Design and mechanical integrity of friction riveted joints of
thermoplastic composite

Vom Promotionsausschuss der
Technischen Universitdt Hamburg

zur Erlangung des akademischen Grades

Doktor-Ingenieur (Dr.-Ing.)

genehmigte Dissertation

von
Natascha Zocoller Borba

aus
Ribeirdo Preto

2020



Gutachter:
Univ.-Prof. Dr.-Ing. Sergio de Traglia Amancio Filho
Prof. Dr.-Ing. habil. Bodo Fiedler

Vorsitzender des Prufungsausschusses:
Prof. Dr.-Ing. Otto von Estorff

Tag der mindlichen Prifung:
10. September 2020

https://doi.org/10.15480/882.2959
https://orcid.org/0000-0001-9069-6686

This work is licensed under the Creative Commons Attribution 4.0 International License. To view a
copy of this license, visit http://creativecommons.org/licenses/by/4.0/ or send a letter to Creative
Commons, PO Box 1866, Mountain View, CA 94042, USA.




Acknowledgments

The successful completion of this PhD work was only possible with the contribution of several

people, to whom I would like to express here my sincere gratitude:

Univ.-Prof. Dr.-Ing. Sergio de Traglia Amancio Filho for the opportunity, valuable guidance, and
trust on my abilities to conduct the work.

Prof. Dr. Jorge Dos Santos for the constant support, for providing outstanding structure which
was essential to achieve the goals of this work.

Prof. Dr.-Ing. Nobert Huber and Stephanie Koch for the management support within the institute.
Prof. Dr.-Ing. Bodo Fiedler for contributing scientifically to the work and allowing the usage of
the Institute of Polymer and Composites facilities to perform impact and fatigue tests, as well as
his research assistants Johann Korbelin and Benedikt Kétter for the valuable support during the
tests.

All colleagues from the Solid State Joining department, specially Dagmar Koschek and Menno
Peters for the unconditional support and setting and work example; Luciano Bergmann and Jan
Carstensen for the good times together and friendship; Dr. Martin Reimann, Dr. Jannik Entringer,
and Dr. Alessandro Barbini for the cheerful company, caring, and friendship.

The friends for life Dr. Lucian Blaga, Dr. Seyed Goushegir, Dr. Eduardo Feistauer, Rielson Falck,
Mihaela Malita, and my lifemate Natalia Manente from Advance Polymer-Metal Hybrid
Structures Group for the teamwork, mutual learning, and professional and personal growth.

To several HZG colleagues, among them Kay Erdmann for the assistance with fatigue test; Ms.
Ivonne Ternes for her contribution to the accelerated aging experiments; Falk Dorn for the
assistance with sample preparation; Dr. Vasyl Haramus for the introduction to the uCT
measurements.

All my beloved friends from Brazil and Germany (Ci, Ju, Debby, Fer, Bia, De, Mari, and
Antonella) for their presence in my life and joyful video calls during the pandemic.

All my family for their unconditional love, support and encouragement.

My husband André for the mutual learning, unconditional love, caring, and inspiration to bring
the best of us always.

My beloved parents Madalena and Carlos, and my beloved lifemates and sisters Maika and Raissa
for the love, the belief in me and my life path, and for never leaving me alone even distant of my

daily life.







Abstract

Thermoplastic composites have attracted increasing interest as alternative materials for primary and secondary
structures of the next aircraft generation, owing to their fast processability and good reparability. The
employment of these materials has triggered research in the fields of durability, fatigue, and damage tolerance,
and prompted the development of alternative joining solutions that mitigate the dissimilarity between them and
the remained metal parts in the aircraft. Among these technologies, Friction Riveting (FricRiveting) is an
innovative, friction-based joining process suitable for polymers, composites and hybrid metal-composite
structures. Prior to this work, the maturity of FricRiveting was limited to scientific knowledge at coupon level,
including topics of heat generation, microstructure, physicochemical, and quasi-static mechanical properties.
Moreover, no information on the behavior of joints under harsh environmental conditions, accidental damage
scenarios or cyclic loading has been assessed, which are topics essential for the industrial transferability of this
new joining technology. Therefore, this PhD work was devised to fill in the gaps in scientific and technological
knowledge, with a focus on further develop and understand the fundamentals of the FricRiveting process, joint
design, and mechanical integrity. Case study overlapped joints were produced using a titanium alloy Ti6Al4V
rivet and woven carbon fiber reinforced polyether ether ketone (CF-PEEK) parts relevant to aviation.

By a stepwise analysis of the joining process along with X-ray micro-computed tomography and digital image
correlation method, the joint formation and composite flow were assessed, showing the contribution of the
squeezed material between the composite parts as an additional bonding mechanism to the mechanical
interlocking of the plastically deformed rivet tip. The process temperature measured by thermography and
thermometry exceeded the decomposition temperature of PEEK as well as the beta transus temperature of
Ti6Al4V, leading to volumetric flaws in the rivet surrounding and morphological transformations in the
plastically deformed rivet tip, which promoted local mechanical changes as confirmed by micro- and
nanohardness measurements. Over the process temperature range analyzed in this work, three plastic
deformation shapes of the rivet tip were detected and of these a bell-shaped rivet tip produced the strongest
joints under shear loading. Through statistical analysis, a set of optimized joining parameters was obtained that
produces sound joints with bell-shape rivet tip and above-average quasi-static strength. In addition,
fundamental understanding of the effect of joint geometries on the joint strength was analyzed, in which by
optimizing the joint design (washer size and tightening torque), 30 % increase in joint strength was achieved.

Although FricRiveting presented inferior quasi-static mechanical performance compared to reference lock
bolting, the fatigue life of the joints showed an improvement up to 88 %, fulfilling aircraft industry
requirements. The sensitivity of the friction riveted joints to impact damage and its propagation under quasi-
static and cyclic loading was investigated through drop weight impact testing as well as microstructural
characterization and post-impact single lap shear and fatigue testing. The joint strength and fatigue life were
not compromised by barely-visible impact damage, which did not indicate a nucleation of critical delamination.
However, visible impact damage introduced both delamination and premature failure at the metal-composite
interface, leading to a 40 % decrease of quasi-static mechanical strength and the fatigue limit reached at load
level of 58 % of the quasi-static joint strength. The residual quasi-static strength of those joints surviving 108
cycles of fatigue was evaluated revealing no critical damage accumulation at the examined load level for
unimpacted and impacted joints.

The durability of the joints was assessed under hydrothermal and saline aging. With hydrothermal aging a 23
% increase of joint mechanical performance was observed after 28 days of exposure, as a result of PEEK post-
crystallization. With saline aging a decrease up to 23 % of the quasi-static mechanical performance could be
explained by corrosion induced in the external tightening elements, which no longer contributed to
redistribution of the compression stress through the composite surface.

This PhD work succeeds in further developing the FricRiveting process by covering complex and relevant
issues from scientific and engineering perspectives for the introduction of thermoplastic composites and
providing a new joining solution for aircraft manufacturing.







Zusammenfassung

Thermoplastischer Verbundwerkstoffe sind aufgrund ihrer schnellen Verarbeitbarkeit und guten
Reparaturfahigkeit alternative Materialien fr Primédr- und Sekundarstrukturen der néchsten
Flugzeuggeneration. Die (industrielle) Verwendung dieser neuen Materialien hat die Erforschung der
Haltbarkeit, Ermiidung und Schadenstoleranz sowie der Entwicklung alternativer Verbindungsverfahren
eingeleitet. Vor allem die Auswirkungen der Artfremdheit zwischen ihnen und den verbleibenden metallischen
Bauteilen im Flugzeug stehen dabei im Fokus. Reibnieten (Friction Riveting) ist ein innovatives, reibbasiertes
Verbindungsverfahren, das fiir Kunststoff-, Verbundwerkstoff- und hybride Metall-Verbundstrukturen
geeignet ist und daher fur diese Art der Anwendung in Frage kommt. Bevor der vorliegenden Arbeit war die
Reife des Reibnietens auf den LabormaRstab beschrankt, vor allem hinsichtlich wissenschaftlicher Erkenntnisse
der Warmeerzeugung, Mikrostruktur, physikalisch-chemische- und quasi-statische mechanische
Eigenschaften. Darliber hinaus waren keine Informationen Gber das Verhalten der Verbindung unter kritischen
Umgebungsbedingungen, Unfallschadenszenario und Ermuadungsverhalten verfligbar, die fir die
Ubertragbarkeit auf den industriellen MaRstabunerlésslich sind. Diese Arbeit wurde durchgefiihrt, um die
wissenschaftlichen und technologischen Wissensliicken des Reibnietens zu schlielen. Dabei wurde sich vor
allem auf das grundlegende Prozessverstandnis, das Verbindungsdesign und die mechanische Integritat von
Uberlappverbindungen unter Verwendung der Titanlegierung Ti6Al4V und gewebtes kohlefasergewebes -
Polyetheretherketon (CF-PEEK) fokussiert.

Durch eine schrittweise Analyse des Flgeprozesses wurden die Verbindungsbildungsmechanismen und der
Materialfluss bewertet. Es konnte gezeigt werden, dass das zusammengedriickte Material zwischen den
Verbundteilen als zusatzlicher Haftmechanismus malgeblich zum mechanischen Formschluss der plastisch
verformten Nietspitze beitragt. Die Prozesstemperatur Ubersteigt die Zersetzungstemperatur von PEEK sowie
die B-Transus-Temperatur von Ti6Al4V, was zu Volumenfehlern im Verbundwerkstoff in der Nietumgebung
und zu morphologischen Umwandlungen in die plastisch verformte Nietspitze filhrt. Uber den in dieser Arbeit
untersuchten Prozesstemperaturbereich wurden drei plastische Verformungsprofile der Nietspitze festgestellt,
von denen die glockenférmige Nietspitze unter Scherbelastung die stdrksten Verbindungen erzeugte. Ein
optimierter Prozessparametersatz wurde ermittelt, um Verbindungen mit Gberdurchschnittlicher quasi-
statischer Festigkeit herzustellen. Durch die Optimierung des Verbindungsentwurfes (Auflendurchmesser der
Scheibe und Anziehdrehmoment) wurde dariiber hinaus eine Steigerung der Verbindungsfestigkeit um 30%
erzielt.

Obwohl die quasi-statischen mechanischen Eigenschaften reibgenieteter VVerbindungen denen verschraubter
Referenzverbindungen unterlegen sind, hielten die Verbindungen unter Ermidungsbelastung mit 66 % ihrer
quasi-statischen Festigkeit 10° Zyklen stand. Somit wurde eine Verbesserung von bis zu 88 % im Vergleich
zum Ermidungsverhalten herkdmmlicher mechanischer Befestigungstechniken erreicht. Der Einfluss
verschiedener Rissausbreitung auf die quasi-statischen und zyklischen mechanischen Eigenschaften sowie auf
die Schadensausbreitung wurde untersucht. Die Festigkeit und die Ermidungslebensdauer der Verbindung
wurde bei kaum sichtbaren Aufprallschaden nicht beeintrachtigt, was auf keine Keimbildung Kritischer
Delamination hindeutet. Andererseits fiihrten sichtbare Aufprallschdden zur Delamination und vorzeitigem
Versagen der Metall-Verbund-Grenzflache was zu einer Verringerung von etwa 40 % der quasi-statischen
mechanischen Festigkeit sowie eine Ermiudungsgrenze entsprechend 58 % der quasi-statischen Festigkeit flihrt.

Die Dauerhaftigkeit der Verbindungen wurde unter hydrothermaler und Salz Alterung bewertet. Durch
Alterung in hydrothermaler Alterungsbedingung erhéhte sich nach 28-tégiger Aussetzung die mechanische
Leistungsfahigkeit der Verbindung um 23 % als Ergebnis der Nachkristallisation des PEEK. Bei der
Salzalterung konnte die Verringerung der Festigkeit um etwa 23 % durch die Korrosion der &ufReren
Spannelemente erkldrt werden, die dadurch nicht mehr zur Umverteilung der Druckspannung durch die
Verbundoberflache beitrugen.

Durch diese Arbeit gelingt es, das Reibnietverfahren weiterzuentwickeln, indem komplexe und relevante
Themen aus wissenschaftlicher und technischer Sicht fiir die weitere Verwendung thermoplastischer
Verbundwerkstoffe und dieser neuen Verbindungslésung in die Flugzeugfertigung behandelt werden.
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Chapter 1. Introduction

The increased demand for air transport and the needs of society for safe, affordable, more
efficient, and environmentally friendly mobility have resulted in regulations and requirements that
must be adopted by manufacturing industries by 2050 for the next generation of aircraft. For instance,
challenging goals proposed by the European Commission through the ACARE (Advisory Council
for Aviation Research and Innovation in Europe) include a reduction of 75 % in CO. by 2050, relative
to 2000, an increase in the usage of sustainable, alternative fuels, and the manufacture of recyclable
vehicles [1]. In this context, research and innovation are expected to lead to disruptive technologies
across many fields, including the structural design of aircraft with new materials and manufacturing
processes. The partial replacement of conventional metal structures with lighter solutions, including
carbon fiber reinforced polymers (CFRPs) has proven a solution for the reduction of fuel consumption
and emission of greenhouse gases [2]. Besides their inherent low density, CFRPs have high specific
strength and fatigue performance, environmental stability, and outstanding corrosion resistance [3].
Traditionally, CFRP applications for aerospace structures (cabin ceilings, sidewalls and cargo
compartment panels) are manufactured using thermoset resins, which require longer curing times and
outgassing of products from the curing reactions [3]. Moreover, issues of recyclability [4], brittleness
[5], and total manufacturing costs [6] are still limitations, which impair further application of the
material.

Nowadays, the introduction of advanced thermoplastic polymers (TPCs) as matrix material
for composite structures has attracted the interest of aircraft companies and suppliers as an alternative
for metal parts and thermoset composites [7]. These polymers can be rapidly manufactured by
applying heat and pressure, and therefore bear a great resemblance to the manufacturing processes of
metal components [8]. This fact has encouraged the replacement of aluminum and titanium by TPCs
in clips, brackets, trays and other simple parts [9]. For complex parts, the Airbus A380 features one
of the largest structural thermoplastic components currently in service: a thermoplastic skin
reinforced with welded ribs, which reportedly weighs about 20 % less than comparable aluminum
structures [9]. Since the mid-1990s, Fokker Aerostructures BV has also supplied pressure and non-
pressure floor panels for intercontinental luxury jets produced by the aircraft manufacturer
Gulfstream Aerospace Corporation [10]. Moreover, the ability of thermoplastics to remelt has
boosted innovation in composite assembly technology compared to their thermoset counterparts [11].
The drawbacks of conventional technologies, such as mechanical fastening and adhesive bonding,
can be overcome, including the notch sensitivity of the thermoset at the drilling stage [12], extensive

and costly cleaning of dust due to the drilling of holes [6], and long joining time owing to surface
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preparation and the curing times of adhesives [13]. Demonstrators have shown the possibility to adopt
welding-based technologies to produce integral TCP parts, along with unavoiding anti-peel rivets in
the stringer run-outs [14]. In this way, a reduction in both the assembly weight and stress
concentrations can be achieved [15].

Despite the intrinsic appeal of TPCs, their adoption for structural aircraft components has
been restricted, owing to high material and manufacturing costs, and a lack of understanding of the
joined/welded composite’s reliability and predictability upon fatigue, accidental damage, and under
different environmental conditions [16]. Classic theories of fracture mechanics and designs against
fatigue are primarily described for metal structures and no longer apply for composite components,
as the nature of damage and critical cyclical load cases vary for composites. For instance,
compressive load cycles and accidental impact can severely damage composite structures, but do not
cause any loss of structural integrity in metals [17]. Moreover, the damage caused by long-term
exposure of metal structures to environmental conditions has been widely described as corrosion
attacks, which over the years have triggered investments in systems of corrosion protection by
companies [18-20]. However, predictions have shown that composites suffer damage at the fiber-
matrix interface and by matrix softening [21-23], and therefore different strategies need to be adopted
to protect them for the average 30 years of operational aircraft life.

In this context, Friction Riveting (FricRiveting) has been proposed as an alternative joining
technology for TPCs, patented by and developed at Helmholtz-Zentrum Geesthacht, Germany [24].
The technology relies on the principles of mechanical fastening by friction welding and the feasibility
has been demonstrated for several material combinations including carbon fiber [25,26] and glass
fiber reinforced thermoplastics [27,28]. This PhD work was devised to advance the maturity of the
technology for overlapped CFRP in aircraft applications, including evaluation of the fundamental
scientific and technological aspects of the FricRiveting process. For this purpose, friction riveted
joints were investigated to determine the impact of the joining process on the joint formation, design,
and mechanical performance in a damage scenario of fatigue and environmental threats.

This thesis is arranged with the following chapters:

Chapter 2 defines the motivation and objectives of the work, based on the knowledge gaps
and perspectives for new joining technologies of TPCs in the aircraft industry, as stated in this
introduction.

Chapter 3 summarizes the relevant literature on the state-of-the-art of Friction Riveting,
which is partially based on the results obtained in this PhD work along with previous publications on
the topic. It also briefly introduces general aspects of structural design philosophies, durability of

CFRP joints, including the effects of fatigue, impact, and environmental exposure on the joint’s




mechanical behavior, and the definition of a joint design guideline. A brief description of the basic
characteristics of the materials used in this work completes this chapter.

Chapter 4 sets out the experimental approach adopted in this work, focusing on the work
packages defined to achieve the objective of the project.

Chapter 5 describes the materials, equipment, characterization methods, and simulation
carried out in this work.

The results and a discussion are divided into five further chapters:

Chapter 6 deals with the general aspects of FricRiveting, including joint formation, bonding
mechanisms, temperature history, microstructural transformations of the joint materials, and local
properties (physicochemical changes of CFRP and microhardness and nanohardness of metal and
CFRP). The main results of the process optimization are shown, from which an optimized joint
condition was selected for the analyses in the subsequent chapters. Finally, a fundamental analysis of
joint geometry for single spot friction riveted joints is addressed.

Chapter 7 presents the mechanical performance of friction riveted joints under quasi-static
and cyclic loading. The quasi-static mechanical performance at room temperature is analyzed by
mechanical testing combined with a finite element method and strain distribution acquired by digital
image correlation. The dynamic behavior is analyzed by fatigue testing, residual strength, and
stiffness degradation calculation. The failure analysis and fractography of the joints from different
loading scenarios are elaborated.

Chapter 8 is devoted to a fundamental understanding of fatigue and impact damage threats,
where basic concepts of damage tolerance are employed. The size of impact damage is categorized
according to aircraft standards and the evolution of damage under quasi-static and cyclical loading is
presented.

Chapter 9 describes the influence of hydrothermal and saline aging on surface features of the
joint, local thermal and mechanical properties of the composite, and the quasi-static mechanical
performance of single lap joints. As applicable, the corrosion topic is explained. The chapter also
provides fracture surface analyses after each of the aging processes.

Chapter 10 summarizes the results obtained in this PhD work.

Chapter 11 provides recommendations for further scientific and technological work in this
field.




Chapter 2. Motivation and Objectives

The adoption of thermoplastic composites in primary and secondary aircraft structures has
triggered research into the fields of durability and fatigue, the damage tolerance of composite
structures, and the development of alternative joining solutions that mitigate the dissimilarity between
composite and metal parts of the aircraft. FricRiveting is an innovative metal-polymer joining process
that was developed at Helmholtz-Zentrum Geesthacht prior to this PhD work.

The maturity of FricRiveting remains at the initial stages of development, where scientific
knowledge has been acquired mainly at the coupon level. The topics already investigated and
addressed in previous studies include: the feasibility of the process for a wide range of materials,
mainly in a joint configuration of single polymer/composite plates, an analytical heat input model for
unreinforced thermoplastics, the characterization of microstructural zones, metallurgical
transformations in the plastically deformed rivet, and quasi-static tensile strength. However, no
detailed investigation into the process variant Direct Friction Riveting for an overlapped joint
configuration of composite materials has been carried out. Consequently, there are no studies
available on the joint formation, material flow, shear strength, and fracture analysis of this process
variant. Moreover, to advance the maturity of FricRiveting, the behavior of the joints under harsh
environmental conditions, in accidental damage scenarios, and cyclical loading require assessment,
along with a proof of concept for large scale samples.

This PhD work was therefore conducted to fill in the identified gaps in scientific and
technological knowledge, with a focus on the mechanical integrity of friction riveted joints. For this
purpose, a case study joint relevant for aircraft of a titanium alloy Ti6Al4V rivet and overlapped parts
of woven carbon fiber reinforced polyether ether ketone (CF-PEEK) was selected and the following
objectives were defined:

e Optimize the Direct FricRiveting process through an assessment of the relationship between
process parameters, joint formation, and mechanical behavior of the joints.

e Provide a fundamental analysis of joint design for Direct FricRiveting.

e Investigate the fatigue life of friction riveted joints and understand the damage evolution
during quasi-static and cyclic loading.

o Evaluate the influences of aging under different environmental conditions and impact

damage on the mechanical performance of friction riveted joints.




Chapter 3. Literature Review

3.1 Design requirements of joined composites for aircraft applications

To design an aircraft structure, three general aspects must be considered: strength, expected
load, and lifetime. As regards strength, the selection of appropriated materials and optimization of
structural design, including the design of joints and composites (i.e. stacking sequence, type and
amount of fibers) are assessed. An analysis of relevant loading and peak load cases of events that can
occur during the operational life of an aircraft is used to define risks to the integrity of the structure
and allowable stress and strain levels. The third aspect assesses the degradation of the materials and
structures over operational life, owing to environmental, corrosion, impact, and fatigue damage. [29]

Joining by mechanical fastening (i.e. bolting, riveting, screwing) is a common technology for
assembling structural components in aircraft, because it requires only simple machinery, is easy to
disassemble, and is capable of joining dissimilar materials [30,31]. However, the process induces
stress concentrations on the fastener surroundings and produces a non-continuous joint that allows
diffusion of moisture and other fluids [32]. The common disadvantages become critical when the
technology is applied to composite structures, owing to the intrinsic notch sensitivity of the
composite, and therefore a susceptibility for crack initiation during fastener insertion. Thus,
mechanical fastener joining technologies for composite structures demand more rigorous design
knowledge and analysis than those currently available for the traditional methodology for metal
structures [33]. Since the integrity of mechanically fastened joints can directly affect the performance
and safety of structural composite components, an understanding of the behavior of joined composites
under different environments and a wide loading spectrum, including quasi-static, cyclic, and impact

loading, is critical for aircraft structural designs.

3.1.1 Joint design of a bolted composite

The design of bolted joints has been widely explored, owing to its influence on joint strength,
preferential failure mode, and required number of fasteners throughout a structure. These parameters
include: geometrical factors (ratio of width to diameter, edge distance, and clearance) [34], bolt
material [35], coefficient of friction [36], joint configuration (single or double lap joint, single or

multiple rows of bolts) [37], laminate lay-up, and tightening torque [35,38]. According to Cooper and




Turvey [39], larger ratios of width to diameter and sufficient edge distances favor bearing failure,
while small edge distances favor shear-out or cleavage modes [40]. As demonstrated for carbon fiber
reinforced epoxy laminates, although the bearing strength is proportional to tightening torque [38,41],
higher torques induce out-of-plane shear stresses, which may lead to premature failure of composite
joints [42]. The low interlaminar strength of composite materials often leads to delamination of the
ply during installation of the fasteners. Therefore, clearance fit fasteners are generally avoided for
composite structures, to avoid defects. However, some authors [43,44] have published improvements
on the fatigue life of composite bolted joints using an interference fit, which may promote a better
load-sharing capability of the joint.

In addition to its geometry, the parameters of the fastener also play a role in the mechanical
behavior of composite joints. The fasteners commonly used in aerospace are screws, rivets, and bolts.
Each type presents a wide range of dimensions and varieties. For instance, for lock bolts a higher
flush head diameter increases the pull-through strength of composite joints, as reported by Boeing
[45]. Enlarged footprints such as nut, washer, collar, and tail, are normally designed for fasteners, to
provide a larger area over which the preload is spread. In this way, tensile strength is improved by
preventing fastener pull-through failure [33,46]. Thus, enlarged footprints enable higher preloads to
improve the joint performance, while minimizing the possibility of crush damage through the
composite’s thickness [45].

3.1.2 Damage tolerant design of composite structures

Since 1978, aviation requirements have adopted the damage tolerance philosophy, defined as
the ability of a structure to sustain anticipated loads in the presence of fatigue, corrosion or
accidental damage until such damage is detected through inspections and subsequent repair [33,47].
In contrast to damage tolerance, damage resistance assesses the ability of the material to resist
damage initiation [48]. In this scope, critical structural locations where damage occurs and
propagates must be identified and determined whether they can be inspected or not. In cases where
inspection is impractical, a safe-life design philosophy must be implemented, which corresponds to
the number of flights in which the probability of strength degradation is low [29]. Figure 3.1
illustrates the selection of design approaches, based on the recommendations for aircraft

manufacturing [29].
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Figure 3.1 Schematic illustration of an aircraft design approach. (Adapted from [29])

According to the requirements of civil regulations for the damage tolerance of large aircraft
EASA CS 25.571 and the advisory material specific for polymer composite structures (AMC 25.571),
accidental impact damage is a concern for most composite structural designs, as it may go undetected
and severely decrease the mechanical integrity of the composite [5,49]. In this regard, to improve the
properties of through-the-thickness strength and impact resistance of composites, several approaches
have been investigated, including the use of tougher thermoplastic resins [5], a tougher fiber network
[50,51], and methodologies that include Z-fibers, stitched fabrics, preforms, and interlayers [52,53].
The stitching technologies have shown significant improvements to impact damage tolerance and
fracture toughness, due to higher bending deformation prior to failure by internal shear [52]. Although
stitching provides significant out-of-plane property improvements and drastically reduces the number
of fasteners required, if used to fabricate integrated preforms it does so at a cost. This cost includes
the amount of time required to provide field stitching (i.e. stitching not used solely for assembly or
attachment) and a reduction of its in-plane properties, due to the undulating of the fiber network

around the multiple penetrations of the stitching needle [50,52,54].

3.1.3 Impact behavior of aircraft composite structures

Aircraft composite structures, especially the composite fuselage, are prone to impact damage
[55]. Contrary to metal structures, CFRP absorbs impact energy mainly through material damage and
elastic deformation, instead of plastic deformation as with metals [56,57]. The nature of the impact
damage is numerous for aircraft structures and has been classified according to the impact velocity
[58,59]: tool drop during maintenance operations are classified as low velocity (4 to 10) m/s impact
events with an impact energy of up to 35 J; runway debris impact has an intermediate velocity and

impact energies in the order of 50 J, while bird strike and accidental damage such as the impact of




integrated parts, are classified as having medium velocities of (100 to 150) m/s with impact energies
of over 100 J. In accordance with this classification, Airbus has recently reported an impact damage
screening on the composite fuselage of A350XWB [47], as shown in Figure 3.2. The low-velocity
impact events with an energy of up to 35J had a higher probability of occurrence throughout the
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structure, being highly localized around the passenger and cargo doors.
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Figure 3.2 Impact damage screening of A350XWB (by permission of Airbus GmbH).

To assess the low-velocity impact damage, drop weight impact testing has been widely used
to study the impact behavior of composite structures [5,56,60-63], adhesive bonded composites [64—
66], and metal-composite laminates [67,68]. Some investigation has also been performed on impacted
bolted composite structures [14]. Ochda et al. [14] reported the detection of internal delamination in
impacted stringers bolted to CF-PEKK panels of a horizontal stabilizer torsion box by an ultrasonic
guided wave monitoring system. However, no investigation of impact damage evolution and residual
strength was addressed.

Under drop weight impact testing, the material or joint can present a pure elastic response
known as rebounding, or penetration instead, where the impact energy is totally absorbed by the
material and released by the damage process, or perforation [62]. Such responses are dependent on
the impact test parameters (impact velocity, indenter shape, and impact mass) [48,55,61,67], the
temperature of the test [55,61], and material properties [48]. As reported by Gao et al. [48], CF-PEEK
manufactured with a fast cooling rate presented the ability to resist damage initiation upon impact,
owing to the low level of crystallinity of the PEEK matrix and consequently higher matrix ductility.

According to the EASA CS 25.571 [69] regulations for impact damage threat assessment of
large aircraft, low-energy impact damage of composites is categorized as visible impact damage
(VID) or barely visible impact damage (BVID). Typically, VID presents a damage area easily
detected by a residual dent on the material surface, while BVID is characterized by internal damage,
including matrix cracking, fiber fracture under tension and compression, and shear-driven
delamination [49]. As reported by Polimeno and Meo [70], the most critical BVID is delamination,
owing to its unstable crack propagation, diminished detectability by non-destructive tests, and up to

40 % decrease of the composite strength and stiffness. To define a threshold for BVID, a residual




dent depth of 0.5 mm is frequently used as the criterion, owing to the high measurement accuracy
and probability of detection (90 % according to AIRBUS [47]), leading to a reasonable level of
robustness for aircraft structural design [5,55,69]. Moreover, for damage tolerant designs for impacts,
VID and BVID must be tested under quasi-static and cyclic loading to define their sensitivity to
growth and the residual strength compared to allowable values for the composite structure [49].

Vieille, Casado, and Bouvet [5] compared the impact damage resistance and tolerance of CF-
PEEK, CF-PPS, and CF-epoxy by the size of the impact damage and post-impact compression
behavior. The authors reported that the BVID threshold was reached at 16 J for CF-PEEK, at 13 J for
CF-PPS and at 11 J for CF-epoxy, showing a higher resistance to impact damage initiation of CF-
PEEK. Additionally, as the toughness of a PEEK matrix is reported to be higher than PPS and epoxy,
the propagation of the impact damage is shown to be relatively slow in CF-PEEK and the residual
compressive strength 30 % higher than CF-epoxy and 12 % higher than CF-PPS, leading to better
damage tolerance. Tai, Yi, and Tseng et al. [71] reported a decrease in the fatigue life of CF-PEEK
impacted by an energy of up to 25 J and cyclic loading under a tension-tension regime. From a C-
scan inspection, the authors concluded that the delamination induced by the impact did not grow
during fatigue life, leading to no apparent stiffness degradation over fatigue cycles, and final failure
only due to the fatigue damage.

With the presence of a metal interlayer in CFRP, additional mechanisms to release the impact
energy have been reported [67,68]. Aside from delamination of fiber-matrix interface, adhesion
failure of the metal-composite interface along with plastic deformation of the metal layer seems to
increase the absorption of impact energy considerably in comparison to CFRP, and so represents a
promising strategy for improving the impact resistance of composites [67,68].

Although a finite element model (FEM) has been used to simulate the dynamic response of
impacted aircraft composite structures and hence to predict critical impact scenarios and maintenance
strategies [17,72,73], there are also simple analytical models that provide valuable estimations on the
occurrence of critical delamination in impacted composites. Such models are mainly used in the
screening stage of aircraft design [49]. Davis and Robinson [58] have shown that a single central
delamination in the mid-plane of a composite plate propagates with an in-plane shear mode (fracture
mode I1) upon reaching a critical force. Based on these assumptions, the authors proposed an equation
for the critical impact force, which is independent of the delamination size and plate’s boundary
conditions, as well as which neglects bending strains upon the impact test [74,75]. The accuracy of
the equation has been proven for a large number of plate geometries and CFRP [49] and is used in
this PhD to predict the occurrence of delamination with impacted friction riveted joints. These results

will be discussed in Appendix J.




3.1.4 Durability of aircraft composite structures

For aeronautical structures, the concept of durability is defined as the ability of a structure to
withstand degradation of various kinds, including fatigue, corrosion, accidental damage, and
environmental deterioration, up to an extent controllable by acceptable maintenance and inspection
programs [69]. However, the term has been generally used by the scientific community to define the
effects of different environmental conditions on the strength of materials, joints, and structures
[21,22,76,77]. In this PhD, the latter definition is adopted.

There are many sources of potential damage to aircraft composite structures related to the
operational environment, including temperature, humidity, ultraviolet light, saline atmosphere and
animal interactions, as well as exposure to chemicals, such as cleaning solvents, hydraulic fluids, and
fuel. To design a durable composite structure, it is of the upmost importance to understand the
mechanisms of degradation caused by environmental exposure and their effects on the long-term
mechanical behavior of the structure. Due to time constraints, accelerated aging is normally used to
analyze isolated damage, by exposure for a shorter time under an extremely harsh environment [78].

In a hydrothermally aged composite, the water uptake by the composite promotes
plasticization of the molecules and swelling stress, caused by expansion forces and the stretching of
polymeric chains [78,79]. Franco et al. [80] reported that such effects are beneficial for the
mechanical performance of thermoplastic composites under sub-zero temperatures, while at room
and higher (80 °C) temperatures they are degrading factors to fatigue resistance. The plasticization
of a hydrothermally aged composite is reported to induce relaxation of clamp-up torque in bolted
composites, degrading the bearing fatigue performance of the joints [81]. Another reason for the
reduced fatigue life of a bolted composite is degradation of the metal bolt and its interface with the
composite hole [82,83]. According to Miyano, Nakada, and Sekine [82], water absorption changes
the failure mechanism from microbuckling to delamination, indicating a reduction of adhesion forces
at the metal/composite and fiber/matrix interfaces.

For hydrothermally aged joints of metal and CFRP, a decrease of durability under quasi-static
and cyclic loading can be explained by susceptibility of the metal to corrosion. Carbon fibers and
metals, such as aluminum alloys, form a galvanic coupling. When in an aggressive environment (e.g.
water and saline solutions), this leads to galvanic corrosion of the metal, which can be followed by
pitting and crevice corrosion processes [18]. Titanium and titanium alloys are less susceptible to
galvanic corrosion with CFRP, owing to stable passivation by an oxide layer (Ti.Os) over a large
potential range [84]. Although they do not require protection, the aircraft industry has adopted coating

systems for titanium alloy fasteners to mitigate risks of galvanic corrosion when in contact with other
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metal parts made from magnesium and aluminum alloys [85]. Anodizing and the usage of sacrificial
metal coatings and parts have been used as well [84-86].

3.2 Material’s survey

3.2.1 Ti6Al4V

Ti6AI4V alloy is a low-density material developed after the Second World War to attend the
requirements of high corrosion resistance and strength for aviation and aerospace applications
[87,88]. Traditionally, aircraft metal fasteners, engine fans, and rotorcraft propeller blades are mainly
produced from Ti6AI4V [88,89]. Moreover, through superplastic forming, the material has been used
to manufacture engine nacelle components applied in the Boeing 757 aircraft [90]. However, the
manufacturing of complex geometries in Ti6AI4V is still limited, owing to the raw material being
expensive and the drawbacks of conventional process routes, including high material waste caused
by machining [91]. Recently, powder-based concepts such as metal injection molding have shown
potential as methods for Ti6Al4V, owing to their near net shape property and the consequent material
cost savings [92,93].

