reflection.

Figure 6.5 Schematic illustration of temperature measurement by IR-thermography; (a) showing the
position of the IR-camera, and (b) an example of a snapshot from the peak temperature on the
aluminum surface during FSpJ. The area used to measure the temperature is indicated in the snapshot.

6.3.3

Microstructural analysis

To analyze the microstructure of the base materials and joints as well as the fracture surfaces of the
joints after mechanical testing, light optical microscopy (LOM) and scanning electron microscopy
(SEM) were employed. LOM (DM IR microscope, Leica, Germany) was used mainly to
characterize the microstructure of the base materials. In addition, the cross-section of the joints at
the center of the spot joint was analyzed by LOM, to reveal the joint’s microstructure. Standard
materialography procedures were followed to prepare the samples for LOM. The joints were cut in
the middle of the spot and embedded in cold resin. The embedded specimens were ground and
polished following standard procedures to obtain a smooth surface suitable for LOM. Similar
procedures were followed to prepare the base materials for analysis. In order to reveal the
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microstructure of the aluminum in the base material and joints, electrochemical etching (30 V, 120
s, room temperature) in Barker solution (200 ml water and 5 ml fluoroboric acid) was carried out.
In order to characterize features of the aluminum surface after various surface pre-treatments, and
to analyze the joint fracture surfaces SEM (QuantaTM FEG 650 equipment) was used. In the case of
aluminum surface analysis, a voltage of 10 kV, spot size of 3 and a working distance of 10 mm
were used. For fracture surfaces, a voltage of 5 kV, spot size of 3 and a working distance of 15 mm
were set. Before analyzing non-conductive samples (e.g., all the fracture surfaces) their surfaces
were gold sputtered using a Q150R ES equipment (Quorum Technologies Ltd., England) for 30 s
with a current of 65 mA. A very thin layer of gold (a few nm in thickness) makes the samples
conductive and facilitates their imaging without hiding any small features of their surfaces.
Besides LOM and SEM, laser scanning confocal microscopy (LSCM) (VK-9700, Keyence, Japan)
was used as a non-contact method to analyze the roughness of the aluminum surfaces after various
surface pre-treatments. For this purpose a 20X magnifying lens was set. Average surface roughness
parameters were calculated from 5 different samples; six regions were selected on each sample to
measure the surface roughness. The average of these 30 measurements (6 areas on 5 samples) was
taken as the surface roughness of each specimen. Two parameters were selected to analyze the
surface roughness of the specimens; Ra (arithmetic mean value), which shows the mean deviation
from the mean line, and Rz (highest peak to lowest valley distance). Figure 6.6 illustrates Ra and Rz.

Figure 6.6 Schematic illustration of the surface roughness features and parameters.

6.3.4

Chemical composition

6.3.4.1 Energy dispersive X-ray spectroscopy (EDS)
EDS coupled with SEM was carried out to obtain chemical information from the bulk of the
specimens for the base materials and the fracture surface of the joints. To obtain and analyze the
EDS spectra an EDAX TEAMTM software V4.0.2 was used. Both spot and area analysis were used
to characterize small features and larger areas respectively. All EDS spectra were taken with a
voltage of 10 kV, spot size of 3, at working distance of 10 mm. For the non-conductive specimens
gold sputtering was performed prior to EDS experiments. For those specimens a gold peak is
thereby always present in the respective spectra.

6.3.4.2 X-ray photoelectron spectroscopy (XPS)
XPS was carried out using a Kratos DLD Ultra Spectrometer with an Al-Kα X-ray source
(monochromator) operated at 225 W. For the survey spectra a pass-energy (PE) of 160 eV was
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used, while for the region scans PE was 40 eV. The spectra of clean surfaces (contamination from
environment removed) were calibrated to 284.8 eV binding energy of the C1s signal. For all the
samples a charge neutralization was necessary. The processing and mathematical treatment were
carried out using CasaXPS V.2.3.16 software. For deconvolution of the region files, background
subtraction was performed before calculation. Smoothing of the data in region files was carried out
for low signal-to-noise ratios. Depth profiling was carried out using argon sputtering with a beam
energy of 3.8 keV and a current density of 120 µA/cm2. The etching rate was calibrated to 10
nm/min using Ta2O5.

6.3.5

Thermal analysis (DSC and TGA)

Thermal analysis of the composite part in the FSp joints was carried out in order to evaluate the
local physicochemical changes in the composite as a result of the FSpJ process. The composite base
material was also characterized as a reference for comparison with the composite in the joints.
Differential scanning calorimetry (DSC) and thermogravimetry (TG) were performed using Netsch
DSC 200 F3 Maia® and TG 209 F3 Tarsus® equipment respectively. DSC was mainly used to
analyze crystallinity alteration of the PPS and its melting behavior due to the FSpJ process.
Moreover, the decomposition and thermal degradation of PPS was analyzed by the TG experiments.
In this work, PPS was extracted from the consolidated molten layer on the aluminum side of the
fractured joint with the aid of a scalpel. Figure 6.7 shows the position of the PPS extracted for the
thermal analysis. In addition, PPS from the composite was also extracted from pieces of the base
material.

Figure 6.7 Consolidated PPS layer that remained attached to the aluminum after mechanical testing
was removed and used for thermal analysis.

For DSC analysis, a mass of 10 mg of extracted PPS was placed in aluminum crucibles. Heating
and cooling rates of 10 K/min were selected in the temperature range of 25-330°C to obtain the
DSC curve. Inert nitrogen gas was used as the purge gas throughout the experiment with a flow rate
of 250 ml/min.
For the TG experiments, a mass of 10 mg of the extracted PPS was placed in aluminum oxide
crucibles. A heating rate of 20 K/min was selected in the temperature range of 25-800°C for
obtaining the PPS mass change over temperature. Inert nitrogen gas with a flow rate of 250 ml/min
was used as the purge gas to investigate the thermal decomposition of the PPS.
Both DSC and TG were calibrated before the experiments. In addition, ASTM standards D3418-08
[194] and E1131-08 [195] were followed for DSC and TG experiments respectively.
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6.3.6

Local mechanical properties

6.3.6.1 Microhardness
A microhardness investigation was carried out on the aluminum from the cross-section of the joints,
prepared similar to the LOM specimens, to analyze the local mechanical properties of the aluminum
in the joints. The measurements were performed using Vickers Zwick/Roell indenter equipment and
followed the ASTM E384-992e1 standard [196]. A microhardness map was obtained from one half
of the specimen (due to the symmetry in the FSp joint) by applying an indentation load of 200 g for
10 s. The distance between the indents was 300 µm.

6.3.6.2 Nanoindentation
When it came to the composite, the presence of pores and voids in the consolidated molten PPS
particularly close to the interface with the aluminum in addition to a relatively high volume fraction
of fibers made it almost impossible to employ microhardness. The area of the indenter was
relatively large, which in most of the cases partially touched fibers or pores, leading to inaccurate
values of the hardness. For this reason nanoindentation was selected to evaluate the local
mechanical properties of the composite in the joints.
The nanoindentation experiments were carried out using a Nano indenter® XP (Agilent
Technologies, USA) with a load capacity of 10 N. For the experiments a Berkovich diamond
indenter was employed. A maximum indentation depth (hmax) of 1 µm was fixed and the maximum
indentation load (Pmax) corresponding to the maximum indentation depth was recorded. The
continuous stiffness measurement (CSM) method was used to monitor the stiffness while the
indenter was being driven into the specimen. Both hardness and stiffness of the PPS matrix were
then calculated and reported as the results of the nanoindentation experiments.
Nanoindentation was performed on the polished cross-section of the joints from the center of the
spot joints and prepared according to the standard materialography procedures briefly explained in
Section 6.3.3. Figure 6.8 illustrates the position of the indentations in the joints. The indents were
positioned in the consolidated PPS molten layer, close to the interface with the aluminum. Note that
the indents are sketched larger than to scale for better visibility. Between seven to ten indents were
distributed in the consolidated molten layer in the middle of the joint. In the CF-PPS base material,
the indents were positioned in the PPS matrix, far from the carbon fibers at different positions.

Figure 6.8 Schematic illustration of the position of nanoindents in the consolidated PPS molten layer in
the joints.
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6.3.7

Global mechanical properties

6.3.7.1 Single lap shear (SLS) testing
SLS testing was carried out as the main method to analyze mechanical performance of the joints
throughout this work. The SLS joint geometry is widely used in the literature by researchers to
study joint mechanical performance, due to its geometrical simplicity. The SLS strength of the
joints was evaluated according to the ASTM D3163-01 standard [197] using a universal testing
machine (Zwick Roell model 1478) with a load capacity of 100 kN. The traverse test speed was
1.27 mm/min and the tests were performed at room temperature. Three to five replicates were used
to obtain the average ultimate lap shear force (ULSF) of the joints. The ULSF obtained is the peak
force that a joint can bear before final failure. Aluminum and composite specimens with dimensions
of 100 × 25.4 mm2 were machined for joining and subsequent single-lap shear testing. The overlap
area of the joints was 25.4 × 25.4 mm2. For mechanical testing, a free distance of 150 mm between
the grips was used. Figure 6.9 shows the SLS geometry of the joints and its dimensions used in this
work.

Figure 6.9 (a) Schematic illustration of the SLS joint geometry; the respective dimensions used in this
work from (b) side-view and (c) top-view. All dimensions are in mm.

6.3.7.2 Cross-tensile (CT) testing
CT joint geometry was also used in this work to evaluate the mechanical performance of FSp joints
following the guidelines in the DIN EN ISO 14272 standard [198]. Similar to SLS testing, a
universal testing machine (Zwick Roell model 1478) with a load capacity of 100 kN was used to
evaluate the mechanical performance of the CT joints. The traverse test speed was 2 mm/min and
the tests were performed at room temperature. Three replicates were used to obtain the average
ultimate CT force of the joints. The dimensions of the aluminum and composite specimens were
150 × 50 mm2 with an overlap of 50 × 50 mm2. During CT testing, the aluminum was fixed and the
load was applied to the composite part of the joint. Figure 6.10 illustrates the CT geometry of the
joints and the dimensions used in this work.
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Figure 6.10 (a) Schematic illustration of the CT joint geometry and (b) top-view of the joint design with
the respective dimensions used. All dimensions are in mm.

6.3.7.3 Fatigue experiments
Fatigue experiments of the FSp joints were performed using SLS joint geometry. The experiments
were carried out under constant amplitude at a frequency of 5 Hz using load-controlled servohydraulic equipment with a load capacity of 25 kN. A tension-tension load ratio (minimum to
maximum applied cyclic load) of R=0.1 was selected to perform the experiments. All the
experiments were carried out at room temperature. Different load levels (maximum applied cyclic
load) were selected to obtain fatigue lives between approximately 103 and 106 cycles. A minimum
of two specimens for each load level were tested. To align the SLS joints, end tabs with dimensions
of 40 × 25 mm2 were machined and attached to the specimens. Two rivets were used to fix the joint
in the grips of the testing machine. For this purpose, a hole was drilled in each side of the joint at a
distance of 27 mm from the edge. A free length of 95 mm was used during the fatigue experiments.
Figure 6.11 displays the geometry of the joints and its dimensions for fatigue testing used in this
work.

Figure 6.11 (a) Schematic illustration of the geometry of the fatigue specimen; the respective
dimensions used in this work from (b) side-view and (c) top-view. All dimensions are in mm.

The joints that survived one million fatigue cycles without failure (called run-out specimens) were
subsequently tested under quasi-static conditions as explained in Section 6.3.7.1. The results are
reported as the residual strength of the joints after one million cycles of fatigue.
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6.3.8

Aluminum surface pre-treatments

To investigate the influence of aluminum surface morphology and chemistry, various surface pretreatments were performed on the aluminum prior to the joining process. The term surface pretreatment is used throughout this thesis, because the treatments were performed prior to the FSpJ
process. The aluminum specimens were machined according to the SLS and CT configurations
described above, followed by the surface pre-treatment procedures. Table 6.4 lists the various
surface pre-treatments carried out in this work. Details of each surface pre-treatment are explained
following this table.
Table 6.4 Various aluminum surface pre-treatments performed in this work.

Category
As-received

Surface pre-treatment

Symbol

(untreated)

AR

Mechanical Grinding

MG

Sandblasting

SB

Acid Pickling (Etching)

AP

Conversion Coating

CC

Sandblasting + Acid Pickling

SB+AP

Sandblasting + Conversion Coating

SB+CC

Sulfuric Acid Anodizing

SAA

Phosphoric Acid Anodizing

PAA

Phosphoric Acid Anodizing + Primer

PPA-P

Mechanical

Chemical

Mechanical & Chemical

electrochemical

a) As-received (AR)
The AR aluminum samples, cut into the required dimensions, were slightly wiped with acetone to
remove any loose contaminations. These samples were used as a base reference for comparison
with the surface pre-treatments. Acetone wiping was performed prior to all other surface pretreatments as well.
b) Mechanical Grinding (MG)
Some of the samples were mechanically ground manually using sand paper P1200. The specimens
were ground in four directions: parallel (0°) to the rolling direction of the aluminum, followed by
90°, +45° and -45°. After grinding the specimens were blown by pressurized air and placed into an
ultrasonic acetone bath for three minutes to remove any residues from the sand paper.
c) Sandblasting (SB)
SB was also carried out manually on a number of the specimens. Several trials were performed to
find the optimum SB conditions. Corundum (Al2O3) with a particle size in the range of 100-150 µm
was used as the medium of treatment. The pressure of blasting was set at 6 bar and the duration of
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SB at 10 s. The distance between the blasting nozzle and the specimens was 25 cm and the angle to
the specimens with respect to the nozzle was 45°. Table 6.5 lists the chemical composition of the
corundum used in this work.
Table 6.5 Chemical composition of the corundum used in this work [199].

Element

Al2O3

Na2O

Fe2O3

SiO2

Rest

Weight%

99.70

0.20

0.02

0.02

0.06

d) Acid Pickling (AP)
AP was performed using a highly concentrated (65%) nitric acid (HNO3) solution. The specimens
were dipped into the concentrated HNO3 solution for 15 minutes. Afterwards the samples were
rinsed under tap water and dried.
e) Conversion Coating (CC)
For CC pre-treatment, Alodine® 4850 (kindly provided by Henkel AG & Co., Germany) was used
as the chemical solution. The solution is chromium-free, contains primarily hexafluorozirconate
(HFZ) [200], which produces a colorless conversion layer. The concentrated solution was diluted
according to the recommendations of the producer: 10 ml of the solution was added to 500 ml
distilled water while stirring. The pH of the solution was controlled during the treatment to be
stable at 4. The aluminum specimens were then immersed into the diluted solution for 60 s at room
temperature. After this immersion time, the samples were rinsed thoroughly under tap water and
dried.
f) Sandblasting + Acid Pickling (SB+AP)
A combination of SB and AP was also carried out to investigate the combined effect of both
processes. The samples were first given SB as explained in (c) followed by AP as briefly introduced
in (d).
g) Sandblasting + Conversion Coating (SB+CC)
Similar to SB+AP, the samples were sandblasted as in (c) followed by Alodine® CC as explained
in (e).
h) Electrochemical pre-treatments
The electrochemical pre-treatments (SAA, PAA, and PAA-P) were kindly provided by Embraer
Co., Brazil. Specimens were prepared following the internal procedures used by Embraer to treat
specimens for adhesive bonding.
Apart from the electrochemical, all the other pre-treatments, including CC, were carried out under
lab conditions at Helmholtz-Zentrum Geesthacht.
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6.3.9

Durability of the joints (accelerated aging)

Similar to the other joining techniques, particularly adhesive bonding, it is important to understand
the long term behavior and durability of joints. Since in many cases it is not possible to evaluate the
joints under real conditions, by waiting for a very long period of time (several years), simulation of
the behavior of joints under artificial conditions is generally accepted. Such conditions are chosen
to be much more aggressive than real applications, but for a shorter time. The results of such
artificially accelerated testing are used to predict and understand the long term behavior of joints
and materials in real conditions. In order to investigate the behavior of the FSp joints under harsh
environments, the SLS FSp joints of the selected aluminum surface pre-treatments were placed in
an artificial aging chamber (VCL 0003, Vötsch Industrietechnik, Germany) for 28 days. The
temperature of the chamber was set at 71°C with 100% relative humidity following the
recommendations given in the ASTM D3762 standard [201]. From the conditions given in the
ASTM standard, the one selected for this work was the most severe environment. The humidity of
the chamber during the test was constantly controlled and adjusted by pumping water into the
chamber. After 28 days, the specimens were removed from the chamber and visually inspected for
any possible changes. Shortly thereafter the SLS joints were mechanically tested following the
same procedure explained in Section 6.3.7.1. The residual strength of the joints was then calculated
by dividing the SLS strength of the joint after aging over the SLS strength of the joint before aging.
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Results and Discussion
The results obtained from this PhD work and their respective discussions are divided into four
chapters in order to provide a logical structure and further facilitate understanding of the
discussions. Chapter 7 is devoted to the further development of FSpJ process. The influence of
various surface pre-treatments of aluminum on the mechanical performance of the joints is
discussed in Chapter 8. The physical and chemical alterations of the aluminum surface after pretreatments are considered in order to discuss the mechanical performance of the joints. Chapter 9
deals with the accelerated aging behavior of the joints at high relative humidity and moderate
temperature. Finally, Chapter 10 covers the performance of the FSp joints under dynamic loading
and fatigue resistance of the joints.
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Chapter 7. Development of the FSpJ Process
7.1 Process optimization for detailed joint characterization
Complex processes like welding and joining involve a large number of parameters that interact with
each other. Statistical analysis by design of experiment (DoE) techniques is a helpful tool to
understand the influence of process parameters and how their interactions affect the desired
response(s). Recently, many researchers in the area of welding and joining have been using various
DoE techniques coupled with analysis of variance (ANOVA) to depict the effects of process
parameters on the behavior of the selected joints. These statistical tools and models are also used
frequently to optimize the joining process based on one or more response(s).
A part of the current PhD work was dedicated to investigating the influence of the FSpJ process
parameters and their interactions on the bonding area and mechanical performance of the joints
were the chosen responses. For this purpose, single lap shear geometry was used, because of its
simplicity and adequacy to the joint’s design. Full factorial DoE and ANOVA were used to assess
the lap shear strength as well as formation of the bonding area by alteration of process parameters.
The details of this part of investigations is beyond the scope of the current thesis and was
previously published as a separate manuscript [176].
Briefly, we showed that RS is the most important parameter affecting the strength of the joints. The
reason for this is that a higher RS value increases heat input to the joints and therefore a larger
bonding area is achieved [84]. A trend was observed that the larger the bonding area is, the higher
the strength would be, because the contact area is larger and thus adhesion forces between the
aluminum and composite are greater. JP was shown to be the second most important parameter
influencing the joint’s strength. Higher JP drives more of the molten PPS into the pores and
crevices on the surface of pre-treated aluminum and so increases micro-mechanical interlocking
between the joining parts. It was found that PD also contributes to the strength of the joints, because
it controls the shape and extent of the nub and therefore the amount of molten PPS entrapped inside
the nub. Larger PD increases macro-mechanical interlocking by the entrapment of a larger volume
of PPS in the nub and so higher strength is obtained. Investigation of the JT has shown that its
influence is insignificant for strength in the selected range of process parameters. However,
elevated JT keeps the viscosity of the PPS low, whereby the applied JP facilitates the flow of the
molten polymer and results in generation of excessive flash material outside the joining area. This
leads to reduction in the strength obtained, because the flash material does not contribute towards
bonding between the joining parts. Finally, an interaction between RS and JP had a significant
influence on the strength. This was explained as due to higher RS reducing the viscosity of the
molten PPS, which requires a higher JP to keep the molten PPS in intimate contact with the
aluminum, thereby enhancing pore filling, wetting and achieving optimal micro-mechanical
interlocking.
Resulting from the statistical analysis, a set of joining parameters (RS: 2900 rpm, PD: 0.8 mm, JT:
4 s, JP: 0.3 MPa) was achieved that optimized the strength of the single overlap FSp joints.
Moreover, we showed that lower heat input reduces the amount of defects in the joints. Another set
of parameters (RS: 1900 rpm, PD: 0.8 mm, JT: 4 s, JP: 0.2 MPa) was achieved with the highest lap
shear strength over area fraction of the pores.
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In this chapter the terms high heat input (HHI) and low heat input (LHI) joining condition are
frequently used, which refer respectively to the first and second set of parameters mentioned above.
The HHI and LHI joining conditions are summarized in Table 7.1. Note that sandblasting was
applied as the aluminum surface pre-treatment in all joints produced.
Table 7.1 LHI and HHI joining conditions used in this work.

