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SUMMARY

The popularity of thermoplastic composites (TPCs) has been growing steadily in the
last decades in the aircraft industry. This is not only because of their excellent material
properties, but also owing to their fast and cost-effective manufacturing process. Fusion
bonding, or welding, is a typical joining method for TPCs due to the intrinsic properties
of thermoplastic polymers. Among different welding technologies, ultrasonic welding
has been regarded as one of the most promising techniques for the assembly of TPC
components. Ultrasonic welding is by nature a spot welding technique. As it is known
that a series of problems result from using mechanical fasteners for joining compos-
ite structures, e.g. breaking fibres during drilling and extensive labour work, ultrasonic
spot welding can be considered as a promising alternative from the perspective of fast
manufacturing cycle. However, fundamental understanding is still lacking to achieve
application of ultrasonic spot welding in composite structures to be achieved:

• An appropriate welding procedure is deemed necessary to be defined for ultra-
sonic spot welding. With the consideration of welding large composite structures,
this procedure is expected to provide welded spots with consistent quality in se-
quential multi-spot welding process.

• The mechanical behaviour and the failure mechanisms of spot welded joints are
still unknown. Less is known regarding the comparison of these properties be-
tween spot welded and mechanically fastened joints.

Consequently, the focus of this thesis is to systematically investigate ultrasonic spot
welding of TPCs and the mechanical behaviour of the spot welded joints. The research
started from the definition of a welding procedure for single-spot welded joints and a
preliminary investigation of their mechanical behaviour and failure mechanisms. These
two characteristics were compared with welded joints and mechanically fastened joints
assembled with a single fastener. After that, towards the development of the high-quality
multi-spot welded (MSW) joints, it was investigated how changes in the boundary condi-
tions would affect the proposed welding procedure and thereby the quality of the welded
joints. A welding procedure which is less sensitive to the changing boundary conditions
was proposed. This procedure was further assessed in producing double-spot welded
joints. As a final step, effects of geometric parameters on the strength of MSW joints
were assessed.

A procedure for ultrasonic spot welding was defined by using spot energy direc-
tors and a specific sonotrode. Single-spot welded joints were produced using energy-
controlled welding. Regarding the mechanical evaluation, both in-plane and out-of-
plane mechanical behaviours of the welded joints were investigated through double-
lap shear and pull-through tests, respectively. The same tests were also carried out on
mechanically fastened joints with similar size. Welded samples showed similar shear

vii



viii SUMMARY

strength, but less peel strength in comparison to their mechanically fastened counter-
parts. Failure in welded joints was only found in the outermost layer of the adherends
whereby no damage was found within the laminates. In contrast, mechanically fastened
joints showed severe laminate failure due to the contact between the fastener and the
adherends.

As an initial step towards the development of the high-quality MSW joints for large
composite structures, the impact of different boundary conditions provided by different
welding jigs on the proposed welding procedure was assessed. This procedure showed a
dependence on the various boundary conditions, featured by different optimum weld-
ing energy (i.e. the energy resulting in the maximum weld strength) for different jigs.
Another welding procedure based on displacement control produced welds with consis-
tent quality under the same optimum sonotrode displacement in different jigs, showing
a feasible alternative to energy-controlled welding.

The applicability of displacement-controlled and energy-controlled welding was sub-
sequently assessed for the production of double-spot welded joints. Two welded spots
with consistent quality were produced under the same displacement value when us-
ing displacement-controlled welding. On the contrary, the first welded spot created in
energy-controlled welding was found to affect the energy required for the second one to
obtain the same quality. Finally, in comparison to sequential welding, it was found that
producing multi-spots within a single-step was more sensitive to the boundary condi-
tions and was susceptible to secondary welding.

The effects of different geometric parameters, e.g. distance between welded spots
and numbers of welded spots, on the mechanical behaviour of MSW single-lap joints
was studied. The load-carrying capability of the welded joints was improved when in-
creasing the distance between welded spots and the number of welded spots in a fixed
overlap. A comparative study was performed between the MSW joints and the mechan-
ically fastened joints with multi-fasteners, which showed that the welded joints showed
a comparable load-carrying capability to the mechanically fastened counterparts.

In conclusion, knowledge gaps in ultrasonic spot welding in TPCs were filled by using
the conclusions from each chapter. To facilitate the application of this technique, further
research is still required regarding different aspects, such as the automation for plac-
ing of spot energy directors and the mechanical characterization of a multi-row, multi-
column joint.