Ti6AIl4V is one of the alpha-beta Ti alloys that has a low-temperature stable alpha-Ti (a)
phase and a high-temperature stable beta-Ti (B) phase. The crystalline structure of a-phase is a
hexagonal close-packed array (hcp), responsible for the strength of the alloy, while B-Ti phase is a
body-centered cubic array (bcc), which provides good ductility [94]. The aluminum alloying element
stabilizes the a-phase, while oxygen, nitrogen, iron, and vanadium enable the B-Ti phase at low
temperatures [94].

The insipient melting temperature of Ti6Al4V is reported to be 1650 °C, while in
thermodynamic equilibrium at 995 °C there is a phase transformation from a-Ti phase to B-Ti phase
under a heating regime known as the p-transus temperature [95-97]. As reported by Kitamura et al.
[87], when Ti6AI4V is exposed to severe conditions of plastic deformation, such as with Friction Stir
Welding (FSW), a non-equilibrium B-transus temperature is established at values lower than 949 °C.
Other authors have reported a B-transus temperature in non-thermodynamic equilibrium between
670 °C and 690 °C for cooling rates of 50 °C/min to 10 °C/min [98,99]. Moreover, titanium alloys
are considered to be generally difficult to process, owing to the high dependency of its flow behavior
on parameters such as temperature, strain, and strain rate during thermomechanical processing [100].
During hot forging, titanium alloys have a work-softening behavior as the strain and strain-rate

increase, which is intensified by adiabatic heating and localized shear band formation [101]. The
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original microstructure also has an important influence on the hot working behavior of these alloys:
a higher content of beta-phase improves the Ti6Al4V forgeability [100].

The microstructure of the Ti6AI4V alloy is thermomechanically dependent. The acicular
morphology resultant from the fast cooling rate of the B-Ti phase field above the Ti6Al4V solvus
temperature (Figure 3.3-b), represents the f—a phase transformation in a non-thermodynamic
equilibrium, occurring in a diffusionless process (martensitic) [95]. The result is a homogeneous
transformation of the bcc phase into an hep (a”) or orthorhombic (a”) crystal lattice in lamellar
packets over the given volume [102]. With a low alloying element content and fast cooling rate, o is
formed preferentially. The martensite starting temperature (M) is a function of the impurity level (O,
Fe). Below the B-transus (Figure 3.3-c) temperature, time and temperature-dependent phase
transformations are less intense, due to the high atomic packing attributed to hcp crystal structures
[95]. Thus, slow cooling from an a+p field at temperatures below B-transus leads to a typical
equiaxed morphology, which is characterized by an a-Ti phase matrix with B-Ti phase growing in
the a-grain boundaries [103]. With slow cooling in a thermodynamic equilibrium from the B-phase
field (Figure 3.3-d) a so-called Widmanstatten microstructure is formed, characterized by the
nucleation of individual o lamellar packets and growth of retained B grains [94,95]. Although o-
phase and its transformations are included in the diagram of Figure 3.3, this metastable phase is not
usually detected in the final microstructure of Ti6AI4V welds.

a)
T, = 1650°C

m

— 995°C | B8

T/;’-Lramm

\ MSS~5()0°C \ \ f—o
Vo

Fig. (b) Fig. (¢) Fig. (d) als Qe :

Figure 3.3 a) Continuous cooling transformation diagram of o+ titanium alloy, along with three cooling
profiles: (b) fast cooling rate from a temperature above p-transus, resulting in a martensitic microstructure;
(c) moderate cooling rate from a temperature below B-transus, resulting in a globular microstructure; (d)
moderate cooling rate from a temperature above p-transus, resulting in a Widmanstatten microstructure.
(Adapted from [104])

Conventional welding processes of titanium alloys such as laser beam welding (LBW)
[60,105], gas tungsten arc welding (GTAW) [106], high vacuum electron beam welding (EBW)
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[107,108], and solid-state welding processes such as ultrasonic welding [109] and friction stir
welding (FSW) [106,110] have industrial applicability and thus have been widely investigated
[60,106,109,111]. In GTAW of Ti6Al4V alloy, an increase in the arc current leads to high heat input
and consequently low cooling rates, favoring a-Ti grain coarsening, formation of a Widmanstétten
microstructure, and brittle intermetallic compounds [106,112]. Danielson, Wilson, and Alman [111]
reported that significant oxygen contamination on the surface of Ti6Al4V alloy GTAW welds led to
a predominance of acicular morphology. In the case of FSW, refinement of disoriented a-Ti acicular
grains and martensitic transformation improved the tensile strength of the welds and the hardness of
process-related microstructural zones [108]. Zhu, Lee, and Wang [109] demonstrated that by
optimizing the welding pressure and time for ultrasonic welding of Ti6Al4V alloy and aluminum
A6061, the hardness of both matrices increased, with apparent diffusion occurring across the welding
interface. Kashaev et al. [113] joined Ti6Al4V to carbon fiber reinforced polymer using laser riveting
along with surface-structured Ti6Al4V parts. Compared to the surface structured parts, conventional
laser-riveted joints presented higher stiffness under quasi-static loading and lower fatigue
performance which was explained by the stress concentration effect that is associated with a gradient
of microstructure through the joint. Friction Riveting has been successfully used to join titanium and
titanium alloys [25,26,114-116]. As reported by Borba et al. [114], the thermomechanical treatment
upon Friction Riveting and the complex cooling regime resulted in a bimodal microstructural gradient
over the plastically deformed Ti6AIl4V rivet, showing a combination of equiaxed morphology,
martensitic and Widmanstétten structures. Feistauer et al. [117] reported no microstructural
transformation of Ti6AlI4V metal injected parts when joined with polyetherimide parts by an
ultrasonic joining process.

Ti6AIl4V exhibits exceptional resistance to salt water, a marine atmosphere, and a wide range
of acids, alkalis and industrial chemicals [118]. Its corrosion resistance is determined by the formation

of a thin adherent titanium oxide layer (TiO2) on the surfaces of titanium and titanium alloys [119].

3.2.2 CF-PEEK composite

CF-PEEK is a high-performance semi-crystalline engineering thermoplastic composite with
application mainly in primary and secondary aircraft structures, such as the fixed leading edges of
wings, ribs, and clips in Airbus and Boeing commercial aircraft as well as the rudder and elevators
in the Gulfstream G650 business jet [55]. The PEEK matrix was invented and patented in 1978 by
Imperial Chemical Industries [120] and its monomer structure consists of consecutive benzene rings,
ether, and carbonyl groups (Figure 3.4-a). The ether improves material processability, while the

aromatic backbone stiffens the monomer structure, and thus attributes high thermal and mechanical
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resistance [120,121]. In addition, the material presents good mechanical properties under continuous
service conditions at 260 °C [122], as well as excellent chemical and radiation resistance [123].
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Figure 3.4 a) Polyether ether ketone monomer; b) Spherulitic crystal structure of PEEK; ¢) Trans-
crystallinity of PEEK. Adapted from [124].

In aircraft structures with strict damage tolerance requirements, CF-PEEK overcomes the
limitations of CF thermosets, particularly owing to the higher toughness of PEEK. The toughness of
PEKK, however, is strongly influence by the temperature of analysis and degree of crystallinity.
Garcia-Gonzalez et al. [61] has shown an embrittlement of PEEK impact behavior under a typical
aircraft operational temperature range of -50 °C to +25 °C. Moreover, the low degree of crystallinity
decreases the matrix ductility of CF-PEEK and consequently interlaminar fracture toughness
[48,125].

The glass transition temperature of the amorphous phase of PEEK is 143 °C to 145 °C, while
the melting temperature of the crystalline phase is in the range 340 °C to 345 °C [126-129]. Authors
have reported a double melting behavior of PEEK [124,126,130,131]. This phenomenon is not fully
understood and has been explained by the dual lamellar thickness of spherulites [130], simultaneous
melting and recrystallization [124], and physical aging [131]. The crystal structure of PEEK has a
spherulitic morphology (Figure 3.4-b) and findings in the literature [126] indicate that the crystalline
unit cell is an orthorhombic crystal. The degree of crystallinity of PEEK can be increased up to 50 %
by thermal annealing at 200 °C to 300 °C for 5 h to 40 h [126,130]. Additionally, authors [132-134]
have published about an increase of PEEK degree of crystallinity owing to nucleation of crystals at
the fiber-matrix interface, in a process known as trans-crystallization (Figure 3.4-c). This process is
influenced by several factors, including a mismatch of thermal coefficients between the fiber and the
matrix, surface roughness and treatment of fibers, and the processing conditions [132]. The crystalline
interface has been shown to improve the mechanical performance of CF-PEEK by decreasing the

discontinuity of mechanical properties between the fiber and the matrix, thereby enhancing the stress
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transfer [124]. As reported in [135,136], another mechanism of PEEK crystallization can be induced
by common organic liquids, such as toluene, acetone, and vapors such as CO», which is known as
solvent-induced crystallization (SIC).

Thermal degradation of PEEK is reported to occur in two-step decomposition processes: by
random chain scission of the ether and ketone bonds and by formation of stable radical intermediates
from cleavage of the carbonyl bonds between 575 °C to 580 °C, and volatilization of phenols, CO,
CO; and formation of a carbonaceous char at around 600 °C, which process continues slowly until
1000 °C [120,121,137]. The thermal stability of PEEK is shown to be higher under shielding gases
than under an atmosphere of oxygen [121,137,138]. Under oxygen, the second decomposition step
is mainly governed by oxidation of the carbonaceous char formed from the first decomposition
step [121]. At temperatures above 600 °C and in air, the presence of carbon fibers is shown to
decrease the onset-decomposition temperature of the PEEK, indicating that CF-PEEK is more
susceptible to oxidize [121,137]. Crosslinking of PEEK resin is reported to occur in the presence of
oxygen at temperatures commonly used for PEEK processing [139,140].

A typical range of PEEK processing temperatures is 400 °C to 485 °C [139] and PEEK can
be processed by injection molding, extrusion [123,140], or selective laser sintering [127,141].
McLauchlin et al. [123] have reported the susceptibility of PEEK to multiple re-injection processes
without compromising the mechanical properties of the material. The capacity of PEEK to retain its
degree of crystallinity and therefore its strength enhances the applicability of CF-PEEK for aircraft

structures over CF thermosets on thermal-based repair procedures.

3.3 Friction Riveting (FricRiveting) technique

3.3.1 General aspects

Friction Riveting is an alternative, friction-based spot joining process for multiple materials,
patented by Helmholtz-Zentrum Geesthacht (HZG) in 2007 [24]. The process is based on the
principles of friction welding and mechanical fastening, using frictional heat and pressure to
plasticize and plastically deform a cylindrical metal rivet into a polymeric plate. The technology aims
to overcome the main limitations of conventional techniques, such as adhesive bonding and
mechanical fastening (riveting, bolting, clinching) that incur long joining cycles, multiple joining
steps (surface preparation, drilling, cleaning, etc.), and stress concentration in the pre-drilled parts
[30,142].
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The flexibility of FricRiveting as it regards the joint configuration aspect is important for the
structural design of joined components. Figure 3.5 illustrates the possible joint configurations. The
simplest metal-inserted joint consists of a single polymeric part joined by a metal rivet. Additional
demountable top layers can be further assembled into such parts prior to joining. The overlap and
sandwich-like joints allow joint formation of dissimilar or similar polymeric plates or between metal
and polymeric parts. For such configurations, the joining parts are almost completely inserted by the
metal rivet, without previously drilling the plates of the upper joining part. This variant of the
FricRiveting process is called Direct Friction Riveting (Direct FricRiveting), and is the subject of
thorough investigation in this work.

a) b) c)

Figure 3.5 Possible joint configurations of FricRiveting for multiple material types: a) metal-inserted, b)
overlap, and c) sandwich-like joint.

The feasibility of the process has been demonstrated with several material combinations,
mainly in the metal-inserted joint configuration, which includes unreinforced polymers [28,143,144],
glass fiber [27,114,145] and carbon fiber reinforced polymers [25,115] joined with stainless steel,

aluminum, and titanium alloys.

3.3.2  Principles of the process

The process allows multiple types of control, such as force control, time control, and multiple
joining phases. For instance, a process with force control regulates the joining force by maintaining
a pre-set level while the time is a response. Alternatively, the process can use time control, obtaining
the force as a response. Moreover, the duration of each joining phase can be limited by time and
displacement. For a time-limited process, the transition to the next joining phase happens as soon as
a pre-set time of the previous joining phase is reached. When such a switch of joining phases depends
on a pre-set axial position of the spindle, and consequently of the rivet, the limitation happens by
displacement. Each combination of control and limitation is a possible process variant. The variant
can be selected according to the requirements of joining cycle and knowledge maturity, regarding the
material’s response to heat generation during the process and geometric restrictions of the joining

parts (e.g. accuracy of rivet penetration depth into thin polymeric plates).
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The most consolidated and studied process variant is a force controlled and time-limited
process comprising three phases: friction, forging and consolidation phases. The main steps of this
process variant are depicted in Figure 3.6 for an overlap joint configuration. The polymeric parts are
pre-assembled and fixed onto a backing plate, while the metal rivet, attached inside the chuck in the
welding head, is aligned with the center of the polymeric parts (Figure 3.6-a). After the positioning
step, the rivet is rotated at a pre-set rotational speed and pressed against the surface of the polymeric
plate (Figure 3.6-b). The high rotation and axial force heat up the polymer part leading to softening
and melting of a thin polymeric layer around the metal rivet. Due to the continuous plunging of the
rivet into the polymeric part, the softened or molten polymeric layer is expelled from the joining area,
forming a flash. Despite the unavoidable flash formation, such material can be removed during the
joining process by using additional cutters on the welding head or be entrapped into features such as
reentrances in the rivet head. Additionally, due to the low thermal conductivity of the polymer, the
local temperature at the rivet tip rises and approaches the plasticizing temperature of the metal (60 %
to 90 % of the melting temperature of metal alloys, such as aluminum and titanium). Thereafter, the
rivet’s rotation is stopped and the axial force is increased (Figure 3.6-c). The plasticized rivet tip
is pushed against the cold polymeric layer beneath it, which creates the resistance required to
deform the metal, anchoring it in the polymeric part. Finally, the joint is consolidated by cooling

under pressure (Figure 3.6-d), the spindle retracts and the friction riveted joint is created.

Metallic rivet

Polymer parts

a) b) ) d)

Figure 3.6 Schematic representation of Direct Friction Riveting process steps: a) positioning of the joining

parts, b) friction phase (plunging of the rotating rivet through the upper part), c) forging phase (plunging of

the rivet through the lower part and rivet plastic deformation), and d) joint consolidation. The flash formed
during the process was not illustrated for simplification.

The plastic deformation of the rivet tip is a function of frictional heat and axial forces.
However, when the heat supplied during the friction phase is sufficient to plasticize a large
volume of metal and partially deform the rivet tip, the forging phase can be omitted, as reported
by Proenca et al. [145]. The authors showed that, for the combination of glass fiber reinforced
polyamide 6 and aluminum alloy 6056-T6, an increase of axial force during the process did not
have any significant influence on deformation of the rivet tip and likewise the mechanical

performance of the joints produced. However, this behavior was only observed for samples
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produced with high heat input conditions, which yielded high plasticizing levels in the metal part
during the friction phase. Achievement of this can increase the energy efficiency of the process
while also contribute greatly to the overall understanding of friction riveting.

Figure 3.7 illustrates the monitoring diagram of a force controlled and time-limited
process with (Figure 3.7-a) and without (Figure 3.7-b) the forging phase. As shown in both cases,
during the frictional phase, both rotational speed (black line) and joining force (dark gray line)
increase to the defined level while the spindle moves downward (bright gray line). For the
process without a forging phase, the axial displacement of the spindle decelerates whereas the
force and rotational speed remain constant. In the case of a process with forging phase, the axial
displacement accelerates as a response to increasing axial force while the rotational speed
decreases. The final consolidation phase is similar in both cases, with no axial movement of the
spindle and no rotational speed, but under some pressure, either additionally imposed or simply

due to the weight of the spindle.
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Figure 3.7 Schematic force-controlled FricRiveting diagram for a) a process with forging phase, and b)
without forging phase.

The primary bonding mechanisms of friction riveted joints are mechanical interlocking, by
the rivet tip widening into the polymeric part, and adhesion forces believed to be present where the
molten polymer is in intimate contact with the metal. The efficiency of the rivet’s mechanical
anchoring has been shown to be the main contribution to the joint’s mechanical performance under
guasi-static loading [25,27,28]. According to Pina et al. [146], not only the widening of the rivet tip
affects the joint strength, but also its shape, noting that overdeformation has a significant negative
influence on the joint’s strength. Although reported, this effect has not had any deep scientific

investigation, and the topic will be covered in Section 6.3.2.
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3.3.3 Heat generation

The heating regime of FricRiveting is fairly complex, described by [147] to be a
combination of solid friction (a minor factor, normally less than one percent of the total generated
heat) and viscous dissipation (internal shearing of macromolecules) in the molten polymer. A
detailed analytical model for the heat input during FricRiveting was proposed and validated for
unreinforced thermoplastic and aluminum joints [148]. In this case, viscous dissipation caused
by the breakage of secondary bonds between the polymeric chains was shown to contribute most
to the heating regime. Although this analytical model applies to unreinforced polymers, as it does
not include a solid friction contribution of the reinforcement in composite, it must be improved
for other materials.

The heat generation during FricRiveting is mainly dependent on the selection of joining
parameters, materials, and geometry of the joining parts. The influence of the process parameters
on the joint formation has been widely investigated for several material combinations
[25,27,115,143-146,149] and will be reported later in this section. Regarding the material
selection, compared to unreinforced polymers the reinforcement in polymeric composites
contributes to heat generation by solid friction as well as increasing the viscosity of the molten
polymeric matrix, leading to more plastic deformation of the rivet tip. Altmeyer [116] showed
that, for the same joining parameters, there was more widening of a Ti grade 3 rivet tip with short
carbon fiber reinforced PEEK than unreinforced PEEK, as illustrated in Figure 3.8. Additionally,
the mechanical and thermal properties of the metal alloy also influence heat generation. For
instance, with metal alloys that have low thermal conductivity and are susceptible to strain
softening such as Ti6AIl4V, adiabatic heat can be generated that can enhance plastic deformation

of the rivet.

Figure 3.8 X-ray image of friction riveted joints of Ti grade 3 rivet and a) unreinforced PEEK and b) short
carbon fiber reinforced PEEK. The joints were produced with the same joining condition (RS: 20000 rpm,
FT: 1s, FP: 0.7 MPa, FoP: 0.9 MPa). (Adapted from [116])

Finally, the thicker the polymeric part and larger the area available for friction at the rivet

tip, the more heat generated [148]. Such an area can be increased by using a larger rivet diameter
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or by changing the rivet profile. Figure 3.9 illustrates a few possible geometries of the rivet.
According to Borges [150], plain rivets generate more heat, owing to the larger frictional area of
the rivet tip in comparison to threaded and hollow-threaded rivets, and therefore gave more
plastic deformation at the rivet tip. The semi-hollowed rivets (Figure 3.9-d), despite having less
initial frictional area, contribute to sideward deformation of the rivet tip, similar to the flare effect
in friction self-piercing riveting [151-153].

a) b) c) d)

Figure 3.9 Possible rivet profiles for friction riveted joints: a) plain featureless surface, b) threaded,
¢) hollow-threaded, and d) semi-hollowed rivet.

3.3.4 Process parameters

The programmable process parameters depend on the selected process variable. For a
conventional force controlled and time-limited process with a forging phase, there are five primary
process parameters: rotational speed (RS), frictional time (FT), frictional force (FF), forging time
(FoT), and forging force (FoF). In the case of a force-controlled and displacement-limited process,
the joining time becomes a response, and displacement at friction (DF) is included as a process
parameter. Further important parameters are: clamping pressure (CP) when the parts are clamped to
avoid separation during the joining process (especially relevant for the overlap joint configuration),
consolidation force (CF), and consolidation time (CT). Table 3.1 summarizes FricRiveting process
parameters and their respective functions, according to statistical analysis performed for a wide range

of materials.
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Table 3.1 Controllable FricRiveting process parameters and their respective functions.

Joining parameter | Symbol Function Reference

Influences heat input and temperature evolution,
plastic deformation of the rivet tip, molten | [25,27,15
polymer viscosity, microstructural changesinthe | 4,155]

metal and polymer/composite.

Rotational speed RS

Controls the joining speed, extent of heat
Frictional time FT generation, influences the rivet penetration depth
and extent of polymer degradation.

Influences the geometry and shape of the

Frictional force FF plastically deformed rivet tip and governs the [25,143,1
molten polymer flow. 43’147']
Forging time FoT Controls the joining speed and forging regime.

Influences the geometry and shape of the
Forging force FoF plastically deformed rivet tip, and outward flow
of molten polymer.

Controls the joining speed, extent of heat
DF generation, and provides accurate rivet [145]
penetration depth.

Displacement at
friction

Hinders separation of overlapped parts, restricts
Clamping pressure CP squeeze flow of molten polymer, and affects the [156]
shape of the plastically deformed rivet tip.

Hinders geometric defects and distortion owing

Consolidation force CF . .

to the cooling regime.

Influences crystallinity of semi-crystalline [147]
Consolidation time CT composites, and the formation of volumetric

defects.

3.3.5 Advantages, limitations, and potential applications

The main advantages of FricRiveting in comparison to conventional mechanical fastening
processes are [147]: (i) simple machinery is required, and thus the potential for transferability to a
production line; (ii) no additional steps to the joining process are required; (iii) short joining cycles;
(iv) clean process; (V) suitable for a wide range of materials, including thermoset composites [114];
(vi) good esthetic of joined composite components, owing to single side accessibility; (vii)
comparable or improved quasi-static mechanical performance [27]. The main limitations of the
process are [147]: (i) permanent joints are formed, inhibiting disassembly; (ii) a minimum thickness

is required, dependent on the joint strength targets (tmin > 3 mm); (iii) recyclability and reparability
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are complex owing to the loss of composite material during the process, although a thermoplastic can
remelt and solidify several times; (iv) redesign of rivet and tooling may be required to avoid the use
of external clamping devices for overlap joint configurations and tightening elements such washers
and nuts to redistribute the stresses on the joint surface, and therefore to improve automation of the
process.

The demand for disruptive technologies in the manufacturing of new aircraft generations in
the near future may boost incentives in the sector for alternative joining technologies like
FricRiveting that are suitable for lightweight materials, including thermoplastic composites and metal
alloys. The technology can also provide cost savings, owing to the fast joining cycles and single step.
Figure 3.10 illustrates two examples of potential application for FricRiveting in primary aircraft
structures: composite floor structure (Figure 3.10-a and -b) and composite fuselage (Figure 3.10-c
and -d). In Appendix A, a first demonstrator of a composite aircraft structure joined by FricRiveting
is presented that was conceived as a result of this PhD work. The demonstrator is an integrated three-
stringer CF-PEKK panel for a horizontal stabilizer produced by Fokker, Holland, as part of the
Thermoplastic Affordable Primary Aircraft Structure (TAPAS) project [157]. FricRiveting
successfully replaced bolts in the stringer run outs. Further mechanical tests of the panel are not
within the scope of this PhD work and will be published elsewhere.

floor panel C) composite skin

a)

[T
floor beam

b)

FricRiveting |

Figure 3.10 Schematic illustration of potential applications of FricRiveting in aircraft structures: a)
composite floor structure, joining floor beam to floor panel, as detailed in (b); and c¢) composite fuselage,
joining stringer to skin, as detailed in (d).
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Chapter 4. Experimental Approach

This PhD thesis is structured as five work packages, as illustrated in Figure 4.1.

Physical description of Design parameters of  Quasi-static mechanical Impact damage Hydrothermal aging
the process single-spot joints performance resistance effect
: Demonstrator Cyclic mechanical Impact damage Saline environmental
Thermal cycle analysis . .
manufacturing performance tolerance effect
Process-related Failure and fracture
microstructural changes analysis

Process optimization

Figure 4.1 Experimental approach of this thesis.

In the first work package, the Direct Friction Riveting process was developed for an overlap
configuration of CF-PEEK laminate parts joined with a Ti6Al4V rivet. After defining a range of
process parameters with a one-factor-at-a-time (OFAT) approach, the joining process phases were
defined. The physical and thermomechanical phenomena that occurred during these phases were
thoroughly investigated by means of a thermal cycle analysis, an evaluation of the material flow and
joining mechanisms, an understanding of the physicochemical changes in the composite, and a
correlation of the joint microstructure with local mechanical properties. A wide range of analytical
techniques were employed, including light optical microscopy (LOM), confocal laser scanning
microscopy (CLSM), scanning electron microscopy (SEM), X-ray micro-computed tomography
(UCT), thermal analysis by differential scanning calorimetry (DSC) and thermogravimetry analysis
(TGA), microhardness and nanohardness. With a comprehensive understanding of process and joint
features, Direct Friction Riveting was optimized using a full factorial design of experiments (DoE)
and analysis of variance (ANOVA). The significance of individual process parameters and their
influence on joint mechanical properties was analyzed, based on validated regression models. An
optimized set of joining parameters that enhanced the mechanical properties of friction riveted joints
while led to high levels of process reliability was obtained and used to produce further joints in the
four consecutive work packages. The results of this optimization are briefly presented in Section 6.5.

In the second work package, the effect of the joint design on the joint’s quasi-static strength

was assessed. For single spot joints, edge distance, joint width, washer size and tightening torque
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were considered as the key design parameters. The optimized joining condition for joint strength that
was acquired as output of the first work package, along with the optimized joint design from the
second work package provided fundamental knowledge to manufacture for the first time a Direct
Friction Riveting demonstrator for the aircraft manufacturing sector. In Section 3.3.5 and Appendix
A, details of the demonstrator are briefly presented as an exploratory investigation for scaling up of
the process, although that is not the main focus of this thesis.

In the third work package, mechanical performance under quasi-static and cyclic loading was
assessed along with failure and fracture analyses. The quasi-static mechanical testing was assisted by
a digital image correlation system (DIC) to evaluate the strain fields in the joint during loading and
secondary bending, and this was further correlated with the results acquired from a finite element
model (FEM). The FEM also supported investigation of the fracture mechanisms carried out using
SEM and ultrasonic testing (UT). A fatigue life analysis (S-N curve) of the joints was carried out
using a two-parameter Weibull model. SEM and UT were also used to inspect the failure and fracture
surface of friction riveted joints under fatigue.

In the fourth work package, impact damage resistance and tolerance of the friction riveted
joints was evaluated. To assess impact damage resistance, the joints were impacted with different
impact energies within a range of low velocity impacts and the damage size was investigated for the
lower and higher impact levels. Mainly UT, CLSM and SEM were used to characterize the impact
damage size. In the case of impact damage tolerance, damage initiation and propagation were
assessed from the quasi-static residual strength of the joints, fatigue life, and by a joint stiffness
degradation analysis.

In the fifth work package, the durability of the friction riveted joints under two different
environments was investigated. The effects of hydrothermal aging and a highly saline environment
were investigated on the surface features, local and global mechanical performance, and fracture

surfaces using microhardness, nanohardness, DSC, CLSM, SEM and EDS.
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Chapter 5. Materials and Methods
5.1 Base materials

5.1.1 Titanium alloy (Ti6AI4V)

Extruded plane rivets of Ti6Al4V with diameter of 5 mm and length of 60 mm were selected.
This titanium alloy is widely used for bolts, rivets, and screws in aircraft structures and devices for
the oil and gas industry due to its properties of high specific strength, good corrosion, and creep
resistance [158]. Table 5.1 lists the experimentally determined chemical composition of the titanium

alloy and the main properties of Ti6Al4V are summarized in Table 5.2.

Table 5.1 Chemical composition of Ti6AI4V alloy rivets.
N H O Fe Al V Ti

Weight (wt. %)

0.002 0.003 0.107 0.217 6.2 4.5 Bal.

Table 5.2 Properties of the investigated materials.

Ti6AI4V [158] CF-PEEK [159]
Te”ﬂ'lfi/ rzgfgr[l\s/fgzr]‘gth 989 + 24" / 550 586 gwarp. o) / 186
Tensile strength, yield [MPa] 920 +51° 152.0 £ 1.5 warp, 0%
Thermal transition [°C] 1650 (rmy / 995 * 15@.transus) | 143.0 £ 1.5 (7q)/ 343+ 2 (tm)”
Onset of decomposition [°C] - 575.0+0.8"
Thermal conductivity [W/m-K] 17.5 2.0
CLTE [um/m-°C] 9.7 (20 °c to 650 °C) 30 < 1g)

* Experimentally obtained

Figure 5.1-a illustrates the rivet geometry along with a microhardness map in the rivet
extrusion direction, and Figure 5.1-b shows the typical globular microstructure of the titanium alloy
in the same direction. Such a microstructure is comprised of two phases with an equiaxed B-Ti (body-
centered cubic, bcc) phase located in the grain boundaries of an a-Ti (hexagonal close-packed, hcp)

phase.
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Figure 5.1 a) Geometry of the rivet along with a microhardness map of Ti6Al4V in the extrusion direction. b)
Microstructure of Ti6AI4V in the extrusion direction.

5.1.2 Carbon fiber reinforced polyether ether ketone (CF-PEEK)

A woven carbon fiber reinforced polyether ether ketone (CF-PEEK) laminate 4.34 mm thick
(nominal thickness) with a 58 wt.% nominal fiber content and stacking sequence of
[[(0,90)/(x45)]5/(0,90)]s (Toho Tenax Europe GmbH, France) was used as the composite part for
overlap friction riveted joints. CF-PEEK is a high-performance semi-crystalline thermoplastic
composite, which is mainly used in primary and secondary aircraft structures, because of its high
strength, chemical resistance, and resistance to fatigue failure while aging [79,122]. The main
properties of CF-PEEK are summarized in Table 5.2. Figure 5.2-a illustrates the microstructure of
CF-PEEK in the warp direction (fibers oriented 0°). The weft fibers (fibers oriented 90°) interlaced
with fibers oriented +45° and the warp fibers can be identified, with the pattern of a 5-harness satin
weave. Figure 5.2-b is an example of transmitted light optical microscopy of the PEEK matrix,
showing the average size of nanometric crystals that have grown radially between the carbon fibers,
as observed in Figure 5.2-c.
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Figure 5.2 a) Microstructure of CF-PEEK in the warp direction, showing fibers oriented 0°, 90°, and +45°; b)
Transmitted light optical microscopy of PEEK matrix, showing nanometric crystals in fiber-free regions; and
c) crystals between fibers, where they have grown radially. (Etchant: 1 wt. % potassium permanganate in a
mixture of 5 parts by volume of concentrated sulfuric acid, 2 parts orthophosphoric acid and 2 parts distilled
water. Etching time: 30 min) [160]

5.2 Methods

5.2.1 Joining procedure

Joining was performed using a FricRiveting gantry system (RNA, H. Loitz-Robotik,
Germany) as depicted in Figure 5.3-a coupled with a pneumatic clamping system as illustrated in
Figure 5.3-b, in which the overlapped composite parts were fixed and kept in intimate contact. The
equipment has a capacity of 21000 rpm rotational speed, 24 kN axial forces and a working area up to
1 m2 making possible the joining of a small coupon as well as a larger subcomponent and component.
The gantry system allows the process to be controlled by force and position, and the duration of each
process phase is limited by time and/or spindle displacement. Therefore, several process variants can
be set up, combining process control and phase limitation types, which provides the flexibility to
explore and tailor the process for different material combinations and joint geometries, thereby
fulfilling a variety of industrial requirements. In this study, the FricRiveting process was conducted
in force control mode and process phases were limited by the spindle displacement. Therefore, the
joining parameters that were controlled and monitored during the process by the user interface were
the rotational speed (RS), force (termed friction force, FF) and spindle displacement (termed
displacement at friction, DF). The duration of the process phases is a response of such a process and

so the time varies, i.e. it is not controllable.
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Figure 5.3 a) RNA system, showing the position of the rotation spindle and the X-Y movable table. b)
Schematic illustration of the pneumatic clamping system, depicting the main elements and the position of the
overlapped composite parts.

The pneumatic clamping system used was designed and conceived for this work. It was built
of low carbon steel and consists of two actuators (DZF-50-25-P-A, FESTO, USA), each with a
maximum capacity of 1.0 MPa, and an upper clamping element with a circular fixation diameter of
16 mm. In accordance with common practice of drilling procedures for fiber reinforced polymers
[161], such a hole dimension distributes the clamping force homogeneously and reduces superficial
damage of the composite by “peel-up” and “push-out”. As well as ensuring intimate contact between
the overlapped composite parts in the initial stages of the joining process, the clamping system also
helps avoid additional separation during the cooling phase of the process, due to the differing
coefficients of thermal expansion of the selected materials (see Table 5.2).

Prior to joining, the joining parts were cleaned using ethanol. The rivet was placed in a side
magazine located on top the RNA movable table, from where the spindle takes it and transports it to
the joining position. The composite parts were clamped between the clamping table and the upper
element in the clamping system using a specific clamping pressure (CP). After positioning, the
process parameters (RS, DF, FF) were set in the control unit of the RNA along with the joining
position, and the process was started manually.

Figure 5.4 shows the joint geometry and sample dimensions mainly used in this work. A
tightening torque of 1 N-m was applied together with an M5 stainless steel nut and washer (10 mm
outer diameter) to pre-load the joints, minimizing any through-thickness failure and to increase the
joint load capacity [33]. The stainless steel material for the nut and washer was selected for its low
static coefficient of friction (L) when in contact with Ti6Al4V (e = 0.36), [162], thereby increasing
pre-load transferability and consequently the tightening efficiency. Changes to the geometry were
proposed, to study the effects of the joint design on the joint’s mechanical properties and are described

in Section 5.2.11. Even so, all other characterizations were performed using the geometry depicted

28



in Figure 5.4, and from which regions of interest were cross-sectioned or machined according to the

experimental requirements.

a . .
) Nut and washer |—'MS Ti6Al4V rivet
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Q .36 | 2 load direction
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Figure 5.4 Geometry of friction riveted single lap joints: a) side and b) top views. All dimensions are in
millimeters.