Symbol

Rotational
speed [rpm]

Plunge
depth
[mm]

Joining
time
[s]

Joining
pressure
[MPa]

High heat input

HHI

2900

0.8

4

0.3

Low heat input

LHI

1900

0.8

4

0.2

Joining condition

7.2 Temperature development
Temperature development is of utmost importance since it gives information about temperaturedependent phenomena taking place in the course of the joining process such as metallurgical
changes in the aluminum, possible degradation of the composite, formation of defects, etc. As
explained in Section 6.3.2 (Page 43) IR-thermography was the main method used to measure the
temperature on the surface of the aluminum. For the HHI and LHI joining conditions (Table 7.1),
three thermocouples, whose positions are illustrated in Figure 6.4 (Page 43), were also used to
validate the measurements by the IR-thermography and to be able to measure the temperature at the
interface.
Figure 7.1 shows an example of the typical temperature development over time for both LHI and
HHI joining conditions measured by IR-thermography and thermometry. The curves related to the
IR-thermography measurements illustrate the changes in peak temperature on the surface of the
aluminum over time. It can be observed from the figure that the highest measured temperature by
IR-thermography is close to the measurement obtained by TC-1 with a maximum deviation of
15°C. The difference in the measurements may be explained by the fact that thermocouples
measure the temperature locally at the contact position between the aluminum and the tip of the
thermocouple. However, IR-thermography measures the temperature on the surface of the
aluminum from an area of approximately 25x25 mm2. With IR-thermography the temperature
beside the clamping ring on the surface of the aluminum was obtained. The peak temperature
obtained inside (thermocouples) and on the surface of the aluminum (IR-thermography) alters from
345°C to 399°C and from 385°C to 437°C, for the LHI and HHI joining conditions respectively.
The lowest and highest temperatures are approximately 69% and 87% of the aluminum incipient
melting temperature of 502°C [149] respectively. It was reported [152] that a temperature of
approximately 400°C lies in the range of dynamic recrystallization of AA2024 for friction-based
joining processes. So, metallurgical transformations such as recrystallization of the grains are
expected in the aluminum in the vicinity of the tool, which will be explained in Section 7.4. The
whole range of temperature development measured by IR-thermography with other joining
conditions is reported in [176] that showed it varies between 345°C and 474°C.
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Figure 7.1 Process temperature evolution measured on the aluminum part by IR-thermography (IR)
and by thermocouples (TC) for the (a) LHI joint, and (b) HHI joint.

In addition to temperature measurement of the aluminum part, the thermocouple TC-3 was also
used to measure the temperature of the molten PPS layer at the interface between the aluminum and
CF-PPS (refer to Figure 6.4, Page 43 for the positions of the thermocouples). Since the temperature
of the molten PPS at the interface below the tool is expected to be higher than the rest of the
interface, the temperature measured by TC-3 can be used to explain any physicochemical changes
or possible degradation on the PPS.
Figure 7.2 depicts the temperature measurements over time from all three thermocouples for both
LHI and HHI joining conditions. The peak temperature obtained by TC-3 at the interface was
345°C and 418°C for the LHI and HHI joining conditions respectively. In addition to the peak
temperature, the heating and cooling rates between Tg (90°C) and Tm of the PPS were also
calculated linearly through the following equations:

(

)

(7.1)

(

)

(7.2)

where Tm and Tg are the melting point and glass transition temperatures of the PPS respectively, tm
is the time taken to reach the melting temperature and tg1 and tg2 are the time taken until the glass
transition temperature is achieved during heating and cooling respectively.
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Figure 7.2 Process temperature evolution measured by thermocouples (TC) in the aluminum (TC-1
and TC-2) and at the aluminum-composite interface (TC-3) for the (a) the LHI joint, and (b) the HHI
joint. Inset charts relate to the TC-3.

The measured peak temperatures, as well as the calculated heating and cooling rates are shown in
Table 7.2 and Table 7.3 respectively, for both LHI and HHI joining conditions. The heating rate is
very fast, both inside the aluminum and at the interface, with the latter giving the highest rate due to
the higher heat development experienced. High average values for heating rates are expected due to
the very low thermal conductivity of PPS (0.19 Wm-1K-1) that leads to a reduction in heat
dissipation to the surroundings. Therefore, the temperature rises very fast as the heat is conducted
from aluminum to composite. The measured cooling rate showed a moderate decrease in
temperature (63°C/s against 19°C/s for the TC-3 thermocouple), which is again attributed to the
low thermal conductivity of PPS. In contrast to the heating phase, during cooling phase the low
thermal conductivity does not allow rapid heat dissipation to the environment.
Table 7.2 Average peak temperatures by IR-thermography and the thermocouples (TC) for the LHI
and HHI joining conditions.

Symbol

TC-1 [°C]

TC-2 [°C]

TC-3 [°C]

IRthermography
[°C]

High heat input

HHI

423±2

385±6

418±7

437±6

Low heat input

LHI

399±1

348±1

345±1

384±8

Joining condition

Table 7.3 Average heating and cooling rates inside the aluminum (TC-1 and TC-2) and at the
aluminum-composite interface (TC-3) using thermocouples for the LHI and HHI joining conditions.

HHI

LHI

HR [°C/s]

CR [°C/s]

HR [°C/s]

CR [°C/s]

TC-1

206±1.2

21±0.2

199±0.3

19±0.5

TC-2

190±0.3

19±0.7

178±0.4

17±0.3

TC-3

355±0.2

63±1

205±0.3

19±0.7
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The inset graph in Figure 7.2 illustrate a section of the temperature-time graphs related to the TC-3
where the temperature increases to the melting point of PPS and decreases to below its Tg. It can be
observed from the graph insets that it takes a very short time for the interface temperature to exceed
the melting point of the PPS (280°C) and reach a peak temperature that then decreases below Tm
again. The same observation can be made for the time that the interface temperature is above the Tg
of the PPS. Since both Tg and Tm are critical temperatures for thermoplastics, calculating the time
that the joint’s interface temperature is above them will facilitate the discussions in the next
sections. Table 7.4 lists the total time that the joint’s interface (molten PPS layer) temperature is
above Tg and Tm of the PPS.
Table 7.4 The total time fraction that the composite at the interface remained above Tg and Tm of the
PPS, obtained from the TC-3.

Symbol

Total time
above Tg [s]

Total time
above Tm [s]

High heat input

HHI

6

1.9

Low heat input

LHI

14

1.9

Joining condition

7.3 Process-related physicochemical changes in the CF-PPS
Thermal effects in polymers and composites, such as alteration of the amount of crystallinity,
morphology of crystals, and the extent of thermal degradation are temperature dependent. In high
temperature processes, such as welding and joining, an understanding of the physicochemical
changes induced by the process is crucial, since local and global mechanical properties of the
material depend on its physicochemical state. For this reason, both TG and DSC analytical
techniques were used to study the physicochemical properties of the affected zone in CF-PPS as a
result of the FSpJ process.
Figure 7.3 shows the TG curves for CF-PPS as base material (BM) prior to the joining process, as
well as for LHI and HHI joining conditions between 30°C and 800°C. The onset temperature of
decomposition was obtained and resulted in 511.7 ± 4.5°C for BM, 512.4 ± 2.8°C for LHI, and
514.5 ± 0.5°C for the HHI joining condition. The results obtained for the BM are in agreement with
those reported in the literature for the onset decomposition of PPS [159, 168, 170, 171, 202]. As
illustrated in Figure 7.3 and reported in [176] the range of process peak temperatures achieved in
this work was between 345°C and 474°C. The peak temperature for the selected LHI and HHI
joining conditions measured at the interface by TC-3 was 345°C and 418°C respectively, as shown
in Table 7.2. The peak temperatures for both conditions are far below the onset decomposition
temperature of CF-PPS. Thus, extensive thermal degradation of the PPS, such as decomposition,
main chain scission, or carbonization as a result of the process is not expected. In addition, it is
reported that increasing the heating rate in the TG experiments shifts the onset degradation to
higher temperatures, for instance, for PMMA [203] and PA 66 [204]. This is probably due to a
delay in the beginning of chain motion. At a high heating rate, the chains do not have enough time
to react to the high temperatures. Since the heating rate in FSpJ is much faster than the 20°C/min
used in the TG experiments, it is believed that the actual onset decomposition temperature would
have been far more than the temperatures obtained, if the TG scanning had been done using this
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process heating rates. This further supports the assumption that extensive thermal degradation
(decomposition) does not occur with the studied process parameter range and base materials.
Changes in molecular weight, indicating thermal degradation (both by chain scission or crosslinking) may take place. However, this was not the focus of this work, particularly considering that
the process did not lead to decomposition (excessive thermal degradation).

Figure 7.3 TG analysis of the PPS in the BM, LHI and HHI in nitrogen showing the mass change
between 30°C and 800°C. The green area shows the window of the FSpJ process temperature in this
work.

In addition to the TG curve, a derivative thermogravimetry (DTG) curve helps to indicate the
degradation stages and the temperature at which the rate of decomposition is maximum. Figure 7.4
depicts a part of the TG curves (in green) in the range of 400-700°C along with the respective DTG
curves (in blue) for BM, LHI and HHI conditions. It is obvious from the DTG curve that weight
loss and thermal degradation for the CF-PPS occurs at one stage with its maximum rate at about
566°C. This result agrees with the literature for instance the studies by Bo et al. [171] and Day et
al. [169]. In contrast to the BM, both joining conditions showed a two-step degradation obtained by
DTG curves. The peaks at above 560°C are close to the single peak from the BM, suggesting the
same degradation mechanisms as CF-PPS such as pyrolysis or main chain scission. The appearance
of another peak at 534.6°C for the joints may be attributed to slight cross-linking of the PPS molten
layer. It was reported that intermolecular branching, similar to cross-linking in PPS, may occur at
temperatures above 300°C in air [205]. Therefore, slight cross-linking in the consolidated molten
PPS layer may take place during the FSpJ process. The cross-linked part of the PPS may then start
to degrade at a separate stage, leading to the formation of a new peak in the DTG curves.
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Figure 7.4 TG-DTG curves for the BM, LHI and HHI conditions in the range of 400°C to 700°C. the
BM showed one-step degradation, whereas LHI and HHI joint showed two-step degradation as
indicated by the two peaks in the DTG curve.

DSC analysis was also used to study the crystallization and melting behavior of the molten PPS
from the joints in comparison with the CF-PPS in the BM. Figure 7.5 illustrates an example of the
first heating curves for the BM, LHI, and HHI joining conditions using a heating rate of 10°C/min,
in the range of interest. The first heating curve is especially important in this work to investigate the
influence of the process on the thermal behavior of the joints. All the obtained results from the DSC
analysis are listed in Table 7.5.

Figure 7.5 Example of DSC curves for the BM, LHI and HHI samples in the range of interest using a
heating rate of 10°C/min in nitrogen.
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Table 7.5 The main parameters obtained from DSC analysis. Tc: crystallization temperature, ΔHc:
enthalpy of crystallization, Tm: melting temperature, ΔHm: enthalpy of melting, FWHH: full-width at
half-height.

Joining
condition

TC [°C]

ΔHC [J/g]

Tm [°C]

ΔHm [J/g]

%
Crystallinity

FWHH [°C]

BM

-

-

284.7±0.1

44.7±2.3

30±1.5

7.5±0.2

LHI

125.6±0.3

-7±0.9

283±0.5

35.5±2.8

22±2.8

13.3±0.7

HHI

124±0.3

-1.1±0.9

283±0.2

37±0.5

24±0.3

13.1±0.4

Figure 7.5 compares the DSC curves of the BM and the joining conditions. It is apparent from this
figure that the joints show an exothermic peak which is not present in the BM. The exothermic peak
appeared at 125.6 ± 0.3°C and 124 ± 0.3°C for the LHI and HHI joining conditions respectively
(Figure 7.5). The exothermic peak is believed to be related to the cold crystallization temperature of
the PPS which is reported in the range of 120°C to 126.5°C [153, 165, 166]. Such a peak was not
detected for the BM since it was in its full crystallinity state. However, the PPS in the joints
experienced a fast cooling rate and resulted in lower crystallinity than the BM, leading to the
recrystallization of the amorphous part during the DSC heating scan.
The amount of the crystalline phase was also determined for the PPS from the BM and from joints.
Equation (7.3) was used to measure the crystallinity as described below:
(7.3)

where Xc is the crystalline fraction, ΔHm is the enthalpy of melting for a partially crystallized
sample, ΔHc is the enthalpy of the crystallization, and ΔH°m is the enthalpy of melting for a 100%
crystalline sample [153]. ΔHm and ΔHc can be determined from the area under the melting and
crystallization peaks in the DSC scan. The values reported on ΔH°m in the literature for PPS range
from 50 J/g to 150.4 J/g [153]. The wide difference in these values is due to the fact that it is
impossible to synthesize a 100% crystalline sample of PPS. Therefore, researchers used different
methods of estimating ΔH°m which led to different results. The value of 150.4 J/g was obtained and
reported by the TenCate company [153, 166] and so was used as the basis for calculations in this
work, because TenCate was the supplier of the CF-PPS. Furthermore, choice of a value for ΔH°m
was not critical in this work, because the main objective of this study was to compare the
crystallinity of the BM and the joints. According to the measurements, the crystallinity of the CFPPS was 30 ± 1.5%, whereas it was 22 ± 2.8% and 24 ± 0.3% for the LHI and HHI conditions. In
case of the BM, since it contains 42 wt% carbon fibers, a correction factor of 0.42 was used in
calculating the heat of fusion [166]. However, this is not the case for the joints, since the removed
PPS layer did not contain a large amount of carbon fibers. Due to the very fast cooling rate in FSpJ
(Table 7.3) it was expected that the joints would show a completely amorphous structure. Contrary
to such expectations, both LHI and HHI joints showed a relatively high degree of crystallinity as
discussed above. There are several possible explanations for the high crystallinity obtained from the
joints. Nohara et al. [164] recently demonstrated that PPS heated up to 330°C with a heating rate of
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10°C/min still showed some remnant crystals, which can act as nuclei for recrystallization during
the cooling phase. It is believed that remnant crystals are also present in PPS during the FSpJ
process, particularly due the fact that the PPS is exposed only about 2 s above its melting
temperature (Table 7.4) as a result of very rapid heating and cooling rates. It seems that there is not
enough time for all the crystals to melt during the heating phase. In addition to residual crystallites,
carbon fibers [153] and small amounts of cross-linking [167] may act as nucleation sites for the
subsequent crystallization during the cooling phase. For example, Deporter and Baird [174]
investigated the crystallinity of CF-PPS (66 wt% unidirectional fibers) under different cooling rates.
The sample was heated to 310°C and kept there for 10 min followed by quenching with a cooling
rate of 68°C/s (which is faster than cooling rates in FSpJ). They demonstrated that the sample
contained 7% crystallinity after quenching. Cross-linking may also contribute to the increase in
crystallinity during recrystallization, as branching points can act as nucleation sites [206].
As can be seen in Figure 7.5, besides the exothermic peaks both BM and the joints showed one
endothermic peak related to melting of the crystalline part of the PPS. The melting temperature of
the BM was measured as 284.7 ± 0.5°C. This result is in accordance with other studies [153, 159,
163, 164] that show the melting temperature of PPS in the range 280°C to 295°C depending on the
size and amount of crystals. The melting temperature of PPS obtained from LHI and HHI joints was
283 ± 0.1°C and 283 ± 0.2°C respectively. Since the melting temperature of the PPS in the joints
slightly decreased compared to the BM, it could support the idea of a slight cross-linking taking
place in the joints. It is reported [173] that cross-linking may reduce the melting temperature in
thermoplastics such as PA 6 and PPS. In addition to the melting temperature, enthalpy of melting
was measured from the area under the melting peak. The results are listed in Table 7.5 and show a
reduction in ΔHm from BM (44.7 ± 2.3 J/g) to the joints (LHI: 35.5 ± 2.8 J/g and HHI: 37 ± 0.5 J/g).
As a lower number of crystals require less energy to be melted, the joints demonstrated a smaller
enthalpy of melting as a result of their reduced crystallinity. Moreover, cross-linking reduces the
enthalpy of melting [173], which could be another reason for the reduction in ΔHm in the joints.
Furthermore, Full-Width at Half-Height (FWHH) can be used as an indication of crystal size
distribution. A narrow peak is an indication of a more homogeneous crystal size, as is the case in
the BM. However, the FWHH of the joints is much larger compared to the BM. This might be an
indication of crystal growth in the joints. It is reported that crystal growth in polymers may occur
above their glass transition temperature and below melting point [207-209]. It is believed that
during the heating phase in FSpJ some of the crystals may grow, resulting in a larger lamella
structure. This may result in a broader melting peak, with smaller crystallites from BM and larger
ones from process-related thermal processing. However, it is important to bear in mind the possible
bias to such arguments as a result of the fast heating rate during the FSpJ process. Therefore, further
analysis is required to confirm whether crystal growth actually occurs.
As a summary for this section: no extensive thermal degradation of the PPS during FSpJ was
detected, although it is believed that slight cross-linking may occur during the process. The
consolidated molten PPS in the joints showed a relatively high level of crystallinity (only 6-8% less
than the BM), which is explained by the fact that all the crystals were not melted during the very
brief thermal cycles in FSpJ. In addition, carbon fibers and points of branching, as a result of slight
cross-linking, may act as nucleation sites for recrystallization during cooling. Finally, broader
melting peaks of the joints compared to the BM may be an indication of crystal growth during the
heating phase in the FSpJ process.
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7.4 Microstructural zones
Microstructural zones form in an FSp joint as a result of the interaction of the tool with the metal,
generating frictional heat and a local rise of temperature, and the amount of the heat conducted
from the metal to the composite. Generally, the microstructural zones can be divided into four
areas: metal stir zone (MSZ), metal thermo-mechanically affected zone (MTMAZ), metal heat
affected zone (MHAZ), and polymer heat affected zone (PHAZ).
The microstructural zones on the aluminum are very similar to those reported for FSpW of AA2024
[152] and AA6181 [210]. The microstructural zones in FSpJ are shown in Figure 7.6 for the HHI
joining condition, in which Figure 7.6 (a) shows an overview of the microstructure, and Figure 7.6
(b-f) illustrates the detailed microstructure of each zone. Figure 7.6 (b) & (c) compare the
microstructure of the base material (BM) and MTMAZ respectively. The microstructure of the
AA2024 in the MTMAZ is influenced by the relatively high temperature attained during the
process as well as severe deformation [152, 210]. This zone forms in a volume close to the plunging
sleeve where the aluminum grains are affected by the high strain rate as a result of the tool’s
rotational speed as well as axial movement [152, 210, 211]. The microstructure in this zone is thus
characterized by elongated grains that are rotated approximately 45 degrees compared with
unaffected grains. One can see that the grains in MTMAZ are elongated and rotated from top-left to
bottom-right (Figure 7.6 (c)) compared to the AA2024-T3 BM (Figure 7.6 (b)). The induced grain
deformation in this zone may contribute to the strain hardening effect [210]. However, since the
temperature and strain rate are relatively high in MTMAZ, some dynamic recovery may also occur,
which reduces the strain hardening effect [212, 213]. In addition, due to the relatively high
temperature achieved in this area, coarsening of the strengthening particles may also take place
[214]. Therefore, the local mechanical strength of the aluminum in the MTMAZ is affected by these
competing phenomena (strain hardening, dynamic recovery, and precipitation coarsening).
MSZ lies in the center of the spot that undergoes the highest strain rate as a result of the aluminum
being stirred by the tool [210, 215]. The highest frictional heat generation and attained temperature
is also expected in this zone [210, 215]. Dynamic recrystallization (DRX) is one the main
mechanisms taking place in the MSZ in FSpW of aluminum, which leads to an equiaxed, refined
grain structure [152, 210]. DRX occurs in many metallic materials above 0.6 Tm under high stress
or high deformation rates [212, 213]. The temperature measured by IR-thermography on the surface
of the aluminum resulted in 384°C and 437°C for LHI and HHI conditions respectively, as can be
seen in Table 7.2. These temperatures correspond to 0.76 and 0.87 of the incipient melting
temperature of AA2024 [149]. Since these temperatures are obtained on the surface of the
aluminum in the vicinity of the tool, the temperature in the MSZ is probably a little higher than
these values. Such high temperatures in combination with a high strain rate as a result of the tool’s
rotational speed results in a very fine grain structure in the MSZ. Figure 7.6 (d) shows the boundary
between MSZ and MTMAZ, and Figure 7.6 (e) illustrates the MSZ with very fine grain structure.
In addition to grain refinement, solubilization of the strengthening particles in the course of the
joining cycle is expected in the MSZ as a result of the high temperature. Re-precipitation of these
particles during the cooling phase is believed to increase the local strength of the MSZ [210].
MHAZ is the third zone formed during the FSpJ process between the BM and MTMAZ. In this
region the aluminum is not affected mechanically and the temperature is not as high as in the MSZ
and MTMAZ. The moderate temperatures achieved in MHAZ may lead to the recovery
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phenomenon and coarsening of the strengthening particles [210]. Although such metallurgical
phenomena may have occurred, no differences in grain structure could be observed between the
MHAZ and BM by optical microscopy. Figure 7.6 (f) illustrates the boundary between MTMAZ
(left part of the figure) and MHAZ (right part of the figure).

Figure 7.6 Microstructural zones that form in the aluminum. (a) General overview of the joints
microstructure, (b) microstructure in the BM, (c) MTMAZ showing elongated grains rotated
compared to the BM grains, (d) boundary between MTMAZ and MSZ, (e) MSZ showing very fine
DRX grains, and (f) boundary between MTMAZ and MHAZ.