SAMENVATTING

In de vliegtuigindustrie is de populariteit van thermoplastische composieten (TPC) ge-
staag gegroeid in de afgelopen decennia. Dit is niet alleen dankzij hun excellente ma-
teriaaleigenschappen, maar ook dankzij de toepasbaarheid van snelle en kosteneffec-
tieve productieprocessen. Verbinden door middel van samensmelting of lassen, is een
typische verbindingsmethode voor TPC dankzij de intrinsieke eigenschappen van ther-
moplastische polymeren. Van de verschillende lastechnieken, wordt ultrasoon lassen
beschouwd als één van de meest veelbelovende technieken voor het assembleren van
TPC-componenten. Ultrasoon lassen is van nature een puntlastechniek. Meerdere pro-
blemen kunnen ontstaan bij het gebruik van mechanische verbindingsmethodes voor
composiet constructies, waaronder het breken van de vezels door boren en de beno-
digde intensieve arbeid. Hierdoor kan ultrasoon puntlassen worden gezien als een veel-
belovend alternatief vanuit het perspectief van een snelle productiecyclus. Echter, de
fundamentele kennis om ultrasoon puntlassen te kunnen toepassen op composiet con-
structies ontbreekt nu nog:

• Het definiëren van een geschikte lasprocedure wordt noodzakelijk geacht voor ul-
trasoon puntlassen. Voor het lassen van grote composiet constructies, wordt ver-
wacht dat deze procedure resulteert in puntlasverbindingen met eenzelfde kwali-
teit door middel van een sequentieel multi-puntlasproces.

• Het mechanische gedrag en de faalmechanismen van puntlasverbindingen zijn
nog steeds onbekend. Dit geldt ook voor de vergelijking van deze eigenschappen
tussen puntlasverbindingen en mechanische verbindingen.

Hierdoor is de focus van dit proefschrift het systematisch onderzoeken van ultrasoon
puntlassen van TPC en het mechanische gedrag van puntlasverbindingen. Het onder-
zoek begon met de definitie van een lasproces voor enkelvoudige puntlasverbindingen
en een vooronderzoek naar hun mechanische gedrag en faalmechanismen. Deze twee
laatste karakteristieken werden vergeleken voor gelaste verbindingen en mechanische
verbindingen met een enkele mechanische bevestiger. Voor de ontwikkeling van hoge
kwaliteit multi-puntlasverbindingen (MPL-verbindingen), werd hierna onderzoek ge-
daan naar hoe veranderingen in randvoorwaarden de lasprocedure en de hieruit voort-
gekomen laskwaliteit beïnvloedden. Hieruit kwam een lasprocedure voort die minder
gevoelig is voor veranderingen in de randvoorwaarden. Deze gewijzigde procedure werd
gevalideerd door het vervaardigen van dubbele puntlasverbindingen. Als laatste stap
werden de effecten van geometrische parameters op de sterkte van MPL-verbindingen
geanalyseerd. Een procedure voor ultrasoon puntlassen met een energierichter en een
specifieke sonotrode werd gedefinieerd. Enkelvoudige puntlasverbindingen werden ge-
maakt met behulp van energie-gestuurd lassen. Het mechanische in-het-vlak en uit-het-
vlak gedrag van de gelaste verbindingen werd onderzocht door middel van respectieve-
lijk dubbele overlapafschuiftesten en doortrektesten. Dezelfde serie experimenten werd
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uitgevoerd voor mechanische verbindingen met dezelfde afmetingen. De gelaste proef-
stukken gaven eenzelfde afschuifsterkte, maar een lagere afpelsterkte in vergelijking met
de mechanisch verbonden proefstukken. De gelaste verbindingen faalden alleen in de
buitenste laag van het composiet waarbij geen beschadiging werd gevonden in het lami-
naat zelf. In de mechanisch verbonden proefstukken werd daarentegen ernstige lami-
naatschade geobserveerd door het contact tussen het mechanische bevestigingsmiddel
en de laminaten.

Als eerste stap in de ontwikkeling van hoge kwaliteit MPL-verbindingen voor grote
composiet constructies, werd de impact van verschillende randvoorwaarden op de voor-
gestelde lasprocedure getest door het gebruik van verschillende klemsystemen. Deze
procedure bleek afhankelijk te zijn van verschillende randvoorwaarden gekenmerkt door
verschillende optimale energie hoeveelheden (d.w.z. de hoeveelheid energie die beno-
digd is om de hoogste sterkte te behalen) bij het gebruik van verschillende klemsyste-
men. Een andere lasprocedure gaf een mogelijk alternatief voor energie-gestuurd las-
sen. Deze procedure is gebaseerd op verplaatsing-gestuurd lassen en gaf een consistente
kwaliteit bij dezelfde optimale diepteverplaatsing voor verschillende klemsystemen.

De toepasbaarheid van het verplaatsing- en energie-gestuurd lassen werd beoor-
deeld voor het maken van dubbele puntlassen. Met verplaatsing-gestuurd lassen wer-
den twee spotlassen gemaakt met een consistente kwaliteit onder dezelfde optimale ver-
plaatsingswaarde. Voor het energie-gestuurd lassen werd echter ontdekt dat de eerste
puntlas de benodigde hoeveelheid energie voor het maken van een tweede zelfde kwa-
liteit las beïnvloedde. Tenslotte, in vergelijking met sequentieel lassen, werd gevonden
dat het produceren van multi-puntlassen in één enkele stap gevoeliger is voor de rand-
voorwaarden en secundair lassen.