5.2.2 Experimental design

A 2% factorial design of experiments (DoE) was chosen to evaluate the effect of process
parameters on the joint’s ultimate lap shear force (ULSF). This statistical model is particularly useful
in the early stages of experimental work as it requires a small number of runs, with which the effect
of the k factors can be estimated at all levels of interaction, and hence allows the drawing of valid
and complete conclusions [163]. After parameter screening, using one-factor-at-a-time [115], three
parameters were considered for the statistical approach: rotational speed (RSy) and friction force
(FFu) in the second frictional phase, when the rotating rivet is plunged into the lower composite part
and is plastically deformed with clamping pressure (CP). CP was included as an additional parameter
to the joining process, owing to its influence on composite delamination and joint formation, as well
as the shape of the plastically deformed rivet tip and separation of the overlapped composite parts
[156]. In addition, the linearity assumption of the model was assured by replicating the center point
of the 2* design which also provided a better estimation of the experimental error. Three replicates of
the 23 design and five replicates of the center point were performed in a randomized order. Moreover,
the volume of metal plastically deformed in the rivet, indirectly measured by volumetric ratio (VR)
(see Section 5.2.5.2.), was used as covariance due to its monotonic and almost linear relationship
with joint strength, as described in Section 6.5.2. Covariance captures the degree to which the pair of
responses — VR and joint strength — systematically vary around their respective means. When such a

systematic covariance is detected and included in the model, a statistical model with lower error and
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higher exploratory power is acquired [163]. Table 5.3 summarizes the levels of the full factorial

design of experiments used in this work.

Table 5.3 Levels of the full factorial design of experiments.

Level Factors
RSy [Krpm] FFu [KN] CP [MPa]
-1 10 10 0.2
0 12.5 125 0.4
+1 15.0 15.0 0.6

A regression model for the ULSF response was obtained using Minitab software. An analysis
of variance (ANOVA) was used to evaluate the significance of process parameters and their second
level interactions on the ULSF response. The influence of the significance factors and interactions is
described later in terms of joint formation mechanisms. A confidence interval of 95 % was selected
and thus factors and interactions with p-values less than 0.05 were considered statistically significant,
while those with p-values greater than 0.05 considered insignificant. By backward elimination of
predictors, the insignificant factors were excluded in a stepwise manner until all predictors presented
p-values smaller than 0.1. These criteria provided a regression model with a higher adjusted
coefficient of determination (RZ%g). Models with a high RZg possess better explanatory power,
therefore high predictability and consequently less error [164]. Validation of the reduced model was
carried out using additional experiments within the parameters window of the full factorial design.
The complete matrix of the experimental design and additional information of the regression model
is presented in Appendix B.

To define the optimal joining condition, a composite desirability function was used in
Minitab. This approach is widely applied by industry for the optimization of multiple response
processes [165-167]. A desirability function (d;(Y;)) is defined based on a target (maximization,
minimization, or assigned target value) for a specific response (Y;), and this varies between zero and
one, where a value of one indicates that the settings achieve favorable results for such a response

[167]. The individual desirabilities are then combined by a geometric mean of k responses (D, =

k\/(dl(Yl)d2 (Yy) ...d(Y)) ), which gives the maximized overall desirability Dc — i.e. composite

desirability — with respect to the controllable factors within the regression model. In this work, the
ULSF response was set to the maximum force predictable by the reduced model along with separation
between overlapped composite parts (G) varying from 0 mm to 0.3 mm. This range of gaps is actually
the allowable separation of adhesively bonded parts used in aeronautic structures [168-170]. The

individual desirability functions can be expressed by Equation 1.
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0 ifY<lL

Yi—L; s .
d;(V;) = (ﬁ) ifL <Y <T; (1)
1 ifY,>T,

where L;, T;, and U; respectively correspond to the lower, target, and upper values desired for a
response, while exponent s determines the importance to hit the target value. For maximizing a

response, T; is equal to U; and exponent s is equal to 1.

5.2.3 Temperature measurement

The process temperature was monitored by infrared (IR) thermography and thermometry. An
infrared thermographic camera (Image IR8800, InfraTec, Germany) was employed to record the
temperature evolution of the expelled composite material, while nickel-chromium type K
thermocouples (TC; Conatex, Germany) were employed to measure the temperature at the interface
between the rivet and the composite parts. Figure 5.5 illustrates the position of the IR camera and an
example of an IR thermograph, in which the area of measurement is indicated. A calibration range of
150 °C to 700 °C and a frame rate of 20 Hz were used. The sample’s surfaces and the clamping
components were painted black to avoid any reflective interference. From the thermometry curves,
the heating and cooling rates were calculated by adopting a linear fitting of the experimental data.

a)

IR-camera

. . ’
Clamping system Temperature measurement area

Figure 5.5 a) Joining set-up coupled with an IR camera. b) Overview of the temperature measurement area
along with a typical IR thermograph on the joining parts.

Figure 5.6 shows schematically the position of two thermocouples (TC, and TCy) in the
friction riveted joints, represented by the continuous black lines. Two 0.7 mm diameter TCs were

placed diametrically opposite in between the overlapped composite parts, a few millimeters from the
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rivet insertion path. In the figure, the white dotted lines represent the rivet penetration path and the
final position of the plastically deformed rivet tip. Grooves with a depth of approximately 0.5 mm
were machined in the lower composite part to accommodate the TCs and prevent their movement
while joining. In fact, during the joining, after the rivet had plunged into the lower composite part,
the TCs were damaged and so no longer recorded the temperature. For this reason, the temperature

during the cooling phases could not be monitored by this approach.

B 1

[i6Al4V

N A
| |

TCy

Composite parts

Figure 5.6 Schematic illustration of the positions of the thermocouples to measure the local temperature of
the rivet tip interface.

5.2.4 Joint formation analysis

To study joint formation, the material flow, microstructural evolution and strain fields were
investigated during the joining process with a stop-action approach. Such a method consists of a
forced interruption of the joining process at specific stages, which provides specimens for further
characterization as snapshots with arrested states of formation. Owing to the process variant adopted
in this work, the stages selected were defined according to the respective times (t; 0.25 s, t; 0.55's,
tw 0.70 s, tiv 1.10 s) of the four levels of pre-set spindle displacement (d, 2.2 mm, dy 4.40 mm, di

6.6 mm, div 8.0 mm), as shown in Figure 5.7. One joint was produced at each of these stages.
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Figure 5.7 Schematic illustration of the stages selected for stop-action samples, according to spindle
displacement.

To assist analysis of material flow a 5.7 mm transparent poly(methyl methacrylate) (PMMA)
plate was used instead of a CF-PEEK part in the upper and lower positions of the overlapped joint
configuration. This enabled better observation of the fiber breakage, the composite flow direction
and evolution.

Strain fields during the Friction Riveting process that influence the joint formation were
measured by a digital image correlation (DIC) system (ARAMIS-4m, GOM, Germany). The surface
displacement and deformation of the clamping device and the specimen were used to indicate regions
of material in different stress fields — i.e. under compression or tension. The stochastic speckle
pattern required on the clamping device and specimen surfaces was prepared with black ink spray
painted onto a white background. Figure 5.8-a depicts the DIC areas along with an example of a
recorded initial frame (t = 0 s) which shows the displacement distribution in the Y-axis direction
(Figure 5.8-b). An incoherent light source was used to illuminate the DIC areas. A digital camera
equipped with a 50 mm focal length lens placed perpendicular to the DIC areas was used to record
the images. A frame rate of 7 Hz, a facet frame of 15 pixels, and a facet step of 13 pixels, giving an

overlap of 2 pixels, were set up in accordance with the image resolution required for accurate results.

e

e
e

Clamping system BPMNZ-SA-CS_CrSe

771 DIC I: Upper clamping plate B T [ [ [mm]
DIC II: CF-PEEK parts -0.020 -0.008 0.000 0.008 0.015

Figure 5.8 a) Overview of the clamping system showing the DIC areas analyzed, b) Example of displacement
distribution through the upper clamping element and the overlapped composite parts in the Y -axis direction,
at the start of joining.
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5.2.5 Microstructural analysis

5.2.5.1 Materialographic procedure

To reveal the joint’s microstructure, mid cross-sections were prepared following standard
materialography procedures. The samples cut were embedded in a cold mounting epoxy resin, then
ground and polished to obtain a smooth surface. The microstructure of the Ti6Al4V rivet was
revealed by etching the samples with Kroll’s reagent (96 mL H,O, 6 mL HNOs, and 2 mL HF), for

15 s of exposure at room temperature.

5.2.5.2 Microscopy

Light optical microscopy (LOM) (DM IR microscope, Leica Microsystems GmbH,
Germany) was employed for initial inspection of the joint mid cross-sections. From these LOM
images, the rivet penetration depth (H), rivet tip width (W), and anchoring depth (D,) were measured
as indicated in Figure 5.9-a. H, W, and D, were used to calculate the volumetric ratio (VR) from
Equation 2 by adopting the analytical model proposed by Pina et al. [143,146]. VR is the interaction
volume of composite material above the plastically deformed rivet tip and this is used to assess the
anchoring efficiency of the friction riveted joints.

Details of the joint microstructure and the fracture surfaces were characterized by scanning
electron microscopy (SEM) (FEI Quanta™ 650 FEG, FEI, USA). Voltages up to 10 kV and working
distance of 10 mm were used. The SEM was equipped with an energy dispersive X-ray spectroscopic
(EDS) detector (TEAM™ EDS EDAX, Germany) used to qualitatively analyze the chemical
elements at the joint fracture surface. In preparation for SEM analysis, the samples were gold
sputtered (Q150R ES, Quorum Technologies Ltd., England) for 30 s with a current of 65 mA. The
metal coating makes the non-conductive composites conductive, suppressing the electron charging
effect, which arises from interaction of the electron irradiation with the sample surface. In addition,
confocal laser scanning microscopy (CLSM) was used to provide a three-dimensional analysis of the
bearing area (As) of joint fracture surfaces and the dimensions (Ai and Dy4) of accidental damage
introduced by impact testing (see Section 5.2.9.3). For this purpose, a 5X magnification lens was set
and three replicates of each analysis were performed. Figure 5.9-b shows an example of the fracture

surface measurement and Figure 5.9-c and -d highlights typical measurements of the impact area.
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Figure 5.9 a) Schematic illustration of a single overlap friction riveted joint showing geometrical features of
the anchoring zone (H, Dy, and W); b) example of the bearing area (A,) measurement from a joint fracture
surface, showing the laser intensity image along with the 3D display of the fracture; c) example of the impact
area (Ai) measurement for 5 J impact energy, showing a laser intensity image along with the 3D display used
to measure d) the residual dent depth (D).
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5.2.6 Non-destructive testing of friction riveted joints

5.2.6.1 X-Ray micro-computed tomography

To evaluate the integrity of the composite and the rivet tip plastic deformation prior to
mechanical testing and analysis of the fracture surfaces, non-destructive X-ray micro-computed
tomography (UCT) (Y. Cougar- FineFocus X-ray system, YXLON, Germany) was carried out.
VGStudio MAX 3.0 software was used to assess reconstructed three-dimensional models of failed
joints and two-dimensional projections of the as-joined parts. A 3D volume segmentation was
performed to analyze the distribution and size of detectable defects. An operating voltage of 60 kV

current of 95 pA and no pre or post-processing filters were employed.
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5.2.6.2 Ultrasonic testing

The defects introduced in the joints by the joining process, under quasi-static and cyclic loads
and after impact, such as voids and composite delamination, were primarily assessed by ultrasonic
(US) inspection (USPC 3040 DAC, Dr. Hilger Ingenieurbiiro, Germany). The pulse-echo method
was adopted, which is characterized by a single transducer working as transmitter and signal detector.
The coupling medium was demineralized water. The signal detected during measurement was plotted
as a function of position, providing what is known as an amplitude C-scan display. Figure 5.10-a and
-b show the set-up for the US measurement. The bottom surface of the lower composite plate was
scanned, while the upper composite plate was defined as a backing — i.e. ultrasound signals from
this region were discarded. Figure 5.10-c shows a typical cross-sectional view of the as-joined friction
riveted joints along with the defect’s depth measurement, where the position of the rivet tip into the
lower composite plate is highlighted by a circle of dashed lines.

a)

Upper CF-PEEK et Lower CF-PEEK

b) Depth [mm] e

I | /_ _2 ':\ ",":}
ﬁ\_ 4

Figure 5.10 a) Schematic illustration of the bottom view of the joint, highlighting the region of US

measurement; b) side view of the friction riveted joint, showing the selected backing surface and the scale of
the defect depth based on the lower composite thickness; c) typical cross-sectional view of the as-joined

friction riveted joint along with US measurement.

5.2.7 Physicochemical changes of the composite part (DSC and TGA)

Local physicochemical changes of the composite were evaluated using differential scanning
calorimetry (DSC 200 F3 Maia, Netzsch, Germany) and thermogravimetry (TG 209 F3 Tarsus,
Netzsch, Germany). Samples of approximately 6.0 mg were extracted from the base material,
expelled flash, and squeezed materials for DSC analysis and placed in an aluminum crucible. Heating

and cooling rates of 10 K/min were selected in the temperature range of 25 °C to 450 °C, under a
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nitrogen atmosphere (flow rate of 50 mL/min). Three replicates were tested. The degree of
crystallinity is determined by Equation 3 [171], adopting a melting enthalpy of 130 J/g for 100 %
crystalline PEEK.

AH.
Xe=—gm
AHpy, (1-x)

x 100 [%] (3)
where X. is the degree of crystallinity, AHm is the melting enthalpy obtained in the peak melting area,
AH°r, is the melting enthalpy of PEEK 100 % crystalline (130 J/g [172]), and X is the fiber weight
fraction.

Samples of approximately 13 mg were extracted from the expelled flash and squeezed
material for TGA and placed in an alumina crucible. A heating rate of 20 K/min from 25 °C to 800 °C

under a nitrogen atmosphere (flow rate of 90 mL/min) was employed. Three replicates were tested.

5.2.8 Local mechanical properties

5.2.8.1 Microhardness

The microhardness over the cross-section of the Ti6AI4V rivet in the friction riveted joints
was investigated to qualitatively identify metallurgical transformations related to the process. The
measurements were performed using Vickers Zwick/Roell-ZHV indenter equipment, following the
ASTM E384-17 [173] standard. A microhardness map was acquired from one half of the specimen,
which suffices owing to joint symmetry, with an indentation load of 4.9 N and a holding time of 15 s.

The spacing distance between indents was 300 pm.

5.2.8.2 Nanoindentation

To evaluate the local mechanical properties of the composite in the friction riveted joints,
nanoindentation was carried out using a nanoindenter ® XP (MTS System Corporation, USA),
equipped with a Berkovich diamond indenter. Nanoindentation was selected to minimize any data
deviation due to interaction of the indenter with fibers. The hardness and stiffness were calculated as
a continuous function of the indenter penetration depth, using the continuous stiffness measurement
(CSM) method. This is particularly useful for polymeric materials due to its sensitivity to variations
in mechanical properties between amorphous and crystal phases of the polymers [174]. A dynamic
contact module (DCM) indenter head was used to minimize errors in surface detection and to improve

the resolution of the measurement by measuring the harmonic contact stiffness as a continuous
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function of indentation depth [175]. A maximum indentation depth (hmax) of 1 um was fixed while
the maximum indentation load (Pmax) Was recorded at hmax. A frequency target of 45 Hz, a surface
approach distance of 1 um and an allowable drift rate of 0.05 nm/s were set. Figure 5.11 illustrates
the two regions of the joined CF-PEEK selected for measurement along with a typical loading and
unloading curve of the CF-PEEK base material acquired from the test. Pmax corresponds to the peak
indentation load when hmax is reached and hr is the final displacement after release of elastic
deformation. A minimum of three indents were performed in each of the regions, which correspond
to the composite thermomechanically affected zone (CTMAZ) (Area |, Figure 5.11-a) and the base

material (BM) well away from the joining area (Area Il, Figure 5.11-a).
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Figure 5.11 a) Schematic illustration of the areas of hanohardness measurement; b) typical loading-unloading
curves of the CF-PEEK base material.

5.2.9 Global mechanical properties

5.2.9.1 Single lap shear (SLS) testing

Single lap shear testing was carried out to analyze the quasi-static mechanical performance
of joints. The joint strength was evaluated in accordance with ASTM D5961-17 [176] using a
universal testing machine (model 1478, Zwick Roell, Germany) with a load capacity of 100 kN. The
transverse test speed was 2 mm/min and testing was carried out at room temperature (21 °C). The
experiments were assisted by a digital image correlation (DIC) system (ARAMIS-4m, GOM,
Germany) to record the displacement of joint surface under tensile loading. The joint surfaces were
painted to create a stochastic speckle pattern that is used to monitor joint deformation by comparing
the relative distance between black dots over different stages of deformation. The set-up described in

Section 5.2.4 was adopted.
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To determine the plastic deformation and damage accumulation in the joint under quasi-static
loading, a consecutive loading and unloading approach was used. Each specimen was loaded five
times at levels of 25 %, 50 %, 70 %, 85 %, and 90 % of the ULSF. Three specimens were tested at
each load level, with one sample cross-section analyzed by microscopy. After each level, all the joints
were qualitatively inspected by the non-destructive techniques (NDT) of the ultrasonic (US) method.

5.2.9.2 Fatigue experiments

The fatigue tests were carried out using a servo-hydraulic machine (Instron/Schenk,
Germany) with +10 kN load capacity in a tension-tension regime at R = 0.1. A constant amplitude
sinusoidal loading at a frequency of 5 Hz was set. Load levels of 60 %, 65 %, 70 %, and 80 % of the
ULSF were used to determine the Wohler (S-N) curve. For post-impact fatigue tests, the load levels
used were 60 %, 70 %, 80 %, and 90 % of the joint’s residual strength. A minimum of three
specimens for each level was tested. The single overlap joint configuration, whose geometry is
depicted in Figure 5.4, was used. Complete joint failure and the joint withstanding 10° cycles were
used as conditions to stop the test. The joints that survived 10° cycles without failure (termed run-out
specimens) were subsequently tested under quasi-static conditions, as described in Section 5.2.9.1,
and their residual strength reported.

For friction riveted joints, joint strength is expressed as a ratio of the load level in newtons to
the average of the real area (A;) of the hole, as depicted in Figure 5.12. The real area of the hole was
measured from X-ray micro-computed tomography images before mechanical testing by using
ImageJ software. This approach was successfully used by Blaga et al. in [27].

Figure 5.12 A cross-sectional view of the single lap joint obtained by X-ray micro-computed tomography
that was used to measure the real bearing area (Ar).

A variation in the joint stiffness was used as an indication of damage accumulation
throughout the joint fatigue life. The calculation for stiffness degradation Ds = 1-(E/Eo), with Eo as

the initial joint stiffness, was applied.
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Statistical analysis of the fatigue life data

A Weibull distribution was used to model fatigue life of the friction riveted joints according
to the DIN 50100:2016-12 [177] standard. The two-parameter Weibull modeling approach, which
considers a set of samples rather than individual results, was applied to the model and confidence
estimation. This distribution has been reported in the literature as a useful tool to evaluate the broad
scattered fatigue data of composite structures and their reliability [178-180].

The probability density function (PDF) of the two-parameter Weibull distribution is
presented in Equation 4. An integration of the PDF results in a cumulative density function (CDF)
(Equation 5) gives the probability of joint failure. Equation 6 is derived from Equation 5, with the

latter corresponding to the probability of the survival, or reliability, of a set of joints [178].

=L @ az0p20 @

a

x\B
Fo)=1-e (@ (5)
Fs(x) =Ry =1-F(%) (6)

where x is the fatigue life; B is the Weibull slope; o is the characteristic life or the number of cycles
in which 63.2 % of the sampling is expected to fail; Fr(x) is the probability of failure; and F;(x) is
the probability of survival or reliability (Ry).

Based on the above-mentioned equations, a Weibull distribution and reliability analysis were

carried out. In this study, S-N plots were drawn for Rgg, Rgo, and Rso.

5.2.9.3 Drop weight impact testing

To study impact damage tolerance of the friction riveted joints, drop weight impact tests were
carried out using an instrumented impact machine, following the ASTM D7136-15 [181] standard,
at room temperature. Figure 5. 13 illustrates the set-up for the drop weight impact test. The specimen
geometry depicted in Figure 5.4 was used. A pneumatic clamping system was employed to ensure
better distribution of the impact energy and prevent movement of the specimens. A hardened steel
dart impactor with a hemispherical 12.5 mm diameter tip fixed to the weight was impacted on the
center of the joint’s back surface. The edges of such surface were clamped between circular rings of
15 mm inner diameter. An anti-rebound system was coupled to the machine, to prevent multiple

impacts during testing. The impact energies of 5 J, 10 J, 20 J, and 30 J were selected and achieved by
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varying the drop weight, while the height was kept constant at 300 mm. The load over time was
acquired and used to calculate the absorbed energy (Uy).

a) Weight b) @ 12.5 mm
@ Indenter
' \_’I TT U L 1T )
— Clamping \ Joint — © 15.0 mm

Figure 5. 13 a) Set-up of the drop weight impact test; b) neutral plane of the set-up, showing the dimensions
of the indenter and the inner diameter of the ring from the clamping system.

The post-impact strength and post-impact fatigue behavior were obtained, following the
testing described in Section 5.2.9.1 and Section 5.2.9.2, respectively. The impact damage was
characterized by impact area (A;) and residual dent depth (D), using confocal laser scanning
microscopy (see Section 5.2.5.2), ultrasonic inspection (see Section 5.2.6.2), and X-ray micro-
computed tomography (see Section 5.2.6.1). A cross-section of the impacted joints was prepared
using a standard materialography procedure and impact-induced through-thickness defects were
characterized by means of light optical microscopy (LOM) and scanning electron microscopy (SEM).

5.2.10 Durability experiments

5.2.10.1 Accelerated aging

The artificially accelerated age testing was used to predict and understand the long term
behavior of the friction riveted hybrid joints. Owing to the high environmental sensitivity of
polymeric composites under operational conditions, such testing is widely used to certify the
application of such materials in aircraft structures [21,22,182,183]. The 24 specimens and reference
base materials (Ti6Al4V rivets and CF-PEEK plates) were first weighed and then placed in an
artificial aging chamber (VCL 003, Vétsch Industrietechnik, Germany) for 28 days. The temperature
of the chamber was set to 71 °C with a 95 % relative humidity, following the recommendations of
the ASTM D3762-03 [184] standard. After 3, 14 and 28 days, 8 specimens were removed from the
chamber each time, visually inspected and weighed again. Their mass change (M») was calculated
using Equation 7 [185], where W, is the weight of the wet (aged) specimen, and W, is the original

weight. The influence of this hydrothermal aging on the joint mechanical performance was evaluated
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from the joint’s residual strength (as described in Section 5.2.9.1) and local mechanical changes in
the composite (as described in Section 5.2.8.1). The failure behavior was evaluated by SEM.
- WW_WO

M, To x 100 [%] @)

5.2.10.2 Salt spray aging

Samples were exposed to a corrosive environment following the ASTM B117-18 [186]
standard. The salt spray and fog had a chemical composition of 5% NaCl solution (pH varying
between 6.5 and 7.2). A standard salt spray cabinet (SC 450, Weiss Umwelttechnik GmbH, Germany)
was used where the samples were aged continuously at 35 °C. The experiment provides a controlled
and accelerated corrosive environment, which has been used to artificially assess the corrosion of the
composite/metal hybrid joints in a real condition [187]. The 25 joints and reference base materials
(Ti6AI4V rivets and CF-PEEK plates) were vertically hung from a polymeric wire tightened within
a 16 mm diameter hole drilled in the CF-PEEK part, as schematically shown in Figure 5.14.
Periodically, at increasing aging times (72 h, 168 h, 336 h, 504 h, 1008 h), five specimens were
randomly removed from the cabinet, cleaned out, dried, weighed, and mechanically tested according
to Section 5.2.9.1. Changes of physicochemical and local mechanical properties in the composite
after exposure were assessed, following the procedures described in Section 5.2.7 and Section 5.2.8,

respectively.
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Figure 5.14 Specimen position in the salt spray cabinet..
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5.2.11 Joint design

5.2.11.1 Torsion testing

A torsion test was performed to define the allowable tightening torque (TT) for friction
riveted joints (known as the “break loose” torque) above which the anchored rivet loses its adhesion
inside the composite base plate. The sample used is described in Section 5.2.1. A stainless steel nut
and washer were tightened on the free length of threaded rivet using a torque spanner, while the
composite parts were fixed in a bench vise. The tightening force applied by the washer and nut was
measured using a 25 kN washer load cell with a 5 mm inner diameter hole. The load cell was placed
between the nut and the washer. The tightening torque was applied and constantly increased until the
break loose torque was achieved. Once the break loose torque was defined, the influence of the TT
on the joint strength was investigated for three allowable torque levels (TT = 0.5 N-m, 1.0 N-m and
1.5 N-m) and joints were mechanically tested according to ASTM D5961-17 [176].

5.2.11.2 Key design parameters

To design a friction riveted joint capable of carrying high loads and that does not fail
catastrophically, the effects of the edge distance (e), joint width (w), tightening torque (TT), and outer
diameter of washer (Dw) on the joint strength were evaluated. The design parameters were selected
by considering the main factors that influence the structural integrity and reliability of conventional
bolted composite structures [33,43,188-190]. Although the composite lay-up and thickness introduce
anisotropic properties and influence normal and shear interlaminar stresses, the material’s features
were not accounted for in this work. The specimen length () varied according to e to keep constant
the joint’s free length, i.e. the distance between the grips. Figure 5.15 illustrates the design parameters
of a single spot friction riveted joint, while Table 5.4 summarizes the selected levels of each

parameter.

grip area D

g | g
1 i

Figure 5.15 Schematic illustration of the friction riveted single lap joints, showing the design parameters
selected for study of the single spot joint.
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Table 5.4 Dimensions of the friction riveted single lap joints employed for the joint design study.

Factors
e w Dw g [mm] TT [Nm]
Slnjg;?nipot 15D,2D,3D | 3D,5D,7D | 2D, 4D, 5D 75 1

Dimensions of e, w and Dy are multiples of the original diameter of the rivet (D =5 mm)

5.2.12 Finite element analysis (FEA)

The finite element (FE) method was used to analyze the interlaminar stress distribution near
the friction riveted joints and damage evolution during simulation of a single lap shear test. A
standard explicit three-dimensional model was developed for single spot friction riveted joints using
commercial software Abaqus/Standard (Version 6.14-2, Dassault Simulia, France). Figure 5.16
illustrates the model, along with detailed geometry of the parts that were defined based on the real
dimensions of optimized friction riveted joints. The model comprises three parts: Ti6AI4V rivet,
lower and upper CF-PEEK plates. An eight-node linear brick element (C3D8H) was used to mesh
the rivet while a quadrilateral continuum shell element (SC8R) was used to mesh the composite parts.
A geometrical topology function was employed to improve the mesh of the parts by integrating their

faces, which minimized its complexity. Details of the mesh can be found in Appendix C.

Figure 5.16 Mid-plane section on Z-axis direction of the FE model of a friction riveted single lap joint,
highlighting the complex geometry of the plastically deformed rivet tip and the composite hole.

The Ti6AI4V rivet was modeled as a fully isotropic and elastic-plastic material. The ductility
behavior, strain hardening and thermal softening of the metal was described using a constitutive
model proposed by Johnson-Cook (JC) [191]. The JC material constants are carefully selected from

the literature and shown in Appendix C. The CF-PEEK was modeled as an anisotropic material,

44



whose ply orientation was defined according to the laminate stacking sequence described in Section
5.1.2. To replicate interlaminar and intralaminar failure of the composite, Hashin damage criteria
[192] were adopted. The material properties derived from the literature and used for computation
along with the general formulation of 2D Hashin damage criteria are shown in Appendix C. For the
FE computation, the material properties at each integration point were evaluated and degraded. If any
failure index reached unity, the relevant material properties were automatically reduced to zero. To
compute the interface between the materials, a hard pressure/overclosure relationship and tie
constraint were adopted, while cohesive interaction was used to describe the contact between the
composite parts. The contact properties are detailed in Appendix C.

Figure 5.17 presents the boundary conditions of the FE model. The free edge of the upper
composite part was constrained, while a prescribed displacement was imposed on the free edge of
the lower composite part, to simulate quasi-static loading in the experiment. The reaction force was
extracted as output of the computation and used for validation purpose. The influence of the
tightening torque on the joint mechanical behavior was neglected, to reduce the computational effort

and simplify the FE model.
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Figure 5.17 Boundary conditions of the FE model for lap shear testing of friction riveted single lap joints.
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Chapter 6. Development of Direct Friction Riveting for
Overlapped CFRP

The Friction Riveting process causes severe thermomechanical changes in the structure of the
materials, including melting of the composite matrix, reorientation of fibers, plasticization and plastic
deformation of the metal rivet. These phenomena are accompanied by a material flow, which is
considerably modified by unreinforced or woven fiber reinforced polymers, and varies according to
different joint and process configurations, which also affect joint formation. The sequence of
phenomena is complex and gaining an understanding is made more difficult by the rapidity of the
joining process. Consequently, in this chapter the process configuration of overlap joints is explored
by a stepwise analysis of joint formation and temperature evolution for woven CFRP. The local
changes induced by heat and deformation in the metal and composite parts are described with respect
to microstructural, physicochemical and mechanical properties. To conclude this chapter, the results
of the joint design, design of experiments (DoE) and analysis of variance (ANOVA), that were used
to assess the effect of the process parameters on the joint’s mechanical performance and to optimize

the joining process, are briefly summarized.

6.1 Joint formation

Direct Friction Riveting of overlapped composite parts can be divided into four joining
phases, according to the changes in process parameters, heat generation, and physical state of the
joint materials. In this work, the process variant of force control and phase limitation by the spindle
displacement was selected, where joining time became a response. Figure 6.1 illustrates a typical
process diagram of Direct FricRiveting, plotting the monitored spindle displacement, rotational speed
(RS), and joining force (JF) over the joining time. The process diagram includes temperature
evolution that was recorded by IR thermography. Four stages in the temperature evolution are marked
with stars and these were selected for further study of the joint formation and material flow by IR

thermography (Figure 6.2-a) and the digital image correlation technique (DIC) (Figure 6.2-b).
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Figure 6.1 Direct Friction Riveting process diagram of overlapped composite parts, in which RS, JF, and
spindle displacement were recorded by the joining system, while temperature was recorded by IR
thermography.

In the first phase (Phase I, Figure 6.1), the spindle is accelerated to a pre-set RS (plateau of
the black line), while the rivet mounted on the spindle approaches the surface of the upper composite
part, promoting a physical contact between them. This positioning phase is followed by the first
frictional phase (Phase I, Figure 6.1), which is characterized by the plunging of the rivet through the
thickness of the upper composite part. In this phase, the joining force (dark gray line) increases to a
pre-set JF, while the RS continues at the same level as phase I. This is accompanied by a rapid
increase in temperature, which exceeds the melting point of PEEK (343 + 2) °C after 0.25 s (To.25 =
355 °C). Such an increase can be explained by a complex combination of the heat generated by solid
friction and viscous dissipation. Unlike in FricRiveting of unreinforced polymers [143,147], the
Coulomb friction in this case is not only ascribed to short-term friction between the rivet and solid
cold polymer, but also constant friction between the rivet and the fiber network or between the fibers
as the rivet plunges. As the temperature reached is too low to plasticize the fiber reinforcement
(1100 °C) [193], the fibers remain in a solid state throughout the heating phase. This means the fibers
are either displaced or broken by the shear and axial forces imposed by the rivet plunging.
Additionally, the internal shear and breakage of secondary bonds along the polymer chains in the
composite’s matrix also generate heat by viscous dissipation [194]. This combination of mechanisms
increases the temperature and locally melts a volume of polymer close to the rivet. Plunging of the
rivet is facilitated by an outward flow of broken fibers and molten polymer as the rivet is inserted

into the composite, forming a flash (to2ss, Figure 6.2-a). The high temperatures and shear rates
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imposed by the rivet accelerate the material flow by decreasing the viscosity of the molten PEEK
considerably, because it is susceptible to shear thinning even at low shear rates [127,195]. As soon
as fiber breakage and polymer melting equalize with the outward material flow, the rivet penetrates
at a constant rate, as observed by the linear increase of spindle displacement in phase 1 (light gray
line in Figure 6.1).

After 0.70 s, the third frictional phase (Phase Ill, Figure 6.1) starts, with the insertion of the
rivet through the lower composite part, which lasts until 0.9 s, when RS is decelerated. As this phase
is quite short, JF is increased to facilitate the rivet’s plunging — by fiber displacement and breakage
— into the otherwise cold and undamaged lower composite. According to Tu and Fort [196], by
increasing the axial force, the shear rate increases as well as the fluid pressure, which may push the
fibers in the CF-PEEK apart, leading to less frictional resistance by the composite. However, this
additional solid friction generates more heat, leading to higher temperatures (To7ss = 546 °C) and
additional molten polymer squeezed between the composite parts (to.7ss, Figure 6.2-a). The higher
axial force and temperature promote higher spindle displacement at a rate that decreases towards the
end of phase Ill. As reported by Amancio-Filho and dos Santos [148], at the end of the frictional
phase, the metal rivet tip plasticizes and may decelerate the spindle displacement and likewise the
rivet penetration. Although the measured temperature is much lower than the onset hot working
temperature of Ti6AI4V (750 °C) [197], it is expected there are higher temperatures at the rivet tip,
owing to the low thermal conductivity of Ti6AI4V and its susceptibility to adiabatic heating under
compression. These phenomena considerably reduce the flow stress of Ti6Al4V, softening the
material. The effect of the thermal properties on the plastic deformation of the rivet tip and the
Ti6Al4V microstructure will be more deeply discussed in Section 6.3.2. Additionally, according to
Deignan et al. [195], at high axial pressures (over 156 kPa), the viscosity of the friction-affected CF-
PEEK can increase even at high temperatures. In this case, contact between solid fibers is facilitated
by the viscous matrix, and therefore the molten PEEK must undergo high strain rates in its small
inter-fiber spaces. Thus, during the second frictional phase of Direct FricRiveting, with an axial force
of 10 kN applied onto the rivet tip area (19.6 mm?) yields a compression stress of 510 MPa, which
may increase considerably the viscosity of the damaged composite underneath the rivet tip,
contributing further to deceleration of rivet penetration.