In addition to the microstructural zones in the aluminum a PHAZ was detected in the CF-PPS, as
illustrated in Figure 7.7, which compares LHI and HHI joints. The yellow dashed lines in the figure
show the boundary between the PHAZ and the CF-PPS base material. It can be seen from the figure
that the HHI joint (b) had an extended PHAZ compared to the LHI joint (a). The width (w) and
depth (d) of the PHAZ showed an increase of 21% and 44% from LHI to HHI. Table 7.6 lists the
values of w and d for both LHI and HHI joining conditions, along with the obtained average
temperature at the interface.
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Figure 7.7 Microstructure of the (a) LHI and (b) HHI joints. Yellow dashed lines indicate the boundary
between PHAZ and BM. The PHAZ in the HHI joint shows an extended width (w) and depth (d) into
the composite compared to the LHI joint.

The conducted heat from aluminum is mainly accumulated at the interface, as a result of very low
thermal conductivity of PPS, which led to melting of a thin layer of PPS close to the interface.
However, due to the high thermal conductivity of the carbon fibers, the heat is dissipated to some
extent inside the thickness of the composite, which results in an increase in the depth of the PHAZ.
Table 7.6 Average width (w) and depth (d) of the PHAZ, and the obtained average temperature at the
interface in LHI and HHI joining conditions.

w [mm]

d [mm]

Average temperature at the
interface (TC-3) [°C]

LHI

14.6 ± 0.2

0.9 ± 0.06

345

HHI

17.7 ± 0.12

1.3 ± 0.08

418

Joining condition

The temperature in the PHAZ is higher than the T g of CF-PPS as well as being above Tm in the
vicinity of the interface, as mentioned above. Some of the molten PPS matrix is squeezed out of the
nub area as explained in Chapter 4. In addition, the viscosity of the molten polymer is reduced,
which leads to the entrapment of air pockets in the slowly flowing PPS. As the cooling rate is very
fast, these entrapped air pockets cannot escape from the PPS and remain as volumetric flaws in the
joint. Since extensive thermal degradation is absent, there is a strong indication that the main type
of flaw identified in the PHAZ close to the interface with the aluminum is due to pores and voids.
The formation of voids giving rise to defects as a result of air entrapment is also detected in
resistance welding [186] and laser welding [216] of thermoplastics. However, the temperature
through the thickness of the composite reduces to below Tm. During the cooling phase, debonding
between the PPS matrix and carbon fibers is expected as a result of large differences between the
coefficients of thermal expansion of the PPS and fibers. For more details on the formation of
defects in the PHAZ, refer to Section 4.3 and Figure 4.12.
In addition to defects, the growth of the spherulitic crystals may also occur in the PHAZ since the
temperature is above Tg. However, investigation into the spherulitic structure and crystal growth
was not in the scope of this work.
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7.5 Local mechanical properties
Local mechanical properties in FSpJ are divided into aluminum properties and CF-PPS properties.
Microhardness was used to evaluate the local mechanical properties of the AA2024, following the
procedure explained in Section 6.3.6.1. For properties of the composite, nanoindentation was used
to evaluate the local mechanical properties as explained in Section 6.3.6.2. This section is also
divided into two parts; first the local mechanical properties of aluminum are discussed, followed by
the results and discussion of the CF-PPS.

7.5.1

AA2024-T3

Figure 7.8 compares microhardness maps of the aluminum part of (a) LHI and (b) HHI joints. Due
to microstructural symmetry around the center of the spot in FSpJ, only half of the sample was
needed to generate the microhardness map. In the x-axis, 0 mm corresponds to the edge of the
sample, whereas 12.5 mm is the exact center of the spot. In the y-axis, 0 mm shows the top surface
of the aluminum, approaching the interface with the CF-PPS at 2 mm.
From the microhardness maps presented in Figure 7.8 one observes four distinct zones, numbered
in Figure 7.8 (b). The BM (Zone 1) with an average hardness of 135 HV starts from the edge of the
sample. The BM ends at a distance of approximately 7 mm from the edge for the LHI joint, and
ends at approximately 6 mm for the HHI joint. Inhomogeneous distribution of the microhardness
map in this zone may be attributed to the distribution of the strengthening particles. In positions
where the indenter touches or is very close to the particles, a higher value of hardness was obtained.
The MSZ (Zone 2) with higher hardness compared to the BM is obvious as the upper portion of the
aluminum part inside the spot area, with an average hardness of 151 HV. The high hardness in the
MSZ is related to the very fine DRX grains as well as re-precipitation of strengthening particles as
explained in the previous section.
The area below the MSZ approaching the interface is a mixture of MTMAZ (Zone 3) and MHAZ
with an average value of 139 HV. As explained earlier, there are three competing mechanisms
taking place in the MTMAZ. From the microhardness results, it seems that strain hardening has a
larger influence than dynamic recovery or precipitation coarsening, since the average hardness is
higher than the BM.
Finally, the MHAZ (Zone 4) with a much lower hardness of 123 HV is visible between the BM and
the beginning of the spot area. Recovery and coarsening of the strengthening particles are the
primary mechanisms, leading to a reduction of hardness in the MHAZ.
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Figure 7.8 Microhardness maps of the AA2024-T3 from the edge of the specimen (x=0 mm) to the
middle of the spot (x=12.5 mm) in the (a) LHI and (b) HHI joining conditions. The observed zones are
indicated in (b).

A comparison between the microhardness maps of the LHI (Figure 7.8 (a)) and HHI (Figure 7.8
(b)) joints showed an extended MHAZ in the HHI condition. This was expected, because due to the
relatively high thermal conductivity of the aluminum (121 Wm-1K-1) a larger amount of heat is
dissipated over a larger area. So a temperature increase in an extended area is expected, which leads
to a larger MHAZ.
It is worth mentioning that the areas in the figure with very low hardness on top of the aluminum
surface and close to the interface result from indents very close to the embedding resin and PPS
respectively.

7.5.2

CF-PPS

Nowadays, the use of nanoindentation for the mechanical evaluation of composites and
nanocomposites is well established [217]. In this technique, a force-displacement curve is
traditionally plotted during loading and unloading. Hardness and quasi-static elastic modulus are
obtained from the unloading part of the curve, as explained by Oliver and Pharr [218]. Figure 7.9
presents an example of the load-displacement curve of the PPS matrix in the composite’s base
material, which represents typical behavior reported for nanoindentation. The graph is comprised of
a loading and an unloading curve. Pmax in the graph corresponds to the peak indentation load, h max is
related to the maximum indentation depth, and hf shows the final displacement after release of the
elastic portion.
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Figure 7.9 An example of the load-displacement curve obtained through nanoindentation in the CFPPS base material. S: stiffness obtained from the unloading curve, Pmax: maximum load achieved in the
experiment, hmax: maximum indentation displacement, and hf: final displacement after release of the
elastic deformation (Adapted from [218]).

Oliver and Pharr [218] discussed the method to obtain the hardness and stiffness of a material from
the unloading curve. In this method, stiffness (S) is calculated from a linear fit to the unloading
curve as illustrated in Figure 7.9. Hardness is then obtained by dividing Pmax by the projected area
of the indenter impression. However, measuring the hardness and stiffness by such a method is
limited to the material’s giving an elastic or elastic-plastic response [217, 219]. Since polymer
materials possess time-dependent deformation behavior, the slope of the unloading curve usually
does not represent linear elastic recovery [219] and so may not give the accurate measurements. A
more advanced technique of continuous stiffness measurement (CSM) was introduced for materials
with time-dependent properties [217-221]. In this technique, a sinusoidal force is superimposed on
a quasi-static load during the loading segment [217, 219]. Employing the CSM technique allows
dynamic evaluation of the properties as a function of the indentation depth, among other
possibilities [217]. Since the goal of this section is not to present a comprehensive overview on the
nanoindentation technique, for more information refer to [217-219].
Figure 7.10 illustrates an example of the dynamic indentation modulus and hardness (obtained by
CSM technique) of the PPS obtained as a function of displacement into the surface for the BM and
for LHI and HHI joints (for the positions of the indents refer to the description in Section 6.3.6.2,
Page 47). Oscillation in the modulus curves (Figure 7.10 (a)) is obvious and might be attributed to
the surface roughness of the samples. Despite the presence of such oscillation, the average value of
the modulus between contact depths of 200 nm to approximately 800 nm is almost constant for all
specimens tested. Moreover, the hardness curves in Figure 7.10 (b) show a small decrease in the
range 200 nm to 1000 nm of contact depth. This behavior probably occurs as a result of an
inaccurate calculation of the contact area. Some of the phenomena that lead to an inaccurate
measurement of the contact area are sink-in, pile-up and surface roughness [222]. Surface
roughness could be the primary cause of a slightly inaccurate measurement in this work, resulting
from the polishing procedure prior to the nanoindentation experiment.
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Figure 7.10 Example of the dynamic indentation (a) modulus and (b) hardness of the PPS as a function
of the displacement into the surface for the BM, LHI, and HHI specimens.

The average values of modulus and hardness of the PPS matrix for the BM, LHI, and HHI joints
were measured both from the unloading curve according to the Oliver and Pharr method, and from
the CSM curves. Since the aim of this section is a qualitative analysis to compare the behavior of
the PPS in BM and the joints, there is no difference in using either the Oliver and Pharr method or
CSM technique. A summary of the measured data from the unloading segment of the loaddisplacement curves (Oliver and Pharr method) are listed in Table 7.7 and graphically illustrated in
Figure 7.11.
Table 7.7 Average and standard deviation of indentation modulus and hardness of the PPS obtained
from the unloading section of the load-displacement curves.

Joining
condition

Modulus [GPa]

Hadness [GPa]

BM

4.7±0.1

0.26±0.005

LHI

5.1±0.47

0.27±0.035

HHI

5.3±0.7

0.28±0.03

The results demonstrated a slight increase in the average of both modulus and hardness of the joints
compared to the BM. The HHI specimen demonstrated the highest modulus and hardness. Since the
crystallinity of the joints is lower than in the BM (Table 7.5), there must be another phenomenon
responsible for the observed increase in the local mechanical properties. Ovsik et al. [223] reported
an increase in nanoindentation modulus and hardness of Polyamide 12 (PA12) as a result of
increased cross-linking. As explained in Section 7.3 cross-linking may occur in PPS during FSpJ,
which might be responsible for the higher values of modulus and hardness of the joints compared to
the BM. Cross-linking increases the chain entanglement and branching points, and consequently
more load is required to overcome the cross-linked structure [40]. The results of nanoindentation
along with the presented results of DSC and TGA support the idea of a slight cross-linking taking
place in PPS during FSpJ process. Furthermore, no extensive thermal degradation of the PPS is
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expected, because the local mechanical properties obtained from nanoindentation would otherwise
be reduced compared to the BM.

Figure 7.11 Comparison of the indentation (a) modulus and (b) hardness of the PPS from the BM, LHI,
and HHI specimens.

7.6 Bonding zones, failure, and fracture analysis
7.6.1

Bonding zones

With joining technologies gaining an understanding of the bonding mechanisms is crucial for
subsequent evaluation of failure mechanisms. As discussed earlier in Chapter 4, two primary
bonding mechanisms are present in FSpJ between the metal and composite parts; mechanical
interlocking and adhesion forces. It is worth noting that in some of the literature, mechanical
interlocking is described as a category under adhesion forces. However, in this work mechanical
interlocking mechanisms are differentiated from adhesion forces for simplicity of the discussion.
A simple model was proposed to discuss the bonding zones and failure mechanisms in FSpJ [84].
As illustrated in Figure 7.12 (a), three zones can be identified in the fracture surface of an FSp joint.
The first zone corresponds to the area in which the mechanically deformed nub is present and the
process temperature was high enough in the region to produce a thin molten polymer layer. This
zone is called Plastically Deformed Zone (PDZ). The PDZ is believed to be the strongest part of the
joint, as there is intimate contact between the PPS matrix and the carbon fibers with the plasticized
aluminum volume. Most of the failure mechanisms, such as cohesive failure inside the PPS and
partial fiber breakage, occur in this region. The outer region is the zone in which the flowing molten
polymer is consolidated in a few seconds as a result of the very fast cooling rates. This zone is
called Adhesion Zone (AZ). There is also a Transition Zone (TZ) identified next to the internal
border of the consolidated layer. Due to the low viscosity of the flowing molten polymer during the
joining process, air bubbles remain entrapped in this layer. These three zones are not
homogeneously distributed around the nub as shown in Figure 7.12 (b), which may be an indication
of inhomogeneous heat distribution in the aluminum.
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Figure 7.12 (a) Schematic fracture surface of an FSp joint and (b) real fracture surface of an AA2024T3 / CF-PPS FSp joint, indicating three bonding zones; plastically deformed zone (PDZ), transition
zone (TZ), and adhesion zone (AZ).

Mechanical interlocking in FSpJ is divided into “macro-mechanical interlocking” and “micromechanical interlocking”. Macro-mechanical interlocking is only the result of nub insertion into the
composite inside the PDZ. By contrast, micro-mechanical interlocking occurs throughout the
bonding area in all three zones. The PPS molten layer flows into porosities and asperities on the
surface of the aluminum, creating micro-mechanical interlocking. Another sub-category of
mechanical interlocking is fiber entrapment by the aluminum. Some of the carbon fibers become
embedded in the aluminum inside the PDZ, by which further micro-mechanical interlocking is
achieved. Figure 7.13 (a) and (b) illustrate the cross-section of a joint examined by LSCM showing
the micro-mechanical interlocking phenomenon by aluminum pore and crevice filling by the molten
PPS, and fiber entrapment in the PDZ. High magnification SEM imaging (Figure 7.13 (c)) shows
that in some cases a layer of PPS flows between the carbon fibers and the aluminum. Although
direct contact between the aluminum and carbon fibers may improve mechanical performance of
the joints by improved micro-mechanical interlocking, it could nonetheless prove detrimental to its
corrosion behavior when exposed to a corrosive environment. Therefore, the presence of such a
layer may in fact inhibit or reduce the rate of corrosion. Adhesion forces act in the whole bonding
area between the molten PPS and aluminum. The main characteristics of the adhesion forces in
FSpJ will be thoroughly discussed in the next chapter.
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Figure 7.13 Cross-section of an AA2024-T3 / CF-PPS FSp joint in the PDZ examined by LSCM
showing micro-mechanical interlocking through (a) aluminum pore/crevice filling by the molten PPS in
a resin-rich area and (b) fiber entrapment. (c) High magnification SEM image showing a thin layer of
the PPS between aluminum and carbon fibers.

To summarize, metal-polymer bonding mechanisms in the PDZ consist of macro-mechanical
interlocking (as a result of nub insertion), micro-mechanical interlocking (due to metal pore-filling
by the molten polymer and fiber entrapment by the metal), and adhesion forces. The mechanisms of
bonding in AZ are mainly adhesion forces with micro-mechanical interlocking as a result of
aluminum pore-filling by the molten PPS. Similar bonding mechanisms as for the AZ exist in the
TZ, although a reduction in bonding forces is expected here as a result of voids at the interface.

7.6.2

Failure analysis

Failure of the FSp joint was analyzed by SLS testing as explained in Section 6.3.7.1. SLS geometry
is widely used in the literature, due to its simplicity to evaluate mechanical performance [224] and
further develop joining technologies. Although SLS geometry is simple to produce and test a joint it
leads to a complex, mixed-mode loading scenario in the specimens [225]. Shear loading (Mode II)
in combination with out-of-plane, normal forces (Mode I), as a result of the well-known secondary
bending effect [225, 226], are the main loading types with SLS testing [225]. Due to the presence of
load eccentricity in the SLS joint, a bending moment and a transverse load is generated as a result
of the secondary bending to reduce the eccentricity [29, 30]. The bending of the joining parts and
generation of transverse load leads to the formation of out-of-plane, normal stresses known as
peeling stress [30]. Peeling stresses increase the stress concentration, especially at the ends of the
overlap, which reduces the mechanical performance of the joint. The influence of secondary
bending and the resultant peeling stresses have been widely studied for SLS adhesively bonded [30,
225, 227, 228] and mechanically fastened joints [226, 229].
Figure 7.14 illustrates the fracture surface of a joint after lap shear testing that is typical for FSpJ. It
is clear from the figure that the FSp joints fail in shear mode through a mixed adhesive-cohesive
failure, which was also observed in other combinations of joining parts [20, 179]. According to
discussions about the bonding mechanisms, the failure explanation in FSpJ was proposed [84] as
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follows. Cracks initiate at the periphery of the AZ (indicated by black arrows in the figure) and
radially propagate along the interface between this layer and either the aluminum or composite
surface in a plane parallel to the applied loading direction. Should the cracks reach the beginning of
the TZ, their path can shift from the interface into CF-PPS. However, the crack’s path may switch
between the interface and inside CF-PPS depending on the amount and distribution of voids in this
zone, representing stochastic crack propagation. The cracks further propagate in the PDZ within a
volume close to the metallic nub, in the first ply of the CF-PPS. Two primary cracking zones can be
delineated during failure of an FSp joint: crack initiation and propagation zones. The cracking
zones can be correlated to the bonding zones as follows: crack initiation zone covers the AZ,
whereas crack propagation zone can be divided into two regions. The first crack propagation zone
takes place in the TZ and the second zone involves crack propagation in the PDZ. Such crack
initiation and propagation behavior lead to a pure adhesive failure in the AZ, also known as
interfacial failure [230]. However, cohesive failure was also observed in the PDZ, in which a large
amount of polymer matrix and carbon fibers remain attached to the aluminum surface. TZ shows a
mixed adhesive-cohesive failure with the adhesive failure being more pronounced.
It is also possible to observe in Figure 7.14 that a part of the AZ (indicated by a white arrow) has
failed by tearing perpendicular to the loading plane. This might be an indication of the influence of
secondary bending taking place close to the edge of the bonding area, which indeed reduces the lap
shear strength of the joints.

Figure 7.14 Fracture surface of an AA2024-T3 / CF-PPS FSp joint (produced by the LHI condition)
showing the initiation of radial cracks in the external periphery of the AZ. The white arrow indicates
the influence of secondary bending on the tearing fracture of the PPS in the AZ.

Figure 7.15 summarizes the crack propagation behavior of spot joints failing by shear. For
simplicity, only unidirectional fibers in the first two plies of the composite are sketched in this
figure.

Figure 7.15 Schematic illustration of the proposed crack propagation mechanism in friction spot joints
under shear loading [84].
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To further evaluate the mechanical behavior of the joints, based on the failure mechanisms, one can
analyze the load-displacement curve obtained from lap shear testing of a joint. Figure 7.16 depicts a
typical load-displacement curve for an FSp joint. It is obvious from the figure that FSp joints show
a linear elastic behavior with limited failure displacement. The load-displacement curve can be
divided into four zones. Zone 1 shows a linear elastic behavior with a high stiffness. This zone is
relatively short and finishes when the cracks start to appear at the periphery of the AZ. Zone 2
corresponds to the propagation of the radial cracks until they reach the TZ, and the AZ has
completely failed. This zone shows a reduced stiffness compared with Zone 1 as a result of crack
propagation and loss of the AZ. Zone 3 illustrates a return to a quasi-linear elastic behavior with a
slightly reduced stiffness compared to Zone 2 (see graph inset depicted in Figure 7.16). The
beginning of the crack propagation in the TZ is the start of the third zone. The crack propagation in
the TZ, PDZ and finally the area under the nub forms the third zone. The behavior of the joint in
this zone is influenced by the secondary bending phenomenon. Similar behavior is reported by
Olmedo et al. [226], where the stiffness of a bolted composite-composite single lap joint is highly
influenced by the secondary bending phenomenon in different failure zones. Formation of peeling
stresses as a result of the secondary bending in FSpJ leads to high stress concentration in the inner
periphery of the AZ. The third zone ends when the load reaches the ultimate lap shear strength of
the joint. Finally, Zone 4 corresponds to the final catastrophic failure of the joint in a short fraction
of a second.

Figure 7.16 An example of the typical load (force) - displacement curve in FSpJ under shear loading
divided into four regions. The graph inset shows a section of the curve related to the beginning of the
crack propagation.

In order to further understand the characteristics of the FSp joint under lap shear loading, the
behavior of the joint was simulated [231] in Abaqus software. A snapshot of the simulation result is
presented in Figure 7.17. This figure presents a cross-section of the joint to enable evaluation inside
the overlap. As can be seen in the figure, the simulation result confirmed the occurrence of
secondary bending at the ends of the joint, where both the aluminum and the composite are
deflected to reduce load eccentricity. Deformation in the aluminum is expected to be higher due to
its lower elastic modulus compared to CF-PPS, which leads to the formation of higher stress
concentrations as can be seen in the simulation result. Large stresses form between the nub and the
AZ inside the overlap area. Premature failure of the joint may happen as a result of such stress
concentration in a region near to the metallic nub.
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Figure 7.17 A cross-section snapshot of the AA2024-T3 / CF-PPS FSp joint simulated by finite elements
analysis. A region of high stress concentration inside the overlap area between the nub and the edge of
the joint is visible [231].