Finally, in the consolidation phase (Phase 1V, Figure 6.1), RS is halted as well as the JF and
the joint cools down naturally. During this phase, only the weight imposed by the spindle is
considered acting on the joint. As observed at t1 255 (Figure 6.2-a), the rivet tip plastically deforms,
leading to widening of the rivet tip and more squeezed material between the composite parts.
Therefore, contrary to conventional FricRiveting [147,148], no forging phase is required to plastically

deform the rivet tip within the composite as the metal is highly plasticized during the frictional phases
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[145]. As a consequence of the Ti6Al4V softening, the spindle continues a slow downward
movement, compressing the plasticized rivet tip against a solid fiber network with high thermal
resistance underneath the rivet tip, promoting its widening. The plastic deformation of the rivet tip
lasts until the thermomechanical regime is no longer favorable for further deformation and at that
point the spindle displacement reaches a plateau. Although Figure 6.1 shows a consolidation phase
up to 4 s, this phase accounts for the complete cooling of the joint until 130 °C, which can take up to
20 s (see Section 6.2). Caution is prudent to prevent relaxation effects and geometric instability of
the joint parts, due to differences in the coefficients of thermal expansion between the joint materials.
As the process parameters of the second frictional phase have a significant influence on plasticization
of the rivet and therefore on its plastic deformation during the consolidation phase, their influence on
the joint formation and joint mechanical properties was analyzed by a design of experiments, which

will be detailed in Section 6.5.
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Figure 6.2 a) Maximum temperature recorded by IR thermography of the expelled material, and b)
displacement of the clamping element and the composite parts obtained by DIC, over the joining time. The
images correspond to the selected stages in Figure 6.1.

The flow paths taken by the process-affected composite can be analyzed as a continuous
attempt of the joint to release its internal stresses. Figure 6.2-b shows how displacement of the upper
clamping plate and overlapped composite parts evolve in the y-axis direction over the four selected
stages analyzed by DIC. Throughout the friction phases, a localized positive displacement of the
composite is formed in the rivet insertion path and this can be explained by the upward flow of the

composite. Such a displacement is however impaired by the clamping system, which maintains the
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joint parts under a constant negative displacement, and therefore under compression. Nonetheless,
towards the end of the second frictional phase, at to.zss, the compression imposed by the clamping
system is partially lost, owing to the squeezed material. It is believed that reaction forces to the joining
force imposed by the upward flow of composite overcame the clamping force, facilitating the material
flow through the composite overlap area. This effect is intensified when the rivet starts to plastically
deform, because at that point a higher volume of composite is displaced from the joining area,
increasing the separation between the composite parts, and therefore promoting higher positive
displacement of the upper clamping plate (t1.2ss, Figure 6.2-b). Although compression losses take
place throughout the consolidation phase, the clamping device still applies compressive forces to the
joint, as observed by the blueish color of the upper clamping plate (t1.2ss, Figure 6.2-b), and thus it
also assists the plastic deformation of rivet tip. This shows that the clamping efficiency during the
joining process of overlapped joints plays an important role in the material flow and rivet plastic
deformation, and thus the clamping pressure is considered an additional process parameter with an
influence on joint properties, as will be discussed in Section 6.5.

To better assess the material flow path and further shear-induced phenomena in the composite
during each joining phase, one of the composite parts was replaced by a transparent PMMA plate.
The first frictional phase (Phase I, Figure 6.1) was evaluated with the lower composite part replaced
by PMMA, as shown in Figure 6.3-a.

a)

Ti6Al4V

Figure 6.3 a) Cross-section of the friction riveted joint with upper CF-PEEK and lower PMMA parts; b) the
metal and PMMA interface, showing broken fiber embedded in PMMA in the rivet surrounding; c¢) CF-PEEK
and PMMA interface, showing the shear banding. (Joining parameters RS: 15000 rpm, FF;: 5 kN,

FFu: 10 kN, DF: 7.5 mm, CP: 0.2 MPa)

Despite the preferential upward flow of the damaged composite in this phase, indicated by
the flash expelled, broken fibers embedded in the lower PMMA part were detected underneath and
around the rivet tip (Figure 6.3-b). This clearly indicates that a small amount of the damaged
composite from the upper part is transported into the lower part by rivet plunging. Both translational
and transversal movements of the rivet in this phase may cause additional material flow. As the low
viscous composite close to the rivet assumes the rotational speed of the rivet, this effect can be

understood as composite sticking on the rotating rivet surface, similar to metal that sticks onto the
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rotating tool during Friction Stir Welding [198,199]. The shear stresses and axial joining force may
also break and push the composite plies in the overlap area into the lower composite part. In addition,
shear banding was detected at the interface between PMMA and CF-PEEK (Figure 6.3-c). As
previously discussed, when the rivet leaves the upper joint part to be inserted into the lower part, it
encounters material that is still cold (T < Tm) and which under compression plastically deforms by
shear yielding, forming shear banding. This is a common phenomenon for glassy amorphous
polymers such PMMA with a compressive yield stress of 103 MPa and this mechanism is explained
by a stress-induced increase in the polymer free volume [200,201]. Although CF-PEEK has a semi-
crystalline matrix and fibers that would lead to a different shear strain behavior, the material also
undergoes shear yielding at stresses higher than 132 MPa (the compressive yield stress of PEEK is
highly dependent on temperature and strain rate, decreasing to 35 MPa at 480 °C and increasing to
240 MPa at 10000/s) [195,202,203]. In this case, the relative movement between solid fibers imposes
a localized shear strain to the matrix they are embedded in, forming shear bands. In the transition
between the frictional phases of Direct FricRiveting, compression stresses of up to 510 MPa are
expected. Therefore, similar to the shear yielding of PMMA in friction riveted joints, shear banding
may occur when the rivet plunges into the second composite part.

The transition between the second frictional phase and consolidation (Phases Il and IV,
Figure 6.1) was evaluated by substituting the upper composite part with PMMA, as shown in Figure
6.4-a. Despite the squeezed flow in the overlap area, depicted in Figure 6.2, broken fibers were
detected all over the rivet shaft in the PMMA (Figure 6.4-b). One may assume that the clamping
device restricts the squeezing flow to some extent. As soon as higher volume of composite is
displaced from the joint area, due to plastic deformation of the rivet, the material constrained from
flowing between the composite parts is driven upward. Therefore, it is reasonable to expect that the
higher the external clamping force, the thinner the squeezed layer and the more material that flows
upward. Consequently, the flash formed during the process is a combination of material exposed to
the frictional regime of both the first and second frictional phases of Direct FricRiveting. In addition,
a reconsolidated shear layer is easily seen around the rivet shaft in the PMMA (Figure 6.4-c). This
layer is a result of rotational movement of the rivet pressing against the polymer part. The
thermomechanically affected material in this layer is partially expelled upwards or squeezed out,
whereas the remaining material reconsolidates in the surroundings of the rivet. The formation of the
shear layer can also be seen in the CF-PEEK caused by breakage and reorientation of the fibers.
Figure 6.4-d shows the shear layer formed between the rivet and CF-PEEK, in a friction riveted joint
with an upper CF-PEEK part. The original stacking sequence of the composite plies is visible outside
the region highlighted with a white dashed-line, whereas inside the shear layer, broken fibers are

reoriented radially around the rotation axis of the rivet. Although the same joining parameters were
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used to produce joints with PMMA and CF-PEEK, the shape and the size of the shear layer differ,
owing to differences in thermal conductivity and rheological behavior of the polymer and the
composite.

shear layer

Figure 6.4 a) Cross-section of the friction riveted joint with upper PMMA and lower CF-PEEK parts; metal
and PMMA interface, showing b) broken fiber embedded in PMMA close to the rivet; and c) shear layer in
the PMMA; d) metal and CF-PEEK interface, showing the shear layer formed in a friction riveted joint with
upper CF-PEEK part. (Joining parameters - RS: 15000 rpm, FF;: 5 kN, FFy: 10 kN, DF: 7.5 mm,
CP: 0.2 MPa)

6.2 Temperature history

Knowing the process temperature is important to understand metallurgical transformations
in the rivet during the joining process and the physicochemical changes in the composite, including
possible degradation, and changes to its crystallinity and viscosity. Moreover, temperature provides
an indication of the heat input under different joining conditions. As explained in Section 5.2.3, IR
thermography was adopted to measure the temperature of the expelled composite material, while
thermocouples were used to measure the temperature at the interface of the metal and composite.
Figure 6.5-a shows the process temperatures of all the joining conditions evaluated in this work, as
measured by thermocouples (TC) within the joint and an infrared thermographic camera (IR). The
temperature varied between (413 £ 18) °C and (1064 + 159) °C when measured by TC and between
(453 + 10) °C and (580 £ 5) °C when measured by IR. Figure 6.5-b illustrates an example of the
typical temperature development over time measured by TCs and IR (Appendix D shows all the TCs
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and IR curves). The temperatures measured by the TCs were approximately 68 % higher than by IR.
The differences in these measurements may be explained by the fact that the thermocouples, as they
are located within the rivet insertion path, were touched by the surface of the hot rivet, capturing its
temperature directly. It is worth mentioning that Ti6Al4V has a low thermal conductivity (see Table
5.2) which in turn keeps the temperature localized at the rivet tip high, increasing the TCs
measurement. On the other hand, for the thermographic camera, the temperature was only measured
in the flash material and therefore was dependent on the amount of composite flowing out of the
joining area. It is believed that when the heat input is sufficient to soften a polymeric layer, higher
axial forces expel more molten polymer, which improves the acquisition of temperature data.
Moreover, although the flash material has low thermal conductivity, heat is constantly lost through
convection, conduction, and radiation, decreasing the measured temperature. From the results, TC
was used to further explain the microstructural changes in the joint materials, while IR was used to
calculate the heating and cooling rates, as the TCs were damaged by rivet insertion, compromising

their measurement of the cooling phase.
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Figure 6.5 a) Average process peak temperatures for joining conditions; b) typical process temperature
evolution measured by thermocouples (TC) and IR thermography (IR), the inset chart relates to TC
measurement of joining condition 9.

In all conditions, the process temperature was well above the melting temperature of PEEK
(Tm, peex = 343 °C £ 2 °C) which allowed the melting of PEEK matrix close to the metal rivet.
Moreover, for the majority of the joining conditions a degradation of PEEK matrix directly in contact
with the rivet was expected once the decomposition onset temperature (Tq, peex = 575 °C to 580 °C)
[121] is exceeded. However, the inset graph in Figure 6.5-b shows that the polymer was exposed to
temperatures above Tq, peex for a period shorter than 5s. Therefore, no extensive degradation is
expected in the vicinity of the rivet. The highest temperatures achieved in conditions 7 (1064 +
159) °C and 9 (932 £ 69) °C exceeded the B-transus temperature of Ti6Al4V, suggesting complex
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process-induced microstructural transformations in the metal rivet. Such transformations, along with
high temperature and strain rate, also affect the flow resistance of Ti6AlI4V under hot working
conditions, leading to changes in its plastic deformation [204]. The effect of the temperature on the
microstructural transformation and plastic deformation of the Ti6Al4V rivet will be reported in detail
in Section 6.3.2, while the physicochemical changes of PEEK will be addressed in Section 6.3.3.

Table 6.1 shows the heating rate (HR) and cooling rate (CR) of the joining conditions that
developed the lowest (Condition 3, Figure 6.5-a) and the highest (Condition 7, Figure 6.5-a) process
temperatures evaluated in this work. The temperature rises faster with higher heat input, represented
by an increase in the process temperature, which is intensified by the low thermal conductivity of
Ti6Al4V (17.5 W/m-K) and the PEEK (2.0 W/m-K). Moreover, during the plastic deformation of
Ti6Al4V at high temperatures and strain rates, as observed in the FricRiveting process, adiabatic
heating may also be generated, which raises the actual temperature of the sample and is not conducted
away [100]. As reported by Ding, Guo, and Wilson [205], the a—f phase transformation can enhance
heat accumulation even more during compressive deformation, which may explain the significant
increase of process temperature and consequently HR of Condition 7 in comparison to Condition 3.
Nonetheless, the heating rates calculated for FricRiveting are extremely high in comparison to other
friction-based joining processes, such as friction stir welding of Ti6Al4V at 240 °C/s [206], refill
friction stir spot welding of aluminum alloys (93 °C/s) [207], and friction spot joining (FSpJ) of
AA2024 from (205 £ 0.3) °C/s to (355 + 0.2) °C/s [208].

Table 6.1 Average heating and cooling rates calculated for joints produced with the lowest (Condition 3) and
highest (Condition 7) heat input, i.e. process temperature.

Heating rate [°C/s] Cooling rate [°C/s]
Condition 3 301+9 18+2
Condition 7 1320 £ 22 15+0.01

The measurement of cooling rate showed a moderated decrease in temperature (18 £ 2) °C/s
and (15 % 0.01) °C/s and no significant variation between Conditions 3 and 7. In contrast to the
heating phase, during cooling the low thermal conductivity of Ti6Al4V and CF-PEEK tended to
inhibit heat dissipation to the environment. The moderated cooling rate after FricRiveting can induce
either bimodal or acicular microstructures in Ti6AIV [115] whereas can decrease the PEEK degree
of crystallinity. The calculated cooling rates are much higher than the rate (0.08 °C/s [159]) that the
woven composite experiences during its manufacturing, which may impair the nucleation and growth
of spherulites in the PEEK matrix. These phenomena lead to changes of local mechanical properties

throughout the joint, as discussed in Section 6.3.3.
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6.3 Process-related changes in the materials joined by FricRiveting

6.3.1 Physicochemical changes of joined CF-PEEK

The welding and joining processes of polymers and composites rely on high temperatures,
which therefore cause physicochemical changes to the materials. Such thermal effects include, in the
case of semicrystalline polymers a change of degree of crystallinity, morphology of crystals, and
thermal degradation, affecting their local and global mechanical properties significantly
[48,125,128]. For this reason, thermal analyses (by TGA and DSC) were carried out to assess the
physicochemical properties of thermomechanically affected material (TMAM) of the CF-PEEK in
friction riveted joints compared to its base material (BM). Figure 6.6 shows the thermogravimetric
(TG) curves and their first order derivative (DTG) curves for BM and CF-PEEK extracted from the
squeezed and flash materials. The onset temperature of decomposition decreased from (575 + 1) °C
for BM, to (569 * 2) °C for the squeezed and flash materials of TMAM. The result for the BM is in
agreement with the literature for PEEK heated up at 10 °C/min [209]. As discussed in Section 6.2,
the range of process temperatures measured either by IR or TC methods during FricRiveting exceed
the onset decomposition temperature of the BM. Consequently, mechanisms such as chain scission
and thermo-oxidation are expected to occur in the composite around the rivet during the joining
process. The predominant degradation products of PEEK, such as phenol, decrease the thermal
stability of the material [209], and once heated up during TGA, a decrease in the onset decomposition

temperature may occur, explaining the results of the TMAM.
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Figure 6.6 TG and DTG curves of the PEEK from BM, squeezed material, and flash material of friction
riveted joints (Joining parameters RS: 15000 rpm, FF;: 5 kN, FFy;: 10 kN, DF: 7.5 mm, CP: 0.2 MPa)
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The TG and DTG curves showed a two-step decomposition process of BM, which complies
with the decomposition mechanisms of PEEK described by Vasconcelos et al. [209] and Patel et al.
[121]. The main mechanism is random chain scission of the ether and ketone bonds, forming
preferentially phenol in the temperature range 500 °C to 600 °C. Between 600 °C and 800 °C, the
second decomposition step is described as recombination of decomposition products by crosslinking,
leading to less phenol volatilization [121]. However, the decomposition mechanisms are not only
dependent on temperature, but also on heating rates and atmosphere. By increasing the heating rate,
the decomposition kinetics of PEEK are impaired, requiring higher energy to trigger the mechanisms,
and therefore shifting the onset decomposition temperature to higher values [209]. Moreover, in an
atmosphere with oxygen, the random chain scission observed in a controlled nitrogen atmosphere is
preceded by thermo-oxidation, which requires less activation energy to occur and promotes different
decomposition mechanisms, including graphitization and more crosslinking [121]. Therefore, the
PEEK affected by FricRiveting, although it experienced extremely fast heating rates (see Table 6.1),
which would promote an increase in the onset decomposition temperature compared to the BM, may
be submitted to thermo-oxidation. In this case, the thermal stability of the material may have
decreased and led to the formation of char. Once heated up under a controlled nitrogen atmosphere,
the differences in the TG curve of squeezed and flash materials (Figure 6.6) suggest that the
decomposition behavior of such process-induced decomposition products changed. Especially the
flash material, which was exposed to a longer heating phase and to an oxidizing atmosphere at high
temperatures, the second step of the BM decomposition under a nitrogen atmosphere was no longer
identified. In general thermo-oxidation causes cracking of the polymer and increases its moisture
uptake, degrading its durability [210]. Chapter 9 is focused on the durability of the friction riveted
joints, where this influence will be addressed. The details of the chemical reaction during PEEK
decomposition is not the scope of this work and can be found in [121].

The crystallization and melting behavior of the thermomechanically affected material
(TMAM) in the PEEK from the joints were assessed by DSC and compared with the PEEK in the
BM. Figure 6.7 illustrates an example of the first thermal cycle for BM, squeezed and flash materials,
highlighting the cold crystallization (T.), the melting temperature (Tn), and the crystallization
temperature (T¢). The first thermal cycle evaluates the thermal history of the material, and therefore
provides information about the effect of the joining process on the physicochemical properties of the

composite. The transition temperatures and crystallization degrees are summarized in Table 6.2.
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Figure 6.7 Example of DSC curves for the BM, squeezed, and flash materials, in the range of interesting
heating and cooling rates of 10 °C/min in nitrogen.

Table 6.2 Main parameters obtained from DSC analysis (Tc.— cold crystallization temperature, Tr — melting
temperature, T, — crystallization temperature, X. — degree of crystallization) for BM, squeezed and flash

Te [°C] Tm [°C] T [°C] Xc [%0]
BM 153.0+1.0 345.0+1.0 292.0+5.0 29.0x20
Squeezed material - 340.0+£0.2 296.0+£1.0 240120
Flash material 168.0 £ 3.0 343.0+0.2 294.0x+1.0 140+7.0

materials.

The TMAM (collectively the squeezed and flash materials) presented similar trends of higher
Tec and Te, with lower Ty, and X, compared to the BM. The DSC curve of BM showed an exothermic
peak of cold crystallization at (153.0 + 1.0) °C, which indicates a matrix not fully crystallized upon
manufacturing. This observation suggests a fast cooling rate during CF-PEEK manufacturing, which
contradicts the controlled and slow cooling phase reported in [159]. For the flash material, T
increased to (168.0 £ 3.0) °C while for the squeezed material no T.c was observed. Similar to the
DSC of annealed PEEK at temperatures above Tn [211], thermal degradation of the material by
crosslinking, as previously discussed, can impair the mobility of the PEEK molecules and thus hinder
its crystallization. This either shifts T to higher temperatures or leads to its dissipation in a scenario
of high thermal exposure. Additionally, as the squeezed material was exposed to a higher shear rate,
flow-induced crystallization may also occur at high temperatures, when distorted polymeric chains
reduce the conformational entropy, leading to crystal nucleation, as reported by Nazari et al. [212].
Therefore, the absence of T in the squeezed material curve may indicate a process-induced

crystallization of the matrix along with degradation. The mechanism of crosslinking has also a
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negative effect on the melting behavior of PEEK [139,211,213], which can partially explain the lower
Tm of the squeezed (340.0 £ 0.2) °C and flash (343.0 £ 0.2) °C materials in comparison to the BM
(345.0 £ 1.0) °C. Additionally, chain scission — in the first decomposition step of PEEK (see Figure
6.6) — decreases the molecular weight of polymers, plasticizing the material, and thereby decreasing
T

As observed in Table 6.2, the thermally affected materials presented lower degrees of
crystallinity, i.e squeezed material = (24.0 + 2.0) %, flash material = (14.0 £ 7.0) % compared to the
BM (29.0 £ 2.0) %. According to Gao et al. [128], for intermediate cooling rates of 10 °C/min to
30 °C/min, a degree of crystallinity of around 30 % is expected for PEEK. Although the friction
riveted joints cooled down over a similar range of rates (see Section 6.2), the degree of crystallinity
of the squeezed and flash materials was under 30 %, confirming PEEK decomposition during the
joining process. Both crosslinking and chain scission mechanisms can impair the crystallization,
crosslinking by preventing polymer chains in a molten state from arranging into a lamellae fold [214]
and chain scission by forming molecular defects such as carbonyl groups that do not fit into the crystal
lattice [139,211,213]. It is believed that the flash material exposed to a longer heating phase at high
temperatures, as previously discussed, was highly thermally decomposed, and as a consequence a
lower degree of crystallinity was observed in this material. As a lower number of crystals requires
less energy to be melted, the squeezed and flash materials had less enthalpy of melting as a result of
their reduced crystallinity (Figure 6.7). Moreover, the broad melting peak of TMAM, especially the
squeezed material, indicates a distribution of crystal sizes. As observed in Figure 5.2, the PEEK BM
presents larger crystals between the carbon fibers, and nanometric crystals in fiber free regions. It is
believed that such a difference in crystal sizes is intensified during FricRiveting. Some of the crystals
may grow upon low conductivity of process-related heat, resulting in larger lamella structures, while
the broken fibers in the squeezed material and flash may nucleate finer crystals, as they can work as
nucleation sites for quasi-epitaxial crystallization [133] The flow-induced crystallization can also
contribute to broad the melting peak by enhancing the kinetic of crystallization of PEEK, and
therefore, increasing the nucleation density [212].

As a summary for this section: thermal decomposition by chain scission of the PEEK during
FricRiveting was detected while decomposition by crosslinking was indirectly evidenced The
changes in thermal stability and degradation behavior of the thermomechanically affected PEEK
suggested a contribution of thermo-oxidation to the material decomposition. The thermomechanically
affected PEEK had an inferior degree of crystallization as well as a broader melting peak compared
to the BM, which may indicate crystal growth over the heating phase of FricRiveting and epitaxial

crystallization on the surfaces of broken fibers.
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6.3.2 Microstructure and local mechanical properties of joined Ti6AI4V rivet

The temperature effect is particularly pronounced in Ti6Al4V, because this alloy can
experience phase transformations that affect the material flow, formability, and final microstructure.
Figure 6.8 shows examples of three shapes of plastically deformed rivet tips in friction riveted joints

that were formed using the joining conditions evaluated in this work.

B-PM-NZ-DoE_Temperature_TC
S8 b) 200
] 51 -
1100 - ‘
1000 4382 1
9004|153 3
O 8004l
o =iy
5 700
© ]
2 600 T
s 1L
g_ J(Hl—‘ )
E 400 - 77
|
300 Z
200 7
100 4 77
] VA
|

0 T T —T T T T T T T

1 2 3 4 5 6 7 8 9

Joining Condition

Figure 6.8 a) X-ray micro-computed tomography of three rivet tip shapes formed by the evaluated joining
conditions of the FricRiveting process; b) average process peak temperatures measured by TC of the joining
conditions, showing the dependency between temperature and the shape of the rivet tip.

At a lower process temperatures, as in Condition 3 (413 £ 18) °C, the heat input and strain
rate of FricRiveting was insufficient to plasticize the rivet tip, and therefore no plastic deformation
occurred, as shown by shape S1 in Figure 6.8-a. Conversely, when the metal rivet was processed at
temperatures between 600 °C and 932 °C, the rivet tip assumed a bell shape (S2, Figure 6.8-a).
According to the literature [100,204,205], in this range of temperatures, the flow stress of Ti6Al4V
decreases rapidly with an increase of strain. This results from the material’s susceptibility to shear
banding and the adiabatic conditions generated during compressive deformation [100]. The physical
barrier of the composite fiber network during FricRiveting may have gradually enhanced the
deformation of plasticized rivet tip, intensifying the shear band formation and adiabatic heating.
Moreover, the inhomogeneous strain distribution and low thermal conductivity of Ti6AI4V promote
a localized flow in the metal [96], which may contribute to the rivet tip widening in friction riveted
joints. Finally, an inverted bell shape (S3, Figure 6.8-a) was formed in friction riveted joints that were
processed at a higher temperature, as in Condition 7 (1064 + 159) °C (Figure 6.8-b). When the hot

deformation is carried out near the p-transus temperature (995 °C), the a—f phase transformation
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generates more adiabatic heat, which in turn raises the proportion of soft -phase in the material, and
this increases the softening phenomena of Ti6Al4V [97]. Thus, an excessive deformation is formed
at the rivet tip in Condition 7.

The phase transformation and plastic deformation along with the fast cooling rates shown in
Table 6.1 extensively modify the original globular microstructure of Ti6Al4V (refer to Figure 5.1).
Figure 6.9 shows the final microstructure of a Ti6AI4V rivet joined with intermediate temperature
that formed a bell-shaped rivet tip. The bell-shaped rivet tip was selected, owing to its improved

mechanical performance, as will be discussed later in this chapter.

mm

10 pm : ¢ 10 pm N . ) 10 pm
D —— ~: - ¥ D —— > £ o ~ D ——

Figure 6.9 a) Typical cross-section of friction riveted Ti6Al4V and CF-PEEK, showing the microhardness
map of Ti6AI4V along with four regions of microstructure interest, detailed in b) through e). (Joining
parameters, RS: 15000 rpm, FF;: 5 kN, FFy;: 10 kN, DF: 7.5 mm, CP: 0.2 MPa)

The gradient of microstructure through the metal rivet is similar to those reported for Friction
Riveting of Ti6Al4V and glass fiber reinforced polyester [114] and is explained by the
inhomogeneous local heat generation and cooling rates in the joining area. The original globular
microstructure remains at the center of the rivet with no indication of any thermomechanical effect,
as shown in Figure 6.9-b. The diffused microstructure in Figure 6.9-c along with some of the initial
barreling (arrow in Figure 6.9-a) characterizes the threshold of the metal thermomechanically
affected zone (MTMAZ). Barreling is an effect observed mainly during hot forging of metals in
which differential degree of freedom to expand and/or inhomogeneous heat distribution through in
the metal lead to more deformation of inner/hotter than outer/colder material upon axial force,
creating a barrel shape to the part. A diffused microstructure is typically formed by a fast cooling rate
from temperatures near the B-transus but still in the o+p phase field [205]. In this case of non-
equilibrium thermodynamics, the diffusional process of portioning of alloying elements is
incomplete, retaining an incompletely transformed morphology from high temperatures at room
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temperature [97]. The elongated bright structures were described by Borba et al. [114] as vanadium-
saturated regions known as B-flecks. A similar microstructure was also detected in the shear banding
of hot compressed Ti6Al4V [97,100]. At the rivet tip (MTMAZ) acicular microstructures coexist,
due to diffusionless o' martensite (Figure 6.9-d) and diffusional Widmanstatten (Figure 6.9-e)
processes. Both of these microstructures are formed from the p-phase field and distinguished by the
cooling rate to which they are exposed. Therefore, in agreement with the thermocouple
measurements, the B-transus temperature was exceeded at the rivet tip while the fast cooling rate
impaired diffusional phase transformation of B—a phase, forming a geometric pattern of acicular
structures known as o' martensite. The adiabatic heating, owing to the deformation of the metal, may
have impaired the fast cooling rate in regions where the plastic deformation was located, exposing
the metal longer to a heating regime and consequent slow cooling rate, leading to the diffusional
Widmanstatten pattern, as observed in the string shaped phase with bundles of lamellae in Figure 6.9-
e. Analyses of metallic flow through microtexture and evolution of the Ti6Al4V microstructure
during FricRiveting are not in the scope of this work, but can be found in [114].

Process-related microstructural changes in the Ti6Al4V rivet were further evaluated
regarding their local mechanical properties, assessed by a Vickers microhardness map, as shown in
Figure 6.9-a. As expected, at the center of the rivet, where no changes in the microstructure were
observed compared to the base material, the microhardness was within the range 300 HV to 330 HV,
the same as the base material (Figure 5.1-a). Within the rivet tip, characterized as MTMAZ, the
acicular microstructures promoted a 9 % to 21 % (360 HV to 400 HV) increase in microhardness,
compared to the center of the rivet. Under friction stir welding, where the material is also exposed to
high temperatures and shear rates, Ti6Al4V undergoes similar behavior in the stir zone, as reported
by Esmaily et al. [106] and Ramulu et al. [215]. The authors explain that the thin a-laths in acicular
microstructures improve the hardness and strength of the material while decreasing its ductility
compared to the globular morphology. Moreover, the elongated B-flecks identified in the threshold
of the MTMAZ (Figure 6.9-c) seem to slightly decrease the hardness of the metal (290-310 HV).
This phenomenon can be explained by the high amount of arrested and untransformed B-phase from
the high temperature phase field. The B-phase is a body-centered cubic (bcc) crystal known to have
multiple slip systems and therefore high ductility; the larger B-phase enhances local ductility and

decreases the hardness [215].

6.3.3 Microstructure and local mechanical properties of joined CF-PEEK

When CF-PEEK is exposed to high temperatures and shear rate, an intense flow of broken

fibers and low viscosity matrix is induced in the vicinities of the rivet shaft, which is enhanced by the
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plastic deformation of the rivet tip, as discussed in Section 6.3.3. Therefore, the final microstructure
of the composite is highly dependent on heat input, joining conditions, and the geometry of the rivet
tip. Figure 6.10 illustrates a typical microstructure of CF-PEEK in the friction riveted joints where
the rivet tip assumed a bell shape (S2, as described in Section 6.3.2).

® o LS
Figure 6.10 a) Typical cross-section of Ti6Al4V/ CF-PEEK friction riveted, showing the CTMAZ and the
squeezed material, indicating three regions of microstructure interest as detailed in b) to d); b) and c)
reoriented fiber bundles and reconsolidated composite material; d) voids; and €) fiber-matrix debonding
underneath the rivet tip. (Joining parameters RS: 15000 rpm, FF;: 5 kKN, FFy: 10 kN, DF: 7.5 mm,
CP: 0.2 MPa)

A composite thermomechanically affected zone (CTMAZ) was identified surrounding the
rivet (Figure 6.10-a) and this is characterized by reoriented fiber bundles, volumetric flaws, and
reconsolidated material that was formed during the unsteady state viscous dissipation phase (ll,
Figure 6.1). Throughout this phase, broken fibers embedded in molten polymer flow partially
outwards (forming a flash) and between the composite parts (squeezed material), as shown by the
yellow dotted lines in Figure 6.10-a and -b. The circular pattern assumed by the composite flow — as
reported in Section 6.1 — may realign the broken fibers in vicinity of the rivet, resulting in their near-
circular appearance (Figure 6.10-c). Altmeyer et al. [26] defined this region as a composite stir zone
(CSZ), where short fibers are stirred by the rotating rivet during FricRiveting. The rivet penetration
reoriented the fiber bundles upwards in the proximity of the rivet, as indicated by the white arrow in
Figure 6.10-d, which may have been enhanced by the upward flow of the composite. Internal flaws,
including voids and delamination, could also be detected in the CTMAZ. The low viscosity of the
molten polymer assists the entrapment of air pockets and gases evolved from the thermal degradation
of the matrix, as addressed in Section 6.3.1, which remain as voids in the joint due to the fast cooling
rate (voids are highlighted by yellow arrows in Figure 6.10-b and -d). Figure 6.10-e depicts matrix-
fiber debonding in the composite underneath the rivet tip. Two effects could contribute to its

formation: a significant difference in coefficients of thermal expansion between fiber and matrix,
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which with a fast cooling rate generates residual thermal stresses, or by an extensive shear imposed
by the rivet, which compromises the fiber-matrix interface leading to delamination. The first
contribution would occur during the cooling phase, whereas the second would happen during the
joining process.

By increasing the heat input the rivet tip over deforms, which has an influence on the
composite flow and the extent of internal flaws in the friction riveted joint. Figure 6.11 shows an
example of a friction riveted joint that formed an inverted bell shape (S3). Owing to greater rivet
plastic deformation and the higher process temperature (1064 + 159) °C localized in the vicinity of
the rivet for a longer time, more of the composite is thermomechanically affected, thereby enlarging
the CTMAZ, as outlined by the white dashed line in Figure 6.11-a. Consequently, more voids were
formed (Figure 6.11-b). The overdeformation displaced more fiber bundles upwards and led to
turbulence within the composite in its vicinity, shown by the formation of a vortex (dashed arrows in
Figure 6.11-b). Additionally, the volume of molten polymer and broken fibers that was forced to flow
outwards increased, leading to composite through-thickness delamination, where composite flowed
within a fiber bundle, as shown in Figure 6.11-c. Therefore, the shape of the rivet tip compromises
the integrity of the composite, which may degrade the mechanical properties of the friction riveted
joints.

Figure 6.11 a) Cross-section of Ti6Al4V/ CF-PEEK friction riveted where the rivet tip was overdeformed,
showing the CTMAZ along with two regions of microstructure interest, as detailed in b) and c); b) the
reoriented fiber bundles and formation of a vortex in the reconsolidated composite material; ¢) composite
delamination. (Joining parameters - RS: 15000 rpm, FF: 5 kKN, FFy;: 15 kN, DF: 7.5 mm, CP: 0.26 MPa)

The local mechanical properties of the inner and outer regions of the CTMAZ were evaluated
using nanohardness measurement, as described in Section 5.2.8.2. The nanohardness method has
been widely used to describe the viscoelastic and dynamic mechanical properties of polymer
composites, particularly of the matrix, where a small indentation size is required to avoid interference

of the fibers with the measurement [174]. Figure 6.12 illustrates the dynamic indentation modulus
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and hardness of the PEEK base material (BM) and PEEK CTMAZ. The load-displacement curves
obtained from the nanohardness test are presented in Appendix E. At shallow indentation depths, up
to 100 nm, any increase of the modulus and hardness is reported to be a combination of errors during
the surface determination, indentation size effects, and near-to-surface modifications such as
localized oxidation of the sample surface [216]. The average values of these responses are near
constant, between 200 nm and 800 nm for all replicates, and therefore were used for the evaluation
of properties. A 33 % decrease in elastic modulus from (5.4 £ 0.04) GPa to (3.6 + 0.03) GPa and a
53 % decrease in hardness from (0.34 + 0.006) GPa to (0.16 + 0.002) GPa was observed by
comparing the BM to the CTMAZ. This result complies with the physicochemical changes of the
composite, as discussed in Section 6.3.1. The thermomechanical decomposition of PEEK, mainly by
chain scission and possible oxidation, results in a lower molecular weight, which softens the polymer
and therefore decreases its strength. In addition, any strengthening effect from the spherulites in
semicrystalline polymers such as PEEK [128,130,216] is also impaired by a decrease in the degree

of crystallinity caused by the thermal degradation of the friction riveted joints.
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Figure 6.12 Dynamic indentation for a) modulus and b) hardness of PEEK as a function of displacement into
the surface of BM and the CTMAZ of the friction riveted joint. (Joining parameters RS: 15000 rpm,
FFi: 5 kN, FFy: 10 kN, DF: 7.5 mm, CP: 0.2 MPa)

6.4 Bonding mechanisms and zones

The interaction between the metal and the composite is of upmost importance as it directly
influences the strength of the joint and assists understanding of the failure mechanisms. As discussed
in Section 3.3, there are essentially two bonding mechanisms that promote the strength of friction

riveted joints: mechanical anchoring and adhesion forces. Mechanical anchoring, also termed
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macromechanical interlocking, contributes most of the joint’s strength owing to the mechanical
interference of the rivet tip widening [147], while reconsolidated polymer against the rivet shaft
promotes additional adhesion forces. Although occurring in overlapped friction riveted joints of
CFRP, other subcategories of such bonding mechanisms were explored in this work owing to the
complex material flow described in Section 6.1.

Besides macromechanical interlocking (Figure 6.13-a), micromechanical interlocking occurs
along the length of the rivet shaft, which is considered an adhesion mechanism [217]. Figure 6.13-b
shows fiber and polymer embedding in the rough surface of the rivet. The Coulomb friction
developed between the solid fiber network and the rivet at the initial stages of the joining process
leads to material wear, increasing the roughness of the rivet surface. Figure 6.13-c shows irregular
metal debris in the material flash probably the result of this wearing process. Moreover, the hot
compressive work imposed in the rivet tip may also create additional irregularities on the rivet surface
as the softened metal encounters solid fibers. The low viscosity polymer and broken fibers flow into

such asperities on the metal surface, and when consolidated, promotes interlocking on a microscale.

Figure 6.13 a) Overview of a friction riveted joint showing the macromechanical interlocking through the
rivet tip widening; b) micromechanical interlocking by embedding of fibers and PEEK matrix; ¢) detail of the
outward flash material showing metal debris resulting from the wearing process between fibers and rivet.
(Joining parameters RS: 15000 rpm, FF: 5 kN, FFy;: 10 kN, DF: 7.5 mm, CP: 0.2 MPa)

The squeezed material consolidated between the composite parts contributes additional
adhesion forces, by means of wetting and molecule interdiffusion over the composite interfaces.
Figure 6.14-b shows the top view of the squeezed material obtained by uCT. During rivet insertion,
a low viscosity PEEK molten layer flows through the composite plates, owing to the combined effect
of centripetal forces (Fcp) imposed by the rotating rivet and centrifugal forces (Fc) imposed by axial
joining forces. However, the presence of broken fibers in the squeezed material can impair a stable
flow and consequently lead to an inhomogeneous consolidation of the squeezed material. By
analysing a cross-section of the squeezed material, three regions were observed, as shown in Figure
6.14-c.
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Figure 6.14 a) Overview of a friction riveted joint, showing its mid-plane where low viscous polymer and

broken fiber flow, forming the squeezed material; b) top view of the squeezed material acquired by X-ray

MUCT; c) cross-section of the squeezed material, showing three regions of material consolidation. (Joining
parameters - RS: 15000 rpm, FF: 5 kN, FFy: 10 kN, DF: 7.5 mm, CP: 0.2 MPa)

The flow front, distant from the rivet shaft (Region I, Figure 6.14-c), incompletely wets the
inner surfaces of the composites and cools down rapidly. As soon as the viscosity of the material
increases, any air entrapped in the highly viscous material can no longer escape, leading to a
reconsolidated material with high porosity and therefore low adhesion efficiency. Goushegir, Dos
Santos, and Amancio-Filho [208] addressed a similar formation in CF-PPS/AA2024 friction spot
joints. The low viscous PPS, molten during the joining process, wetted the surface of the aluminum
and, owing to its fast cooling rate, entrapped air in the outer region of the joining area [208]. As the
flow front cools down, the flow of still soft polymer is restricted and becomes denser, decreasing the
internal flaws. Consequently, a homogeneous intermediate region is formed, without porosity
(Region I1, Figure 6.14-c). Additionally, the interfaces between the squeezed material and composite
plates cannot be distinguished in Region II, which indicates molecule interdiffusion. When two or
more polymeric plates are exposed to sufficient energy through temperature and pressure, the
polymer chains gain mobility and may diffuse across interfaces to reach a favorable conformation,
and thereby decrease the entropy of the system [218]. In Region 111 of Figure 6.14-c, which is close
to the rivet, although there is polymeric interdiffusion the presence of internal flaws indicate unstable
material flow and possible thermal decomposition of the composite matrix — addressed in Section
6.3.1. In this region the composite material is exposed to high temperatures for a longer time and it
flows through a restricted space, which can exert shear forces on the low viscous material and

consequently flow turbulences, as reported with viscous polymer systems [195].
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Bearing in mind that interdiffusion of polymeric molecules promotes higher adhesion forces
than incomplete wetting [219], leads one to expect that the failure mechanisms governing Region |
will be adhesive failure, while in Regions Il and 111 it will more likely be cohesive failure. The failure
mechanisms of the friction riveted joints under shear loading are thoroughly investigated in the next
chapter. Despite the existence of additional adhesion forces, owing to the squeezed material, it leads
to inevitable separation of the composite plates, which can compromise the durability of the joints,
as discussed in Chapter 9. The amount of squeezed material and extension of the adhesion regions in
Figure 6.14-c is directly dependent on heat generation during the joining process and the plastic
deformation of the rivet tip, and in turn these are influenced by the process parameters. With a larger
widening of the rivet tip, more softened composite material is displaced from the joining area, and
some of this to the composite overlap area. Figure 6.15 shows the linear dependency of the squeezed
material area (Asm indicated in Figure 6.14-b) with plastic deformation of the rivet, measured
indirectly by volumetric ratio VR (see Section 5.2.5.2). The influence of process parameters on the
joint formation, and the bonding mechanisms discussed here, were indirectly addressed in Section

6.5.2 about the DoE for optimizing mechanical performance of the joint.
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Figure 6.15 Linear correlation between volumetric ratio (VR) and area of squeezed material (Aswm).

6.5 Process optimization for detailed joint characterization

Earlier in this chapter, Friction Riveting was analyzed in terms of joint formation, bonding
mechanisms, and the effect of process temperature on the microstructure, physicochemical, and local

mechanical properties of the joint materials. This section is dedicated to further analysis of previous
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observations, in order to discuss the influence of the process parameters on the lap shear strength of
the joints and thereby determine an optimized joining condition for such a response. The bonding
mechanisms and geometric features of the joints are used to support the discussion. A full factorial
DoE and ANOVA were adopted as described in Section 5.2.2 and a new set of joining parameters

was validated, while lap shear testing was performed according to Section 5.2.9.1.

6.5.1 Effect of the geometric features of friction riveted joints on the quasi-static

mechanical performance

Figure 6.16 shows the average ULSF of each joining condition within the parameter window
selected for the DoE, along with the categories of plastically deformed rivet tip shape described in
Section 6.3.2. The joint strength varied between (2.7 + 0.3) kN and (6.6 + 0.4) kN (force-
displacement curves are presented in Appendix F), where the bell shape (S2) of the plastically
deformed rivet tip provided the strongest joints. Although the under (S1) and over (S3) plastically
deformed rivet tips have similar negative impacts on the ULSF, the implications of their shapes on
the bonding mechanisms and microstructure of the materials (described Section 6.3) are different,
and thus were further systematically investigated. All the joints failed through a combination of
composite bearing and rivet pull-through, as reported in [115]. The damage evolution was thoroughly

investigated and will be presented in Section 7.1.2.
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Figure 6.16 Effect of various joining conditions on the ULSF of friction riveted joints. Numbers from 1 to 8
correspond to the experiments performed as part of the DoE while 9 is the center point add to the model.
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In addition to the shape of the plastically deformed rivet tip, the geometrical features of joints,
including VR and Asw, are also affected by the joining parameters, and these could result in changes
to joint strength. VR indirectly expresses the anchoring efficiency and therefore the contribution of
macromechanical interlocking to joint strength, while Asm influences the adhesion forces between
the composite plates. According to the results of DoE (Figure 6.17), a linear trend was observed
where increasing VR increases the ULSF, with VR varying from 0.1 to 0.4 (Figure 6.17-a). This
result is consistent with the relationship established between the geometry of the deformed rivet tip
and the mechanical performance of friction riveted joints under tension [25,144,145,147], and shear
loading [27,147]. The exploratory power (R%g = 54 %) of such a linear model, although sufficient,
is impaired by having a simplified calculation of VR that does not consider the original shape of the
deformed rivet tip, only its geometrical features H, D, and W (Equation 2). Similarly, as the Aswm
varied between (98 + 6) mm? and (280 + 45) mm? and correlates to ULSF through a quadratic model
with adequate fitting (R%q = 60 %) (Figure 6.17-b). For all joining conditions, the process
temperature overcame the melting temperature of PEEK (see Section 6.2), and therefore a layer of
low viscous polymer was present in all joints and susceptible to flow. The intensity of the squeezed
flow was then dependent on different axial forces and deformation of the metal rivet — i.e. VR —
which imposed more or less displacement of composite material. Although VR and Asw are linear
dependent (see Section 6.4), their effect on ULSF does not follow the same trend, suggesting
additional contributions. Selected points over the experimental range were further examined by X-
ray micro-computed tomography (UCT), thus providing better visualization of the correlation

mentioned, as presented in Figure 6.17-c.
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Figure 6.17 a) Linear and b) quadratic models to describe the correlations of VR and Asm with ULSF,
respectively; c) X-ray micro-computed tomographs of three categories of rivet plastic deformation formed
over the parametric window selected.

The underdeformed rivet tip (S1) minimized the macromechanical anchoring in the
composite parts, displaced the least amount of process-affected composite from the joint area, and
therefore produced weaker joints. Moreover, as there was no efficient mechanical interlocking
between the metal and composite, the allowable tightening torque of the joint is decreased, a concept
widely known with conventional bolted joints [220]. Therefore, any additional handling after Friction
Riveting, such as tightening of the nut used in this work for lap shear testing, can cause premature
damage in the joining area, as highlighted by the white arrow in Figure 6.17-c, consequently
compromising ULSF.

In cases where the plastically deformed rivet tip assumes a bell shape (S2) or inverted bell
shape (S3), although VR and Aswm vary in the same range for both categories of deformed rivet tip,
approximately 41 % less ULSF was observed in S3 joints compared to S2 joints. The negative effect
in S3 of over deformation on the ULSF is believed to be the result of two mechanisms: an increased
volume of flaws in the vicinity of the highly deformed rivet tip (see Figure 6.11) combined with
larger separation between upper and lower composite plates.

The flaws in composite material surrounding the rivet is a result of incomplete wetting of the
metal surface by low viscosity PEEK, owing to entrapment of volatiles from the thermal

decomposition of PEEK and extensive displacement of the fiber network imposed by the upward
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flow of the plasticized metal tip (see Section 6.3.3). As a consequence, micromechanical interlocking
is compromised and this may lead to premature adhesive failure between the metal and composite.
The upward flow of the plasticized metal in the over deformed S3 joints would also impose
more separation of the composite parts, which increases the eccentricity of the single lap joint, and
thus secondary bending under lap shear testing. The negative effect of secondary bending on the
quasi-static and cyclic mechanical performance of single lap joints has been widely described in the
literature [221-223]. As the gap is formed one may assume that more material flows between the
composite parts. However, such material is not efficiently squeezed between them, as indicated by
similar Asv in comparison to S2 joints (Figure 6.17-b.). Consequently, the contribution of the

interface diffusion and the entanglement of polymeric molecules to the joint strength decreases.

6.5.2 Statistical analysis of the effect of process parameters on the quasi-static

mechanical performance of friction riveted joints

As the process parameters affect the heat generation, and consequently the amount of
squeezed material as well as the shape and geometric features of the plastically deformed rivet tip,
such responses all directly influence the joint strength. Based on this, ULSF was chosen in this work
to further determine the effects of process parameters on joint properties. Nonetheless, the VR
statistical model is also presented in Appendix G, and the same procedures described here for ULSF
were applied to VR assessment. An analysis of variance (Appendix H) provided a reduced statistical
model for ULSF (Equation 8), where ULSF is the dependent variable while the process parameters
(RS, FF, CP) and their interactions are the independent variables. Initial factors with p-values > 0.05
were eliminated using the stepwise backward elimination method. Figure 6.18-a shows a comparison
between the experimental data and their respective predicted values obtained from Equation 8 for all
of the DoE conditions (solid circles) and validation conditions (asterisks); the joining conditions
selected for the validation are presented in Appendix H. The dashed red line shows the total linear
relationship between the experimental and predicted values, whereas the dashed black lines are the
prediction intervals, and the solid lines are 95 % confidence intervals. The R%g; value of the ULSF
model was 88 % and the standard error (S) was 432 N, while the majority of the observations lie
within the prediction limit interval. These results suggest that the validated model has a high
explanatory power, and sufficient accuracy to predict such a response outside the selected range of

joining parameters, so may be used for an understanding of their effect on the ULSF.

ULSF = 5114+ 541 X RS — 419 X CP — 825 X RS X FF — 417 X RS X FF X CP (8)
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Figure 6.18 a) Validation diagram for the reduced model of ULSF; b) proportional effect of each significant
factor and interaction on the ULSF.

Figure 6.18-b shows the proportional effect of each significant process parameter and
interactions on ULSF. RS*FF (p-value = 0.000), RS (p-value = 0.000), RS*FF*CP (p-value = 0.001),
and CP (p-value = 0.003) were the most significant contributions, and which correspond to 41.5 %,
17.8 %, 13.5 %, and 10.7 %, respectively. FF had a high p-value (p-value = 0.519), but its interaction
with RS and CP appears to be significant and so this was further analyzed. Figure 6.19 illustrates the
main effects of the process parameters on the ULSF response, along with an X-ray uCT analysis. In
these plots, a larger slope of the lines indicates a stronger effect of the parameter on the response,
whereas a slope close to zero degrees indicates insignificance of the parameter to the response.
Increasing RS increases the ULSF, while increasing CP impairs the joint’s mechanical performance;

the effect of FF is relatively insignificant.

72



B-PM-NZ-DoE_Main effect plot of ULSF

a) 6.5
) Rotational Speed, RS
—a— Friction Force, FF
6.0 {|—*— Clamping Pressure, CP
= 10000 rpm == 15000 rpm
il
Lc'rj 5.54
—
=
=
=~ 5.0 .
g 02MPa —==— 0.6MPa
o CP
=
4.5
40 T T T
-1 0 I I0KN  —— 15kN
Factor level

Figure 6.19 a) Main effect plots of the process parameters on the ULSF (blue dot is the center point used in
the full factorial design); b) selected X-ray micro-computed tomographs of low and high limits of each
individual parameter investigated within the DoE.

By increasing the rotational speed (RS), the shape of the plastically deformed rivet tip
changed from under deformed (S1) to bell shaped (S2), leading to higher VR — i.e. better anchoring
efficiency — and consequently improved joint mechanical performance. In this case, the VR is
enhanced by increased rivet penetration depth (H) and rivet tip width (W), as shown in Figure 6.19-
b. As discussed in Section 5.2.1, the joining phases in this work were limited by displacement of the
spindle, and consequently H was controlled and set to be kept constant. Therefore, an increase in H
can only be explained by reaction of the composite to the increase in heat generation. In accordance
with [25,143,147], RS increases the energy input, melting a larger volume of composite matrix
surrounding the rivet, so enabling deeper rivet penetration. The presence of continuous fibers in the
woven CF-PEEK, which are not softened during the process, also contribute to an increase in heat
generation with increasing RS. Similar to the drilling of composite, the fiber network increases the
drilling torque, leading to fiber breakages and additional solid friction between the tool and broken
fibers, which is intensified by higher RS [165,224]. Therefore, a combined effect of molten matrix
and broken fibers may explain the increase of H, hence VR, with higher RS.

The clamping pressure (CP) that is applied externally to the joint during the joining process
is another parameter with a large influence on the lap shear strength of the joints. The effect of the
clamping system on joint formation and mechanical performance of friction riveted joints was
extensively investigated by Borba et al. and published in [156]. By increasing the CP the bell shape
(S2) of the deformed rivet tip assumes an inverted bell shape (S3) (Figure 6.19-b), which as
previously explained despite sharing similar VR and ASM this increases the joint eccentricity and
composite flaws close to the rivet, weakening the joint. The heat input required to deform the metal

rivet into S2 and S3 shapes varies over the same range (see Section 6.2). However, for the same heat
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input, the flow stress of the titanium alloy progressively decreases where the deformation first occurs,
and this volume of metal continues to deform in further processing [101]. This is intensified by the
a—P phase transformation, local adiabatic heating, and its low thermal conductivity which conserves
the localized high temperature within the material [100,205] as explained in previous sections.
Therefore, although CP does not contribute to heat generation, it is applied throughout the joining
process and when it is higher more internal reactive forces arise at the rivet tip, leading to continuous
deformation of the plasticized rivet tip and consequently over deformation.

The friction force (FF) was shown statistically insignificant for the ULSF, which does not
comply with previous investigations into the Friction Riveting of titanium and short carbon fiber
reinforced PEEK [25]. Figure 6.19-b illustrates no changes to H and a slight increase in W, resulting
in a small variation in VR (up to 15 %). According to Altmeyer et al. [25], the frictional pressure,
which can be translated as friction force, has a pronounced effect on energy input, and consequently
increases the rivet penetration depth and anchoring efficiency, similar to the effect of RS. However,
contrary to Altmeyer et al. [25], the joining phases in this work were controlled by spindle
displacement (see Section 5.2.1) and therefore the joining time was a process response. Thus, one
may expect that when higher axial forces are applied to the rivet it decreases the joining time, hence
limiting the heat generation. Lower heat input plasticizes less metal material and composite matrix,
leading to less rivet penetration. The additional rivet tip widening observed in Figure 6.19-b does not
contribute to the joint strength, because it occurs close to the surface of the composite in the overlap
area. The negative effect of such a deformation has already been reported by Pina et al. [143] in an
analysis of anchoring depth (D) for AA2024/PEI friction riveted joints.

From the ANOVA analysis, the only second order interaction with a significant influence on
the ULSF was RS*FF, as shown in Figure 6.20. From the X-ray puCT analysis (Figure 6.20-b) it is
possible to see that at low RS (10000 rpm) by increasing the FF the ULSF increases, owing to
widening of the rivet tip and consequently higher VR — i.e. anchoring efficiency. On the other hand,
at high RS (15000 rpm), increasing the FF results in weaker joints with an over deformed rivet tip.
In the same manner as explained for the main effect plot (Figure 6.19-a), as the low RS generates less
heat and high FF shortens the joining time, there is not enough heat to further plasticize the metal and
to decrease the viscosity of the polymer. Therefore, no significant changes were observed in the
geometric features of joints produced with lower RS when increasing FF. However, at high RS, the
formability of the rivet tip increased as a result of the higher heat input. In this situation, similar to
the effect of CP, any extra axial force will more greatly compress the plasticized rivet tip against the
undamaged fibers, introducing more adiabatic heating within the titanium. This contributes to the

work-softening of Ti6AI4V and further deformation of the rivet tip.
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Figure 6.20 a) Interaction plot of the effect of RS*FF on the ULSF (blue dot is the center point used in the
full factorial design); b) selected X-ray micro-computed tomographs of low and high limits of the combined
parameters significant for the ULSF reduced model.

A third-order interaction between RS, FF, and CP was also significant for ULSF. Third-order
interactions are normally excluded from reduced statistical models as their physical interpretation
becomes too complex to understand and can be misleading [163]. However, in this work RS*FF*CP
presented a p-value = 0.001, showing its high significance to ULSF. Although the exact reason for
this result is still not well understood, a similar effect of CP and FF on the ULSF, when the latter is
in combination with high RS, may help understanding this third-order interaction. As Borba et al.
[156] have reported, clamping efficiency is a balance of internal forces in the joining area, and thus
a compromise between the reactive forces arising from the joining force and the clamping force.
Therefore, when enough heat is generated by high RS, changes to FF and CP may give rise to higher
reactive forces at the rivet tip, leading to over deformation.

In summary, these results suggest that the highest level of RS (15000 rpm), along with the
lowest level of FF (10 kN) and CP (0.2 MPa) provide an optimized set of parameters to increase the
lap shear strength of friction riveted joints, over the parameter window used in this work. This set of
parameters corresponds to Condition 5 of the DoE, with ULSF of (6.6 + 0.4) kN, VR of (0.30 £ 0.06),
and Aswm of (266 + 42) mm?. To confirm the optimized joining condition, a desirability function was
used where maximization of ULSF and an assigned value of up to 0.3 mm of separation between the
composite parts were used as the main targets of the function, as described in Section 5.2.2. For the
joining conditions where an inverted bell shape (S3) of the rivet tip was formed a gap (G) could not
be avoided. Therefore, to keep G at acceptable levels for aircraft applications, the response was
limited to 0.3 mm, which has been published in the literature [168-170] as a common thickness of
adhesives and sealants used in combination with conventional bolted joints. Three solutions for the

desirability function were obtained, as shown in Table 6.3.
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Table 6.3 Sets of process parameters for the optimized condition, as predicted by the desirability function

Solution 2 [krpm]Procle:SFs.:O ﬁ:saneterSCP Mpa] | YL-SFIKN] é:ec;??é’ﬁifé
1 15 10 0.2 6.7 0.94
2 15 10 0.6 6.1 0.80
3 10 15 0.6 5.8 0.72

All the optimized joining conditions predicted by the desirability function are conditions
tested within the DoE and which formed a bell-shaped rivet tip with high anchoring efficiency.
Solution number one, which corresponds to Condition 5 of the DoE, was selected as the optimized
joining condition in this work, owing to its higher composite desirability and therefore high accuracy
to fulfill all the required targets. The predictions of the desirability function for the optimized joining
condition complies with the ANOVA analyses of the effects of parameters on the ULSF, leading to

the same process solution.

6.6 Joint design optimization

The improvement of joint strength was further assessed by the joint design, considering the
rivet parameters of tightening torque (TT), outer diameter of external washer (Dw) and the geometry
of the friction riveted joint, including edge distance (e) and specimen width (W). The optimized set
of joining parameters (RS: 15000 rpm, FF;: 5 kN, FFy;: 10 kN, DF: 7.5 mm, CP: 0.2 MPa) was used
to join the single lap specimens, which were then tested under tension. To attach a washer and nut,
threads were cut along the free length of the rivet. It is worth mentioning that all the joint designs
tested in this section failed by the bearing of the composite and rivet pull-through, as is reported by
Borba et al. [115] characteristic for direct friction riveted joints of CF-PEEK and Ti6AIl4V.
Therefore, the aircraft requirement of a failure mode that is non-catastrophic [225] was fulfilled for
all the joint geometries. The damage evolution prior to this failure mode will be described in detail
in Section 7.1.2.

6.6.1 Effect of washer size

Figure 6.21-a shows the influence of washer size on the quasi-static mechanical behavior of
friction riveted joints, with other variables fixed (tightening torque: 1 N-m; W/D ratio: 7; e/D ratio:
3.5). There was an increase of approximately 33 % in ULSF from untightened joints to joints

assembled with a washer of any size. However, no significant change to ULSF was observed by
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increasing the outer diameter of the washer. As reported in the literature [220], the washer distributes
the pre-load of tightening up the joint, decreasing the stress concentration at the fastener surroundings
and therefore increasing the composite’s bearing capability. Moreover, the washer promotes lateral
constraints to the area underneath it and may affect the secondary bending of the joints [33], as shown
in Figure 6.21-b. Although no improvement in ULSF was observed, larger washers seem to affect
the eccentricity of friction riveted joints, leading to higher out-of-plane displacement. Additionally,
larger washers may decrease the pressure applied by the pre-tightening torque, which could impair
joint stiffness and consequently also contribute to higher out-of-plane displacement. For these
reasons, a washer outer diameter of 2D (10 mm) was selected as optimum, which also led to a weight

saving among the geometries evaluated in this work.
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Figure 6.21 a) Ultimate lap shear force (ULSF) as a function of outer diameter of the washer (Dw); b) out-of-
plane displacement of joints tightened using different sizes of washer, measured by digital image correlation
(DIC).

6.6.2 Effect of tightening torque

Figure 6.22 shows the effect of tightening torque on friction riveted joint strength for both
untightened and tightened joints with three levels of torque, with other variables fixed (W/D ratio: 7;
e/D ratio: 3.5). As expected, by increasing the tightening torque, an improvement of approximately
30 % of joint strength was observed up to 1 N-m. Similar to bolted joints [33,189,220], changes in
tightening torque promotes friction between the washer and the composite surface, which leads to an
additional mechanism of load transfer during quasi-static and cyclic mechanical testing. For the
untightened joints, the load is transferred mostly through the fastener in contact with the composite,

while for tightened joints the load is partially transferred by friction [220]. Therefore, higher
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tightening torque leads to higher friction force, which releases the stress concentration near the edge
of the hole, which in turn produces stronger joints. However, after 1 N-m, a 20 % decrease of friction
riveted joint strength was observed, which is explained by premature failure of the metal-composite
interface at the rivet tip. Owing to excessive torsion transmitted to the rivet anchoring over the joint
tightening, the adhesion between the materials was compromised, as shown in Figure 6.22-c, leading
to premature debonding of the rivet from the composite hole. Therefore, a tightening torque of
1.5 N-m was considered the break loose torque, which should be avoided. For further analysis, 1 N-m
was used as the optimized tightening torque for CF-PEEK/ Ti6Al4V friction riveted joints produced

with the joining parameters established in this work.
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Figure 6.22 a) Ultimate lap shear force (ULSF) as a function of tightening torque; X-ray p-computed
tomographs of joints tightened with b) 1 N-m, and ¢) 1.5 N-m, showing the damage of the composite-metal
interface when joints are tightened with a torque higher than the break loose torque.

6.6.3 Effect of joint width and edge distance

Altmeyer [116] assessed the influence of edge distance (e/D) and specimen width (W/D) on
the strength and failure behavior of CF-PEEK/Ti gr.3 friction riveted joints. The author reported that
joints with e = 3D and W > 4D presented higher strength and failed by progressive plastic deformation
of the edges of the composite hole. Similar findings were reported by Cooper and Turvey [189] for
pultruded glass fiber reinforced polyester joined with M10 steel bolts. Following these previous
investigations, three levels of e and W were evaluated for CF-PEEK/Ti6Al4V friction riveted joints,
including recommended levels of e = 3D and W > 4D. The other variables were kept constant (TT:
1 N-m; Du/D: 2). Figure 6.23-a shows the average ULSF for all the joint designs. The ULSF varied
between (5.3 + 0.3) kN and (6.2 £ 0.2) kN, with no indication of dependence between joint geometry
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and strength. To statistically analyze the significance of these parameters on ULSF, ANOVA was
performed, and the main effect plot is shown in Figure 6.23-b. Although the increase of e and W
showed a small effect on the joint strength, the flat slope of the tendency lines indicates a weak
influence of the parameters on the response, and therefore they are statistically insignificant.
Additionally, in contrary to the literature [116,189], CF-PEEK/Ti6AI4V friction riveted joints
underwent only bearing of the composite without any change on the failure behavior. It is reasonable
to assume that the W/D and e/D investigated in this work were larger enough to compensate the
compressive stress concentration at the edges of the composite hole, imposed by the rivet. Thus,
catastrophic tensile failure as shear-out and cleavage, commonly observed for composite bolted joints
[33,189], were avoided.
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Figure 6.23 a) Effect of edge distance (e/D) and joint width (W/D) on the ultimate lap shear force (ULSF) of
friction riveted joints; b) main effect plot of /D and W/D on the ULSF, calculated from ANOVA.

As the levels of e and W investigated in this work did not influence the joint strength, and
owing to better clamping of larger specimens in the clamping system (Figure 5.5-a), friction riveted
joints were produced according to the recommendations of joint geometry in ASTM D5961 [176]
(see Section 5.2.1).

6.7 Summary of the results

By stepwise analysis of the Direct FricRiveting process, the upward and squeezed flow of the process-
affected composite were investigated as well as the formation of a shear layer and shear banding in
the composite, in the vicinity of the rivet shaft. The squeezed material between the composite parts

was shown to contribute an additional bonding mechanism to the mechanical interlocking of rivet tip
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widening and embedding of fiber and matrix in the rough surface of the rivet. The process temperature
measured by thermocouples exceed the decomposition temperature of PEEK as well as the p-transus
temperature of Ti6Al4V. The high process temperature along with fast cooling rate decreased the
mechanical properties of CF-PEEK locally, due to volumetric flaws in the thermomechanically
affected zone of the composite and the low degree of crystallinity of PEEK. Such effects also
increased the hardness locally of the Ti6Al4V thermomechanically affected zone owing to
morphological transformation from a globular microstructure to a combination of o’ martensite and
Widmanstatten structures within the rivet tip. Over the process temperature range analyzed in this
work, three distinct plastic deformation shapes of the rivet tip were detected: under deformed, a bell
shape and an over deformed inverted bell shape. The bell-shaped rivet tip produced stronger joints
under shear loading, owing to its high anchoring efficiency and low level of defects in the composite.
By a DoE and ANOVA, RS, CP, RS*FF, and RS*FF*CP were found to be the significate parameters
and second to third order interactions that affected the ultimate lap shear strength of the Ti6AI4V/
CF-PEEK friction riveted joints. Within the parameter window used in this work, the highest level
of RS (15000 rpm), along with the lowest level of FF (10 kN) and CP (0.2 MPa) provided an
optimized set of parameters to increase the lap shear strength of friction riveted joints. An
improvement of joint strength was further assessed with a fundamental study of the joint design. A
washer size of 10 mm (Dw/D = 2) and tightening torque of 1 N-m increased the ULSF of friction
riveted joints by 30 % due to the better stress distribution over the rivet surroundings and additional
friction between the washer and the composite surface. No correlation could be drawn between edge
distance, specimen width and ULSF. The optimized joining condition and joint design (washer outer
diameter of 10 mm and tightening torque of 1 Nm) were used to produce single lap joints for the

analyses presented in the following chapters.
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Chapter 7. Mechanical Behavior of Friction riveted Joints

This chapter describes the mechanical performance of SLS friction riveted joints under quasi-static
and cyclic loading. An optimized set of joining parameters (RS: 15000 rpm, FFi: 5 kN, FFy: 10 kN,
DF: 7.5 mm, CP: 0.2 MPa) was selected to join the single lap specimens. The joints were assembled
with a 10 mm outer diameter washer and tightened with 1 N-m, following the fundamental
investigation of joint design presented in Chapter 6. The chapter starts with an analysis of quasi-static
mechanical behavior, which comprises understanding critical stress concentration sites by finite
element (FE) analysis, damage evolution, and fracture mechanisms. Towards the end of the chapter,
the results obtained from fatigue loading are presented, including analysis of S-N curves and fracture

surfaces.

7.1 Quasi-static mechanical performance

7.1.1 Quasi-static mechanical properties

The typical force-displacement curve of a single lap friction riveted joint is shown in Figure
7.1-a. The average ultimate lap shear force (ULSF) was (6.6 £ 0.4) kN, which is less than the (8.7 +
0.2) kN of reference lock bolted joints, owing to differences in the joint geometry, as reported by
Borba et al. [115]. Three stages characterize the curve: a typical linear elastic behavior until the first
load drop (Stage 1), followed by an almost linear slope until the peak force is reached (Stage I1), and
a softening load drop region (Stage I11). To analyze the reversibility of joint strain, which indicates
the introduction of damage and plastic deformation during the mechanical test, consecutive load and
unload cycles were imposed on the joint. A cross-sectional view of the joints after each cycle (see
Figure 7.1-b) was evaluated to define the main failure mechanisms that govern the joint’s mechanical

behavior.
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Figure 7.1 a) Typical lap shear force-displacement curve (solid line) along with six curves from the loading
and unloading cycles (dashed lines); b) cross-sectional view of the samples loaded at levels of 4.5 kN, 5.5 kN,
and 6.5 kN, which corresponds to cycles 3, 4 and 6.

The loading and unloading curve resulting from joints loaded with 4.5 kN (cycle 3 in Figure
7.1-a) displays a linear elastic behavior with limited unrecovered displacement and no significant
change to the elastic modulus. Upon examining the specimen’s cross-section in the third cycle (cycle
3 in Figure 7.1-b), a crack has nucleated and propagated throughout the interface between the rivet
tip and the composite hole, leading to detachment of the rivet. At load level 5.5 kN (cycle 4 in Figure
7.1-b), which corresponds to the first load drop in the typical load-displacement curve (Stage | in
Figure 7.1-a), the joint stiffness reduces significantly and a considerable plastic deformation is
displayed. Such an unrecovered deformation combines adhesive/cohesive failure of the composites
interface and bearing damage introduced through the composite thickness due to the bending moment
to which the rivet is subjected (cycle 4 in Figure 7.1-b). The damage accumulates until the plastic-
deformation capacity of CF-PEEK is reached with the peak force at load level 6.5 kN (cycle 5 in
Figure 7.1-a). Although the composite is already damaged at this level, the joint still does not fail
entirely and is further loaded up to 5.8 kN (cycle 6 in Figure 7.1-a). Towards the end of this cycle,
the composite hole elongates concomitantly with breakage of the damaged composite and final rivet
pull-through failure (cycle 6 in Figure 7.1-b).

Similar mechanical behavior has been extensively reported in the literature for hybrid joints
and conventional lock bolted joints of thermoset composites [221,222,226]. Although displaying a
similar behavior, Heimbs et al. [221] showed that for similar single lap joint geometry using Ti6Al4V
bolts with a bolt diameter of 4.8 mm and a 130° countersunk head, the displacement at break of the

bolted joints was 6.3 mm, which is considerably higher (approximately 44 %) than in the friction
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riveted joints. A broader bolt head compared to the plastically deformed rivet tip can partially explain
this difference, since it imposes more compression on the composite surface and therefore more
restriction to composite bearing [220].

The state of stresses that led to the previously described typical failure of friction riveted
joints was investigated using FEM simulation, as shown in Figure 7.2. The rivet was removed from
the analysis for better visualization of stress concentration sites. The FE model proposed and its
validation are presented in Appendix C. As can be seen in Figure 7.2-a, the FEM simulation showed
a bending of the sample as a reaction of the resultant momentum M, imposed by the force F.
Furthermore, the good interface between metal and composite (see Figure 6.9) allowed the load to be
efficiently transmitted to the rivet and its composite surroundings which created tension and
compression stress concentration sites. Figure 7.2-b to -d shows these sites in the longitudinal, normal
and shear directions. The asymmetric pressure distribution along the surrounding of the rivet shaft
owing to M, induced tensile and compressive stresses on the edges of the composite hole (Figure 7.2-

b), damaging them as previously explained.
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Figure 7.2 Stress analysis of friction riveted joint under lap shear testing through FEM: a) stress distribution
based on VVon Mises yield criterion; b) in-plane, ¢) out-of-plane, and d) shear stresses; showing stress
concentration sites.