7.6.3

Fracture analysis

This part deals with examination of fracture micro-mechanisms in the FSpJ by post-failure SEM
analysis. The initiation and propagation zones explained previously can be related to three fracture
zones based on roughness features: a very smooth area known as the mirror zone, a quasi-smooth
(mist) zone, and a rough zone as explained by Kytopoulos et al. [232]. This correlation will be
explained in the following text.
Figure 7.18 illustrates an overview of the AZ-TZ boundary both on the aluminum and composite
surfaces. As explained in the previous section, cracks initiate at the external periphery of the AZ
and propagate into the TZ. As can be observed from Figure 7.18 (a) the AZ (on the aluminum
surface) illustrates a very smooth, featureless area known as the mirror zone [232]. The AZ fails
and detaches from the TZ by tearing, as shown by the arrows in the figure. Such a tearing failure is
similar to those reported in [233] for ductile failure of thermoplastics. The tearing failure is
characterized by a smooth area close to the failure site without any noticeable deformed structure
(such as fibrils). The AZ on the composite side is depicted in Figure 7.18 (b) where the crack
initiation sites are indicated by arrows. The cracks propagate between the consolidated molten PPS
layer and the composite, thus no traces of the consolidated layer can be detected on the composite.
Note that the color difference in Figure 7.18 (b) between AZ and the CF-PPS surface is due to a
manual contrast change, to enable the distinguishing of the AZ.
Stochastic crack propagation can be seen in the TZ where some of the PPS matrix remains attached
to the aluminum in the form of individual islands (indicated by arrows in Figure 7.18 (c)). The
fracture analysis of the TZ on the composite side (Figure 7.18 (d)) illustrates two primary features:
elongated fibrous-like features as in [233] (indicated by the white arrow), and a vein-type feature
(indicated by the black arrow), as also reported by Tanniru et al. [234]. Figure 7.18 (e) shows a
higher magnification of the elongated fibrils (from the elongated fibrous-like region in Figure 7.18
(d)) that indicate a ductile fracture. However, a high magnification of the vein-type features is given
in Figure 7.18 (f) and as is apparent in this figure, within the large vein-type features the surface is
very smooth, which resembles a brittle fracture. Furthermore, on the edges of both features, tearing
of the PPS is clearly visible. Therefore, the TZ shows a quasi-smooth (mist) area [232] with a
mixed brittle-ductile fracture.
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Figure 7.18 SEM fracture surface examination of the AA2024-T3 / CF-PPS FSp joint (an example of a
HHI joint); (a) AZ on the aluminum, (b) AZ on the composite, (c) AZ-TZ boundary on the aluminum
showing pieces of the PPS remaining attached as individual islands inside the TZ, (d) AZ-TZ boundary
on the composite showing fibrous-like (indicated by the white arrow) and vein-type (indicated by the
black arrow) features in the TZ, (e) magnified image of the fibrous-like features, implying a ductile
fracture, and (f) magnified image of the vein-type features showing a smooth area inside, implying a
brittle fracture. Note that in these figures the path of the radial cracks follow from top-left to bottomright of the images.
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Turning now to the fracture mechanisms in the PDZ as the main crack propagation zone, Figure
7.19 displays the main features on the aluminum side. The SEM image of the nub area (as indicated
by the circle in Figure 7.19 (a)) is depicted in Figure 7.19 (b). It is visible from this figure that the
whole surface of the aluminum is covered completely by the PPS. A fraction of the carbon fibers is
also apparent, especially on the center of the spot. This is a clear indication that the cracks
propagate inside the first ply of the CF-PPS, as illustrated in Figure 7.15. Fiber pull-out is another
fracture micro-mechanism that was observed in the FSp joint. Figure 7.19 (c) shows carbon fibers
(indicated by the black arrows) that were pulled-out from the composite and remain attached to the
aluminum surface. These fibers come from the warp direction in the composite, which were
probably entrapped by the aluminum at the interface. Fiber-pull out is a well-known fracture
mechanism in composites, which dissipates energy through fiber breakage and friction between the
extracted fiber and matrix [113]. Fiber pull-out as a result of micro-mechanical interlocking was
also reported by Balle et al. [57] in the ultrasonic welding of aluminum-CFRP. In addition to the
pulled-out fibers, some of the PPS matrix was also detected on the aluminum. Figure 7.19 (d)
magnifies a piece of the PPS matrix that remained on the aluminum as indicated by the rectangle in
Figure 7.19 (c). Tearing of the PPS is one of the primary fracture micro-mechanisms apparent in the
figure (also indicated by the black arrows). However, as indicated by the white arrow, a feature that
resembles a drawing of the fibrils can also be seen, suggesting plastic deformation of the PPS. It
seems that the PPS matrix is plastically deformed under complex combined shear and peeling
stresses. As soon as the generated stresses exceed the local strength of the PPS, it fails through
tearing. In addition to the warp fibers, fibers in the weft direction also contribute in the failure
mechanisms. Figure 7.19 (e) displays pieces of the weft fibers that are broken and remain attached
to the aluminum. Since the weft fibers are perpendicular to the loading direction, when the local
stresses exceed the transverse strength of the carbon fibers, fracture of the fibers occurs, leading to
detachment of the fibers from the PPS matrix. Finally, as shown in Figure 7.19 (f) areas with a very
smooth, brittle fracture with micro-voids in the attached PPS material can be seen, especially inside
the nub (Region 1). Since the micro-voids may act as stress concentration sites, micro-flaws
originate from such voids. In areas where the density of the voids is high, coalescence of such
micro-flaws leads to a very fast fracture in a brittle manner with a smooth appearance. The voids in
this figure are believed to be formed during the FSpJ process as a result of air entrapment in the low
viscosity PPS molten layer as discussed in Chapter 4, Section 4.3.
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Figure 7.19 SEM fracture surface examination on the AA2024-T3 side from four regions indicated in
(a), (b) general overview in the center of the spot showing PPS matrix and carbon fibers remain
attached to the aluminum, (c) Pulled-out warp carbon fibers and some of the PPS matrix attached to
the aluminum due to the micro-mechanical interlocking phenomenon, (d) high magnification image of
the PPS matrix from (c) illustrating plastic deformation of the PPS (indicated by the white arrow) and
tearing (indicated by black arrows), (e) some of the weft carbon fibers remain attached to the
aluminum, while most of the fibers are partially covered by the PPS matrix, and (f) high magnification
of a region with high concentration of voids; showing a very smooth, brittle fracture in the vicinity of
the voids. Direction of the applied load is indicated by the arrows in (c), (d), (e), and (f).
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The main features of the composite fracture surface in the PDZ were examined in five regions as
indicated in Figure 7.20 (a). The SEM images of these regions are illustrated in Figure 7.20 and
continue in Figure 7.21. Figure 7.20 (b) reveals an overview of the spot area in which parts of the
carbon fibers are shown to be slightly distorted, as indicated by arrows. Distortion of the fibers
probably occurs during the joining process, due to the fact that the viscosity of the PPS is largely
reduced and the molten PPS squeezed out of the region. As one of the roles of the matrix in
composites is to tightly hold the fibers together, an outward flow of molten PPS results in less
matrix material around the carbon fibers, which can lead to slight distortion and rearrangement of
the fibers.
The zone containing warp fibers (Figure 7.20 (c)) shows a very rough surface involving large PPS
fibrils elongated in the loading direction (the loading direction is shown with an arrow). The lengths
of the fibrils were measured and they demonstrated a range between tens of microns to
approximately 100 µm. In polymer composites a fibrous fracture with fibrils more than 10 µm in
length implies ductile fracture [233]. Therefore, ductile fracture is the main feature in this area. In
addition, tearing is shown to be the primary fracture micro-mechanism in this zone, which follows
after the occurrence of a large plastic deformation of the PPS matrix. Tearing at the end of the fibril
plastic deformation is shown in the high magnification image in Figure 7.20 (d). As discussed
earlier, fiber pull-out is another fracture mechanism detected in the FSpJ as some of the warp fibers
remain attached to the aluminum after the joint failure. The fiber pull-out mechanism can also be
seen on the composite side as illustrated in Figure 7.21 (a). The white arrow in the figure shows a
region (valley) were a fiber was pulled-out from the PPS matrix.
However, the area of the composite containing weft fibers shows mainly fractured fibers (Figure
7.20 (e)). The weft fibers, which are aligned perpendicular to the loading direction, break when the
local stress exceeds their transverse strength. A high magnification image of the broken weft fibers
is depicted in Figure 7.20 (f). Some pieces of the fibers are bent in the direction of the applied load
prior to their failure. The broken fibers remain attached to the aluminum as displayed in Figure 7.19
(e). Details of the fracture mechanism that takes place in the weft fibers are shown in Figure 7.21
(b). As indicated by the black arrows in this figure, micro-voids are generated at the fiber-matrix
interface. Such micro-voids act as the origin of micro-cracks. The coalescence of such micro-cracks
forms a larger crack that will propagate either along the fiber-matrix interface or into the fiber. In
cases of strong adhesion between carbon fibers and the PPS matrix, the transverse strength of the
fibers is overcome as a result of high local stresses and so the crack propagates into the fiber,
resulting in fiber fracture as shown in Figure 7.20 (f). However, if fiber-matrix adhesion is reduced
(for instance by process-induced softening of the PPS matrix because of the high temperatures
involved), the crack propagates at the fiber-matrix interface, leading to debonding and PPS matrix
fracture by final tearing, as illustrated in Figure 7.21 (b). The crack propagation path is clearly
apparent in the figure, as also indicated by the smaller white arrows (top of the figure). One can
also see large plastic deformation of the PPS matrix and the tearing fracture along the fiber-matrix
interface. The latter is indicated by larger white arrows (at the bottom) in the figure.
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Figure 7.20 SEM fracture surface examination on the CF-PPS side from the regions indicated in (a),
(b) general overview in the center of the spot, where slight distortions of the fibers are indicated by the
arrows, (c) elongated fibrils in an area containing warp fibers resembling a ductile fracture, (d) high
magnification of the fibrils in (c) where the tearing fracture at the ends of the fibrils is apparent, (e)
broken weft fibers, and (f) high magnification of the broken weft fibers where slight rotation of the
fibers in the direction of the applied load is visible. Direction of the applied load is indicated by the
arrows in (c) and (e).

Figure 7.21 (a) High magnification image of the warp fibers region in which the white arrow indicates
an impression of a pulled-out fiber, (b) high magnification image of the fiber-matrix debonding in a
weft fiber as a result of weakened fiber-matrix adhesion. Black arrows indicate some micro-voids
acting as crack initiation, smaller white arrows (top) show crack propagation path and larger white
arrows (bottom) illustrate a tearing fracture along the fiber-matrix interface.
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All in all, the SEM images reveal a three-dimensional rough surface in the PDZ on the composite
side that resembles the rough area in the crack propagation zone as discussed by Kytopoulos et al.
[232].
To summarize the fracture micro-mechanisms: The adhesion zone (AZ) is characterized by a very
smooth, featureless area known as a mirror zone. PPS did not show any deformation in the AZ
resembling a brittle fracture. The transition zone (TZ) showed a mixture of an elongated fibrouslike region and a smooth veined-type area. Therefore, TZ is characterized by a quasi-smooth (mist)
area and a mixture of ductile and brittle fractures. Finally, the plastically-deformed zone (PDZ)
showed a mixture of various fracture micro-mechanisms. Some of the warp fibers from CF-PPS
were broken and pulled-out of the matrix. In addition, pieces of the weft fibers were broken and
remained attached to the aluminum. The PPS matrix showed elongated fibrils in the direction of the
applied load. The fibrils had a length of between tens of microns to approximately 100 microns,
implying a ductile fracture. Fiber-matrix debonding was also detected in this zone. All in all, the
failure micro-mechanisms in an FSp joint showed a mixture of ductile and brittle fractures.
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Chapter 8. Influence of the Aluminum Surface
Pre-treatments on the FSp Joints
In this chapter, the influence of the selected aluminum surface pre-treatments mentioned in Section
6.3.8 (Table 6.4) on the mechanical performance of the FSp joints will be discussed. The term pretreatment is used because these were treatments applied to the aluminum surface prior to the joining
process. To explain the mechanical performance of pre-treated AA2024-T3 / CF-PPS FSp joints,
the effects of pre-treatment on the surface features of the aluminum are first addressed. To compare
the performance of the selected aluminum surface pre-treatments, an optimized set of joining
parameters obtained from the process optimization study was used (refer to Section 7.1). The
joining parameters selected were: RS (2900 rpm), PD (0.8 mm), JT (4 s), and JP (0.3 MPa). As only
one set of joining parameters was used, the formation of the nub was similar in all cases and hence
the macro-mechanical interlocking was too. So in this chapter the influence of the aluminum
surface pre-treatments on the adhesion forces and micro-mechanical interlocking will be explained.
It is worth mentioning that surface pre-treatment of the composite also underwent preliminary
investigation. For this purpose, plasma pre-treatment was used for some of the composite
specimens. However, the SLS strength of the joints using plasma pre-treated composite did not
result in any appreciable difference in strength over the as-received composite samples (Appendix
A.6). This was probably due to the melting of the surface PPS matrix during the joining process,
leading to the elimination of any pre-treatment influence. Therefore, the main focus of this part of
the work was put on the surface pre-treatment of the aluminum specimens.

8.1 Aluminum surface analysis
Mechanical interlocking and adhesion forces are the primary bonding mechanisms found in FSpJ.
So any alteration on the surface of the aluminum (surface morphology and chemistry) will
influence the bonding mechanisms and hence the strength of the FSp joints. Accordingly, it is of
utmost importance to examine and understand the aluminum surface modifications as a result of the
surface pre-treatments.

8.1.1

Wettability

It is well-known from the principles of adhesive bonding that the surface energy of the substrate
must be greater than or equal to the adhesive to achieve a complete wetting, good adhesion, and so
increased mechanical performance [32, 72, 73]. It is believed that in FSpJ increasing the surface
energy of the joining parts will increase the wettability of the surface for the molten PPS. One way
to increase the surface energy is by performing a surface pre-treatment [32, 74].
Water contact angle measurement was used to evaluate the wettability of the aluminum surface
after the pre-treatments. Table 8.1 summarizes the results obtained from static contact angle
measurements. One can observe from this table that all the surface pre-treatments used decreased
the water contact angle compared to the as-received (AR) specimens. Among all the pre-treatments
tested, chemical and electrochemical pre-treatments proved more efficient than mechanical pretreatments. A reduction in the water contact angle can be attributed primarily to the removal of the
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contaminations and the natural aluminum oxide (Al2O3) from the aluminum surface. To improve
the adhesion between the molten PPS and the aluminum, obtaining a surface with less
contamination plays an important role. High surface energy as a result of reduced contamination
enhances the adhesion forces between the PPS and the aluminum.
Table 8.1 Water contact angle measurements and an example of the water droplet on the AA2024-T3
surface after various pre-treatments.

Surface pre-treatment

Contact
angle
[degrees]

AR

79±2

MG

50±2

SB

35±2

Chemical and
electrochemical pretreatments, as well as
mechanical + chemical
pre-treatments

<5

Example of the water droplet on the surface

No image could be obtained as a result of very
low contact angle and instability of the water
droplet

In addition to the cleaning effect of the surface pre-treatments used in this work, the positive effects
of increased surface roughness was observed, particularly resulting from mechanical pretreatments. As Wenzel argues [80], increased effective surface area due to the generation of macrorough and micro-rough asperities improves the wettability of the aluminum surface. Sandblasting
proved an effective pre-treatment, producing a very macro-rough surface, which indeed led to an
effectively large surface area on the aluminum and so improved wettability. Even simple manual
mechanical grinding (MG) reduced the contact angle by approximately 30° compared to the AR
samples, as a result of larger effective surface area. Chemical and electrochemical pre-treatments
resulted in a surface with highly micro-rough asperities, which reduced the contact angle
enormously, to below 5°. Aspects of aluminum surface morphology will be further discussed in the
next sub-section.
Physicochemical alteration of the surface is another issue that should be taken into account. Surface
energy is also changed as a result of modifications to the surface composition. Even mechanical
pre-treatments, such as sandblasting, may alter the surface energy as a result of varying the
chemical composition (depending on the medium used for the pre-treatment), as reported for
example in [77].
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In summary: removal of surface contaminations, generation of macro-rough and micro-rough
asperities, and alteration of the surface chemical composition led to enhancement of the surface
energy and improved wettability of the surface of the AA2024-T3.

8.1.2

Surface topography and morphology

Obtaining a rough surface, to a certain extent, was one of the primary motivations to employ
various surface pre-treatments. In particular, the aim was to achieve a macro-rough surface as a
result of mechanical pre-treatments and a micro-rough surface through the application of the
chemical and electrochemical pre-treatments. Table 8.2 lists the average surface roughness
parameters (Ra and Rz) of the AA2024-T3 after applying each surface pre-treatment. It is apparent
from the table that both MG and SB successfully increased the aluminum surface roughness
compared to the AR state, and the increase was much more using SB. Obviously excessive surface
roughness is detrimental to the mechanical performance, because larger asperities can act as
barriers to the molten polymer flow and hence reduce the bonding area. Despite this, such a
negative effect was not detected in this work. SB generated a macro-porous aluminum surface that
effectively increased the micro-mechanical interlocking. In particular, very large Rz shows the
ability of the SB specimens to accommodate a large amount of molten PPS. Chemical pretreatments did not show any influence on the Ra, although they did increase Rz and that can slightly
contribute to an increase in mechanical interlocking. It is interesting that CC pre-treatment
produced the same surface roughness as AP pre-treatment, but much faster (1 min as opposed to 15
min of pre-treatment respectively). This may be related to the effectiveness of the fluoride ions in
the CC solution in rapidly attacking the aluminum surface [87]. A combination of mechanical (SB)
and chemical pre-treatments also resulted in a large surface roughness. However, the values of Ra
and Rz were reduced, compared to the stand alone SB. This is in fact due to partial removal of
surface ridges by the chemical etching.
Electrochemical pre-treatments produced similar surface roughness to chemical pre-treatments. It
should be noted that in cases of chemical and electrochemical pre-treatments a very fine
microporous oxide layer is expected to be formed. It seems that in such cases the effectiveness of
surface roughness analysis is questionable.
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Table 8.2 Average surface roughness parameters of the AA2024-T3 after various surface pretreatments obtained by non-contact LSCM.

Category

Surface pre-treatment

Ra [µm]

Rz [µm]

AR

0.4

16.9

MG

0.7

30.1

SB

5.2

100.1

AP

0.4

32.8

CC

0.4

32.7

SB+AP

3.9

69.4

SB+CC

3.9

75.8

SAA

0.8

38.2

PAA

0.6

38.8

PAA-P

1.1

21

Mechanical

Chemical

Mechanical & Chemical

Electrochemical

SEM was used to examine the morphology of the oxide layer on the aluminum surface. As can be
observed in Figure 8.1 (a), the AR specimens showed a smooth, featureless surface. Only some
rolling lines are visible on the surface. The smoothness of their surfaces was confirmed by the
results of surface roughness analysis presented above in Table 8.2. Unlike the AR specimens, the
mechanically ground samples had slightly rough, parallel lines from the final stages of manual
grinding in one direction (see Section 6.3.8 for MG procedure), as shown in Figure 8.1 (b). The
generated groove-like features and some other irregularities on the surface led to a slightly higher
surface roughness, as shown in Table 8.2. However, markedly more modification by mechanical
pre-treatment was identified on the SB surfaces. As illustrated in Figure 8.1 (c), with SB a very
rough surface with different irregular shapes was obtained. The molten PPS layer can readily
penetrate into porosities and crevices leading to a strong micro-mechanical interlocking effect. As
explained in Section 3.2.1 (Figure 3.7), the shape and angle of surface asperities play an important
role in mechanical interlocking between polymer and substrate, which in turn influences the
mechanical performance of a joint. It is believed that as SB generated asperities with various shapes
and angles it can effectively increase micro-mechanical interlocking, both under shear and normal
loading. Furthermore, the larger effective surface area obtained by SB increases the contact
between PPS and the aluminum, leading to the promotion of adhesion forces across an extended
area.
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Figure 8.1 SEM images of the AA2024-T3 surface from (a) AR, and after (b) MG and (c) SB pretreatments.

The surface features of the chemically pre-treated aluminum are shown in Figure 8.2. Both AP and
CC pre-treatments led to surfaces very similar to the AR surface. No specific features could be
identified apart from some slight scratches and localized etch pits. The rolling lines were also
retained to some extent after both pre-treatments. Chemical conversion treatments, for example
Ti/Zr, usually lead to the formation of a uniform layer consisting of spherical particles [87, 90]. In
the current work we did not detect such a layer on the surface of the CC pre-treated aluminum. This
could be due to differing chemical compositions of CC solutions and to the duration of the
treatment being shorter in this study. An investigation of the changes in the CC pre-treatment
procedure is beyond the scope of this work. The influence of parameters such as duration of pretreatment, concentration of solution, etc. on the formation and morphology of the CC layer was not
considered.

Figure 8.2 SEM images of the AA2024-T3 surface after (a) AP and (b) CC pre-treatments.