In terms of normal stresses (Figure 7.2-c), two concentration sites of tension stress were
mainly formed: near the rivet tip and in the composite overlap area, of which the latter was less
intense. Such stresses match the areas where failures by out-of-plane stress occurred during lap shear
testing. At the rivet tip the tension was induced leading to rivet debonding from the composite hole,

while at the composite interface the squeezed material was partially peeled up, leading to tearing of
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PEEK fibrils. Moreover, the shear stresses (Figure 7.2-d) appeared to be mainly carried by the
opposite hole edge to the loading direction, where a significant localized plastic deformation took
place (see 6 in Figure 7.1-b).

7.1.2 Damage evolution and fracture analysis

The evolution of overall failure of the friction riveted joints, illustrated in Figure 7.3, is
related to two main factors that induce several fracture micromechanisms: out-of-plane and in-plane
stresses. As the geometry of single lap joints is not symmetric (Figure 7.3-a), the eccentric tensile
load path induces secondary bending, which in turn leads to peeling stress [223]. The out-of-plane
displacement of friction riveted joints was predicted by FEM (Figure 7.3-b) and this correlates to the
out-of-plane displacement of the neutral line from the composite joint parts at different loading times
(to-s0) as recorded by DIC and shown in Figure 7.3-c. Figure 7.3-d depicts a lateral view of the
deformation fields in the joint during the test. The initial stage to took place prior to displacement
monitoring, which starts at t,. The selected loading times correspond to the end of the three stages
depicted in a typical load-displacement curve for friction riveted joints, as described in the previous
section (Figure 7.1).
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Figure 7.3 a) Schematic representation of the eccentric loading path in composite overlap friction riveted

joints; b) out-of-plane displacement of friction riveted joints predicted by FEM analysis; c) out-of-plane

displacement curves, and d) the respective images of the strain field at different load stages measured by
digital image correlation (DIC).
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The secondary bending increases with the loading due to a continuous release of the pre-
tightening torque, which no longer inhibits an increment of load eccentricity, and thus contributes to
compression of the composite surface and a decrease in joint stiffness. Herrington and Sabbaghian
[46] reported the effect of tightening torque on the mechanical behavior of conventional composite
bolted joints. The authors contend that the increase in bearing strength coming from an increased
clamp-up torque is due to an out-of-plane constraint that inhibits peeling failure [46]. Additionally,
the composite parts deflect asymmetrically until complete rivet removal. At ty (Figure 7.3-d), such
effects have led to a brittle fracture of the metal-composite interface by peel-up of the plies in the
shaft of the composite hole and rivet detachment, as shown in the fracture surface of the remaining
hole in Figure 7.4-a and -b. The initial separation the composite parts at ts (Figure 7.3-d) appears
mainly triggered by peeling stresses, which evolve into a large gap between the parts at tg. In the
latter step, the rivet is removed from the composite hole, increasing the out-of-plane displacement
and imposing bending on the lower composite part.

A fracture analysis of the squeezed material between the composite parts (indicated by the
yellow dotted area in Figure 7.4-a) illustrates three main features: a smooth adhesively failed surface
(Figure 7.4-c), an elongated fibrous-like feature not oriented in the loading direction, and exposed
fiber bundles oriented 90° (Figure 7.4-d). Such features indicate a combination of adhesive and
cohesive failure in the composite overlap area, in accordance with the bonding mechanisms described
in Section 6.4. Inside the cohesive failure area, a highly dense ductile fracture of the PEEK matrix by
tearing suggests a slowdown in the crack propagation and appeared to be one of the primary fracture
micromechanisms in the composite interface. Additionally, the exposure of the fibers from the
composite plate suggests interlaminar cracks inside the first ply of the CF-PEEK owing to cohesive
failure. No indication of shear-induced deformation in the squeezed material was identified in this

region.

Figure 7.4 a) Overview of the fracture surface, showing the squeezed material consolidated at the interface
between the composite parts; SEM micrographs of b) hole in the lower composite plate that remained after
the joining process; ¢) squeezed material fracture surface, showing the adhesive and cohesive failure regions;
and d) PEEK ductile fracture details along with exposed fiber bundles.
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By increasing the eccentricity of the load path (from Stage Il to Stage Ill in Figure 7.1), the
in-plane stress became more relevant for joint integrity. Owing to the bending moment, the rotation
of the rivet and the sinking of the plastically deformed rivet tip into the shaft walls of the hole imposed
compression on the composite, resulting in through-thickness failure (i.e. bearing failure). Figure 7.5
shows the C-scan measurements of defect depth in the lower composite part for each stage of the
load-displacement curve (Figure 7.1-a). The dashed lines indicate the position of the rivet, while the
white regions in the diagrams correspond to the metal, for which the ultrasound signal was ignored
in the current experiment. In comparison with the as-joined parts (see Figure 5.10-c), the out-of-plane
stress developed in Stage | did not cause any shear-driven compressive failure in the composite.
Therefore, the damaged area remained constant around the rivet. As soon as the rivet rotates in Stage
I1, the damage is accumulated near to the rivet tip and extends to other plies through the composite
thickness (Stage 111, Figure 7.5).
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Figure 7.5 The defect depth acquired by ultrasonic inspection in the lower composite part of the overlap
friction riveted joints loaded at levels of 4500 N (1), 5500 N (I1), and 6500 N (I11). The images highlighted
with dashed circles indicate the position of the rivet.

Figure 7.6 shows the in-plane damage introduced in the joint and its micromechanisms.
Critical bearing stress around the composite hole induced high local plastic deformation (i.e., bearing
damage), as shown in Figure 7.6-b. Moreover, the non-uniform bearing stresses across the laminate’s
thickness (see schematic in Figure 7.6-c) led to the shear-driven interfacial debonding of the matrix
from the fiber bundle oriented 0° (Figure 7.6-d) and formation of a kink band (Figure 7.6-e). CFRP
laminates are known to have poor interlaminar strength [227] and the alignment of the fibers has a
significant influence on the composite’s compression response [228,229]. Although the fibers
oriented 0° can withstand higher compression loads [227], their higher aspect ratio assists the
progress of micro-buckling leading to shear-induced fiber breakage at almost 45°, as was observed
with the friction riveted joints. As the most critical ply in the stack begins to fail, the stress is
redistributed to the remaining plies, which may themselves fail, thereby extending such damage —

this is clearly seen in Figure 7.5. Thus, the failure of the laminate occurred progressively until no
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further loading could be carried, the hole enlarged and the rivet detached from the lower composite

a)
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C) Top view
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Figure 7.6 a) Selected X-ray micro-computed tomographs of the friction riveted joint after the lap-shear test;
b) 3D reconstructed uCT, and c) top view of the lower composite part, highlighting the influence of the
bearing stress on the plastically deformed edges of the composite hole; compression-induced failure of the
composite by d) interlaminar damage, and €) kink band formation (indicated by arrows) in fiber bundles
orientated 0°.

The results suggest that the overall failure of the overlap friction riveted joints under quasi-
static shear loading starts with the rivet tip detachment (I, Figure 7.7-a), followed by radial crack
initiation at the edges of the squeezed material. Such cracks propagate fast through an adhesive region
and slow down in a cohesive failure region (I1, Figure 7.7-a, and Figure 7.7-b). Furthermore, cohesive
failure is transmitted through the composite thickness, owing to the compression imposed by the rivet
(1, Figure 7.7-a). Figure 7.7-b illustrates the proposed failure path through the bonding zones of the

overlap friction riveted joints.
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Figure 7.7 a) Schematic of the failure path in overlap friction riveted joints under shear loading; b) schematic
of the fracture surface in the overlap area of friction riveted joints, indicating radial crack propagation from
adhesion to cohesion failure regions.

As final failure of friction riveted joints is mainly governed by composite integrity, the
damage in the lower CF-PEEK part was assessed by FEM, adopting the Hashin damage criteria, as
shown in Figure 7.8. The criteria consider four fundamental failure modes that commonly take place
in loaded composites, i.e. matrix compression failure (HSNMCCRT), matrix tensile failure
(HSNMTCRT), fiber tension failure (HSNFTCRT), and fiber compression failure (HSNFCCRT)
[188,226]. Blue areas represent intact material, while red is fully failed material. In agreement with
the failure mechanisms described (Figure 7.7), the initial adhesive failure of the metal-composite and
composite-composite interfaces (Figure 7.8-a) was governed by damage accumulation in the
composite matrix, mainly by mode | fracture. The rivet detachment tensioned the composite matrix
in its surrounding while underneath the rivet tip, the rivet plastic deformation encountered resistance
to be pulled-out, imposing consequently compression failure to the composite matrix. At the final
stages of joint failure, although the damage in the matrix was enlarged in front of the rivet, in the
direction opposite to loading fiber fracture by tension and compression was identified. This led to
cohesive intralaminar and interlaminar defects in the composite, including delamination, as observed
in Figure 7.6. The failure processes and damage accumulation in the composite were assessed by
Qing et al. [188] who developed a similar progressive damage model for bolted composite joints.
The authors reported an accumulative bearing damage around the bolt, which was largely dependent
on the layup of the composite, bolt tightening, and joint geometry. As the friction riveted joints had

a similar behavior to bolted joints under lap shear testing, as discussed in Section 7.1.1, a similar

88



conclusion could be drawn. The joint design and its effect on strain and stress concentration sites
under quasi-static mechanical testing were briefly discussed in Chapter 6.

HSNMCCRT  HSNMTCRT  HSNFTCRT HSNFCCRT

loading
direction
1.

VVANS
TLXYY

Figure 7.8 Damage accumulation in the lower composite part of the joint analyzed after a) rivet debonding
and adhesive failure of the composite-composite interface (I, Figure 7.1), and b) at the final failure of the joint
(111, Figure 7.1). [HSNMCCRT — matrix compression failure, HSNMTCRT — matrix tension failure,
HSNFCCRT - fiber compression failure, HSNFTCRT — fiber tension failure]

a)

No damage

Total failure

One can assume that based on the fracture micromechanisms already described, out-of-plane
stress triggers the crack propagation, chiefly by a tearing of the PEEK matrix in the initial stages of
the quasi-static mechanical test, while the composite’s shear-driven compressive failure throughout
the composite thickness dictates the joint integrity, leading to a full rivet pull-out. There is no
consensus on the critical fracture micromechanism, which governs the joint’s mechanical behavior,
and in turn provides a basis to determine the joint failure criteria for experimentally tested bolted
joints of the composite [33]. According to the criteria described by Giannopoulos et al. [220], the
maximum quasi-static loading that will be met in service by a bolted composite structure, when
multiplied by a safety factor of 1.5, has to be less than or equal to the specimen’s bearing strength.
Furthermore, this load level is characterized by a quasi-linear and stable region in the typical load-
displacement curve [164]. Considering the similarities between friction riveting and conventional
bolted joints, regarding the load-displacement curve and failure mode, and thus assuming similar
criteria, the allowable failure for the current joined composite material would be restricted to out-of-
plane induced fracture micromechanisms at load levels up to 4.5 kN — this is shown by Figure 7.1-

a.
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7.2 Fatigue behavior

7.2.1 Fatigue life analysis

The S-N curves acquired from a two-parameter Weibull distribution for reliability levels
(50 %, 90 % and 99 %) are shown in Figure 7.9. In the graph the arrow points to the run-out
specimens and indicates the fatigue limit. The reliability curves provide the number of cycles that the
joint can withstand without failure; they are a useful tool for safe structural design. Statistically, they
also represent the life of the weakest member of the population, after a specified life in service [230].
For instance, in aircraft structural applications with very high safety requirements, one can assume a

lower number of cycles is reasonably expected at a particular load level in a conservative design.
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Figure 7.9. S-N curves acquired for reliabilities of 50 %, 90 %, and 99 % according to the two-parameter
Weibull distribution.

A fatigue life at 10° cycles is commonly used in the aircraft sector to evaluate performance
and to certify new designs and joining techniques [225]. For aircraft applications, bolted structures
are loaded with 30 % to 35 % of their quasi-static strength and must withstand such fatigue life testing
[225]. The friction riveted joints reached 10° cycles with a stress amplitude of 56 MPa, which
corresponds to a load level of 66 % of their ultimate quasi-static lap shear force (ULSF). The result
showed an improvement up to 88 % for the friction riveted joints compared with the cyclic behavior
of conventional mechanical fastening techniques compliant with aircraft requirements. A similar
improvement was reported by Mariam et al. [231] for dissimilar bolted/bonded hybrid joins of

overlapping AA7075 and glass fiber reinforced epoxy parts. McCarthy, Lawlor, and Stanly. [232]
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reported that the clearance in conventional bolted joints is of maximum concern when designing the
limit load of aircraft. According to the authors, joints with a loose fitting hole have a shorter fatigue
life than neat fitting holes, because elongation of the hole is initiated earlier when loose. The hole
produced in friction riveted joints has intimate contact with the rivet, due to reconsolidation of molten
material along the rivet shaft (Figure 6.10-a). This feature may provide a delay in damage initiation
and accumulation in the friction riveted joints, leading to a better cyclic mechanical performance.
Moreover, the squeezed material described in Section 6.4 (Figure 6.14) may also act as a failsafe
mechanism and provide benefits to structural performance and durability after its failure. This finding
is in agreement with the cyclic performance of bonded/bolted hybrid joints. Chowdhury et al. [168]
and Kelly [169] have shown that hybrid joints have a higher fatigue life than bolted and bonded joints.
In both studies, the presence of the fastener in a hybrid joint reduced the peel stress and arrested the
crack propagation in the bond line, which increased to twice the number of cycles to final failure.
An endurance limit was considered when the joints survived one million cycles without
failing, which was established at 60 % of ULSF (3.96 kN). One can assume that beyond this value,
the joint would no longer be damaged by fatigue and thus the test was terminated. This hypothesis
was verified from the quasi-static residual strength of the run-out specimens. The results are presented
in Table 7.1. By comparing the residual strength after one million cycles (5.9 + 0.3) kN with the
quasi-static strength (6.6 £ 0.4) KN of the joints (ultimate lap shear force, ULSF), no statistically
significant variation in the mechanical performance was identified. The result indicates that the
loading level, which the surviving joints underwent after one million cycles, did not induce any

critical fatigue damage in the joint, and did not compromise its mechanical integrity.

Table 7.1 Quasi-static residual strength of run-out friction riveted joints.

Force [KN]
ULSF 6.2+0.3
After 10° cycles 59+0.3

7.2.2 Damage evolution and fracture analysis

The friction riveted joints similarly failed under cyclic testing to the way they did in the quasi-
static test: failure of the squeezed material followed by bearing of the composite and rivet pull-out.
The fatigue damage evolution and the fracture micromechanisms associated with the failure mode
were assessed using the stiffness degradation approach [233]. Typical degradation curves for the
joints loaded at different stress levels are shown in Figure 7.10. Despite the four-stage curve, the

extent of each stage relative to different fracture micromechanisms is dependent on the applied load
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(Figure 7.10-a). At a stress level of 80 % of the ULSF, critical damage was introduced in the joint at
an earlier stage, shifting the stiffness degradation curve to lower fatigue cycles, while at lower stress
levels the crack initiation and propagation were postponed to higher fatigue cycles. Moreover, the
number of stages in such a stress level is reduced to three, this indicates that the load level was above
the critical level that triggers the first fracture micromechanism (i.e. adhesive failure of squeezed
material and metal-composite interface). Each stage is indicated for the joints loaded at the lower
stress level of 66 % of the ULSF, as presented in Figure 7.10-b. At this level of load, all four stages
of degradation are visible and are stable, and therefore this level was selected for further

microstructural analysis.
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Figure 7.10 Stiffness degradation curves: a) for various stress levels, and b) for 66 % of the ULSF showing
the stages of damage evolution.

The fracture analyses of friction riveted joints after each damage stage from Figure 7.10-b
are presented in Figure 7.11. At the end of Stage 4 the joint failed completely, so its fracture evolution
is thereafter ignored. In the first stage, up to 1.5 x 10 cycles (Figure 7.10-b), the consolidated
squeezed material between the composite joining parts failed, followed by an adhesive failure of the
rivet in the composite hole (Figure 7.11-a and -b). After damage initiation, the second stage shows
an almost linear slope until a plateau is reached (Stage 2, Figure 7.10-b) at 10* cycles. At this point
the cracks already developed underneath the rivet and in the squeezed material are believed to
propagate towards the interface between the rivet and the composite on several fatigue crack fronts,
as indicated by the solid arrows in Figure 7.11-d. The cracks are mainly oriented 45° to the loading
direction and located between the reconsolidated composite material and the composite matrix. Such
cracks no longer propagated after reaching the rivet shaft, which in turn arrested them and stabilized
the joint stiffness until 10° cycles (Stage 3, Figure 7.10-b). Finally, owing to the momentum imposed
on the rivet, compression-induced cracks were spread throughout the composite thickness, thereby

embracing intralaminar defects in fiber bundles oriented 90° to the loading direction (Figure 7.11-e
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and -f). This fiber bundle orientation carried less tension and compression, as it is significant only for
transversal loads and structure stability [227].

103 cycles

= 5 mm

Figure 7.11 Overview of joint cross-sections after 10, 104, and 10° cycles (a-e) and details of the
corresponding fatigue fracture mechanisms (b-f) highlighted by solid arrows; the dashed arrows in (d)
illustrate the locations of squeezed material and rivet tip that are not depicted in the image. All the joints were
loaded with 66 % of the ULSF.

The micromechanisms involved in the fatigue damage evolution and failure of friction riveted
joints are addressed in Figure 7.12. Despite propagation of the fatigue cracks by a mixture of
adhesive—cohesive failure in the squeezed material, and contrary to the joint mechanical behavior
under quasi-static loading, mainly shear-induced deformation was identified in the cohesive failure
region. Figure 7.12-b shows a periodic wave-like pattern of the matrix along the loading direction,
which is well known in the literature as hackles [234]. On continued cyclic loading of ductile
materials, shear-induced cracks are generally formed in the matrix between fibers. When they
coalesce, they form microvoids along with highly plastically deformed waves, as in Figure 7.12-c.
Simultaneously, cracks nucleated underneath the rivet tip, where the stress concentration is expected
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to be higher [147], leading to adhesive failure at the interface of the rivet and composite hole (Figure
7.12-d). Although the fracture surface of the composite hole shows plastic deformation of the matrix,
no out-of-plane tearing of fibrils was observed (Figure 7.12-¢), indicating less influence of the out-
of-plane stress.

Figure 7.12 a) Overview of a high cycle fatigue fracture surface (456,824 cycles to failure); SEM
micrographs of: b) squeezed material fracture surface with hackle formation; c) detail of hackles; d) the hole
in the lower composite plate left after the joining process; and e) details of the plastically deformed matrix in

the composite hole.

Kelly [169] published similar a failure mode and damage evolution for bolted/bonded hybrid
joints. Due to their joints having a larger adhesion area between the joining parts from the adhesive
applied, crack initiation was delayed until a higher fatigue life compared to the friction riveted joints.

Based on the results presented here, under cyclic loading the friction riveted joints failed by
shear-induced defects while under quasi-static loading, a combination of in-plane and out-of-plane
induced defects was observed. This work’s description of the complex failure mode and fracture
micromechanisms could be used as input to prediction models for crack initiation and propagation of
composite aircraft components and therefore for defining a design that is fatigue damage tolerant for
friction riveted aircraft structures. However, that task is beyond the scope of this PhD thesis.
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7.3 Summary of the results

Although the friction riveted joints presented an inferior quasi-static mechanical performance (6.6 +
0.4) kN) compared to reference lock bolted joints (8.7 £ 0.2) kN, under cyclic loading the joints
withstood 10° cycles with 66 % of the ultimate lap shear force, showing an improvement up to 88 %
when compared with the cyclic behavior of conventional mechanical fastening techniques for aircraft
requirements. Moreover, the run-out specimens presented a residual strength comparable to the quasi-
static behavior. The micromechanisms of failure under both loading conditions were similar and
characterized by debonding of the rivet tip from the composite hole due to out-of-plane stresses,
which mainly damage the composite matrix through tension. The peel stresses also promote crack
initiation at the periphery of the consolidated squeezed material, which radially propagates along the
interface between the composite parts by adhesive failure. The crack propagation is slowed down
when the cracks reach the center of the squeezed material, where no interfaces between this layer and
the composite parts can be distinguished, owing to the interdiffusion of polymer molecules. At this
point cohesive failure governs the behavior of friction riveted joints. The in-plane stresses imposed
by the rivet into the edges of the formed composite hole trigger shear-driven compressive failure
throughout the composite thickness, which enlarges the composite hole and leads to a rivet pull-
through failure of the joint. The process-induced flaws in the surroundings of the rivet also impair

the joint’s integrity and may enhance composite bearing over the joint loading.
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Chapter 8. Damage Threat Assessment

8.1 Impact loading and energy history

Figure 8. 1 shows typical curves of contact force (impact force) and absorbed energy history
as a function of time at four levels of impact energy. The incipient damage point (IDP), maximum
load point (MLP), failure point (FP), and total point (TP) were detected and used to assess the impact
response and resistance of the composite friction riveted specimens. The IDP is characterized by the
incipient damage load (Pi) and energy (Ui) which indicate the ability of a structure to withstand the
damage and deformation initiation [235]. The MLP contains the peak force (Pm) that a composite
structure can tolerate before undergoing critical damage which leads to reduction of sample rigidity
and failure during a particular impact event [48,236]. The energy at the maximum load (Um) therefore
can be interpreted as the required energy to induce elastic-plastic deformations through flexural
deformation and interlaminar shear [235]. At the FP, characterized by maximum energy (Us) and
failure load (Ps), the sample loses its integrity through fiber breakage, matrix cracking, fiber-matrix
pull-out, and delamination, bearing no more load. At the TP, the impact event ends, the load (P:)
decreases to zero, and the energy (U) has a constant value [235]. U is the total energy absorbed by
the specimen and reflects the degree of induced and propagated damage [62]. The characteristic
parameters were measured for three replicates and the average along with the standard deviation were
reported in Table 8. 1. The additional values in Table 8. 1 are the normalized total absorbed energy
(UyU), energy at maximum load (Un/U), and elastic energy (AU/U) retained in the indenter to

rebound. The full results of the impact test are summarized in a table in Appendix I.

97



20 35

154 a) b) —C— Impact load
(- k30
6 Energy
z
g, —
g =
>
c .
- 5
=
[ =
2 m
'—E~ 141 25
124 20
104
g 15
6 10
44
ks
21201 301
[ — Lo
Time [s]

B-PM-NZ-Impact load_energy

Figure 8. 1 Typical impact load and transmitted energy curves as a function of time for impact energies of a)
5J,b)10J,¢)20J,and d) 30 J.

All the characteristic parameters including the normalized energy at the maximum load
(Um/U) increased with increasing impact energy, while the normalized absorbed (U/U) and elastic
energies (AU/U) did not varied. According to Ghaseminejhad and Parvizi-Majidi [236], the increase
of contact loads and absorbed energies over higher impact energies are expected for 4.3 mm thick
and 54 % nominal fiber content CF-PEEK base material, once more potential energy of the indenter
is converted into kinetic and transferred to the material through higher elastic-plastic deformation
(Um) and more internal damage (U.). Despite the increases, typically for CF-PEEK, AU/U and Un/U
decrease with increasing impact energy, indicating that more energy is absorbed within the material
—higher U/U —to initiate and propagate internal damages instead of elastic-plastic deformation [236].
For friction riveted joints however the increase of U,/U and constant U/U may indicate a concealing
of internal composite damage such as delamination and fiber breakage by elastic-plastic deformation
of the joint materials as well as damage at the metal-composite interface, which were deeply

investigated in Section 8.2.
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Table 8. 1 Characteristic parameters of the dynamic response curves obtained from the drop weight

impact test.
v i Ui[J] | Pm[KN] | Un[J] | Pe[kN] | Us[J] | Ut[J] | UJU | Un/U | AU/U
1 | [kN]
54+ | 24+ | 73+ | 36+ | 58+ | 47+ | 43+ | 08+ | 0.7+ | 015+
° 1.4 0.6 0.6 0.2 0.8 0.05 0.4 | 0.008 | 0.04 | 0.04
10 75+ | 38+ | 142+ | 86+ | 95+ | 93+ | 71+ | 0.7+ | 0.8+ | 0.2%

0.5 0.4 0.5 0.2 0.3 0.06 0.5 0.05 0.02 0.05
144+ | 183+ | 142+ | 194+ | 146+ | 0.7+ | 09+ | 0.2+
0.4 0.1 0.1 0.0 0.6 0.03 0.03 0.03
114+ | 70+ | 187+ | 244+ | 164+ | 303+ | 240+ | 08+ | 09+ | 0.2
0.4 0.5 0.1 4.0 11 0.01 0.8 0.02 0.05 0.02

20 8.8 4.7

30

At an impact energy of 5J (Figure 8. 1-a) and 10 J (Figure 8. 1-b), the contact force signal
presented oscillations, mainly in the descending part of the curves and P; reached virtually similar
values (approximately 7.5 kN), while at 20 J (Figure 8. 1-c) and 30J (Figure 8. 1-d), featureless
curves were observed along with higher P; (9-11 kN). Such deviations in the behavior of the joints
indicate differences in the damage mechanisms introduced by the impact load. As widely explored
in the literature [48,55,56,62,71,237], discontinuities in impact force history address damage
nucleation and propagation mainly by delamination and matrix cracking. In contrast, the featureless
contact force signal may indicate no extensive failure of the composite by impact loading [238]. One
can assume that the higher the impact energy, the larger the damaged area in the joint, especially in
composites, which would result in more vibrations in the load curve. However, for hybrid friction
riveted joints, similar to metal-composite laminates during an impact event [67], a featureless force-
curve could indicate damage of the metal-composite interface, which in turn would lead to a different
nature (elastic and/or plastic deformation) of damage, concealing the nucleation of flaws in the
composite.

The relation between U and U: determines the damage process imposed on the specimen from
its contact with the indenter, which can be a rebound, penetration, or perforation [62]. On the one
hand, when U; is inferior to U the energy is partially released by elastic response, and therefore a
rebound occurs. The relative elastic energy can be calculated as AU/U = (U — Uy)/U. On the other
hand, when the energies are equal the impact energy is completely released by damage to the material,
inducing penetration of the indenter into the specimen. Perforation occurs when U; no longer
increases with U, meaning that the impact loading condition exceeds the load carrying capacity of

the composite and the indenter passes through the thickness of the specimen. For all levels of impact
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energy investigated in this work, only the rebounding behavior was identified, as shown by Table 8.
1.

The maximum load displays a nearly linear increase with low levels of impact energy (U; <
10 J) before reaching an almost constant plateau between 10 J and 20 J at 14 kN, followed by an
increase at the energy level of 30 J (Table 8. 1). The plateau indicates a range of impact energies
where the joint resists damage initiation mainly in the composite. Such a behavior is in turn dependent
of the ductility of the matrix resin and the ability of the composite to resist initiation and propagation
of delamination induced by mode Il shear loading [239]. For composites, after the plateau the
stiffness of the material usually decreases, leading to less load carrying capacity [48]. Contrary to the
literature [48] the friction riveted joints show an increase in load carrying capacity towards 30 J,
suggesting an additional damage mechanism releasing the energy, which complies with the findings
in Figure 8. 1. Therefore, above 14 kN maximum force the damage mechanism to dissipate the impact
energy changes from intralaminar and interlaminar damage in the composite to defects in the metal-
composite interface. This observation does not necessarily mean a higher impact damage resistance
of the joint upon higher impact energy, which in turn would not affect the joint’s residual strength.
The mechanisms of initiation and propagation of the different damage types are explored in Section
8.2 and their influence on residual strength and fatigue life are analyzed in Section 8.3 and Section
8.4, respectively.

8.2 Impact damage

To assess the impact damage, a superficial area of damage and residual dent depth with
increasing impact energy were investigated and the results are shown in Figure 8.2. It is worth to
mention that the damage modes and dimensions are strongly influenced by the temperature of the
impact event [55,61] and the clamping system used to fix the sample, which effects were not

investigated in the current work.
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Figure 8.2 Area of damage and residual dent depth of friction riveted joints as a function of impact energy
(5J,10J,20J, and 30 J).

By increasing the impact energy, shallow and larger superficial damage was observed.
Moreover, two types of damage were identified for the friction riveted joints based on the dent depth
criteria applied for aircraft composite structures [240,241]: barely visible impact damage (BVID) and
visible impact damage (VID). According to the literature [47,242], when the damage has over 0.5 mm
of residual dent depth, it is considered VID, while below this level it is BVID. At 5J impact energy,
a residual dent depth of 0.55 £ 0.06 mm was measured, and therefore considered the VID threshold
for impacted friction riveted joints, below which BVID was defined. The 10 J impacted joints
presented a residual dent depth of 0.8 + 0.2 mm, which was virtually the same as for 5 J impacted
joints, and consequently it was considered a transition energy level.

BVID and VID were inspected using SEM and CLSM along with the lateral view of friction
riveted joints impacted with 5J and 20 J, as shown in Figure 8.3. The 5 J and 20 J were the first
impact energy levels tested to induce BVID and VID, respectively, and therefore were selected for
further microstructural analysis. At 5J BVID was introduced and few cracks were observed in the
impacted surface of the joint (arrow in Figure 8.3-a). By contrast, in VID at 20 J the impacted surface
exhibited a clear hemispherical indentation along with local crushing of the composite under the
indenter and radial cracks (Figure 8.3-b). The increasing of impact energy also led to detachment of
the composite parts as shown by the comparison between Figure 8.3-c and Figure 8.3—d. This
observation suggests that as the incident impact energy increases, a higher portion of such energy
was absorbed within the joint through plastic deformation of the upper composite plate, which
complies with the increase of Uy as well as the Un/U ratio, as discussed in Section 8.1. Such
deformation may induce peeling stress at the overlapped area promoting partial separation of the

composite parts. It can be assumed that peeling stresses induced by impact accelerate the first failure
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mechanism of friction riveted joints under shear stress — i.e. rivet debonding from the lower
composite part [243] — and hence decrease the load carrying capacity of the joints. The negative
contribution of the out-of-plane stresses over an impact event on the detachment of interfaces and
failure of joints through CFRP delamination was already described by Harris and Adams [244] and
Machado et al. [245] for adhesively bonded joints. Despite the larger imprint in the impacted
composite surface with higher impact energy, no global distortion of the impacted composite plate
was observed, which can be considered a result of localized damage favored by the woven fabric
[55,237].

2 mm

E N [mm]
-1.5-1.0 -0.5 0.0 0.5 1.0 1.5

Figure 8.3 SEM images along with 3D reconstructed images by CLSM of the impacted area with a) 5 J, and
b) 20 J; side view of friction riveted joints impacted with c) 5 J, and d) 20 J, showing separation of the
overlapped composite parts.

Considering the energy absorbed to create a unit of elastic/plastic deformation area —i.e. Un
/A — a friction riveted joint required from 96 kJ.m to 273 kJ.m™, in a range of 5 to 30 J of incident
impact energy, while a 4.3 mm thick and 54 % nominal fiber content CF-PEEK requires between 39
kJ.m? to 62 kJ.m? in a similar incident impact energy range [236]. The result suggested that the
presence of the metallic rivet in the impacted composite plate increases locally the stiffness of the
composite, leading to an improvement up to four times of the required energy to further deform the
composite.

The impacted composite joints also absorbs energy (see U: in Table 1) internally to the
composite leading to delamination, matrix cracks, and fiber breakage, which decrease the composite
mechanical properties significantly [17]. Internal damage in the impacted friction riveted joints was
assessed using the US C-Scan method. Figure 8.4 shows the normalized frequency of detected defects
through the thickness of the lower composite part over different impact energies. The composite
thickness consists of 14 plies (thickness per ply = 0.31 mm [159]), the orientation of which is shown
in the right hand side of the graph. The position of the rivet tip in the lower composite is also depicted
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in Figure 8.4 by a horizontal dashed line. For all impact energy levels, the damage was accumulated
mainly in the 0° and 90° plies located near to the impacted surface (bottom surface, BS). However,
by increasing the impact energy from to 10 J and 30 J, the intensity of superficial damage increased
(see first bar in Figure 8.4). This can be explained by the radial propagation of cracks, as shown in
Figure 8.3-b. Additionally, at such levels, the damage was extended towards the surroundings of the
rivet tip and detected in the + 45° plies at approximately 2.1 mm depth within the composite.
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Figure 8.4 Frequency of damage through the composite thickness as a function of impact energy. The insert
schematic illustrates the position of the C-scan measurement, where BS stands for bottom surface and US for
upper surface.

The qualitative result of the damage location in the composite was compared to the damage
mechanisms taking place under low (5J) and high (20 J) impact energy from the cross-section
fractography, as presented in Figure 8.5. At low impact energy, where a BVID was induced, cracks
orientated at approximately 45° were detected in the first 0° ply and further propagated into the matrix
(arrows in Figure 8.5-b). One may assume that the detected cracks resulted from pure transverse
shearing stress owing to the contact between the indenter and composite. Bienias et al. [67] reported

a similar behavior with CFRP and aluminum hybrid laminates.
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Figure 8.5 a) Schematic illustration of the impacted friction riveted joint, depicting the main damage
mechanisms under impact loading, which are detailed and highlighted by arrows in images b) to f): b) fiber
failure under shear; c) fiber failure under tension; d) matrix cracking; e) delamination; f) interaction of
delamination with the metal-composite interface.