Figure 8.3 illustrates the aluminum surface features after electrochemical pre-treatments. The SAA
pre-treated surface (Figure 8.3 (a)) demonstrated a combination of aspects. Firstly, the surface
showed an incomplete coverage, which most probably occurs at the grain boundaries. Such a
structure was observed by Lunder et al. [93] in the chromate conversion coating of AA6060, and a
similar feature was also found by Critchlow et al. [75] in the chromic acid anodizing of AA2024-T3
clad. Secondly, very few scalloped features could be identified, similar to [75, 93]. In addition, a
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few shallow rolling lines were still observed on the surface. The presence of these features can
increase the micro-mechanical interlocking between the molten PPS and the oxide layer, leading to
an increase in the strength of the joints. At low magnification (Figure 8.3 (b)) the PAA pre-treated
specimens showed a porous surface with relatively small generated pores. A higher magnification
image of the surface (Figure 8.3 (c)) revealed a very porous oxide layer, similar to those reported in
the literature [94, 96, 235, 236]. A few larger pores were also detected on the surface. Such very
fine porous structure promotes the micro-mechanical interlocking phenomenon and is believed to
increase the strength of the joint. It was reported [96] that such a fine porous structure is responsible
for achieving strong joints in adhesive bonding as well. It is however important to mention that, in
contrast to the adhesive bonding, for FSpJ a very fine porous structure may not prove so beneficial.
Due to the fact that PPS is in a molten or softened state only for a few seconds, there may not be
enough time for it to complete the pore penetration and result in effective micro-mechanical
interlocking. This aspect of completing the pore filling is especially important for achieving a
durable joint, as discussed by Digby and Packham [69]. The durability aspects of FSpJ will be
discussed in the next chapter.
Figure 8.4 shows a low magnification SEM image of the surface of the aluminum after PAA pretreatment and the subsequent application of primer. The surface illustrated has a very dense and
compact structure with very small and elongated whisker-like particles deposited homogeneously
on the surface. These particles were examined by means of EDS, which showed the presence of
strontium oxide and chromium oxide. The chemical composition of the aluminum surface will be
discussed next. As mentioned in the literature review (Section 3.3.4), a primer can adjust the
surface energy of aluminum and dissolve some organic contaminations on the surface [103]. Such
characteristics improve the wettability, as demonstrated by a very low contact angle of less than 5°,
as shown in Table 8.1.

Figure 8.3 SEM images of the AA2024-T3 surface after (a) SAA and (b) PAA pre-treatments, and (c)
high magnification image of the PPA pre-treated surface.
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Figure 8.4 SEM image of the AA2024-T3 surface after PAA-P pre-treatment.

8.1.3

Surface chemical composition

In addition to the topography and morphology of the surface, which affect micro-mechanical
interlocking, alteration of the chemical composition as a result of surface pre-treatments influences
the adhesion forces between the PPS and AA2024-T3. Therefore, the surface chemical composition
of the aluminum was also investigated, using EDS and XPS.
Figure 8.5 illustrates the EDS spectra of the aluminum surface in the AR condition and after the
various surface pre-treatments. As examples here, the spectrum of only one surface pre-treatment
sample in each category is shown in this figure, but the average surface chemical compositions of
all the surface pre-treated specimens is tabulated in Table 8.3. The spectra selected were for those
specimens with highest mechanical performance in each category (see Section 8.2). It is clearly
visible that apart from the PAA-P specimens the amount of surface carbon is reduced by all other
surface pre-treatments, compared to the AR condition. This is one of the reasons why the
wettability of the aluminum surface was increased and the water contact angle reduced (see Table
8.1). Organic contaminations may adhere to the aluminum due to the aluminum sheet processing or
during the machining of the coupon specimens. Such contaminations are not easily eliminated by a
simple wiping procedure (in AR condition) and often require a stronger surface cleaning. In
addition, the PAA-P specimens showed a high amount of carbon on the surface, confirming the
presence of a thick layer of the primer.
In all surface pre-treated specimens, the amount of Cu and Mg was also reduced, compared to the
AR samples. This is probably due to the removal of secondary particles by mechanical pretreatment or dissolution of the particles by chemical and electrochemical pre-treatments. In the
PAA-P specimens, no Cu or Mg could be detected due to the deposition of the primer layer. The
variation of Al and O was slightly different as a result of surface pre-treatments. It seems that to
some extent MG removed the aluminum’s natural oxide leading to a higher amount of Al and lower
amount of O. By contrast, SB, AP, and CC did not change the composition drastically. It is believed
that the oxide layer generated by these surface pre-treatments was not extended or thickened,
compared to the AR condition. Similar behavior was also reported in [237] for mechanical and
chemical surface pre-treatments of AA2024.
However, SAA and PAA pre-treatments showed a high amount of O, implying the formation of a
thicker oxide layer on the aluminum surface after the anodizing process. Comparing the amount of
O and Al for SAA (O: 49.9%; Al: 38.3%) and for PAA (O: 14.9%; Al: 76.9%) pre-treatments
suggests that the oxide layer formed after SAA pre-treatment was much thicker than the PAA one.
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This agrees with the results published in the literature [99]. Nevertheless, another reason for the
high amount of O in the SAA specimen could be attributed to absorbed water. As explained in
Section 3.3.3 (Page 18), the SAA pre-treated aluminum is highly susceptible to water absorption
[99, 100]. A small amount of sulfur was also detected on the surface of the SAA pre-treated
samples due to the anodizing solution, which contained sulfuric acid, and this could be related to
the formation of aluminum sulfate [100]. A low concentration of P could also be detected on the
surface of the PAA pre-treated aluminum. Phosphorous is reported to form an AlPO4 monolayer on
the top surface of aluminum [98, 238, 239].
Moreover, the PAA-P specimens showed a very low amount of Al in the spectra obtained. This is
due to a thick layer of deposited primer; which masked detection of the bulk aluminum. In addition,
a relatively high O content was detected for the PAA-P pre-treated surfaces. The epoxy-based
primer contains O in its structure, which is one source of this oxygen. Chromium oxide and
strontium oxide are also normally used in the primer layer as corrosion inhibitors [112], which are
further sources of oxygen. The presence of Cr and Sr were also confirmed by the EDS analysis as
can be seen in Figure 8.5 (e) and Table 8.3. Chromium oxide and strontium oxide were identified
on the PAA-P pre-treated surfaces as whisker-like particles as illustrated in Figure 8.4.
The EDS analysis provided useful information on pre-treatment alterations of the chemical
composition of the aluminum surface. Such changes in chemical composition and an oxide layer
generated on the surface influence the adhesion between the aluminum and PPS and hence the
mechanical performance of the joints. However, in some surface pre-treatments, particularly CC, a
more fundamental composition alteration was expected, because of the hexafluorozirconate (HFZ)
basis of the alodine solution used in this work [200]. As the information depth by EDS was large,
chemical information for just the top surface could not be obtained. Therefore, for selected surface
pre-treatments an XPS analysis was also performed, to better understand the chemical composition
modifications of the aluminum surface.
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Figure 8.5 Example of selected spectra from the EDS analysis of the AA2024-T3 surface; from (a) AR,
(b) SB, (c) CC, (d) PAA, and (e) PAA-P.

Table 8.3 Average chemical composition (in wt%) of the AA2024-T3 surface after different surface
pre-treatments by EDS analysis.

Surface pretreatment

Al

O

C

Cu

Mg

P

S

Cr

Sr

AR

78.4

6.0

6.5

4.9

4.2

-

-

-

-

MG

92.3

1.3

0.4

3.8

2.2

-

-

-

-

SB

87.3

6.8

1.2

3.1

1.6

-

-

-

-

AP

85.5

4.9

3.8

4.1

1.7

-

-

-

-

CC

88.1

5.1

1.5

3.9

1.4

-

-

-

-

SAA

38.3

49.9

2.4

3.1

0.4

-

5.9

-

-

PAA

76.9

14.9

2.0

3.0

1.5

1.7

-

-

-

PAA-P

0.2

17.8

76.0

-

-

-

-

2.5

3.5
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Figure 8.6 illustrates the XPS spectra on the aluminum surface in the (a) AR condition and (b) after
CC pre-treatment. For the AR specimen XPS shows similar elements obtained by EDS analysis.
However, for the CC pre-treated specimen, unlike the EDS analysis, XPS reveals more elements on
the aluminum surface than expected. F, Zr, B, and P are the main elements detected by XPS in
addition to those in the AA2024-T3 itself. The presence of all these elements from the bulk of the
aluminum as well as those from the CC process in the XPS spectrum suggests that the coated layer
generated on the surface is very thin, probably only a few nanometers in thickness. It is discussed in
[87] that hexafluorozirconate (HFZ) may not remove the natural aluminum oxide layer, but leads to
the formation of a layer containing Al-Zr-O-F complex with low interfacial tension. The presence
of this layer is thought to increase the activation and wettability of the aluminum surface [87].
Increased wettability and hydrophilicity of the surface was also confirmed in this work, as
illustrated in Table 8.1. The main reaction products of the HFZ solution with the aluminum surface
were reported to be zirconium oxide and aluminum fluoride [240, 241]. The activation of the
surface and presence of new elements are believed to increase the possibility of chemical bond
formation between the molten PPS and the CC layer on the aluminum surface during the joining
process. As XPS analysis of the other surface pre-treatments did not reveal any different elements
on the aluminum surface than those obtained by EDS analysis, their XPS spectra are not shown
here, but can be found in Appendix A.7.

Figure 8.6 XPS analysis of the AA2024-T3 surface; (a) AR and (b) CC.

To summarize: all the surface pre-treatments altered the surface morphology and / or surface
chemistry. Although mechanical pre-treatments, especially SB, drastically increased the surface
roughness, no noticeable changes in chemical composition could be detected. In particular, AP and
CC led to a clean surface with a low amount of contaminations, but the surface roughness did not
alter significantly. Unlike AP, which did not reveal any changes in the chemical composition of the
surface, CC led to the formation of an Al-Zr-O-F layer, which may contribute to the formation of
chemical bonds with PPS during the joining cycle. Combinations of mechanical and chemical pretreatments, particularly SB+CC, changed both surface morphology and chemistry, which in turn
increases the activation of several bonding mechanisms between the aluminum and PPS.
Electrochemical pre-treatments, especially PAA, led to a highly porous oxide layer with very small
diameter pores. Slight changes in chemical composition were also identified by addition of P to the
surface. Both PAA and SAA surfaces showed a high amount of oxygen, which could indicate a
thick oxide layer formed on the surface of aluminum. Finally, PAA-P specimens had a very
compact primer layer, which did not prominently alter the surface roughness. Nevertheless, a very
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thick carbon-based epoxy primer layer was formed with whisker-like particles of chromium and
strontium oxides as corrosion inhibitors. The carbon-based epoxy layer is also expected to form
chemical bonds with the PPS during the FSpJ process.

8.2 Mechanical performance of the joints
This section deals with the mechanical performance of the FSp joints and its relation to changes on
the aluminum surface. The main mechanical testing used in this work was SLS testing. In addition,
CT joint geometry was examined for selected surface pre-treatments to evaluate the joint behavior
and the influence of surface pre-treatments under mode I loading.
Figure 8.7 shows the strength (ULSF) of the SLS FSp joint with the various surface pre-treatments.
All surface pre-treatments increased the SLS strength of the joint to some extent, compared to the
AR specimen (strength 878 ± 89 N). Such an increase is particularly pronounced in the case of the
PAA-P pre-treatment. Both MG (strength 2474 ± 294 N) and SB (strength 2252 ± 212 N)
specimens showed an increase of more than 150% compared to the AR specimen. As explained
previously, both mechanical pre-treatments increased the surface roughness, by introducing parallel
grooves in the case of MG or asperities and irregularities with SB. Although SB gave a much
rougher surface than MG, their similar mechanical performance, in terms of SLS strength, suggests
that the groove-like features produced by MG were sufficient to generate micro-mechanical
interlocking between the molten PPS and aluminum under shear loading. As the final grinding
direction was ±45° to the loading direction, efficient interlocking was achieved.

Figure 8.7 Mechanical strength of SLS FSp joints after aluminum surface pre-treatments.

AP had the lowest increase in strength (1246 ± 186 N) of approximately 42%. Since AP does not
change the chemistry of the surface, such an increase in strength can be attributed to a slight
increase in surface roughness, and so a small increase in micro-mechanical interlocking. Improved
micro-mechanical interlocking was particularly achieved due to efficient wetting of the aluminum
by the molten PPS, as explained in the previous section. CC had a similar surface topography to AP
(see Table 8.2), but the increase in strength (2493 ± 118 N) was over 180%, compared with the AR
specimen. In addition to improved wettability, similar to the AP pre-treatment, CC altered the
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chemical composition markedly. The formation of strong chemical bonds is thought to be the main
cause of such an increase in the strength of the CC pre-treated specimen. The formation and nature
of bonds during FSpJ will be explained briefly in the next section. A combination of SB with AP
and CC further increased the strength of the joint (3028 ± 228 N and 3276 ± 352 N respectively)
which was expected. Both micro-mechanical interlocking and the formation of chemical bonds (in
case of the SB+CC pre-treatment) in addition to improved wettability are the main reasons for such
improvement.
Electrochemical pre-treatments also positively influenced the strength of the joints, but PAA
performed better than SAA (2932 ± 298 N and 2120 ± 464 N respectively). Both pre-treatments did
not change the surface chemistry noticeably and the formation of chemical bonds by new elements
was not expected. As discussed earlier, the SAA pre-treatment led to the formation of a very small
number scalloped features and incomplete coverage at the grain boundaries was also identified (see
Figure 8.3 (a)). The penetration of the molten PPS into these features is believed to increase micromechanical interlocking. In the case of the PAA pre-treatment, the generation of a highly porous
oxide layer also improved the micro-mechanical interlocking. Although the pores were very fine
after PAA pre-treatment and the PPS was only a few seconds in the molten state, sufficient pore
filling was achieved to improve the micro-mechanical interlocking and increase the strength of the
joint under quasi-static loading. The lower strength of SAA pre-treated specimens compared to
their PAA counterparts might be related to the hydrated state of the aluminum oxide layer after
SAA pre-treatment as discussed earlier.
Finally, the PAA-P specimen had the highest average strength of 8081 ± 716 N, which is
approximately 10 times the AR condition. This prominent increase in strength is believed to result
from the formation of primary carbon-carbon chemical bonds between the primer layer and the
molten PPS. As surface roughness was not altered markedly after PAA-P pre-treatment, the cause
of this strength increase must be mainly due to the promotion of adhesion forces by the formation
of chemical bonding. Kinloch et al. [242] observed in adhesive bonding of aluminum joints that the
primer forms an interphase with the underlying oxide layer. Such an interphase between the oxide
layer and the adhesive decreases the local stress concentration between the high-modulus oxide
layer and low-modulus adhesive [242]. A similar interphase with intermediate modulus may be
formed during the FSpJ process, between the aluminum oxide and molten PPS, leading to better
crack resistance and hence improved joint strength.
To understand the effectiveness of surface pre-treatments and joint behavior under mode I tensile
loading (which might be important for certain engineering applications), CT geometry was selected.
Figure 8.8 shows the CT strength (achieved ultimate CT force) of the FSp joint for selected pretreatments. One observes that the strength of the joint under tensile loading is much lower than
under shear loading. Comparison of surface pre-treatments reveals that among the mechanical pretreatments, SB outperformed MG (strength 507 ± 101 N and 253 ± 16 N respectively). Although
the groove-like features in the MG specimen were efficient enough to increase micro-mechanical
interlocking under shear loading, they have a reduced performance under tensile loading. However,
the irregularities of the SB specimen were sufficient to generate more suitable micro-mechanical
interlocking. The stand-alone CC exhibited a similar strength to the SB specimen (497 ± 80 N),
which shows that micro-mechanical interlocking, as a result of SB, and adhesion forces, due to
chemical bonding in the CC specimen, exert similar influences on the mode-I strength of the joint.
This behavior was also observed with SLS geometry, as depicted in Figure 8.7. Analogous to the
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behavior of SLS geometry, the SB+CC specimen showed slightly higher cross-tensile strength (585
± 76 N) than stand-alone SB and CC due to the combined effects of micro-mechanical interlocking
and chemical bonding.
The PAA specimen had an average cross-tensile strength of 888 ± 41 N and that is approximately
77% higher than SB or CC pre-treatments. This is probably due to the shape and angle of the fine
pores formed on the aluminum surface after PAA pre-treatment, which also improve the micromechanical interlocking under tensile loading. In order to confirm this hypothesis, advanced
analysis is required, such as by transmission electron microscopy (TEM) of the joint cross-section,
which was beyond the scope of this work. Similar to the SLS results, PAA-P achieved the highest
cross-tensile strength (1078 ± 58 N) among the surface pre-treatments tested, due to the strong
primary bonds between the primer layer and PPS.
In summary: CT strength of the FSp joint was approximately 10-30% of the respective SLS
strength for the various surface pre-treatments. Cross-tensile testing has not been used frequently in
the literature to evaluate the mechanical performance of metal-polymer joints. From the scarce
results in the literature, for example, Seidlitz et al. [243] recently reported on the cross-tensile
strength of steel / GFRP riveted joints, and CT forces between approximately 500 N and 1200 N
were reported in their work. Therefore, the CT strength of the FSp joints obtained in this work give
comparable results with those reported in [243].

Figure 8.8 Cross-tensile strength of the FSp joint for the selected surface pre-treatments.

8.3 Failure and fracture surface analysis
In this section, the fracture surfaces from the selected pre-treatment categories are analyzed for the
SLS joint geometry. Due to similarities in the failure mechanisms, from each category the best
surface pre-treatment, based on SLS strength, was selected for the analysis. Figure 8.9 illustrates
the fracture surface of the SB, CC, PAA, and PAA-P pre-treated specimens. Generally, all the
fracture surfaces have similar macro features. As explained earlier in Section 7.6 and in [84] the
pre-treated joints also failed under shear mode and frequently in the composite as illustrated in
Figure 7.15. For SB, CC, and PAA specimens no aluminum residues could be identified on the
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composite side (neither visually nor through SEM examination), but some of the PPS and carbon
fibers remained attached to the aluminum after mechanical testing. Therefore, the crack propagation
scenario explained in Figure 7.15 remains valid for this set of surface pre-treatments. However, in
the fracture surfaces of the PAA-P specimens (Figure 8.9 (d)) yellowish features could be detected
on the composite surface, as indicated by the white arrows. These features are believed to be primer
material removed from the pre-treated aluminum surface. As a result of the strong bonds generated
between the primer and PPS, the crack frequently alters its propagation path between within the
primer and the molten PPS layer.

Figure 8.9 Fracture surfaces of the SLS joints; (a) SB, (b) CC, (c) PAA, and (d) PAA-P. White arrows
in (d) indicate primer remaining attached to the CF-PPS.

To further evaluate the yellowish features on the composite, SEM and EDS analysis were
employed. Figure 8.10 shows the SEM images from the composite side in Figure 8.9 (d) close to
the edge of the composite indicated by the lower white arrow. Two parts were detected on the
composite with different features to those observed previously in Section 7.6. A high-magnification
SEM image of the white rectangle in Figure 8.10 (a) is shown in Figure 8.10 (b). Strong bonding
between the primer layer and the underlying PPS could be identified, because no detachment of the
two layers was detected in the SEM images. Moreover, the PPS below the primer layer shows
elongated features approximately perpendicular to the loading plane. This could be an indication of
out-of-plane forces as a result of the secondary bending effect, particularly near to the edges of the
overlap area.

Figure 8.10 SEM imaging of the fracture surface of the CF-PPS; (a) primer residues remain attached
to the composite, and (b) a high magnification image of the white rectangle in (a).
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To further confirm that such layers are in fact removed primer, EDS analysis was performed at a
high magnification as shown in Figure 8.11 (a). Two spots were selected for the analysis as shown
in this figure. The EDS spectra of both spots are also illustrated in Figure 8.11. The spectrum of
Spot 1, (Figure 8.11 (b)), contains several elements in which carbon has the highest concentration
with 70 wt%. Although the carbon can be related both to the primer and PPS, the presence of O (11
wt%), Sr (7 wt%), and Cr (6 wt%) reveal that this spot refers to the primer that contains chromium
and strontium oxides. Furthermore, a small amount of Al (2 wt%) was also identified in this
spectrum, which suggests that the failure in some regions might have occurred in the underlying
aluminum oxide. This is an indication of very strong bonding between the primer and the aluminum
oxide. A small amount of S (4 wt%) was also detected, which is due to failure of the composite part
(PPS matrix). By contrast, the spectrum of Spot 2 reveals only 3 elements; C (62 wt%), S (34 wt%),
and Cr (4 wt%). This indicates that this spot relates to a PPS-rich area. EDS analysis of the CF-PPS
showed a carbon content of approximately 55 wt% and sulfur 45 wt%. Therefore, the higher C ratio
in Spot 2 suggests that the primer is another source of the carbon in this position. In addition, the
small amount of Cr in Spot 2 also originated from the whisker-like particles in the primer.

Figure 8.11 (a) SEM image of the primer layer remained attached to the composite, (b) EDS spectrum
of Spot 1 in (a), and (c) EDS spectrum of Spot 2 in (a).

To summarize: In all surface pre-treated specimens except PAA-P, the failure in the PDZ takes
place inside the composite, because a layer of the PPS could be identified on the aluminum side.
However, for the PAA-P specimens the failure occurs both in the PPS and the primer, where the
crack alters its path frequently between the two. In some places, the crack may further propagate
into the aluminum oxide beneath the primer layer.
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8.4 Interfacial bonding mechanisms
To better understand the bonding mechanisms at the interface between AA2024-T3 and CF-PPS
during the FSpJ process, the fracture surfaces were analyzed with XPS, because it provides
information on the nature of the chemical bonds at the very top surface (5 nm maximum). As
described in the previous section, except for the PAA-P pre-treated specimens, the failure in FSp
joints takes place primarily inside the PPS (in the PDZ), and some of the PPS layer remains
attached to the aluminum after fracture. For this reason, XPS analysis of the fracture surfaces was
performed on several areas of the consolidated polymer inside the PDZ on the aluminum side of the
failed specimens.
No significant differences in the resulting spectra from various areas were identified. The XPS
spectra were obtained from fracture surfaces after argon etching for 1800 s to remove any possible
environmental contamination (e.g., CO2) and the majority of the adhered PPS layer to obtain
information from just the interface. Such spectra were compared to the spectrum of the same
position before argon etching. From each surface pre-treatment category, the best specimen in terms
of mechanical performance was selected for XPS analysis of the bonding mechanisms. However,
for the SB specimen, no changes in the spectrum before and after etching could be identified. This
is due to the fact that the PPS layer on the aluminum was so thick it could not be completely
removed by an etching process of 1800 s. For the PAA-P specimens, because both the PPS and
primer are mainly carbon-based, no conclusive information could be obtained from the preliminary
XPS investigation. Therefore, the description in this section is primarily related to the CC and PAA
pre-treated samples.
Figure 8.12 illustrates the high-resolution XPS spectra (C 1s and Al 2p regions) obtained for CC
and PAA before and after etching for 1800 s. As can be seen from the C 1s region of the CC
specimen (Figure 8.12 (a)) a peak at approximately 284.5 eV binding energy is present both before
and after etching. This can be attributed to the C bonds from the PPS layer. A binding energy of
284.5 eV corresponding to the C 1s spectrum of PPS was reported to be related to carbon atoms in
phenyl rings [244]. It is worth noting that a peak related to adventitious carbon contamination has a
slightly higher bonding energy in the spectrum (284.8 eV or even 285.2 eV) [245-247], but there
may be an overlap between such a peak and the peak from the PPS, particularly before etching.
After 1800 s two small peaks appeared in the C 1s spectrum, one at about 282.1 eV and the other at
approximately 289 eV. The first peak position is similar to the C-Zr compound reported in [248,
249]. However, because of the very low signal-to-noise ratio, further evaluation of the Zr region for
confirmation of a Zr-C bond formation was not possible.
The new peak at 289 eV is believed to appear as a result of C-Al covalent bond formed at the
interface. The C-Al bond formation may be further analyzed from the Al 2p region in Figure 8.12
(b). Both spectra show a peak at 72.8 eV that has been reported as the peak of metallic aluminum
[250, 251]. Before etching a peak at approximately 75.8 eV can be identified, corresponding to AlO bonds and probably from the aluminum oxide layer. Marcus et al. [252] reported the formation of
an Al-O chemical bond in an aluminum-polymer system at 75.5 eV, very close to the one identified
in this work. After etching this peak became broader, which is believed to be due to the Al-C bond
formation at the interface, overlapping with the existed Al-O peak. A combination of both C 1s and
Al 2p spectra of the CC pre-treated specimen confirms the formation of the covalent Al-C chemical
bond at the interface.
97

A similar behavior could be observed for the PAA specimen. In the C 1s region (Figure 8.12 (c)) a
new peak appeared at approximately 289 eV after 1800 s of etching, similar to the CC pre-treated
specimen. This peak might also result from Al-C chemical bond formation at the interface. The
formation of an Al-C bond in the PAA specimen can likewise be further confirmed from the Al 2p
region shown in Figure 8.12 (d). The spectrum after 1800 s of argon etching clearly shows a peak at
approximately 75.1 eV, which is also very close to the Al-C chemical bond reported in [250, 251].
This can also support the formation of Al-C chemical bond for the CC specimen. The formation of
chemical bonds at the metal-polymer interface was also reported for a Ti-Teflon laser joint, where
Ti-C was the primary chemical bond formed at the interface [253, 254].

Figure 8.12 High-resolution XPS region spectra before (red) and after (black) etching for 1800 s for (a)
and (b) CC pre-treatment, (c) and (d) PAA pre-treatment.

To summarize: XPS analysis of the fracture surfaces of CC and PAA specimens revealed that FSpJ
leads to the formation of primary chemical bonds between the aluminum alloy elements and carbon
from the molten PPS layer. Covalent Al-C is believed to be the primary chemical bond at the
interface. In the case of the CC specimen where other elements are present on the surface of the
aluminum, further chemical bonds were formed. Formation of a Zr-C covalent bond could be
identified in this work. The SB specimen did not provide any information, probably due to the thick
PPS layer that remained attached to the aluminum and was not completely removed by argon
etching. Furthermore, strong primary carbon-carbon bonds are believed to form at the interface of
the primed aluminum and PPS in the PAA-P specimen. Although, similar to the SB specimens, no
information could be obtained from XPS analysis of the PAA-P specimens, but such bond
formation is expected to cause very high mechanical strength of the joints. Although, this argument
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is speculative, it is certainly easily conceivable since both joining surfaces (the primed aluminum
and CF-PPS surfaces) are carbon based.

8.5 Comparison between the mechanical performance of FSp and stateof-the-art adhesively bonded joints
To assess the mechanical performance of the FSp joints compared to the state-of-the-art metalcomposite joining technologies, reference adhesively bonded joints were produced in accordance
with the Embraer standards using the same materials used in this work. In order to provide a direct
comparison, five reference single lap shear joints with similar configuration to FSp joints (bonding
area of 25x25 mm2) were assembled using structural adhesive. Furthermore, because PAA-P is the
standard surface pre-treatment in the aircraft industry, it was also selected for the reference
adhesively bonded joints. However, for adhesive bonding, the composite was also pre-treated using
PAA-P. This was done in accordance with internal Embraer procedures due to the difficulties of
bonding thermoplastic composites because of their low surface tension. It is well known that
thermoplastics require physical or chemical surface modification to produce acceptable adhesively
bonded joints [36]. All the reference bonded joints were prepared at the Embraer (Brazil) facilities.
Figure 8.13 shows an example of the top view of the aluminum-composite bonded joint.

Figure 8.13 View from above of an adhesively bonded joint between AA2024-T3 and CF-PPS pretreated by the PAA-P procedure.

The reference bonded joints were mechanically tested under lap shear loading similar to FSp joints
and following the procedures explained in Section 6.3.7.1. Figure 8.14 shows the comparison
between the lap shear strength and displacement at the peak load of FSp and reference bonded
joints. FSp joints displayed an average ultimate lap shear force (ULSF) of 8264 ± 645 N, whereas
the reference bonded joints showed an average ULSF of 5459 ± 2036 N. Moreover, the FSp joints
reached an average displacement of 1.73 ± 0.13 mm, whereas the average maximum displacement
reached by the reference bonded joints was 0.92 ± 0.31. Therefore, FSp joints showed an increase
of 51% in lap shear strength and 88% in displacement compared to the state-of-the-art adhesive
bonded joints.
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Figure 8.14 Comparison of the (a) lap shear strength and (b) displacement at the peak load of the FSp
joints and reference bonded joints.

Figure 8.15 compares an example of the load-displacement curve of the FSp joint with reference
bonded joint under shear loading. Both joints showed a linear elastic behavior prior to final
catastrophic failure. As can be seen in Figure 8.14 and Figure 8.15, the displacement of the bonded
joints was also limited, because the adhesive used for bonding was a low-ductility high-strength
adhesive.

Figure 8.15 Load (force)-displacement curves of the FSp joint and reference bonded joint under shear
loading.

In contrast to FSp joints that showed a mixed adhesive-cohesive failure (Section 7.6.2), all the
reference bonded joints failed 100% adhesively, as depicted in Figure 8.16 (for comparison
purposes see fracture of PAA-P specimens in Figure 8.9). Although, the composite surface was pretreated prior to bonding, it seems that a suitable adhesion was not produced between the adhesive
and composite.
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Figure 8.16 Fracture surface of the reference bonded joint indicating 100% adhesive failure.

In addition to the better mechanical performance of FSp joints in direct comparison with adhesively
bonded joints, an important characteristic of the FSpJ process is its ability to produce lighter
structures, because no additional material such as adhesive is used to join the parts together. In this
work, the weight reduction using FSpJ was approximately 3.4 ± 0.5% compared to the reference
adhesive bonding. The average weight of the FSp joints was 22.6 ± 0.14 g, whereas the reference
adhesively bonded joints weighed 23.37 ± 0.08 g. Finally, it should also be remembered that the
joining time is much faster for FSpJ (4 s in this work) compared to the adhesive bonding.
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Chapter 9. Durability of FSp Joints
This chapter deals with the durability of SLS FSp joints and their behavior under harsh accelerated
aging conditions. Four surface pre-treatments were selected to perform the aging experiments; these
were sandblasting (SB), stand-alone conversion coating (CC), phosphoric acid anodizing (PAA),
and PAA with subsequent application of primer (PAA-P). Further, the optimized set of joining
parameters (RS: 2900 rpm, PD: 0.8 mm, JT: 4 s, and JP: 0.3 MPa) was selected to FSp join the
single lap shear AA2024-T3 and CF-PPS specimens. Although SB+CC gave a slightly higher lap
shear strength than stand-alone CC in dry conditions, the CC specimen was selected for the aging
experiments, in order to understand the behavior of chemical pre-treatment under harsh
environments.

9.1 Surface features and chemical composition
First of all, the joints were visually inspected as soon as they were taken out of the aging chamber.
Figure 9.1 shows the top view of the SLS FSp joints after 28 days of the aging experiment, and
Figure 9.2 the bottom view of the same joints. Noticeable changes could be seen in the SB and CC
pre-treated specimens on the aluminum part. Dark regions were identified both on the top and
bottom surfaces of the SB and CC pre-treated aluminum. Aluminum oxide formed on the surface of
the SB and CC pre-treated specimens interacts with the humidity in the aging chamber, which leads
to the formation of weak aluminum hydroxide layer. It is well known that an aluminum surface
undergoes hydration in the presence of a high level of humidity or when immersed in water [238].
Despite PAA and PAA-P samples having slight water stains on the aluminum, no notable changes
could be identified. PAA pre-treatment is known to produce an oxide layer that is more corrosion
resistant than CC [255]. This could be the reason that the PAA pre-treated specimen did not exhibit
any noticeable surface changes after 28 days of aging. Moreover, phosphate ions in the AlPO4
monolayer that is formed on the aluminum surface after PAA pre-treatment reduce the hydration
rate of the aluminum as reported in [98, 242]. On the PAA-P specimen, the primer is a thick,
corrosion resistant layer [256-258] that inhibits interaction of the underlying aluminum oxide with
humidity. That is why no visual changes could be observed on the PAA-P sample. Finally, the
composite parts did not show any visual changes after 28 days of aging. This was expected, because
PPS is a highly moisture-resistant polymer [153].
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Figure 9.1 Top view of the SLS FSp joints after 28 days of aging; (a) SB, (b) CC, (c) PAA, and (d) PAAP.

Figure 9.2 Bottom view of the SLS FSp joints after 28 days of aging; (a) SB, (b) CC, (c) PAA, and (d)
PAA-P.

To further analyze the aluminum surfaces, high-magnification SEM images were taken from the
affected areas on the specimens. Both SB and CC specimens showed compact areas consisting of
the very fine nodular and flake-like structures that are related to the weak aluminum hydroxide
formation (Figure 9.3).

Figure 9.3 High-magnification SEM images of the aluminum affected areas after 28 days of aging; (a)
SB and (b) CC specimens showing nodular, flake-like structures.

EDS spectra of the dark areas on the SB and CC specimens are shown in Figure 9.4. The spectra
reveal that Al and O are the main elements present in these areas. A small amount of carbon was
also detected on both specimens, which may be related to contamination in the aging environment.
An even smaller amount of N was identified on the CC specimen, also from the humid environment
in the aging chamber. In contrast to the as-pre-treated specimens, other AA2024-T3 alloying
elements, such as Cu and Mg, were not detected on the aged aluminum surfaces. Such an alteration
of elements on the aged surfaces confirms the formation of an aluminum hydroxide layer on the SB
and CC pre-treated specimens.
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Figure 9.4 EDS analysis of the aluminum affected areas on (a) SB and (b) CC specimens.

Table 9.1 shows the average chemical composition of the aluminum in the affected areas for the SB
and CC pre-treated specimens. The results showed an enormous increase in oxygen compared to the
specimens before aging (see Table 8.3). In both cases the oxygen content increased by more than 5
times after accelerated aging. This increase in oxygen was reported due to the conversion of
aluminum oxide to hydroxide [96]. The aluminum content in the CC specimen was higher than that
for the SB specimen, which may be attributed to a thinner hydroxide layer formed on the CC
specimen. This would cause the aluminum from the bulk of the specimen to contribute in the EDS
analysis.
Table 9.1 Average chemical composition (in wt%) of the SB and CC pre-treated AA2024-T3 surface
after 28 days of accelerated aging through EDS analysis.

Surface pre-treatment

Al

O

C

N

SB

45.7

43.2

11.1

-

CC

63.3

32.4

0.8

3.5

Furthermore, XPS analysis can further confirm conversion of the oxide layer to aluminum
hydroxide. Figure 9.5 shows a high-resolution Al 2p region of the SB specimen (a) before and (b)
after accelerated aging. The aluminum before aging (Figure 9.5 (a)) revealed two peaks at
approximately 72 eV and 72.8 eV that are related to aluminum oxide [249, 259, 260] and metallic
aluminum [249, 261, 262] respectively. After aging, the peak at 72.8 eV (related to the metallic
aluminum) was still detectable, but the peak at 72 eV disappeared and a new peak at approximately
76 eV was identified. The appearance of this peak might be due to the aluminum hydroxide
formation [260]. It was reported that aluminum oxyhydroxide (AlOOH) is the most common form
of aluminum hydroxide generated on the aluminum surface in the presence of humidity and at a
temperature range of 25-100°C [87, 263-265]. However, it has also been suggested that after further
aging, hydration of the AlOOH leads to the formation of Al(OH)3 [75]. Regardless of the type of
aluminum hydroxide present, the hydration of aluminum oxide was confirmed through XPS
analysis.
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Figure 9.5 High-resolution Al 2p XPS region spectra of SB specimen (a) before aging and (b) after
aging.

In contrast to the SB and CC specimens, the PAA and PAA-P samples did not show any noticeable
changes on the aluminum surface after aging, as shown in Figure 9.1 and Figure 9.2. Highmagnification SEM images of the aluminum surface, illustrated in Figure 9.6, appear very similar to
the ones before aging. The PAA specimen (Figure 9.6 (a)) showed an open porous structure with
some coalesced pores, similar to its surface before aging. The compact structure of the PAA-P
specimen was also retained with the whisker-like particles of chromium and strontium oxides, as
shown in Figure 9.6 (b).

Figure 9.6 High-magnification SEM images of the aluminum side of the joint after 28 days of aging; (a)
PAA and (b) PAA-P specimens.

As with the SB and CC specimens, an EDS analysis was performed on PAA and PAA-P specimens
as shown in Figure 9.7. In addition to Al, O, and C, in contrast with SB and CC specimens, Cu and
Mg were identified on the surface of the PAA specimen. The spectrum is very similar to that before
aging, as depicted in Figure 8.5 (d), but with the exception of P that was not detected after aging.
Table 9.2 lists the elemental composition of PAA and PAA-P pre-treated aluminum surfaces after
aging. A comparison of these results with the chemical composition of the PAA specimen before
accelerated aging (Table 8.3), reveals that the only major alteration of the surface is a reduction in
aluminum concentration by about 7 wt% and an increase in carbon content by approximately 10
wt%. The increase in carbon content could be attributed to contamination from the aging chamber.
Such an increase in carbon content as a new layer on the aluminum surface would slightly reduce
the aluminum content captured by EDS analysis. Furthermore, it was suggested that the hydration
of the PAA pre-treated aluminum surface starts with a slow dissolution of the AlPO4 layer,
followed by the conversion of the aluminum oxide to aluminum hydroxide [98, 238, 239]. The
absence of the P in the EDS analysis may be correlated with the early stages of the hydration
process.
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Figure 9.7 EDS analysis of the aluminum side of the joints from (a) PAA and (b) PAA-P specimens
after aging.

The behavior of the PAA-P specimen was slightly different to the PAA sample. The EDS spectrum
of the PAA-P pre-treated aluminum after aging (Figure 9.7 (b)) is very similar to the one before
aging (Figure 8.5 (e)) with the addition of an N peak. However, quantification of the elements as
listed in Table 9.2 reveals that the carbon content was reduced by 15 wt%, whereas the aluminum
content showed an increase of approximately 8 wt%. This clearly indicates a thickness reduction of
the carbon-based primer layer leading to reduced carbon content. Moreover, the aluminum beneath
the primer layer could be detected in a higher concentration due to reduced primer thickness. In
addition, a 10 wt% reduction of the oxygen content after aging was also identified. Since there were
various sources of oxygen, the aluminum oxide, primer, chromium and strontium oxides, a partial
removal of the primer layer appears to have more influence on the reduction of oxygen content.
Finally, both Cr and Sr showed an increase in content of approximately 7 wt% and 10 wt%
respectively after aging. This is probably due to partial removal of the carbon contained in the
primer layer (as a result of its interaction with humidity), leading to an exposure of chromium and
strontium oxides. Therefore, a higher concentration of the whisker-like oxides could be observed
(see Table 8.3 and Table 9.2 for comparison of the Cr and Sr contents before and after aging).
Table 9.2 Average chemical composition (in wt%) of the PAA and PAA-P pre-treated AA2024-T3
surface after 28 days of accelerated aging through EDS analysis.

Surface pretreatment

Al

O

C

Cu

Mg

N

Cr

Sr

PAA

69.3

14.9

11.8

2.6

1.4

-

-

-

PAA-P

8.0

7.6

51.0

-

-

10.0

9.3

14.1

To summarize: SB and CC specimens showed the formation of a new hydroxide layer on the
aluminum side of the joints outside the overlap area after 28 days of aging. The PAA specimen did
not reveal any notable changes on the aluminum surface. Furthermore, the PAA-P specimen had a
reduced thickness of primer, as confirmed by EDS analysis.
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9.2 Mechanical performance of the SLS joints
The joints were mechanically tested to evaluate their lap shear strength shortly after removal of the
joints from the aging chamber (within an hour). The obtained lap shear strength of the SLS joints
were divided by their initial strength before aging and the results were reported as the residual
strength of the joints, as illustrated in Figure 9.8. The SB, CC, and PAA-P specimens had only a
small reduction in strength, but the PAA specimen was approximately 42% reduced, compared to
their initial strength. Such results are in agreement with those reported in the literature for
adhesively bonded aluminum joints, for example in [266].

Figure 9.8 Residual strength of the SLS FSp joints after 28 days of accelerated aging.

It is believed that both the morphology and chemical composition of the aluminum surface play
important roles in the durability of FSp joints. The SB pre-treatment generated large pores and
crevices on the surface of the aluminum that could be filled completely by the molten PPS
throughout the bonding area. Since molten PPS wet and fill such crevices, moisture cannot
penetrate easily or fast into the interface between the aluminum and PPS, which in turn reduces the
degradation kinetic of the joints. Further, the chemical bonding between the aluminum and PPS, in
the cases of CC and PPA-P pre-treatments (as discussed in Chapter 8) reduce the moisture path into
the joints. In all three cases, the moisture diffusion was not completely inhibited, but diffusion
kinetic was significantly reduced. This is the reason for the small reductions in strength, compared
to the initial strength of the joints.
By contrast, it seems that the moisture could penetrate easier and much faster with the PAA pretreated joint, leading to aluminum-PPS interface degradation and hence a reduction in mechanical
performance. In the PAA pre-treated specimen, diffusion into the interface may be related to the
morphology of the oxide layer formed and the extent of pore filling by the PPS. A model with four
possible situations for aluminum oxide pore filling by PPS is proposed here, as illustrated in Figure
9.9. The four possible pore filling cases can be summarized as follows:
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1. Complete wetting and pore filling
2. Complete wetting, incomplete pore filling
3. Partial wetting, incomplete pore filling
4. No wetting or pore filling

As soon as the PPS in contact with the aluminum starts to soften and melt during the FSpJ process,
its viscosity reduces, which leads to penetration of the softened or molten PPS into the aluminum
oxide porous structure. As the PPS is in the molten state only for a few seconds (as shown in Table
7.4) its viscosity starts to increase rapidly and that in turn reduces the flow of the PPS. While the
PPS is still in the molten state, some of the aluminum oxide pores will become completely filled
with PPS and simultaneously the pore walls are completely wetted (Case 1). However, because the
viscosity of the PPS increases rapidly, some of the pores will remain incompletely filled by PPS
and the pore walls may be completely (Case 2) or partially (Case 3) wetted to the depth penetrated.
Finally, there could be some pores that are not filled by the PPS and so no wetting can be expected
with these (Case 4). Since the pores are very small and the PPS only sufficiently fluid for a short
time, it is believed that Cases 2, 3 and 4 occur more frequently than Case 1.
Although such incomplete pore filling could still result in adequate micro-mechanical interlocking
and acceptable initial strength, it is detrimental to the durability of the joints. According to the
proposed model, while the joint is in contact with a humid atmosphere diffusion of the humidity
into the interface depends on the pore filling situation. In Case 1 and Case 2, where the wetting
between pore walls and the PPS is complete, the humidity diffusion is expected to be sluggish. By
contrast, in Case 3 and particularly in Case 4 the humidity can penetrate much faster into the pores
and into the interface of the aluminum-PPS. This leads to degradation of the interface and hence the
mechanical strength of the joint. Kinloch et al. [242] suggested that in adhesively bonded
aluminum, interfacial micro-voids in PAA pre-treated aluminum allow the penetration of the water
(or humidity) into the interface between aluminum and adhesive. The penetration of water was
reported to be detrimental to the durability of the adhesive joint. Moreover, Digby and Packham
[69] stated that in adhesive bonding, obtaining durable joints depends on penetration of the
adhesive into the aluminum oxide pores. Such penetration was considered to be dependent on
several factors such as pore dimensions, adhesive viscosity, and the viscosity characteristic of the
adhesive at working temperature. Incomplete pore filling was reported to be the main reason for
reduced durability of the joints for specific surface pre-treatments such as PAA [69].
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Figure 9.9 Schematic illustration of aluminum oxide after PAA pre-treatment, adapted from [95], and
the proposed model of pore filling by the PPS. (1) complete wetting and pore filling, (2) complete
wetting, incomplete pore filling, (3) partial wetting and incomplete pore filling, and (4) no wetting and
no pore filling.