By examining the microstructure of 20J impacted joints, it can be concluded that
delamination is the prevailing damage mode in the VID. The failure of superficial plies were probably
governed by peeling stresses, leading to vertical cracks in the 0° plies, as shown in Figure 8.5-c. In
this case the normal stresses in the layer plane may have overcome the transverse tensile strength of
the layer. Figure 8.5-d also shows shear-induced cracks in the 90° ply. In this case a highly deflected
crack may indicate higher energy absorption reoriented the crack path, arresting and delaying the
final failure of the composite [57]. Such cracks evolved into delamination mainly between 0° and 90°
plies (Figure 8.5-e) and propagated towards the metal-composite interface. The stacking sequence of
0° ply followed by 90° ply is more susceptible to delamination propagation, because differences in
their bending stiffness are higher [67,246]. Figure 8.5-f depicts the interaction between an elongated
delamination and the metal-composite interface, leading to complete breakage of the composite, and
consequently loss of joint integrity. Delamination significantly reduces the residual mechanical
properties of composite joints, and therefore must be investigated in order to predict and define
parameters for a damage tolerant design [57]. Although the prediction of the extent of impact and
damage mechanisms was not a goal of this work, an attempt to predict these phenomena can be found

in Appendix J.
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8.3 Post-impact quasi-static mechanical performance

Figure 8.6-a shows residual strength under shear loading as a function of impact energy.
Although compression is the critical load for composites [247], in-plane shear load is one of the most
common scenario that stiffened composite panels of aircraft fuselage are submitted to during flight
[17]. For this reason it is used to investigate the effects of accidental damage on the strength of such
structures [248]. Therefore, shear-after-impact (SAI) testing was carried out in this work. The residual
strength was calculated from the ratio between the strength of damaged friction riveted joints and
ULSF. In the 5 J impacted joints damage was characterized as BVID and had only a reduction of 9 %
in quasi-static strength, while impacted joints with VID decreased up to 40 %. The BVID result is
way below the 19 % decrease in quasi-static strength of 2 mm CF-PEEK impacted with 3.9 J, as
reported in [71], showing that the composite’s impact tolerance was not compromised by the joining
process. In addition, a decrease in displacement at break and a change to the mechanical behavior
towards final failure of the joints were observed in the typical force-displacement curves shown in
Figure 8.6-b. For the 5J and 10J impacted joints, the force-displacement curves display the
characteristic two-peak behavior, typical for the undamaged friction riveted joints as described in
Section 7.1. In such cases, the contribution of cohesive-adhesive failure of the squeezed material still
provided an additional failure mechanism to arrest the energy before the crack propagation through
the composite thickness is triggered by shear stresses. On the other hand, for the 20J and 30J
impacted joints, characterized as VID, the peel stress imposed during impact (see Figure 8.3-d)
already damaged the squeezed material under tension and this no longer contributed to the joint’s
mechanical strength. Therefore, the load carry capacity of such joints decreased drastically, leading
to single-peak curves, as presented in Figure 8.6-b. Moreover, as the area of damage increased with
impact energy, the stiffness of the joint decreased, promoting more secondary bending. An analysis

of secondary bending was carried out using the DIC method and can be seen in Appendix K.
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Figure 8.6 a) Residual strength as a function of impact energy; b) typical load-displacement curves of friction
riveted joints impacted with 5 J, 10 J, 20 J, and 30 J, compared with undamaged specimens.
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The propagation of BVID and VID during a lap shear test was assessed by comparing the
normalized frequency of detected damage through the thickness of the lower composite part, before
and after the lap shear test, of 5 J and 20 J impacted joints, as presented in Figure 8.7. The propagation
of internal cracks introduced by 5J impact energy essentially extended throughout the interface
between the 0° and 90° plies (delamination), as well as on the composite surface and towards the
surroundings of the rivet tip, where defects in the interface of + 45° plies were also detected. In the
case of 20 J, the impact damage spread across all the composite plies, especially under intralaminar
failure, as observed mainly by the damage accumulation internally to + 45° plies. It is important to
emphasize that after lap shear (LS) testing, for both levels of impact energy, the impact damage
interacted with the plastic deformation of the composite caused by shear loading, which makes
assessment of impact damage propagation challenging. Similar to the friction riveted joints,
VanderKlok, Dutta, and Tekalur [249] reported difficulty in describing the evolution of damage

mechanisms on an impacted metal-composite bolted joint.
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Figure 8.7 Frequency of damage through the composite thickness of friction riveted joints impacted with 5 J
and 20 J. BS stands for bottom surface while US stands for upper surface. The location of rivet tip penetration
in the lower composite part is shown in the histogram.

Figure 8.8 and Figure 8.9 show the indentation area along with the joint cross-section and
fracture surface after LS testing for 5 J and 20 J impacted joints, respectively. An enlargement of the
impacted area (Figure 8.8-a) with pronounced shear-induced cracks near the surface of the composite
(Figure 8.8-b) was observed in the 5J impacted joints, which agrees with Figure 8.7. A fully
delaminated composite volume close to the composite hole is shown in Figure 8.8-d. Such defects
generated an empty volume in the composite that when further compressed by the rivet may

accommodate better out-of-plane displacement of fiber bundles, especially 0° plies. This would
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explain the presence of a buckled 0° fiber bundle shown in Figure 8.8-e instead of a kink band
formation (Figure 8.8-d).

_410(')}1'm

Figure 8.8 a) Overview of the 5 J impacted area after LS testing; b) superficial cracking; c) typical cross-
section of 5 J impacted joint after LS testing; d) with delamination, and €) buckling of a 0° fiber bundle.

As well as enlargement of the impacted area (Figure 8.9-a), the impacted surface with 20 J
revealed a tearing of the fibrils (Figure 8.9-b), which indicated the influence of secondary bending
during LS testing on impact damage propagation. The fiber and matrix breakage introduced by the
impact (see Figure 8.5) compromised the integrity of the composite that was under compression
during LS testing and promoted extensive out-of-plane displacement of the broken fibers in a 0° ply,

resulting in multiple sites with a kink band, as shown in Figure 8.9-d.
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Figure 8.9 a) Overview of the 20 J impacted area after LS testing, b) highlighting tearing of superficial fibrils;
c) typical cross-section of 20 J impacted joint after LS testing, d) highlighting displacement of broken fibers
in a 0° fiber bundle.

8.4 Post-impact fatigue behavior

Figure 8.10-a shows the S-N curves of post-impacted friction riveted joints. The impact
energies 5J and 20 J were selected once they induced BVID and VID respectively. Post-impact
fatigue testing defines the sensitivity of the structure to impact damage growth [247]. With increasing
impact energy a significant decrease in fatigue resistance was observed in the friction riveted joints.
This was to be expected, because the quasi-static strength of 20 J impacted joints was lower, as
discussed in Section 8.3. Joints impacted with 20 J underwent higher peeling stresses, leading to the
premature adhesive failure of the squeezed material, which no longer contributed to joint strength.
Moreover, the slope of the S-N curve for the lower impact energy was steeper than for the higher
impact energy, indicating that fatigue performance was more dependent on the stress amplitude. As
reported in the literature [220], during fatigue testing peel stresses are generated at the edges of single
lap joints. Therefore, it is believed that the 5 J impacted joints withstood higher peel forces, owing to
the contribution of adhesion forces between the composite parts established by the undamaged
squeezed material. Moreover, the stiffness degradation rate over the fatigue life indicates the
initiation and propagation of different types of damage, and would help understanding the post-
impact fatigue behavior of the joints [71]. For this reason, the loss of joint stiffness was monitored
for 5J and 20 J impacted friction riveted joints compared with undamaged specimens, as shown in
Figure 8.10-b. The joints were loaded with 66 % of their respective ULSF, because at such a level
the undamaged friction riveted joints had already withstood the 10° cycles that is used for certification

purposes in the aircraft industry [225].
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Figure 8.10 a) S-N curves and b) stiffness degradation of friction riveted joints impacted with 5 J and 20 J.
The stiffness degradation was evaluated for specimens loaded with 66 % of their ULSF, to values as follows:
ULSFg, (6.6 £ 0.4) KN, ULSFs; (6.0 + 0.3) kN, ULSF20; (4.8 + 0.3) kN.

As expected, the damage introduced in the composite by impact testing decreased the joint
strength and impaired its fatigue resistance at low fatigue cycles. Moreover, the typical four-stage
degradation curves of 0 J (undamaged) friction riveted joints became gradually increasing curves,
almost a plateau with the impacted joints, leading to an unremarkable stiffness degradation towards
final failure.

The joint stiffness degraded faster with 20 J impact energy in comparison to 5 J, which can
be explained by the type of damage, its extent, and the effect of peel stresses induced by the impact
testing. As discussed in the Section 8.2, the 20 J impacted joints presented shear-driven delamination,
which extended to the metal-composite interface, along with failure of the squeezed material driven
by peel stresses. According to Shahkhosravi et al. [250], delamination is a damage that propagates
unstably and fast under fatigue testing. Therefore, it is believed that with low cycle fatigue the metal-
composite interface failed entirely, compromising load transfer between the materials and hence
inhibiting additional mechanisms that dissipate energy. The multiple forms of impact damage
observed throughout the composite thickness in Figure 8.5 for 20 J may also work as stress
concentration sites that trigger faster damage propagation during fatigue testing. On the other hand,
for 5 J impacted joints in which no evidence of delamination and peeling defects were observed, it is
expected that the squeezed material failed at low cycles, driven by shear stresses, followed by
evolution of the matrix and fiber cracking into shear-driven delamination.

In addition, at high fatigue cycles, where a plateau-like curve was established for both impact
energy scenarios, unvarying stiffness degradation might indicate the added contribution of the rivet
to withstand fatigue cycles. As the squeezed material and composite were progressively and
prematurely degraded at low fatigue cycles, the undamaged rivet would partially arrest the

propagation of cracks in the composite and metal-composite interface. Therefore, one can assume
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that the rivet plays a more important role in dissipating energy during cyclic testing in damaged joints
compared to undamaged joints, where the triggering of other failure mechanisms in the composite
may occur.

By inspection of the fracture analysis shown in Figure 8.11, it can be withdrawn that the final
failure in BVID joints under cyclic loading was not driven by impact damage, despite it causing a
reduction in their fatigue life (see Figure 8.10). As highlighted by an arrow in Figure 8.11-a, the
composite underwent high plastic deformation, which enlarged the edges of the hole and assisted
rivet removal from the composite part. This failure behavior is typical for undamaged friction riveted
joints under quasi-static and cyclic loading, as described in Section 7.2.2. Additionally, hackles in
the squeezed material confirms the plastic deformation of the squeezed material triggered by shear
during fatigue testing (Figure 8.11-e) [234]. For the VID joints a more catastrophic failure of the joint
was evidenced by the low plastic deformation bored by the edges of the composite hole (Figure 8.11-
b) and intense cracking in the hole’s surface (Figure 8.11-d), mainly around the rivet tip, where the
stress concentrations are believed to be higher under shear loading [251]. Figure 8.11-f highlights the
tearing of elongated fibrils in the squeezed material, confirming the influence of impact-induced peel

stresses, which led to premature failure of the squeezed material prior to cyclic loading.
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Figure 8.11 Typical cross-section of failed friction riveted joint, impacted with a) 5 J, and b) 20 J; overview
of composite hole from ¢) 5 J, and d) 20 J impacted joints; microstructure of the squeezed material from
e) 5 J, and f) 20 J impacted joints, highlighting shear-induced hackles and tearing of fibrils, respectively.
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The impacted specimens that survived one million cycles were further tested under quasi-
static loading to assess their residual strength. According to the recommendations proposed for the
damage tolerance analysis of composite aircraft structures, by EASA [69], it is necessary to ensure
that such a structure is not exposed for an excessive period, when it has a residual strength that is less
than its design limit for loads. Figure 8.12 illustrates the comparison between initial quasi-static and
residual strength of the impacted joints after one million cycles. For unimpacted joints, lower and
higher impact energies their residual strength was lower compared to their initial strength by 9 %,
2 %, and 4 % respectively. Although the fracture analysis showed a possible extension of the impact
damage upon the fatigue cycles, their narrow variations in strength and standard deviation suggest
that the effects of cyclic loading on the initiation of additional damage and its propagation to the

BVID and VID were not critical to the mechanical integrity of the joint.
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Figure 8.12 Residual strength compared with the joint strength after one million fatigue cycles of undamaged
friction riveted joints and joints impacted with 5 J and 20 J.

8.5 Summary

Overall, the presence of the metallic rivet in the impacted composite plate may increase locally the
stiffness of the composite, leading to an improvement up to four times of the required energy to
further damage the composite by elastic/plastic deformation. The higher the impact energy, the larger
was the impact damage in the composite, which was characterized in two categories — barely-visible
and visible impact damage — according to their residual dent depth. The 5 J impact energy introduced
barely-visible impact damage with residual dent depth up to 0.5 mm and no indication of stress-
driven delamination. Consequently, quasi-static and fatigue mechanical behavior were not

significantly compromised (residual strength of 91 % under quasi-static loading). For impact energies
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above 5 J, visual impact damage combining delamination and failure of the metal-composite interface
was identified. In addition, the higher impact energy induced peeling stresses between the composite
parts, leading to premature failure under tension of the squeezed material. Consequently, the joint
failure mode changed along with decrease of up to 40 % of the quasi-static joint strength. Although
the fatigue resistance of the joints impacted with high energy decreased, the propagation of the impact
damage under cyclic loading showed to be less dependent on the stress amplitude, once the joints
were already severely damaged by the impact event. Under fatigue, similarly to the effect of low
impact energy, friction riveted joints showed to be less sensible to the fatigue damage than to the
impact damage, as confirmed by the high residual strength after 10° fatigue cycles (98% and 96% for
5 Jand 20 J, respectively).
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Chapter 9. Durability of Friction Riveted Joints

This chapter deals with durability of the friction riveted joints under harsh accelerated aging
conditions and saline corrosive environment. The optimized set of joining parameters (RS:
15000 rpm, FF;: 5 kN, FFy: 10 kN, DF: 7.5 mm, CP: 0.2 MPa) were selected to join single lap
specimens. Washers (outer diameter of 10 mm) and nuts (5M) of aeronautic semi-austenitic
precipitation hardening type of stainless steel (X7CrNiAl17-7) were used to clamp-up the joints.
Under a corrosive environment, the differences in electrochemical potential of stainless steel,
Ti6Al4V, and CF-PEEK are critical, that can induce corrosion on the washer and nut. In this context,
the external tightening elements were conceived to work as sacrificial metal, preventing the metal
rivet from corroding, galvanizing and rusting [85]. The local microstructural, physicochemical and
mechanical behavior changes of the joint parts were assessed by SEM, DSC and nanohardness, while
the global mechanical performance of the joints was evaluated by lap shear testing. In general, the
potential effects of aggressive environments must be considered to support further component design.

9.1 Hydrothermal aging effect

9.1.1 Surface features, microstructure and chemical composition

All the joints were visually inspected as soon as they were taken out of the aging chamber
(hydrothermal aging testing, Section 5.2.10.1). Figure 9.1 shows the top surface of the friction riveted
joints that were not exposed and those exposed to 3, 14, and 28 days. As it was expected, no visual
changes in the composite or the sacrificial materials were observed, even after 28 days of aging.
PEEK has high stability under hostile environments, including high humidity and temperatures
[79,129,185] and precipitation hardening stainless steel is corrosion resistant [252].

©
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Figure 9.1 Top view of friction riveted joints after 3, 14, and 28 days of hydrothermal aging.
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To further analyze the composite and metal surfaces, SEM and semi-quantitative analyses by

EDS were performed using joints exposed to 28 days, maximum aging time when no visual damage

was observed. The surface morphology of the metal nut (Figure 9.2-a) contains micro-sized

crystallites, possibly of oxide nature (Figure 9.2-b). The EDS spectra reveal high amounts of O, Fe,

Al, and Cr in the areas highlighted in Figure 9.2-b, which agrees with the presence of an oxide passive

layer formed at the stainless steel surface, protecting the bulk material from corrosion [252].

According to the literature [253-255], FesO. (magnetite), transient alumina to stable Al.Os, and

Cr,0; (eskolaite) can be formed at low temperatures, the last two oxides being thermodynamically

more stable. In the presence of water vapor, oxidation kinetics may accelerate leading to a thin oxide

dominated by alumina in addition to a significant amount of iron and chromium [254].
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Figure 9.2 a) Top view of friction riveted joint after 28 days of aging, depicting an area of the metal nut. b)
High-magnification SEM image of the stainless steel nut showing a nodular structure. c) EDS spectra of
regions I-111 in (b).

No corrosion by pitting and crevices typical for stainless steel was observed in the mid-

section of the aged nut (Figure 9.3-b) and washer (Figure 9.3-c), showing that the aging condition

was not aggressive enough to destroy the passive film and inhibited repassivation of the metal surface.
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Figure 9.3 a) Schematic illustration of the mid-section of stainless steel after 28 days of aging of: b) nut, and
¢) washer.
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Although highly resistant to high temperatures and moisture, the surface of the CF-PEEK
(Figure 9.4-a) showed irregular pores in the vicinity of carbon fibers, which in turn were partially
exposed after 28 days of aging. Moreover, by EDS (Figure 9.4-c) a high concentration of Al and O
was observed in such a region (Region I, Figure 9.4-b) compared to the chemical composition of the
PEEK matrix (Region Il, Figure 9.4-b), which indicates the formation and accumulation of aluminum
oxide on the composite surface. The aging at 71 °C may condense water leading to an aqueous
medium that can act as an electrolyte between the stainless steel of the washer and nut and fibers
exposed by accidental defects in the composite surface. Carbon fiber has a low electrochemical
potential for oxidation, acting as cathode, while the stainless steel galvanically corrodes preferentially
[182,256]. This would extend repassivation of the metal surface and therefore enlarge the oxide layer
on the joint surface. Some resins also degrade when exposed to hydroxyl ions that are generated by
the galvanic corrosion of a metal [187], which in turn exposes more surface area of carbon fiber and
therefore accelerates corrosion. In particular, water molecules diffuse faster into the fiber-matrix
interface in such a scenario, which can degrade by a hydrolysis reaction the unsaturated groups within
the PEEK chemical structure [121,187]. Defects such as debonding and cracking may result from
hydrolysis of the interface and can trigger superficial cavitation of the carbon fiber by corrosion, as
reported by Gebhard et al. [257].
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Figure 9.4 a) Top view of friction riveted joint after 28 days of aging, depicting an area of the composite
surface; b) high magnification SEM image of the CF-PEEK, highlighting irregular porosities in the vicinity of
superficial carbon fiber bundles; c) EDS spectra of regions | and Il in (b).

9.1.2 Local physicochemical changes in CF-PEEK and mechanical performance

Temperature and moisture have been shown to have an important effect on the crystallinity
and transition temperatures of semi-crystalline thermoplastics, which in turn locally and globally

affect the mechanical performance of the composite [21,182,185]. This is particularly important in
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the case of a friction riveted joint, because its final failure under quasi-static and cyclic loadings is
mainly triggered by damage accumulation in the composite, as shown in Section 7.1.2. Therefore,
DSC coupled with nanohardness testing were performed, to investigate the physicochemical change
of the composite matrix after 28 days of aging and its influence on the composite’s local mechanical
properties. For the DSC analysis the material was extracted following the procedure described in
Section 5.2.7, and for nanohardness the procedure for measurements described in Section 5.2.8.2 was
adopted. It is believed that the material that consolidated in the composite against the rivet shaft
(CTMAZ) was exposed to a similar thermal cycle as the flash material, due to the composite’s low
thermoconductivity (see Table 5.2). Therefore, the nanohardness of the CTMAZ material was further
correlated with the DSC results for the flash material. The DSC results are summarized in Table 9.1.

The initial heating curves of the unaged and aged samples are compiled in Appendix L.

Table 9.1 Main parameters obtained from DSC analysis (T — cold crystallization temperature, T — melting
temperature, T — crystallization temperature, X. — degree of crystallization) for unaged and hydrothermally
aged BM and TMAM materials.

Te [°C] Tm [°C] T.[°C] X [%0]
] BM 153.0+1.0 345.0+1.0 292.0+5.0 29.0+2.0
Before aging
TMAM - 340.0+0.2 296.0+1.0 24020
After aging BM 152.0 £ 0.0 343.0+ 0.6 282+0.3 31.0+3.0
(28 days) TMAM 160.0 343.0 281.0 34.0

The aging process had little effect on the transition temperatures of CF-PEEK compared to
its effect on the degree of crystallinity, which exhibited an increase of 7 % derived from X aged 8m =
(31.0 = 3.0) % and 42 % from X, aged TMam = 34 % when compared to unaged BM derived from X,
unaged BM = (29.0 * 2.0) % and the TMAM from Xc, unaged TMam = (24.0 = 2.0) %, respectively. Long
term exposure of the joint to below T4 (71 °C) and humidity seems to induce additional mobility into
the amorphous phase of PEEK, leading to macromolecular ordering and nucleation of crystals.
Although PEEK has high thermal and chemical stability [21,258], Cornélis, Kander, and Martin [135]
showed that the material can be swollen by solvents including acetone, which caused its plasticization
and a solvent-induced crystallization (SIC) process. Even an amorphous phase can undergo a degree
of reordering during annealing with a reduction of the free volume content, hence increasing the local
mechanical properties of the polymer [259]. Despite the fact that water acts as a plasticizer when
diffused within the polymer chains [260], it is believed that the aging temperature plays a more
important role in increasing the mobility of the amorphous phase, because PEEK has a low water
saturation level [185]. Moreover, post-crystallization of the exposed polymer can be maximized by

the presence of fibers. Vieille, Albouy, and Taleb [261] reported the strong nucleating effect of the
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fibers over a long aging period at temperatures below Tg4 for CF-PEEK, resulting in an increase of
3 % in the degree of crystallinity by a transcrystallinity mechanism. As reported by Gao et al. [128],
the polar carbonyl groups of the PEEK matrix, when exposed to such environmental conditions, tend
to lose conformations near the fiber surface, approximating to each other and being absorbed by
functional groups of the fiber surface. This enhances fiber-matrix compatibilization by epitaxial
nucleation of crystals on the fiber surface. Thus, the adhesion of PEEK to the fiber surfaces increases
and this in turn leads to better local mechanical properties of the composite [134,262].

The increase in crystallinity was more pronounced in the TMAM than in the BM. One may
assume that the broken fibers in the TMAM created more nucleation sites for transcrystallinity as
well as presented a larger surface area that was exposed to the temperature and humidity, which in
turn could accelerate crystallization kinetics [126,263].

Figure 9.5 summarizes the dynamic indentation modulus and nanohardness of BM and
material in the CTMAZ before and after 28 days of aging (the detailed results of this are shown in
Appendix E). The BM showed it was less sensitive to hydrothermal aging, as no significant changes
in the modulus or hardness were observed. However, comparing the unaged and aged specimens of
material from the CTMAZ the hardness increased by 20 % to (0.200 + 0.009) GPa, while the dynamic
modulus increased by 10 % to (3.9 + 0.2) GPa. The surface mechanical properties of semicrystalline
polymers are a function of the degree of crystallinity. The higher the crystalline content the more
ordered are the molecular chains, restricting the mobility of the amorphous phase, resulting in
stronger mechanical properties of the polymeric surface [216].
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Figure 9.5 Average and standard deviation of indentation modulus and hardness of PEEK as joined and after
28 days of hydrothermal aging, obtained by CSM technique.
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Contrary to the expected negative effects of corrosion-driven damage on the CF-PEEK
surface after aging (Figure 9.4), the extent of galvanic corrosion seems to be restricted to the
composite surface, not affecting the mechanical properties of the bulk composite material. Therefore,
the local mechanical integrity of aged CF-PEEK seems more influenced by increasing
transcrystallinity than the galvanic coupling effect.

A hardness map of the Ti6AI4V rivet after four weeks of aging is presented in Appendix M.
The effects of hydrothermal aging on the microstructure and hence on local mechanical properties of
the Ti6AI4V rivet were neglected, once no changes were detected from the typical microhardness
profile of the rivet’s mid-plane. Although Ti6Al4V is renowned for its outstanding resistance to
corrosive media, due to formation of a stable passive oxide surface layer [84,264], environmentally
assisted crack growth in titanium alloy was reported by Bache and Evans [265]. According to the
authors, a fully lamellar microstructure was prone to hydrogen embrittlement of the elongated and
aligned a-p interface owing to the B stabilizing effect of hydrogen, which was seen to accelerate crack
growth under fatigue testing. However, mill annealed and bimodal microstructural variants of
Ti6Al4V were shown largely insensitive to such effects [265]. In the case of the friction riveted joints,
although the rivet tip presented lamellar structures induced by the joining process (see Figure 6.9),
the entire rivet shaft in the joining area was protected by reconsolidated polymer (see Figure 6.10),
which inhibited direct contact between the metal and the corrosive media, and therefore the local

mechanical properties were not compromised.

9.1.3 Global mechanical performance and fracture analysis

The friction riveted joints were weighed shortly after removal of the joints from the aging
chamber (within an hour) and then mechanically tested under lap shear testing. The mass change,
displacement at break, and residual strength, as a function of days of exposure were compared with
unaged samples, as illustrated in Figure 9.6. Up to 14 days of aging, the joint strength stayed virtually
constant, but after 28 days an increase of approximately 23 % was observed. The mass change and
the displacement at break both increased gradually over exposure time, reaching (2.8 + 0.3) % and

(4.1 £0.2) mm, respectively, after 28 days of exposure.
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Figure 9.6 Mechanical strength along with displacement at break (Dy) and mass change (M) of the friction
riveted joints as a function of days of aging exposure.

The water uptake in the CFRP composite can either be effected by capillary flow through
volumetric defects or by diffusion, which relies on molecular arrangements, and therefore depends
on the polymer’s degree of crystallinity [260]. Polymer crystals are usually ordered toward secondary
hydrogen bonds which when in the presence of water are partially replaced by water ions [260].
Higher crystallinity provides more potential sites for electrostatic absorption of water molecules [21].
For these reasons, after 28 days of aging the reported increase in crystallinity for the friction riveted
joints (Table 9.1) may explain the reason for their increase in My. The process-induced defects at the
metal-composite interface in the joints (Figure 6.10) may also have accelerated water uptake by
capillary flow.

As is well known for polymers, water molecules in the composite work as a plasticizer,
softening the composite matrix, which may explain the enhancement of Dy, in the aged friction riveted
joints [260]. An increase in joint ductility was also evidenced by an increase of the bearing area, as
shown in Figure 9.7. After 28 days of exposure, the localized plastic deformation at the edges of the

composite hole had increased by 47 %.

Height
[mm] 0 days 14 days 28 days
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Figure 9.7 Bearing area of failed friction riveted joints loaded under shear as a function of days of
hydrothermal aging exposure.
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On the other hand, the water swelling caused by aging exposure can impair the composite,
and consequently the joint strength, because it compromises the integrity of the fiber-matrix interface
and therefore the material’s load carry ability [80]. By contrast, as shown in Figure 9.6, the aged
joints presented a higher strength after 28 days of exposure. As explained earlier, the hydrothermal
aging enhanced the mechanical properties of the fiber-matrix interface by transcrystallinity. The
nucleation of crystals on the fiber surface effectively decreases the discontinuity in moduli between
the fiber and the matrix, leading to better stress transfer across the fiber-matrix interface [124].
Similar to the surface sizing of carbon fibers, transcrystallinity optimizes fiber-matrix compatibility
and improves the mechanical performance of the composite [21]. As well as the crystallinity effect,
thermal aging can release residual stress remained from the joining process, and may also have a
positive effect on the mechanical properties, as reported by Yang et al. [76].

Figure 9.8-a shows a typical cross-section of a failed friction riveted joint after 28 days of
hydrothermal aging. Instead of the kink band formation that is typically seem in a lap shear tested
friction riveted joint, as described in Section 7.1.2 (Figure 7.6), buckling (Figure 9.8-b) and fiber
debonding were identified (Figure 9.8-c) preferentially within a fiber bundle oriented 0°. Due to an
increase in PEEK ductility by water uptake, it is expected that the matrix accommodate better the
out-of-plane displacement of fiber bundles when under the compression imposed by the rivet in lap
shear testing. Particularly for a fiber bundle oriented 0°, its high aspect ratio allowed for higher
deflection when loaded under compression. As fiber deflection is accommodated within the ductile
matrix, the onset of fiber breakage by transmitted shear is apparently delayed. The ductile matrix has
however lower global effect on the secondary bending of the aged joints under lap shear test.
Although the displacement at break increased, the out-of-plane displacement of the neutral line
presented similar behavior as unaged joints, and therefore similar peel stresses are expected. The
realignment of the overlap area to the neural line of aged and unaged was analyzed through digital

image correlation (DIC) and the results were presented in Appendix N.

5Smm 6

Figure 9.8 a) Typical cross-section of a friction riveted joint after 28 days of hydrothermal aging, showing
high plastic deformation of the composite in rivet proximity; b) microbuckling, and c) intralaminar fiber
debonding of the fiber bundles oriented 0° in the joint bearing area.
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Moreover, as any transcrystalline interphase induced by hydrothermal aging is expected to
enhance adhesion at the fiber-matrix interface, one may assume that load transferability between
these phases increased. That would shift the fiber-matrix interface damage to within the fiber bundle
during joint loading, which would explain the fiber debonding in Figure 9.8-c. Authors [22,266]
proposed that moisture uptake in CFRP causes compressive strengthening by an optimized load
transfer between fiber and matrix, which in turn increases shear resistance of such an interface.

Figure 9.9 shows the fracture surface of a joint after 28 days of hydrothermal aging. As
explained in Section 9.1.1, the exposed surface of the composite exhibited cavitation probably
induced by the galvanic coupling and hydrolysis of the PEEK. Similar defect was identified in the
composite surfaces, inside the overlap area (Figure 9.9b) and close to the consolidated squeezed
material (Figure 9.9-c). Despite the fact that such pit indicates lack of joint sealing, they did not affect
the mechanical performance of the joints as shown in Figure 9.6. Thus, the corrosion can be neglected
as detrimental effect on aged friction riveted joints. Additionally, the plastic deformed zone showed

to fail mainly in a ductile manner (Figure 9.9-d), similar to the unaged joints (see Figure 7.4).

50 pm

Figure 9.9 a) Typical fracture surface of the friction riveted joints after 28 days of hydrothermal aging; SEM
images of the composite surfaces showing corrosion-induced cavitation from b) the lower, and c) the upper
composite parts inside the overlap area; d) detailed view of the ductile failure of the squeezed material.

From a microstructural analysis of the joint fracture surface, an indication of transcrystallinity
could be observed by the exposed fibers in the squeezed material, compared to the unaged sample.
Figure 9.10-a shows an unfeatured fiber surface of an unaged friction riveted joint and Figure 9.10-b
shows highly oriented fibrils emerging from the fiber surface of a joint hydrothermally aged for 28
days. The radial growth of crystals on the fiber and the formation of elongated fibrils familiar in
several polymer composites [124,134,171,267,268] as characteristic transcrystalline morphology.
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Figure 9.10 SEM images of the fiber surface of a) unaged; and b) friction riveted joints after 28 days of
aging, showing an unfeatured and radial PEEK fibrils growth from the fiber surface; c) illustration of the
dependence between the degree of crystallinity, transcrystallinity, and hence fiber-matrix adhesion.

The dependence of bonding mechanisms in the fiber-matrix interface on the degree of
crystallinity (Xc) is schematically shown in Figure 9.10-c. Higher crystallinity creates more potential
electrostatic sites for adsorption of the matrix into the fiber, which may have created the rougher
fiber-matrix interface seen in Figure 9.10-b. As the strong fiber-matrix interface is loaded under
shear, less adhesive failure takes place in such an interface and the bulk matrix fails cohesively
instead. A deeper understanding of the transcrystallinity morphology and its nucleation and growth
kinetics are beyond the scope of the work, but some literature on the topic can be found in [132].

To summarize: It can be concluded that water uptake along with the temperature led to
oxidation of the metal nut and washer, as well as to cavitation of the composite surface, which did
not play any role in joint performance. Moreover, transcrystallinity was induced in the composite by
hydrothermal aging, preferentially in the thermomechanically affected material close to the rivet,
which in turn led to better local and global mechanical properties of the friction riveted joints.

9.2 Saline environment effect

9.2.1 Surface features, microstructure and chemical composition

The effects of corrosion on the friction riveted joints were assessed by exposure to a saline
atmosphere, as described in Section 5.2.10.2. In a similar manner to the hydrothermally aged samples,
all joints were visually inspected as soon as they were taken out of the salt spray cabinet. Figure 9.11
shows the top surface of the friction riveted joints that were not exposed and exposed for 3, 7, 14, 21,
and 42 days. The longer exposure times and more frequent analyses over time were considered
necessary, to closely follow the corrosion induced in the external clamping elements and its influence

on the joint mechanical properties.
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Figure 9.11 Top view of the friction riveted joints after 0, 3, 7, 14, 21, and 42 days of saline fog exposure.

After three days of exposure, some changes in color of the external metallic elements were
observed, and this increased gradually during the 42 days, indicating they underwent a progressive
corrosion process. Due to the vertical positioning of the samples in the salt spray cabinet, the
corrosion products and chlorides dripped down along with condensed water, forming the downward
yellowish imprints. High magnification SEM images and EDS spectra were taken of the yellow
region on the nut surface after three days of exposure (Figure 9.12-a to -e) as it was the starting point
of corrosion process of the external metallic elements. The region comprises localized corrosion
defects, shown as superficial cracking in Figure 9.12-c, and a continuous layer with high porosity, as
shown in Figure 9.12-d. The high concentration of O and Fe in this layer indicates the formation of
a passive film of iron oxide and/or hydroxide. A small amount of Cl and Na were also detected, which
may relate to contamination of the surface by condensation of the saline fog during the exposure.
According to the literature [269], the constituents within a passive film on Cr series stainless steels
vary in depth of layer, and the outer layer is mostly composed of Fe oxides and hydroxides. Moreover,
an inhomogeneous condensation of saline fog on the joint surface may have resulted in a less alkaline
medium, which favors gradual decomposition of the Fe oxides (Fe;Oz and FesQ0.) into porous Fe
hydroxide (FeOOH and Fe(OH)s), likely the porosity shown in Figure 9.12-d, and which increases
the material’s susceptibility to corrosion [270].
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Figure 9.12 a) Top view of friction riveted joint after 3 days of salt spray testing, depicting an area of the
metal nut; b) high magnification SEM image of the stainless steel nut, showing c) a localized corrosion
defect, and d) a continuous film with high porosity; e) EDS spectra of regions | and Il in (b).

In contrast to the hydrothermally aged joints described in Section 9.1, the corrosion observed
was by pitting in the stainless steel in the mid-section of the aged nut (Figure 9.13-b) and by crevices
in the washer (Figure 9.3-c). These degradation mechanisms are typical for stainless steel and occur
mainly when it is exposed to aqueous solutions containing chloride. Such alkaline media chemically
attack the protective oxide layer, forming irregular pits, or crevices in regions where the electrolyte

stagnates such as at the interface between the washer and composite (Figure 9.13-c) [271].

Nut C) Washer .

o) lr'iz(c)

R

Figure 9.13 a) Schematic illustration of the mid-section of stainless steel showing corrosion defects in b) the
nut, and c) the washer after 3 days of salt spray testing, by pitting and crevices, respectively.

Figure 9.14-a highlights the yellowish area on the composite surface of a joint exposed to 3
days of saline atmosphere. The continuous layer formed on the CF-PEEK (Figure 9.14-b) appears
very brittle with cracks exposing the damaged composite surface (Figure 9.14-c). By EDS analysis,
this layer is comprised mainly of the corrosion products (FeOOH, Fe(OH)s, Fe;Os, FesO4) and a
condensate of the saline fog (Figure 9.14-d). As explained for hydrothermal aging, it is expected that
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any galvanic coupling formed between the exposed fibers and the external clamping elements would
enhance the corrosion process of the metal and possibly hydrolysis of PEEK, which in turn would
promote superficial cavitation of the composite.