Therefore, it is believed that complete wetting and pore filling as well as strong chemical bonds are
important aspects in achieving durable FSp joints. SB resulted in pores and crevices large enough to
be completely filled and wetted by the molten PPS during the FSpJ process, suitable for a durable
joint. By contrast, the small pores of the PAA pre-treated specimen did not allow complete pore
filling and wetting of the oxide layer by PPS, leading to a less durable joint. Both CC and PAA-P
specimens provided strong chemical bonds between the aluminum and PPS, which gave these joints
high durability.

9.3 Failure and fracture surface analysis
Figure 9.10 shows the fracture surface of the four pre-treated joints after 28 days of accelerated
aging. As explained in Section 9.1, the SB (Figure 9.10 (a)) and CC (Figure 9.10 (b)) pre-treated
specimens had a dark aluminum hydroxide layer on the aluminum surface. This hydroxide layer is
even formed very close to the consolidated molten PPS (the AZ) on the aluminum, particularly in
the SB specimen, as indicated by the black arrows in the figure. However, in none of the joints
could any indication of aluminum hydroxide formation inside the bonding area be detected. It is
believed that in FSpJ, strong micro-mechanical interlocking and/or adhesion forces between the
aluminum and consolidated molten PPS (AZ) significantly reduce moisture diffusion into the PDZ,
which is the strongest part of the joint. Therefore, the rate of the interface deterioration is reduced,
as was observed from the residual strength of the joints as shown in Figure 9.8. Although, the PAA
specimen did not show any significant changes on the fracture surface (Figure 9.10 (c)), humidity
diffusion is expected to take place faster than with the other surface pre-treatments, as explained in
the previous section. To confirm this hypothesis a more detailed analysis is required, for example
by TEM and EDS / TEM. The PAA-P specimen also showed very similar features to the specimen
before aging, such as the primer remaining attached to the composite, as indicated by the white
arrows in Figure 9.10 (d). However, some very small features could be observed on the composite
side of the fracture surfaces, usually outside the AZ, as indicated, as an example, on the SB
specimen by the white arrow in Figure 9.10 (a). These features will be further explained next by
SEM imaging.
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Figure 9.10 Fracture surfaces of the SLS joints after 28 days accelerated aging; (a) SB, (b) CC, (c)
PAA, and (d) PAA-P. Black arrows in (a) and (b) indicate the aluminum hydroxide formation. The
white arrow in (a) indicates small features outside the AZ. White arrows in (d) indicate the primer
remaining attached to the CF-PPS.

Since the features of the fracture surfaces for all the pre-treatments were similar, only the SEM
images of the SB specimen are shown here as an example.
Figure 9.11 (a) shows the fracture surface of the SB specimen on the aluminum side of the joint.
The image illustrates the AZ with a very smooth surface at the top of the image followed by the TZ.
The TZ shows typical features explained in Chapter 7, where PPS remains attached to the
aluminum as individual islands. Figure 9.11 (b) is a high-magnification image of the exposed SB
aluminum indicated by the white rectangle in Figure 9.11 (a) inside the TZ. No alteration of the
aluminum surface could be identified by this high-magnification image compared to the SB surface
before aging (see Figure 8.1 (c)). This confirms that neither did moisture penetrate inside the
bonding area nor did it convert aluminum oxide to aluminum hydroxide. The same observation can
be seen for the rest of the surface pre-treatments as well.

Figure 9.11 SEM image of the fracture surface of the SB specimen on the aluminum side after 28 days
of accelerated aging. (a) Low-magnification image of the AZ-TZ area and (b) high-magnification image
of the white rectangle indicated in (a).

As illustrated in Figure 9.10, small features could also be observed on the composite side of the
fracture surfaces outside the AZ. Figure 9.12 shows as an example such features on the CF-PPS of
the SB specimen indicated by the white arrow in Figure 9.10 (a). Although the low-magnification
image (Figure 9.12 (a)) did not reveal any specific features, high-magnification images (Figure 9.12
(b) and (c)) show flake-like features and agglomerates of small particles. As this area on the CFPPS corresponds to the aluminum hydroxide on the aluminum side of the joints, it is believed that
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these particles are the hydroxide layer removed from the aluminum and remaining attached to the
composite. Despite the fact these particles are outside the bonding area, they remained attached to
the composite. This may be attributed to the weak nature of the hydroxide layer and that was easily
detached from the underlying aluminum oxide as a result of frictional forces between the aluminum
and composite during the lap shear testing of the joint.

Figure 9.12 SEM image of the fracture surface of the SB specimen on the composite side after 28 days
of accelerated aging. (a) Low-magnification image from the area indicated by the white arrow in
Figure 9.10 (a); (b) high-magnification image from the black rectangle indicated in (a), and (c) highmagnification image from the white rectangle indicated in (a).

EDS analysis further confirmed that both the flake-like structures and the agglomerates of particles
contain Al, Cu, Mg, and O, as illustrated in Figure 9.13. The average chemical composition of both
features is listed in Table 9.3. In both cases the presence of aluminum and a high amount of oxygen,
compared to the as-pre-treated specimen, indicates that these particles are aluminum hydroxide,
similar to the explanation in Section 9.1. Sulfur from the underlying PPS could be detected in the
case of the flake-like structures, which is an indication of the thinness of the flakes. However,
because the agglomerates are larger in thickness, no sulfur from the PPS was detected in the
respective EDS spectrum.

Figure 9.13 EDS analysis of the (a) flake-like features and (b) agglomerates in Figure 9.12.
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Table 9.3 Average chemical composition (in wt%) of the flake-like features and agglomerates on the
CF-PPS through EDS analysis.

Features

Al

O

C

Cu

Mg

S

Flake-like

42.4

32.1

-

0.5

0.5

24.5

Agglomerates

38.5

42.1

18.3

0.8

0.3

-

To summarize: It can be concluded that moisture could lead to the formation of aluminum
hydroxide in SB and CC specimens, because the generated oxide was not durable, whereas PAA
and PAA-P specimens did not show noticeable changes to the aluminum surface. However,
diffusion of the moisture into the bonding area was very sluggish for the SB, CC, and PAA-P
specimens, as indicated by the SEM images and their high residual lap shear strength. Although the
PAA specimen did not reveal any notable changes through visual observation and SEM images, it
showed considerable decrease in mechanical performance. This was attributed to the penetration of
moisture into the interface of the aluminum and composite by only partially filling with PPS the
fine porous structure of the aluminum oxide.
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Chapter 10. Fatigue Behavior of the FSp Joints
This chapter describes the fatigue performance of the SLS FSp joints based on the S-N curve life
analysis, under constant amplitude loading. Similar to the previous chapter, four surface pretreatments were selected to carry out the fatigue experiments; these were sandblasting (SB),
sandblasting with subsequent conversion coating (SB+CC), phosphoric acid anodizing (PAA), and
PAA with subsequent application of the primer (PAA-P). Although unlike for the aging
experiments, the SB+CC specimen was selected to perform fatigue analysis, because it had the
highest quasi-static strength among the chemical and mechanical+chemical pre-treatments. In
addition, the optimized set of joining parameters (RS: 2900 rpm, PD: 0.8 mm, JT: 4 s, and JP: 0.3
MPa) was selected to FSp join the single lap shear AA2024-T3 / CF-PPS specimens.
In this work, three fitting procedures were chosen to obtain S-N curves; firstly the exponential
model, also known as the semi-log or Lin-Log, secondly the power law model, also referred to as
the Log-Log model in the literature, and finally the wear-out model based on the Sendeckyj
approach. These models are briefly described in Appendix A.11.
In this chapter, the results obtained from fatigue loading and the analysis of S-N curves will be
presented. The previously mentioned models were employed to obtain S-N curves. Moreover, the
fracture surface of the joints under fatigue loading will be briefly discussed. It is worth mentioning
that all the results in this chapter are presented as load-life (F-N) graphs. However, the term S-N
curve (strength-life) is used, due to its widespread usage in the literature.

10.1 Fatigue life analysis of the FSp joints
This section describes the results obtained from the fatigue experiments of the FSp joints using four
selected surface pre-treatments and the life analysis based on the selected models.

10.1.1 Application of the models
First of all, the replication of the fatigue samples was examined according to the described
procedure in [122] and Equation (A.1). The replication analysis showed a variation of 57% to 73%,
which corresponds to allowable in the design according to the ASTM standard. Since the
replication is higher than that required for the research and development phase [122], one is assured
that the obtained S-N curves are sufficiently reliable as a basis to better understand the behavior of
the FSp joints under fatigue loading.
The S-N curves derived using the examined models and the selected surface pre-treatments are
illustrated in Figure 10.1. In addition to the fatigue data (indicated by the open circles) and the
derived S-N curves, the quasi-static strength of the joints (indicated by solid triangles) is also
plotted for comparison. Further, Table A.2 (Appendix A.11) lists the parameters obtained for the
selected models. Note that for the wear-out model 50% reliability was used, which is usual for
composite materials [120]. The detailed results of the fatigue data of all surface pre-treated samples
are also listed in Appendix A.11).
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A major assumption in the wear-out model is that the failure mode of the fatigue specimens should
be similar to the quasi-static samples and that no competing failure modes are presented [118]. This
assumption is valid in the case of the FSp joints, as will be illustrated later in this chapter
(Section10.2).

Figure 10.1 Derived S-N curves based on exponential, power law, and wear-out models for the (a) SB,
(b) SB+CC, (c) PAA, and (d) PAA-P specimens.

In all cases, the behavior of the three models is similar across the range of the experiments (10 3-106
cycles), and all the models are capable of fitting the fatigue data. One can also observe that the
wear-out model exhibits a similar trend to the power law, except in the low cycle fatigue (LCF)
range. This was expected, because the wear-out model also obeys a power law except that
parameter C controls the shape of the curve in the LCF range leading to deviation from the power
law model. In the range of very high cycle fatigue (HCF) above 106 cycles the exponential model
seems to be a very conservative approach, because it predicts a limited fatigue life under load zero.
The same behavior for the exponential model was reported for adhesively bonded CFRP joints
[120]. The power law and the wear-out models tend to follow the experimental data in this range.
However, in the LCF regime below 103 cycles for SB and SB+CC specimens, the exponential
model could more appropriately predict the fatigue life, whereas at one cycle the predicted results
are in the range of the quasi-static strength of the joints. Nevertheless, comparison between fatigue
strength (at one cycle) and the quasi-static strength should be treated with care, since the strain rate
during both testing could be different and may influence the obtained strength [118]. The wear-out
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model gave the lowest predicted strength at LCF, followed by the exponential model and power law
in all surface pre-treated joints. The power law model predicted very high strength for the SB,
SB+CC, and PAA-P specimens (even higher than their respective quasi-static strength), whereas it
could still predict the strength appropriately for the PAA specimens. Finally, the wear-out model
predicted the strength of the joints in the LCF regime close to the quasi-static strength for the SB,
SB+CC, and PAA-P samples, but it appeared to be very conservative for the PAA specimens.
To summarize: For all surface pre-treatments, all the models fitted well in the experimental range.
The exponential model showed to be very conservative in the HCF range, whereas the power law
and wear-out models followed the trend of the experimental data. In the LCF regime, the wear-out
model gave the best although it was slightly conservative for the SB, SB+CC, and PAA-P
specimens. The trend of the S-N curves for the PAA specimens are similar to the other surface pretreatments, however the models showed a more conservative approach, especially for the wear-out
model, where the predicted strength is much lower than the quasi-static strength.
All the models were also validated using relevant statistical analysis to evaluate the fitting
procedure. The results of validation are presented in Appendix A.11.
As all the models showed an effective fitting in the experimental range, the exponential model was
selected to compare the fatigue behavior of the pre-treated specimens. The comparison is shown in
Figure 10.2. It is possible to observe that PAA-P specimens exhibited a much better fatigue
performance compared to the rest of the pre-treatments. This was expected, because the quasi-static
strength of the PAA-P joints was higher, as discussed in Chapter 8. The other three surface pretreatments showed a similar fatigue performance, but the SB+CC specimens performed slightly
better than PAA and SB specimens. This also accords with their quasi-static strength, where
SB+CC showed a higher strength than PAA and SB specimens.

Figure 10.2 S-N curves of the various surface pre-treatment specimens based on the exponential model.

One can also observe that the fatigue performance of the pre-treated specimens in the LCF regime
(103 cycles) was very similar to their quasi-static strength, being much higher for the PAA-P. By
contrast, in the HCF range (106 cycles) the fatigue performance of the PAA-P specimens tended to
approach the other surface pre-treatments, although it remains better than the other specimens, as
shown in Figure 10.2. It is known that SLS geometry has very poor resistance to shear loading due
to the secondary bending effect [267, 268]. It is also reported that during fatigue testing peel
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stresses are generated at the edges of the joints during each cycle [267, 268]. As the applied fatigue
loads were higher for the PAA-P specimens, it is believed that higher peel stresses were generated
in these joints, particularly in the HCF regime. Such peel stresses reduce the fatigue performance of
SLS joints. Moreover, it is well known from the principles of adhesive bonding that shear stresses
are maximized (peak shear stresses) at the edges of the joint. Generally, higher applied external
loads and shear modulus of the adhesive increases the peak shear stresses at the edges [28-30, 227].
Due to the similarities between FSpJ and adhesive bonding, analogous conclusions may be drawn.
Since the PAA-P specimens led to much stronger joints, compared to other surface pre-treatments,
and the applied fatigue loads were also higher, it would be expected that the generated shear
stresses at the edge of the joint are also higher. Increased peel stresses and peak shear stresses in the
PAA-P specimens resulted in a steeper slope of the S-N curve.
Furthermore, the fatigue performance of the PAA specimens was slightly better than the SB
specimens in the HCF range. This may be attributed to the influence of surface roughness on stress
concentration and fatigue life reduction. It was reported by Shahzad et al. [269] that high surface
roughness reduced the fatigue life of the aluminum alloy 7010 single material, especially in the
HCF regime. With FSpJ it is believed that aluminum surface’s asperities and ridges due to the SB
pre-treatment acted as stress concentration points, which in turn facilitated crack nucleation, leading
to the reduction of fatigue life, particularly in the HCF. However, for the PAA specimens, due to
the lower surface roughness, the slope of the S-N curve was less steep. The same trend as for SB
specimens can be seen for the SB+CC specimens, but the slightly higher fatigue strength in the
HCF range compared with the PAA specimens can be related to the presence of chemical bonding
in addition to mechanical interlocking, as discussed in Chapter 8. Nevertheless, and similar to the
above discussions, generated peel and maximum shear stresses were generally smaller for SB,
SB+CC, and PAA specimens when compared with the PAA-P samples, leading to less steep S-N
curves.
Table 10.1 shows the fatigue strength of the FSp joints using different pre-treatments at 105 cycles
of fatigue life. 105 cycles is usually used in the aircraft industry as a reference to compare the
fatigue performance of different designs [270]. The results show that the models predict quite
similar strengths for each surface pre-treatment. Furthermore, the PAA-P specimens gave the
highest fatigue strength as a result of the very strong chemical bonds formed at the interface, as
described previously in Chapter 8. The SB+CC specimens ranked second in fatigue performance
followed by the PAA and SB specimens.
Table 10.1 Fatigue strength (N) of various specimens based on the three models at 105 cycles.

Exponential

Power law

Wear-out

Ranking
fatigue
strength

SB

846

851

838

4

SB+CC

1381

1387

1445

2

PAA

1003

1000

990

3

PAA-P

2644

2589

2730

1

Surface
pre-treatment
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10.1.2 Residual strength
The specimens that survived one million cycles of fatigue loading were subsequently tested under
lap shear testing to obtain their residual strength. Figure 10.3 illustrates the comparison between
initial quasi-static and residual strength of the joints after one million cycles. Surprisingly, SB and
PAA-P specimens showed an average residual strength slightly higher than the initial lap shear
strength by 15% and 7% respectively. For the SB+CC and PAA specimens the residual strengths
were lower compared to the initial strengths by 10% and 22% respectively. However, since the
standard deviation in all surface pre-treatments neither the increases in strength for SB and PAA-P
specimens nor the decreases for SB+CC and PAA specimens are conclusive. It is known that
damage accumulation reduces the residual strength of composite joints [268]. So it is believed that
no damage is generated and accumulated in the FSp joints for the selected loading conditions even
after one million cycles. Although it was mentioned earlier that peel stresses could be generated
during the fatigue loading, which would lead to damage accumulation, it may be concluded that the
induced peel stresses are negligible under these loading conditions. The fatigue shear loads were
also quite low, whereby damage is not induced and accumulated. The fatigue loads under which the
samples survived one million cycles correspond to 25% of the initial lap shear strength for SB,
PAA, and PAA-P specimens and 35% for the SB+CC samples.

Figure 10.3 Quasi-static strength of the FSp joints for the surface pre-treatments after 106 cycles of
fatigue loading compared with the respective initial quasi-static strength.

10.2 Fatigue failure behavior
As described in Chapter 7, the primary failure mode of an FSp joint under quasi-static loading is
shear through the composite. Figure 10.4 illustrates the failure behavior of the joints in the high
cycle fatigue regime for the four pre-treated specimens. It can be observed that the fatigued failure
mode is similar to quasi-static failure. All the joints failed in shear mode through the composite
under all fatigue load levels and for all surface pre-treatments. In addition, AZ and PDZ are clearly
visible in the fracture surfaces, revealing the same features as the joints that failed under quasistatic loading. Radial cracks initiate in the outer periphery of the AZ and propagate towards the
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PDZ and the center of the joint. For the PAA-P specimen a piece of the primer layer was removed
and remained attached to the composite, again similar to the quasi-static failure. The crack path
switched frequently between inside the PPS molten layer and the primer.

Figure 10.4 Fractue surfaces of the HC fatigue specimens; (a) SB – 606,281 cycles to failure, (b) SB+CC
– 129,406 cycles to failure, (c) PAA – 482,136 cycles to failure, and (d) PAA-P – 442,673 cycles to
failure.

Figure 10.5 shows the SEM examination of the fracture surface of an SB specimen on the PPS side.
Similar micro-mechanisms to quasi-static failure samples could also be detected. Elongated matrix
fibrils in the warp direction along the loading direction (Figure 10.5 (a)) are an indication of ductile
fracture, whereas fiber breakage and fiber-matrix debonding were the main failure micromechanisms in the weft direction (Figure 10.5 (b)). In both warp and weft directions, the fibrils had
a length of between about 10 µm and 100 µm. At high magnification two types of fatigue striations
could be observed; first, debonding from the fibers in the elongated PPS matrix in the weft direction
(Figure 10.5 (c)), and second, in the resin-rich area between the fibers (Figure 10.5 (d)). As
explained by von Bestenbostel and Friedrich [271] striations are step-like structures that can be
detected using a suitable contrast origin in the SEM. Since striations are generated out of the
fracture plane, a tilt angle is usually also required to identify them [271]. In the FSp joints,
striations could be observed at various positions in the weft direction, but the generation of fatigue
striations could not be confirmed in the warp direction.
Similar fatigue striations to those illustrated in Figure 10.5 (c) were also observed in resistancewelded thermoplastic composites [268]. The authors concluded that the striations were generated
due to peel stresses perpendicular to the loading direction. The cause of this type of fatigue striation
in this work appears similar, due to local out-of-plane stresses generated along the fiber-matrix
interface (weft direction). It is believed that in the weft direction the cracks propagate out-of-plane,
perpendicular to the fiber-matrix interface, producing fatigue striations in the PPS. Even so the final
failure occurs due to the tearing of the PPS matrix. In the final stages, the torn matrix becomes
elongated in the loading direction. The second type of striation shown in Figure 10.5 (d) is very
similar to those reported in [271] in resin pockets, which are typical defects in the composites.
Since there is a change in the local stiffness between the fibers and the surrounding resin, such resin
pockets act as crack initiation sites during fatigue loading [271]. In FSpJ, micro-voids have a
similar effect to the resin pockets, acting as initiation sites for fatigue cracks. Therefore, two types
of striation could be identified as micro-mechanisms in fatigue failure of an FSp joint.
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Figure 10.5 Failure micro-mechanisms of a high cycle fatigue SB specimen from the composite side; (a)
warp fibers orientation, (b) weft fibers orientation, (c) fatigue striations in the PPS matrix debonding
from the fibers, and (d) striations in the PPS matrix in a resin-rich area. Black arrows in (a) and (b)
indicate the loading direction; (c) and (d) were taken at a tilt angle of 45°.
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Chapter 11. Summary
Conclusions

of

the

Results

and

This PhD work was conducted to explore the FSpJ technique for joining metal and composites, its
fundamentals, the bonding mechanisms generated during the process as well as the failure
mechanisms. Moreover, the work was aimed at establishing a relationship between the process
parameters (heat input), microstructure and mechanical performance of the joints. The study has
further sought to understand the influence of various metal surface pre-treatments on the metalcomposite bonding mechanisms and mechanical performance. Understanding the durability under
accelerated aging conditions and fatigue performance of the FSp joints was also an aim of this
work. In accordance with the goals of the work, the following main observations and conclusions
were drawn from the results obtained:
Development of the FSpJ process
In all welding-based metal-composite joining techniques, which includes FSpJ, heat input plays an
important role. It influences the joint’s microstructure, physicochemical alterations in the composite
part, the local and global mechanical properties, as well as the failure mechanisms of the joint. This
work has demonstrated that the process temperature (due to heat input) can be controlled by
changing the process parameters. Extensive thermal degradation of the PPS matrix in the composite
was avoided due to appropriate selection of the process parameters. However, some slight
intermolecular branching, similar to cross-linking, was observed in the PPS. Nevertheless, the
crystallinity of the PPS was approximately 70-80% retained, due to the fact that the heating and
cooling rates were very rapid. The original PPS crystals were not completely melted during the
joining cycle, these also acted as nucleation sites for new crystals. The microstructure and local
mechanical properties of the joining parts were also influenced by the process. Of particular interest
were the changes in the composite, since joint failure more often took place inside the composite at
the interface with the aluminum. In the composite, a PHAZ containing volumetric flaws, such as
voids and fiber-matrix debonding, was observed. As no extensive thermal degradation of PPS was
detected, the formation of voids was attributed to entrapped air in the molten PPS. Large
differences in the shrinkage behavior of PPS and carbon fibers led to the debonding phenomenon.
Investigation of the local mechanical properties of the PPS molten layer by nanoindentation
revealed that both hardness and modulus were slightly higher than PPS in the BM. Since the
crystallinity of the joints was lower than the BM, such an increase was attributed to slight crosslinking (intermolecular branching) of the PPS. Chain entanglement and branching points increase
the required force to overcome a cross-linked structure. To explore the bonding mechanisms in
FSpJ, the bonding area was divided into three zones. PDZ was the inner zone, where the primary
bonding mechanisms were: macro-mechanical interlocking due to nub insertion into the composite,
micro-mechanical interlocking between aluminum surface irregularities and molten PPS, and fiber
entrapment. The outer zone (AZ) was the region within which the flowing molten polymer was
consolidated. A transition zone (TZ) was also identified between the PDZ and AZ, which was
characterized by a high amount of air bubbles remaining entrapped in this layer. Micro-mechanical
interlocking was the main bonding mechanism in the AZ and TZ. Adhesion forces between the
aluminum and PPS are believed to exist in all bonding zones. Failure analysis of an SLS FSp joint
showed that the joint failed in shear mode through a mixed adhesive-cohesive failure, frequently
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inside the composite. Moreover, fractography analysis of the joints with SEM revealed a mixed
brittle-ductile fracture with failure micro-mechanisms including tearing of the PPS matrix,
elongated PPS fibrils, warp-fiber pull-out, and weft-fiber fracture.
Influence of aluminum surface pre-treatments
All aluminum surface pre-treatments carried out in this work resulted in the enhancement of joint
strength to some extent, when compared to the AR specimens. This was attributed to changes in the
topography and chemical state of the aluminum surface, as well as to the cleaning effect of certain
pre-treatments. Improvements in the bonding mechanisms were directly influenced by
physicochemical changes on the surface of aluminum. From all surface pre-treatments, the PAA-P
pre-treated specimens showed the highest mechanical strength. This was expected, because the
carbon-based primer layer forms a strong, primary C-C chemical bonding with the molten PPS
layer. PAA electrochemical pre-treatment led to a highly porous oxide layer that increased micromechanical interlocking between the molten PPS and the oxide layer. In addition, XPS analysis
revealed the formation of an Al-C chemical bond at the interface. CC caused the formation of an
Al-Zr-O-F layer, which contributed to chemical bonding with PPS during the joining process. Al-C
and Zr-C were identified as the chemical bonds by XPS analysis. Mechanical pre-treatments,
especially SB, produced a very rough aluminum surface with various shapes of pores and crevices.
Therefore, micro-mechanical interlocking was the main bonding mechanism augmented by
mechanical pre-treatments. It was shown in this work that both enhanced micro-mechanical
interlocking and chemical bond formation improve the quasi-static strength of the FSp joints.
However, the nature of the chemical bonds is substantially important for the joint strength. C-C
bonds formed in the PAA-P pre-treated joints are much stronger than Al-C or Zr-C bonds in other
pre-treated samples. Additionally, failure and fracture surface analysis of various surface pretreated SLS joints showed that all the joints failed in shear inside the first layer of CF-PPS.
However, in the PAA-P samples, a layer of the primer remained attached to the PPS. Therefore, in
PAA-P specimens the failure occurred both in PPS and the primer, because the crack alters its path
frequently between PPS and the primer. In some positions, the crack propagated further into the
aluminum oxide beneath the primer layer, as confirmed by EDS analysis.
Durability of FSp joints
An accelerated aging experiment was carried out on four selected surface pre-treatments: SB, CC,
PAA, and PAA-P. The surface of the aluminum, outside the bonding area, after 28 days of aging
showed a dark layer on the SB and CC specimens. This dark layer was determined to be Al(OH)3
aluminum hydroxide, as confirmed by EDS and XPS analysis. In contrast with SB and CC
specimens, PAA and PAA-P samples did not have any noticeable changes on the aluminum
surface. Although SB and CC specimens showed the formation of a weak aluminum hydroxide
layer, the residual strength of these joints was approximately 90% of the initial dry quasi-static
strength. This was comparable with the residual strength of the PAA-P pre-treated joint, which was
92% of the initial dry quasi-static strength of the respective joint. The high residual strength of the
SB, CC, and PAA-P pre-treated joints was ascribed to the low level of moisture diffusion in the
bonding area. Moisture diffusion was significantly decelerated due to the favorable wetting of the
aluminum surface by the molten PPS. In contrast, PAA pre-treated joints resulted in a residual
strength of approximately 58% after accelerated aging. This may be explained as due to the partial
wetting and pores filling of the aluminum oxide layer by the molten PPS. A very fine structure of
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the pores, high viscosity of the PPS and a very fast cooling rate are the main causes of the partial
wetting. Such partial wetting allows moisture diffusion, degrading the aluminum-PPS interface and
hence the strength of the joint. Further in-depth interface analysis, for example by TEM, is required
to confirm this explanation.
Fatigue behavior of the joints
Fatigue life analysis of the selected surface pre-treated joints under tension-tension (R=0.1) loading
was examined. Three statistical models were employed to fit the fatigue data and showed a similar
behavior in the experimental range for all pre-treatments. However, the models deviated in HCF
and LCF regimes. An exponential model was very conservative in HCF, showing a strength of zero
in a limited number of cycles. Power law and wear-out models had similar behavior, displaying a
fatigue limit at HCF. In the LCF regime, wear-out was illustrated as a suitable model for SB,
SB+CC, and PAA-P pre-treated joints, because it predicted approximately the quasi-static strength
of the respective joints in one cycle. The exponential model also showed good predictability for SB
and SB+CC samples, but it overestimated the fatigue strength for the PAA-P specimens. For all of
the pre-treatments used, power law proved unreliable. However, for PAA pre-treated joints, power
law gave the best prediction at LCF, followed by the exponential model. In fact, the wear-out model
was very conservative. Apart from with PAA samples, the wear-out model showed to be a reliable
method for the fitting procedure. Finally, the joints that survived one million cycles did not show
any considerable reduction in their quasi-static strength. This was a clear indication that damage
was not accumulated in the joints after one million cycles at the respective load level. Therefore,
such a load level can be used as the joint fatigue endurance limit.
The results achieved by this PhD and the proposed mechanisms and descriptions have provided a
better understanding of the principles of the FSpJ technique. In addition, the influence of process
parameters (heat input) on the microstructure and physicochemical behavior of the joints has been
established and correlated with the mechanical performance of the joints. The primary metalcomposite bonding mechanisms (mechanical interlocking and adhesion forces) as well as the failure
and fracture mechanisms have been discussed in detail. It was also demonstrated that a suitable
surface pre-treatment has a major influence, not only on the initial quasi-static strength, but also on
the durability and cyclic strength of the joints. This was achieved through understanding the
influence of surface pre-treatments on the bonding mechanisms in FSpJ. Therefore, this work has
been successful in fulfilling its defined objectives.
Apart from scientific examination of the process, it clearly demonstrated that FSpJ is an interesting
and alternative joining technology for metal-composite multi-material structures, with particular
potential for application in the transport industries. Although this work was performed on AA2024T3 and CF-PPS, the main principles of the technique remain valid for other combinations of
lightweight metal alloys and thermoplastic polymers or composites.
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Chapter 12. Recommendations for Future Work
Although many aspects of the FSpJ technique were studied in this PhD work, some topics remain
open to be addressed by future investigation. The following recommendations are suggested for
future work:
Investigation of the crashworthiness and damage tolerance of FSp joints would provide valuable
information on the performance and design of the joints for industrial applications. Impact
resistance, creep behavior, and corrosion properties are all important subjects to be investigated. In
addition, analysis of the static and fatigue behavior of multi-spot high-load and low-load transfer
specimens would advance knowledge on the mechanical properties of FSp joints.
Simulation and modeling of heat development during the process and mechanical behavior of the
joints would reduce the cost and effort of experimentation. Moreover, computer-based simulations
can be used to increase knowledge of fracture analysis and the failure behavior of joints.
As the principles and fundamentals of the FSpJ process are now well understood at coupon level
through this work, an important next step would be to up-scale the process. It is important to
understand the behavior of the process on multi-spot sub-component specimens. The interaction of
individual spots with each other, in terms of heat development and transfer, and the generation of
residual stresses are important aspects for further study. An investigation of the mechanical
performance of multiple joints on the sub-component level would complement understanding of the
process by up-scaling.
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Appendices
Appendix A.1
Mechanical performance of sleeve plunge vs. pin plunge variants

Figure A.1 Comparison of mechanical strength of the SLS FSp joints between sleeve and pin plunge
variants.

Table A.1 Selected joining conditions for comparison between sleeve and pin plunge variants presented
in Figure A.1.

Symbol

Rotational
speed [rpm]

Plunge
depth
[mm]

Joining
time
[s]

Joining
pressure
[MPa]

Condition 1

C01

1900

0.5

4

0.3

Condition 2

C02

1900

0.8

4

0.2

Condition 3

C03

2900

0.8

4

0.3

Joining condition
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Appendix A.2
Mechanical performance of a repaired FSp joint

Figure A.2 Mechanical performance of SLS FSp joints after one repair process compared with the asjoined condition (joining condition C01 from Table A.1).

XI

Appendix A.3
Detailed temperature measurements by thermography and thermometry

Figure A.3 Temperature development during the FSpJ process measured by (a) thermography, (b)
thermometry TC1 and TC2, (c) thermometry TC3 for LHI and HHI joining conditions.
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Appendix A.4
Detailed thermal analysis of the joints

Figure A.4 Thermal analysis of the CF-PPS from the BM and LHI and HHI joining conditions by (a)
DSC and (b) TGA.

XIII

Appendix A.5
Detailed nanoindentation experiments

Figure A.5 Detailed results of nanoindentation on the PPS molten layer from the BM and LHI and
HHI joining conditions, (a) load-displacement curves, (b) modulus vs contct depth from CSM
measurement and (c) hardness vs contct depth from CSM measurement.

XIV

Appendix A.6
Mechanical performance of an FSp joint after plasma treatment of the
composite

Figure A.6 Mechanical performance of SLS FSp joints after plasma treatment of the composite
compared with the as received condition (joining conditon C03 from Table A.1).

XV

Appendix A.7
XPS spectra of the aluminum surface after pre-treatments as well as the
composite surface

Figure A.7 XPS spectra of the aluminum surface after (a) SB, (b) PAA and (c) PAA-P pretreatments.
(d) Spectrum of the CF-PPS base material.
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Appendix A.8
Detailed load-displacement curves of SLS FSp joints after aluminum
surface pre-treatments

Figure A.8 Load-displacement curves of SLS FSp joints for (a) AR condition, and after surface
aluminum pre-treatments: (b) MG, (c) SB, (d) AP, (e) CC, (f) SB+AP, (g) SB+CC, (h) SAA, (i) PAA
and (j) PAA-P.

XVII

Appendix A.9
Detailed load-displacement curves of CT FSp joints after aluminum
surface pre-treatments

Figure A.9 Load-displacement curves of CT FSp joints after aluminum surface pre-treatments: (a)
MG, (b) SB, (c) CC, (d) SB+CC, (e) PAA and (f) PAA-P.
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Appendix A.10
Detailed load-displacement curves of reference adhesively bonded joints

Figure A.10 Load-displacement curves of the reference SLS adhesively bonded joints.
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Appendix A.11
Description of the fatigue fitting models
Exponential and power law models
Exponential and power law models are the most widely used methods to analyze the fatigue life of
overlap joints, for instance in [127, 268, 272]. ASTM standard practice E739-10 [122] explains
thoroughly the procedure of fitting the fatigue data using the mentioned models. The following
equations are used to define the shape of the S-N curve based on the above ASTM standard:
( )
( )

(A.1)
( )

(A.2)

where N is the fatigue life, F refers to applied force at a constant amplitude, and a, b, c, d are the
model parameters determined using a linear regression model. Equation (A.1) is employed to fit the
exponential model, whereas Equation (A.2) is used for the power law model. A very important
consideration for estimating model parameters is that the fatigue life is the dependent parameter,
whereas force is an independent parameter. Moreover, in these models a linear relationship between
the applied force and the obtained fatigue life is assumed [122]. So the linearity of a model should
be analyzed to evaluate the fitting procedure. In addition to the S-N linear relationship, it is
assumed that the logarithm of fatigue life (N) follows a normal distribution [118, 120, 122]. Finally,
it is recommended in ASTM practice that no run-outs are used to estimate the S-N curve. Run-outs
are samples that survive a pre-defined number of cycles and testing is stopped before their failure.
The number of samples used to generate an S-N curve and the replication are also two important
aspects in the ASTM standard [122]. It is mentioned that a minimum total number of specimens of
6 to 12 are required in the research and development phase, whereas for design purposes and
reliability of the data the number of specimens should be increased to 12 to 24. Furthermore, a
replication of 33 to 50 percent should be maintained in the research and development, whereas
allowable data of 50 to 75 percent is required for the design. Equation (A.3) shows the calculation
of replication based on [122]:

(

)

(A.3)

Wear-out model
Although the exponential and power law models have been widely used to fit fatigue data, they do
not consider the probabilistic nature of the fatigue properties of composite materials. It is reported
that the fatigue life of composite materials indicate high scatter, which forced the development of
more complex models to fit the fatigue data and so obtain statistically reliable S-N curves [120].
XX

Wear-out or strength degradation models were proposed with various approaches to derive an S-N
curve, taking into account the probability of failure under fatigue loading.
Sendeckyj proposed a wear-out model that has a couple of advantages for composite materials [118,
120, 123]. The first advantage, as already mentioned, is consideration of the probabilistic behavior
of composite materials under fatigue loading. The second is that run-out specimens can also be used
in the analysis to determine the S-N curve.
In the model proposed by Sendeckyj, the fatigue strength data are converted to equivalent static
strength (ESS) using Equation (A.4):
⁄

[(

(

)

) ]

(A.4)

where Fe is the equivalent static force, Fmax refers to the maximum applied force, Fr is the residual
strength of the run-out specimens, N is the fatigue life of each specimen at the applied stress, C and
S’ are the model parameters. C and S’ control the shape of the S-N curve in the low-cycle fatigue
regime as well as the slope of the curve respectively. Note that, in this work the equivalent static
force was calculated, however the term ESS is used due to its convention in the literature.
In the wear-out model, in contrast to exponential and power law models, it is assumed that the ESS
data follow a two-parameter Weibull distribution. Therefore, a two-parameter Weibull distribution
is fitted to the ESS data to obtain the Weibull shape parameter (α) and scale parameter (β). An
iterative process needs to be performed based on different values of C and S’ to obtain the
maximum shape parameter of the Weibull distribution (αf). Finally, the S-N curve can be obtained
from Equation (A.5) (which is a power equation in nature) for a desired reliability level:
(

( ( )))

⁄

((

) )

(A.5)

where αf and β refer to the maximum shape and scale parameters of the fitted Weibull distribution,
R(N) is the selected reliability value, Nf is the fatigue life, and A is calculated as follows:
(A.6)

A major assumption in this model is that the failure mode of the fatigue specimens should be
similar to quasi-static samples, and no competing failure modes are presented.
For more information on fitting procedures using the above mentioned models refer to [122] for the
exponential and power law models and to [123] for the wear-out model.

XXI

Detailed fatigue data from the S-N curves presented in Chapter 10

Table A.2 Estimated parameters for the selected models.

Exponential
Equation (A.1)

Power law
Equation (A.2)

a

b

c

d

α

SB

7.16669

-0.00256

25.25512

-6.91255

17.21220

SB+CC

7.90061

-0-00210

31.81210

-8.53354

PAA

8.83116

-0.00382

37.1902

PAA-P

6.92999

-0.00073

24.9976

Surface
pretreatment

Wear-out
Equation (A.5)
C

S

4615.33

0.43191

0.15775

14.36530

4587.83

0.90861

0.09893

-10.72974

6.85346

4210.72

0.65316

0.12544

-5.85888

7.40972

15653

0.70951

0.15185

Table A.3 Estimated fatigue strength [N] of the selected pre-treated joints based on exponential, power
law, and wear-out models after 105 and 106 cycles.

Exponential
(Lin-Log) model

XXII

Power law
(Log-Log)

Wear-out
(Sendeckyj) model

105

106

105

106

105

106

SB

846

456

851

610

838

583

SB+CC

1381

905

1387

1059

1445

1151

PAA

1003

741

1000

807

990

744

PAA-P

2644

1274

2589

1748

2730

1926

Table A.4 Fatigue strength / ULSF [%] of the selected pre-treated joints based on exponential, power
law, and wear-out models after 105 and 106 cycles.xxx

Exponential
(Lin-Log) model

Power law
(Log-Log)

Wear-out
(Sendeckyj) model

105

106

105

106

105

106

SB

35

19

36

26

35

24

SB+CC

43

28

43

33

45

36

PAA

34

25

34

28

34

26

PAA-P

38

18

37

25

39

27

Validation of the models
To validate the models, it was proposed to evaluate the linearity of the exponential and power law
models [122], as well as the goodness-of-fit of the wear-out model [123].
A linearity index was calculated for each of the selected surface pre-treatments and the results are
listed in Table A.5. These values were compared to the critical linearity index (Fp) taken from
[122] for a significance level of 5%. The linearity hypothesis is valid in cases where the linearity
index is lower than the Fp. In all cases the linearity is valid, as can be seen in the table, except for
the exponential model with the PAA specimens in which the linearity index exceeds the Fp. The
run-outs were not included in the analysis of linearity in accordance with the ASTM standard. It
may well be that a slightly higher scattering of the fatigue data in the HCF region (which has a
greater impact in the analysis) led to rejection of the linearity hypothesis. Such behavior was also
observed in [120].
Table A.5 Calculation of the linearity index for the exponential and power law models.

Exponential
Surface
pre-treatment

Power law

Linearity
index

Fp

Linearity
index

Fp

SB

4.46024

5.1174

0.59666

5.1174

SB+CC

3.18467

4.7571

3.33068

4.7571

PAA

6.31900

4.7374

2.89993

4.7374

PAA-P

0.11993

4.4590

0.03010

4.4590
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An evaluation of the fitting procedure for the wear-out model was performed by an analysis of
goodness-of-fit, as described in [123]. Kruskal-Wallis statistics were performed on the ESS data
obtained. By Kruskal-Wallis analysis an H value (HKW) was calculated and compared to a critical H
value (Hcr) that corresponds to the 5% significance level. The values of Hcr were obtained from
[273]. Table A.6 lists the calculated HKW and obtained Hcr. The degree of freedom (DF) in the table
corresponds to the number of selected load levels for each surface pre-treatment. The HKW was
lower than the Hcr for all surface pre-treatments, implying that the fitting procedure of the wear-out
model was appropriate. However, for the PAA specimens HKW was very close to the Hcr, which
could indicate a poor fit, as was also observed in Figure 10.1 (Page 114).
Table A.6 Calculated Kruskal-Wallis statistics index and the respective critical value for the wear-out
model.

Surface
pre-treatment
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DF

HKW

Hcr

SB

3

5.47

7.81

SB+CC

5

10.28

11.07

PAA

4

9.26

9.49

PAA-P

4

2.16

9.49
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