Au Cl

It() ITS 210 2?5 3.0
Energy [keV]

Figure 9.14 a) Top view of a friction riveted joint after 3 days of salt spray testing, depicting an area of the

composite surface; high magnification SEM image of the CF-PEEK, highlighting b) the condensate layer of

corrosion products and NaCl, and c) fiber exposure in failed regions of the condensate layer; ¢) EDS spectra
of regions 1 and Il in (c), and Il in (b).

9.2.2 Local physicochemical changes in the CF-PEEK and mechanical

performance

Table 9.2 compares the transition temperatures obtained by DSC analysis of the unaged and
saline aged BM and TMAM materials (DSC curves shown in Appendix L). Contrary to the effects
of hydrothermal aging, as described in Section 9.1, the saline aged materials did not exhibit any
noticeable temperature or crystallinity changes, even after 42 days of exposure. One may assume that
the lower temperature (35 °C) during salt spray testing compared to hydrothermal aging (71 °C) did
not contribute post-crystallization of PEEK by transcrystallinity. Moreover, the ions present in the
saline solution, once they form a condensate on the composite surface, can impair the hydrogen bonds
between the polar carbonyl groups of PEEK and water molecules. This decreases water uptake and
consequently PEEK chain mobility for post-crystallization. As a consequence, no changes in the local

mechanical properties of the CF-PEEK were observed, as shown in Figure 9.15 (detailed results are
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shown in Appendix E). Similar to hydrothermal aging, no changes to the typical microhardness
profile of the rivet mid-plane were detected, as shown in Appendix M.

Table 9.2 Main parameters obtained from DSC analysis (T — cold crystallization temperature, T, — melting

temperature, T¢ — crystallization temperature, X — degree of crystallization) for unaged and saline aged BM
and TMAM materials.

Te [°C] Tm [°C] T.[°C] X, [%6]
_ BM 153.0+ 1.0 345.0+ 1.0 292.0+5.0 29.0+2.0
Before aging
TMAM - 340.0+0.2 296.0 + 1.0 24.0+2.0
After SS BM 155.0 + 1.0 343.0+0.1 280+ 0.3 27.0+2.0
(42 days) TMAM 172.0+2.0 338.0+2.0 296.0 + 0.5 24.0+3.0
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Figure 9.15 Average and standard deviation of indentation modulus and hardness of PEEK as joined and
after 42 days of saline environmental exposure, obtained by the CSM technique.

9.2.3 Global mechanical performance and fracture analysis

The evolution of mechanical performance, displacement at break, and mass change, as a
function of saline aging time are summarized in Figure 9.16. Until 21 days of exposure the joint
strength was virtually constant, while after 42 days a decrease of approximately 23 % was observed.
The mass change increased gradually over the exposure time, reaching (2.0 = 0.3) %, while the

displacement at break decreased by up to (2.25 = 0.2) mm, indicating embrittlement of the joint.
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Compared to hydrothermal aging (Figure 9.6 in Section 9.1), a relative inferior M, and Dy, towards
42 days of exposure may indicate the effect of dissolved cations and anions of NaCl in the water in
inhibiting water uptake, and therefore plasticization of the PEEK. According to Alam, Robert, and
Bradaigh [21], salt ions in water diffuse less readily than pure water into a polymer matrix, which
results in the salinity gradient working as an osmotic counter pressure, reducing water uptake by the
composite. Although the conditioning in a saline environment presented less detrimental effect on
M, it is reported that the ions, once they are absorbed by the composite, can easily interact with polar
groups in the fiber-matrix interface. This leads to physical debonding and consequently decreases the
composite’s load-transfer ability [187], which could help explain the degradation observed in the

joint’s mechanical properties.
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Figure 9.16 Mechanical strength along with displacement at break (Dy) and mass change (M) of friction
riveted joints as a function of saline aging exposure days.

Besides changes of the composite properties, as observed in Figure 9.11 and Figure 9.12, the
saline exposure gradually corroded the nut and washer, which might no longer contribute to
tightening of the joint, consequently decreasing Dy and the bearing resistance of the joint. A decrease
of tightening torque would negatively affect the friction between the tightening elements and the
composite surface [272]. This would cause the compressive stresses to become poorly redistributed
throughout the washer area, which in turn may have led to stress concentration sites in the edges of
the composite hole, where premature failure took place prior to its extended plastic deformation. Such
an effect seems to be more relevant to the global mechanical properties of the joint than the integrity
of the composite, because, as discussed in the previous section, the saline atmosphere did not

compromise the local mechanical properties of the composite. Additionally, and contrary to the
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hydrothermal aging, because saline aging was performed at 35 °C it may be assumed that any
contribution of temperature to releasing residual stress from the joining process is negligible.

The decrease in tightening torque combined with low plasticization of the composite, owing
to low water uptake by the polymer after 42 days of exposure, led to a quasi-constant bearing area as
highlighted by CLSM scans from the composite fracture surface as shown in Figure 9.17.
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Figure 9.17 Bearing area of failed friction riveted joints loaded under shear as a function of exposure days
under saline environment.

Figure 9.18 shows the fracture surface of a joint after 42 days of saline aging. All the joints
failed by composite bearing and rivet pull-out, as also observed for the unaged joints and described
in Section 7.1.2. The condensation of saline solution on the inner composite surface of the overlap
area (Figure 9.18-b) induced cavitation in the surroundings of the consolidated squeezed material, in
a similar way to the hydrothermally aged samples. As previously explained, hydrolysis of the PEEK
consequently caused erosion to occur, exposing fibers from the first ply of the composite. Moreover,
NaCl crystals were identified in the failed squeezed material (Figure 9.18-c) confirming a lack of
joint sealing that allowed a flow of saline solution condensate into the inner regions of the composite
overlap area. The presence of such a chemical may have inhibited the mobility of the polymer
macromolecules in the squeezed material, resulting in its embrittlement, as is shown by brittle cracks

in the inner region of the cohesively failed squeezed material (Figure 9.18-d).
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Figure 9.18 a) Typical fracture surface of friction riveted joints after 42 days of saline aging; SEM images of
the composite surfaces inside the overlap area, showing b) corrosion-induced cavitation, c) contamination by
NaCl crystals, and d) the brittle failure of the consolidated squeezed material.

9.2.4 Summary of the results

The capacity of the friction riveted joints to sustain mechanical performance under harsh
environmental conditions and their degradation mechanisms proved complex and dependent on the
testing configuration. Under controlled hydrothermal aging, a 23 % increase of joint mechanical
performance was observed after 28 days of exposure, resulting from composite post-crystallization.
It is believed that the temperature and water uptake may have induced additional nucleation of
crystals on the surfaces of the fibers by transcrystallization. However, under controlled saline aging,
a decrease of up to 23 % in quasi-static mechanical performance was explained by corrosion induced
in the external tightening elements, which no longer sufficiently contributed a redistribution of the
compression stress through the composite surface. No effect was observed in the physicochemical

properties of the composite.
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Chapter 10.  Summary of the Results and Conclusions

This PhD work was conceived to explore the potential of FricRiveting for aircraft composite
structures in terms of design and mechanical integrity. Another aim within the scientific approach
was to gain a fundamental understanding of the correlation between joint properties of process, design
and microstructure. An investigation of failure evolution by quasi-static and cyclic loading of the
joints was desired to describe the failure mechanisms. The influence of damage threats, including
impact and environmental aging, to joint strength and failure mechanisms was aimed to cover the
mechanical integrity aspects of the work, taking an engineering approach. In this scope, the following

main findings are drawn from the results obtained:

Development of Direct Friction Riveting for overlapped CFRP

By a stepwise analysis of Direct FricRiveting process, the upward and squeezed flow of the
process-affected composite were investigated, as well as the formation of a shear layer and shear
banding in the composite, in the vicinity of the rivet shaft. The squeezed material between the
composite parts was shown to contribute as an additional bonding mechanism to the mechanical
interlocking of rivet tip widening and embedding of fiber and matrix in the rough surface of the rivet.
The process temperature measured by thermocouples exceeded the decomposition temperature of
PEEK as well as the B-transus temperature of Ti6Al4V. The high process temperature and fast
cooling rate locally decreased the mechanical properties of CF-PEEK, owing to volumetric flaws in
the composite’s thermomechanically affected zone and the low degree of crystallinity of PEEK. Such
effects also locally increased the hardness of the thermomechanically affected zone of the Ti6AI4V,
owing to morphological transformation from a globular microstructure to a combination of o’
martensitic and Widmanstatten structures in the rivet tip. Over the process temperature range
analyzed in this work, three plastic deformation shapes of rivet tip were investigated: under deformed,
bell shaped and inverted bell shaped. The bell-shaped rivet tip produced stronger joints under shear
loading, owing to its high anchoring efficiency and less defects in the composite. Using a DoE and
ANOVA for the parameter window used in this work, the highest level of RS (15000 rpm) and the
lowest level of FF (10 kN) and CP (0.2 MPa) provided the optimized set of parameters to increase
the lap shear strength of the friction riveted joints. An improvement of the joint strength was further
assessed by a fundamental study of the joint design. A washer size of 10 mm (Dw/D = 2) and
tightening torque of 1 N-m increased the ULSF of friction riveted joints by 30 %, owing to better

stress distribution to the rivet surroundings and additional friction between the washer and the
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composite surface. No correlation could be drawn between edge distance, specimen width, and
ULSF.

Mechanical behavior of the friction riveted Joints

Although the friction riveted joints presented an inferior quasi-static mechanical performance
of (6.6 £ 0.4) kN compared to reference lock bolted joints (8.7 = 0.2) kN, under cyclic loading the
joints withstood 10° cycles with 66 % of the ultimate lap shear force, showing an improvement of up
to 88 % in comparison with the cyclic behavior of conventional mechanical fastening techniques.
Moreover, the run-out specimens presented a residual strength comparable to their quasi-static
behavior. The micromechanisms of failure under both loading conditions were similar and
characterized by debonding of the rivet tip from the composite hole, owing to out-of-plane stresses,
which damage the composite matrix mainly by tension. The peel stresses also promoted crack
initiation at the periphery of the consolidated squeezed material, which radially propagated along the
interface between the composite parts by a mixture of adhesive and cohesive failure. The in-plane
stresses imposed by the rivet on the edges of the composite hole triggered shear-driven compressive
failure throughout the composite thickness, which enlarged the composite hole and this aided the

pull-through failure of the joint.

Damage Threat Assessment

5J impact energy was found to introduce BVID to the friction riveted joints with no
indication of stress-driven defects such as delamination taking place. Therefore, quasi-static and
fatigue mechanical behavior were not compromised and it the joint had a residual strength of 91 %
of ULSF under quasi-static loading and of 83 % of the ULSF after 10° fatigue cycles. At impact
energies above 5 J, VID was introduced to the friction riveted joints leading to delamination and
failure of the metal-composite interface. In addition, the higher energy induced peeling stresses in
the composite interface, leading to premature failure of the squeezed material. Consequently, the
quasi-static mechanical strength decreased to 60 % of the ULSF. Although the fatigue resistance of
the joints impacted with high energy decreased, the propagation of the impact damage under cyclic
loading showed to be less dependent on the stress amplitude, once the joints were already severely
damaged by the impact event. Under fatigue, friction riveted joints showed to be less sensible to the
fatigue damage than to the impact damage, as confirmed by the high residual strength after 10° fatigue
cycles (98% and 96% for 5 J and 20 J, respectively). The empirical approach adopted in this work
for impact of joints, including understanding the damage mechanism, damage visual detectability,
and assessment of residual strengths, can be extrapolated to validate calculation methods for other

sizes of damage tolerant composite structure in the aircraft sector.
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Durability of the friction riveted Joints

The capacity of the friction riveted joints to sustain mechanical performance under harsh
environmental conditions proved complex and dependent on the testing configuration. Under
controlled hydrothermal aging, a 23 % increase of joint mechanical performance was observed after
28 days of exposure as a result of post-crystallization. Under controlled saline aging, a decrease up
to 23 % in the quasi-static mechanical performance was explained by corrosion induced in the
external tightening elements, which no longer contributed as much redistribution of the compression
stress across the composite surface.

The results achieved by this PhD work and proposed phenomenological descriptions have
provided a better understanding of the principles of Friction Riveting for overlap joint configurations.
In addition, the influence of process parameters on the microstructure and physicochemical behavior
of the joints has been established and correlated with the quasi-static mechanical performance of the
joints. Four aspects of joint design (tightening torque, washer size, specimen width, and edge
distance) were correlated with the mechanical and failure behavior of the joints, providing a
fundamental design guideline. The metal-composite bonding mechanisms (mechanical interlocking
and adhesion forces) were detailed for an overlapped joint configuration and correlated with failure
mechanisms and the quasi-static and fatigue mechanical behavior. Threats to the quasi-static and
fatigue mechanical performance of the joints where assessed, including accidental damage (by
impact) and environmental aging. Therefore, this work has successfully fulfilled the defined
objectives.

Finally, this work has covered complex and relevant issues from scientific and engineering
perspectives for the introduction of thermoplastic composites and a new joining solution for them in
aircraft manufacturing. Therefore, these findings comply with the demands of the aeronautics sector
for coming generations of sustainable and efficient aircraft. Although this work was performed on
Ti6Al4V and CF-PEEK, the main principles of the technique are applicable to other combinations of

lightweight metal alloys and thermoplastic composites of interest for use in aircraft.
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Chapter 11. Recommendations for Future Work

Although many of the scientific and technological aspects of Direct Friction Riveting for aircraft
applications have been covered in this PhD work, some topics remain open to be addressed by future
investigations. The following recommendations are suggested for future work:

e The contribution of the clamping system to joint formation and mechanical strength was
shown to be significant for overlapped friction riveted joints. However, to automate the
joining process for an industrial application, the FricRiveting machinery should be improved
by integrating a clamping function with the welding head. Therefore, a tool could be
conceived to use the combined concept of C-frame and clamping ring with independent
vertical movement, which has been extensively adopted for the industrial tool design of refill
friction stir spot welding and friction spot joining [273,274].

e A joint design survey should address customized rivet profiles for FricRiveting. As shown
in this work, the washer plays an important role in stress distribution in the rivet
surroundings, similarly to the flanged lock collar [275] effect in lock bolted parts. Therefore,
rivets with an integrated collar could be manufactured by various routes (e.g. wire drawing,
cold forging, CNC machining, selective laser melting, metal injection molding, etc.).
Additionally, the influences of pitch distance, number of rows, and number of rivets on quasi-
static, fatigue, and impact mechanical behaviors could be investigated to assess a scaling up
of the technology. Such assessments could be combined with a stress analysis by FEM, which
must be improved for single spot and validated for multiple spot friction riveted joints.

e The damage introduced by fatigue in friction riveted joints should be further evaluated using
the damage tolerance philosophy, including characterization and prediction of fatigue crack
growth for multiple spot friction riveted parts, analysis of the strain energy release rate and
residual strength. Such a methodology would supplement transferability of the technology to
aircraft structures, where this philosophy is widely implemented for maintenance purposes.

e As reparability and maintenance of damaged composite structures is an issue in aircraft, a
study on the topic for damaged friction riveted joints is necessary for scaling up the
technology. Repair methodologies that include resin injection, chopped fiber filling, and
patch repair could be used, as well as investigation of the rejoinability of a repair site using

FricRiveting.
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Appendix A. Demonstrator of Direct FricRiveting

for aircraft structure

A section of a horizontal stabilizer torsion box panel made of carbon fiber polyether-ketone-
ketone (CF-PEKK) was used to manufacture for the first time a Direct FricRiveting demonstrator for
aircraft application. The panel consists of a co-consolidated stiffened skin with multiple I-stringer in
butt-joint configuration, manufactured by Fokker Aerostructure B.V, within the scope of TAPAS
project (Thermoplastic Affordable Primary Aircraft Structures) (Figure A.1-a). According to Ochoa,
roves, and Benedictus [14], the stringer run-out (see Figure A.1-b) is current joined using countersunk

blind rivets (EN128C06) to avoid out-of-plane stresses upon impact damage events.

1450 mm

550 mm

stringer run-out +—

Figure A.1. Schematic illustration of the a) thermoplastic horizontal stabilizer panel conceived during
TAPAS 2 project (permission from GKN Fokker) [157] and b) section of the panel used in this work and
granted by Fokker (thickness of the stringer run-out region — 8.3 mm).

A section of the panel with three stringers (Figure A.1-b and Figure A.2-a) was granted by
Fokker throughout a cooperation with HZG to access the feasibility of Direct FricRiveting on
replacing the conventional riveting. The dimensions of the component are shown in Figure A.1-b.
Additionally, preliminary investigation on the impact behavior of the friction riveted panel was
proposed. Therefore, two Ti6AI4V rivets of 5 mm diameters were used in each stringer run-out, as
shown in Figure A.2-b. The optimized joining condition for Ti6AI4V rivets and CF-PEEK
overlapped plates (RS: 15000 rpm, FFi: 5 kN, FFy: 10 kN, DF: 7.5 mm, CP: 0.2 MPa) obtained in
this work through DoE and presented in Section 6.5.2 was adopted to join the panel. The demonstrator

was successfully manufactured, as shown in Figure A.2-b.
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= | friction-riveted
joints

Figure A.2. Co-consolidated stiffened skin, showing the stringer run-out region a) before and b) after joining.

Exploratory investigation of the friction riveted panel behavior upon multiple impact tests
was performed in Fokker facilities as a subtopic of the internship of the bachelor student Matteo Elia
from Hogeschool van Arhem en Nijmegen (HAN), Holland. The main results are classified and were
internally reported by Fokker in [276]. The panel was impacted with impact energies of 50 J and
100 J in multiple impact events in the locations highlighted by stars in Figure A.3. Up to four impact
events the majority of the damages were classified within the BVID category, while after five
consecutive impact events on the same spot, delamination could be detected. The main conclusion of
the exploratory work was the potential to apply FricRiveting in aircraft components where the peeling
stresses are critical, once the anchoring efficiency provided by the plastically deformed rivet tip and
adhesion between composite and rivet enhance the out-of-plane resistance of the structure.

— delamination

Before impact

73 mm 73 mm

Figure A.3. Schematic illustration of the panel, highlighting the sites of the impact events and overlaid with a
non-destructive ultrasonic guided wave diagram where delamination was detected after multiple impact
events under 50 J and 100 J (Adapted from [276])
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Appendix B. Design of experiments

The number of experiments required for 23 full-factorial is define by Equation B.1.

N =n2k (B.1)

where n is the number of replicates of each experiment. In this work, three replicates were produced

for the experiments and five for the center point, which total 29 runs (Table B.1).

Table B.1. Matrix of experiments of 22 full-factorial design with center point

Factors Normalized factors Responses
Experiments [Fpsr:] E('l:\;'] [I\gl:ga] RSy | FFy | CP lfts]lz VR [a.u]
1 10000 10 2 - - - 4.42 0.19
2 15000 10 2 + - - 7.01 0.21
3 10000 15 2 - + - 4.24 0.36
4 15000 15 2 + + - 5.19 0.34
) 10000 10 6 - - + 2.56 0.11
6 15000 10 6 + - + 6.59 0.23
7 10000 15 6 - + + 5.54 0.38
8 15000 15 6 + + + 3.73 0.30
9 10000 10 2 - - - 454 0.25
10 15000 10 2 + - - 6.69 0.33
11 10000 15 2 - + - 5.42 0.32
12 15000 15 2 + + - 6.66 0.41
13 10000 10 6 - - + 3.11 0.10
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14 15000 10 6 + - + 5.12 0.24
15 10000 15 6 - + + 6.06 0.27
16 15000 15 6 + + + 4.43 0.34
17 10000 10 2 - - - 4.68 0.19
18 15000 10 2 + - - 6.44 0.35
19 10000 15 2 - + - 5.07 0.36
20 15000 15 2 + + - 5.13 0.38
21 10000 10 6 - - + 2.55 0.05
22 15000 15 6 + + + 6.41 0.10
23 10000 15 6 - + + 5.78 0.28
24 15000 15 6 + + + 3.55 0.35
25 12500 12.5 4 0 0 0 6.00 0.32
26 12500 12.5 4 0 0 0 5.70 0.32
27 12500 12.5 4 0 0 0 5.46 0.26
28 12500 12.5 4 0 0 0 5.30 0.28
29 12500 12.5 4 0 0 0 5.85 0.30

The response Y (ULSF or VVR) is estimated from a linear model (Equation B.2), where S, is
the intercept, 5, _5 are linear regression coefficients, 8,1, B13, B23, B123 are the interactive regression

coefficient of one degree of freedom.

Y = Bo+ B1xy + Boxy + Baxs + Pr2X1Xp + P13X1X3 + PozXaXs + Pra3x1X2x3 + € (B.2)
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Appendix C. Finite element analysis of lap shear test

Figure C. 1 shows the joint parts and the mesh elements used to simulate the stress fields over

a single lap shear test of friction riveted joints.
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Figure C. 1 a) Half-top view of the lower and upper CF-PEEK geometries, showing the quadrilateral
continuum shell element (SC8R) and its refinement used to mesh the composite parts. b) Geometry of the
rivet meshed with the eight-node linear brick element (C3D8H).
The constitutive model proposed by Johnson-Cook (JC) was selected to describe the ductile

behavior of Ti6Al4V which takes into account the effects of the strain hardening, strain rate

sensitivity, and thermal softening behavior, according to Equation C.1.

6=(+B)x(1+Cln j—o) x[1- (T;‘_T;r)m] (C.1)

where & is the flow stress, £ is the plastic strain, £ is the plastic strain rate, &, is the reference

plastic strain rate, T is the process temperature, T,, is the melting temperature of Ti6Al4V, and T, is
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the room temperature. A, B, C, m, and n are material constants which were selected from the literature

and shown in Table C. 1.

Table C. 1 Input parameters for Johnson-Cook (JC) constitutive model [191].
A [MPa] B [MPa] n

1098 1092 0.93 11

The CF-PEEK material properties adopted from the literature [188] and used in the numerical
computation are shown in Table C. 2.

Table C. 2 Material properties of CFRP used in the FEM analysis [188].

Longitudinal | Longitudinal | Transverse | Transverse Longitudinal | Transverse
Tensile Compressive Tensile Compressive Shear Shear
Strength, Xt Strength, Strength, Strength, Yc | Strength, S_ Strength,
[MPa] Xc[MPa] Y+ [MPa] [MPa] [MPa] St [MPa]
1500 900 27 200 80 60

2D Hashin damage criteria was adopted to account the degraded properties of the composite
owing to the fiber-matrix failure over the joint loading. The material properties degradation occurs

based on stiffness degradation, as shown in Table C. 3.

Table C. 3 General formulation of 2D Hashin damage criteria for CFRP [192].

Failure Criteria Failure Mode FE Variable
Fiber-tensile failure 2 2
D7 = (32) + () HSNFTCRT
(611> 0) Xr St
Fiber-compression 2 (011\?
failure (on < 0) DZ = <X_c) HSNFCCRT
Matrix-tensile failure 2 2
D2, = (2) + (2) HSNMTCRT
(6222 0) Yr SL
Matrix-compression 2 _ (022)\° Yo \? 022 012\
failure (c22< 0) Dine = (ZST) * [(25) 1 Ye +<5L) HSNMCCRT

The interaction between rivet and composite and between the composite plates were
described by two contact-pairs in the FE model, as shown in Figure C. 2. Once the rivet-composite

interface is governed mainly by adhesion forces, a hard pressure-overclosure relationship and tie
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constraint were adopted, while a cohesive interaction was used to describe the contact between the
composite parts. Between the CF-PEEK parts there is a consolidated squeezed material which is
cohesively damaged over the loading, leading to the composite part separation. In the model, the area
of such squeezed material was measured by pCT imaging and simplified as a circular area with Ds
diameter (Figure C. 2-b). The surface-based traction-separation law with linear softening was adopted
to produce the mechanical responses of such contact-pair and to simulate the damage evolution. For
all the interactions, the rivet was chosen to be the master surface, while the composite was the slave
surface, once is less stiff than the metal. A coefficient of friction of 0.2 was used for the metal-

composite contact pair while 0.36 was selected for the composite-composite contact pair [188].

a) b)
Rivet Lower CF-PEEK
g —
“ Squeezed
material
— Rivet
Al A
) 0D,
Lower CF-PEEK — A :
Metal-composite contact-pair Composite-composite contact-pair
we Tie constraint Hard contact Cohesive interaction

Figure C. 2 lllustration of the contact interactions used in the FE model for a) metal-composite and b)
composite-composite contact-pairs.

The FE model was validated overlaying the force-displacement curve obtained by the FEM
and the experimental curve, as shown in Figure C. 3. Although the joint’s elastic behavior was fairly
predicted, a discrepancy was observed when the first failure mode occurred. The predicted ductility
of the joint was way inferior to the reality, suggesting that the adopted properties of the base materials
must be refined as well as further improvements are still required to the failure description and
criterion adopted.
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Appendix D. Temperature measurements by
thermography and thermometry
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Figure D. 1 Temperature developed during FricRiveting process for all the joining conditions (1-8, center
point, CP), with replicates, evaluated in this work, measured by a) thermography and b) thermometry.
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Appendix E. Nanoindentation experiments

unaged and aged PEEK
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Figure E. 1 Load-displacement curves of nanoindentation on PEEK a) base material (BM) and b) from the
composite thermo-mechanically affected zone (CTMAZ) before and after accelerated aging and salt-spray.
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Figure E. 2 Detailed results of nanoindentation on PEEK BM and CTMAZ after 28 days of accelerated
aging; a) modulus as a function of contact depth from CSM measurement, b) hardness as a function of contact
depth from CSM measurement.
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Figure E. 3 Detailed results of nanoindentation on PEEK BM and CTMAZ after 42 days of salt-spray aging;
a) modulus as a function of contact depth from CSM measurement, b) hardness as a function of contact depth
from CSM measurement.
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Appendix F. Lap shear results from friction riveted

joints of the design of experiments
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Figure F. 1. Lap shear force-displacement curves for the specimens of the design of experiments.
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Appendix G. Effect of the Direct FricRiveting

process parameters on the volumetric ratio
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Figure G. 1 Effect of different joining conditions on the VR of friction riveted joints. Numbers from 1 to 8
correspond to the experiments performed during the DoE while 9 is the center point add to the model.
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Table G. 1 ANOVA of VR model.

Source DF Adj SS Adj MS F-value P-value

Model 3 0.200267 0.028610 11.94 0.000

Linear 3 0.1284567 0.061522 25.67 0.000

RS 1 0.021600 0.021600 9.01 0.007

FF 1 0.126150 0.126250 52.63 0.000

CP 1 0.036817 0.036817 15.36 0.001

2-way interactions 3 0.015433 0.005144 2.15 0.128

RS*FF 1 0.007350 0.007350 3.07 0.096

RS*CP 1 0.000017 0.000017 0.01 0.934

FF*CP 1 0.008067 0.008067 3.37 0.082

3-way interactions 1 0.000267 0.000267 0.11 0.742

RS*FF*CP 1 0.000267 0.00267 0.11 0.742
Error 19 0.045541 0.002397

Curvature 1 0.002674 0.002674 1.12 0.03
Pure error 18 0.042867 0.002381

Total 26

Initial factors from Table G. 1. with p-values > 0.05 were eliminated by the stepwise
backward elimination method resulting in the reduced statistical model of VR expressed by Equation
G.1. Figure G. 2 shows the experimental plot of the reduced model, along with the contribution of
the significant joining parameters to VR, and the main effect plot of these parameters on VR.
Similarly to the ULSF model, RS and FF contribute positively to VR, while by increasing CP, VR
decreases owing to the over-deformation of the rivet tip. Once no parameter interactions in any level

were statistically significant, the interaction plots were not presented.

VR = —0.1623 + 0.000012 x RS + 0.000029 x FF —0.01958 x CP (G.1)
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Figure G. 2 a) Experimental diagram for the reduced model of VVR. b) Percentage effect of each significant
factor on the VR. ¢) Mean effect plots of the process parameters on the VR. d) Selected X-ray p-computed
tomographies of low and high limits of each individual parameter investigated within the DoE.
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Figure G. 3 Volumetric ratio (VR) statistical model: a) normal probability plot and b) plot of residuals as a
function of fitted values.
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Appendix H. ANOVA of the ULSF regression model

and model validation table

Table H. 1 ANOVA of ULSF model.

Source DF Adj SS Adj MS F-value P-value
Model 7 34758854 4965551 16.02 0.000
Linear 3 11250379 3750126 12.10 0.000
RS 1 7019909 7019909 22.64 0.000
FF 1 18598 18598 0.06 0.809
CP 1 4211872 4211872 13.58 0.002
2-way interactions 3 18174961 6058320 19.54 0.000
RS*FF 1 16344736 16344736 52.72 0.000
RS*CP 1 857342 857342 2.77 0.113
FF*CP 1 972883 972883 3.14 0.093
3-way interactions 1 5333514 5333514 17.20 0.001
RS*FF*CP 1 5333514 5333514 17.20 0.001
Error 19 5891034 310054
Curvature 1 1244289 1244289 481 0.041
Pure error 18 4646745 258153
Total 26
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Figure H. 1 Ultimate lap shear force (ULSF) statistical model: a) normal probability plot and b) plot of
residuals as a function of fitted values.

Table H. 2 Validation experiments for the ULSF model (three replicates).

Joining condition | RSy, [krpm] | FF; [kN] | CP [MPa] Predicted ULSF | Actual ULSF
[KN] [KN]
LS-V 1 14 11 2 6.1+0.2 6.3+0.2
LS-V 2 13 10 3 56+0.1 45+0.6
LS-V 3 125 16.7 4 51+0.1 56+0.3
LS-V 4 8.3 125 4 42+0.2 51+0.3

XXX



Appendix I. Impact test

Table I. 1 Summary of the results for the impact test of friction riveted joints.

10° fatigue cycle [kN]

Impact energy, Ui [J] 5 10 20 30
Absorbeo[' ﬁ“ergy' Ut 43+0.3 72405 14.6+0.6 240+0.8
Insipient damage load, | ¢, (g 76405 9.6 +0.7 11.4+0.2
By [KN] 0+0. 6+0. 6+0. 4+0.
Max'mt[‘li‘;‘\lioad' Pm 73206 142405 14.4+0.4 18.7+0.2
Area of damage [mm?] 117 £ 22 138 £33 238+ 20 280 £ 34
Residual dent depth 0.5+0.1 08+0.1 120+006 | 1.60+0.05
[mm]
Category of damage BVID VID VID VID
Residual strength
(quasi-static test) [KN] 6.2+03 5602 53.4£03 39402
H 5
Stres_s amplitude at 10 53 a1
fatigue cycle [MPa]
Residual strength after 6.0+023 48+02
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Appendix J. Predicting the extent of impact damage

and damage mechanisms

To predict a critical impact load (Pc) above which mode Il shear delamination would occur,
Equation J.1, proposed by Davis and Robinson [74], was employed. The equation takes into account
the energy release rate modeled on through-thickness delamination in a quasi-isotropic composite
and was validated for a range of carbon fiber reinforced polymers including CF-PEEK. E is the elastic
modulus of the composite (Ecr.reex = 60 GPa, [159]), Gy is the mode |1 fracture toughness (Gu, cr-
reex = 1.75 kJ/m?, [48]), t is the composite thickness (t = 4.34 mm), and & is the coefficient of Poisson
(9 =0.4148]). Figure J. 1-a plots the area of damage against impact loads of the friction riveted joints,
along with the threshold P..

Pc? = 8n2Et3G,/9(1 — 92)...J.1)

600 T——————— b 0.0
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Figure J. 1 a) Area of impact damage as a function of maximum impact load; b) calculated shear stress
against the lower composite plate thickness.

In agreement with the microstructural analysis of the impacted cross-section of the joint
(Figure 8.5), at low impact energy in the BVID domain no delamination was expected as it is below
the critical impact force of 9.5 kN. In the VID domain, two main groups of damage area were
identified. For impact energies 10 J and 20 J the maximum load imposed in the joint was near to
14 kN, while for 30 J the maximum load was 19 KN. As explained in Section 8.1, the composite
withstood a maximum load of 14 kN by dissipating the impact energy mainly by the initiation and

propagation of delamination through the composite thickness. Above the load threshold of 14 kN the
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metal-composite interface of the joints played an important role, where the delamination was
extended, leading to an enlargement of the damaged area.

To predict the influence of normal and shear stresses on the fracture mechanisms depicted in
Figure 8.5, shear stress (t) was calculated from the depth into composite plies (r) using Equation J.2.
This equation was proposed by Davis and Zhang [58] and assumes that impact-induced delamination
is driven by shear stress in the central region of an impacted composite. Again, a simplified quasi-
isotropic material and perfectly circular shape of delamination were adopted [58]. The average impact
force (F) at each impact energy level was used. Figure J. 1-b shows the result, along with the
interlaminar shear strength (ILSS) of the CF-PEEK base material (ILSScr.peex = 72 MPa [277]),
above which the matrix-fiber interface fails under shear loading. Except for the 5 J impacted joints,
the majority of impact damage introduced in the composite was driven by shear. Bearing in mind that
the equation does not consider bending of the joint on impact loading, peeling stress was neglected,
although its effect is shown in Figure 8.5.

F
T =
2nrt

(3.2)

The simplified models to predict delamination and its stress-trigger across a range of impact
energies were successfully validated by a microstructural analysis of the impacted friction riveted
joints of CF-PEEK and these can be further used for an exploratory definition of impact damage

tolerant designs.
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Appendix K. Digital image -correlation (DIC)

analysis of post-impacted friction riveted joints
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Figure K. 1 Schematic representation of the eccentric loading path in composite overlap friction riveted joint
along with the out-of-plane displacement curves at the end of the loading measured by digital image
correlation (DIC).
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Appendix L. Thermo-analysis of aged Ti6AI4V/CF-

PEEK friction riveted joints
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Figure L. 1 DSC curves for the base material (BM) and thermo-mechanically affected composite (CTMAZ)
under a) hydrothermal, b) saline, and c) natural aging.
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Appendix M. Microhardness of aged Ti6AlI4V/CF-
PEEK friction riveted joints
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Figure M. 1 Macrohardness distribution through half of the rivet in the joining area of friction riveted joints
a) hydrothermally aged during 28 days and b) exposed to saline atmosphere during 42 days.
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Appendix N. Digital

Image correlation (DIC)

analysis of hydrothermally aged friction riveted

joints
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Figure N. 1 Out-of-plane displacement curves at the end of lap shear test for unaged and 28 days aged
friction riveted joints measured by digital image correlation (DIC).
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