De invloed van verschillende geometrische parameters, bijvoorbeeld de afstand tus-
sen de puntlassen en het aantal lassen, op het mechanische gedrag van een enkele MPL-
overlapverbinding werd onderzocht. Een hoger lastvermogen werd behaald door de af-
stand tussen twee puntlassen te vergroten en door meer puntlassen per overlap te creë-
ren. Een vergelijkende studie was uitgevoerd tussen MPL-verbindingen en mechanische
verbindingen met meerdere mechanische bevestigers. Hieruit bleek dat de gelaste ver-
bindingen een vergelijkbaar lastvermogen hebben als de mechanisch verbonden tegen-
hangers.

Samenvattend kan worden geconcludeerd dat kennishiaten in ultrasoon lassen van
TPC zijn opgevuld met de conclusies van elk hoofdstuk. Om de toepasbaarheid van deze
technologie te kunnen bevorderen is meer onderzoek nodig naar verschillende aspec-
ten, zoals de automatisering van het plaatsen van de energierichters en de mechanische
karakterisering van multi-rij en multi-kolom verbindingen.
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1
INTRODUCTION

Owing to an increasing demand of reducing the weight and the manufacturing cost of air-
craft, high-performance thermoplastic composites (TPCs) are drawing more and more at-
tention in the aircraft industry. In line with new material applications, advanced joining
techniques should be developed for achieving better performance and faster manufactur-
ing of the aircraft structures. In order to propose a robust and fast joining technology for
TPCs, it is not only deemed necessary to understand the process but also crucial to gain
insight of the mechanical behaviour and failure mechanisms of the joints, which provides
important guidance for the structural design. This thesis presents a series of investigations
on manufacturing and mechanical characterization of ultrasonic spot welded joints in
TPCs.

1



1

2 1. INTRODUCTION

It is recognised that aircraft provides a fast, reliable mode of transportation with no com-
parable alternative for long distance travel. However, the aviation activities also cause
climate change, as well as noise and air pollution. As indicated by the European Aviation
Safety Agency (EASA) [1], the number of flights has increased by 80 % from 1990 to 2014
and is expected to have a further growth by 45 % during the next 20 years. Moreover, CO2

and NOx emissions, owing to fuel combustion, have increased by around 80 % and 100
%, respectively, between 1990 and 2014 and will both continuously increase by about 45
% by the end of 2035 [1]. Therefore, large numbers of research programmes have been
established involving industry, government and academia in the past decades, aiming at
exploring breakthrough technologies for further reduction of fuel consumption of avia-
tion and thus, lower environmental footprint.

It is well known that a key factor for reducing fuel burn and hence aircraft emissions
is the aircraft empty weight. Owing to high strength- and stiffness-to-weight ratios, ad-
vanced composite materials are therefore becoming increasingly popular for new gen-
eration aircraft, such as Airbus A350 XWB and Boeing 787 aircraft [2]. However, con-
ventional thermoset composites are not only suffered from their high material costs, but
more importantly, they are limited by the high manufacturing cost (e.g. the expensive
autoclave) and time (e.g. long curing cycles) [3]. As a result, improvements in manufac-
turing technology should be given more consideration. Advanced manufacturing tech-
nology is capable of achieving a reduction in manufacturing costs as well as the struc-
tural weight, thus reducing the emissions for existing and new aircraft.

1.1. THERMOPLASTIC COMPOSITES FOR AIRCRAFT

T HE appeal of Thermoplastic composites (TPCs) for the aircraft industry initiated
from the second half of the 1980s [3]. Compared to their thermoset counterparts,

which have been extensively used in aircraft structures (e.g. over 50 % of structural mass
in the Airbus A350 XWB), the increasing usage of TPCs in the recent years is mainly due
to their rapid and cost-effective manufacturing process. Without cross-linked polymer
chains, thermoplastic polymers can be melted when they are heated to a certain temper-

Figure 1.1: (a) Thermoplastic composite ribs and (b) their manufacturing cost by using different materials.
Source: TenCate Advanced Composites.
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ature and retain their original properties after cooling down. This characteristic provides
TPCs with reheatability and reformability and allows them to be manufactured and as-
sembled by cost-effective technologies, such as press forming and fusion bonding or
welding. Despite the higher material cost, the manufacturing cost can be significantly
reduced compared to thermoset composites (TSCs) by eliminating the autoclave curing,
as shown in Fig. 1.1. Apart from that, TPCs also offer advantages such as high damage
tolerance, good fracture toughness, excellent environmental and chemical resistance,
low storage requirement, and infinite shelf life [3, 4].

TPCs are increasingly used in the current generation of aircraft, in particular for inte-
riors, secondary and semi-structural parts, such as the press-formed ribs of the Dornier
328, press-formed brackets, clips and cleats of the Boeing 787 and the Airbus A350 (Fig.
1.2a) [5], the resistance welded wing fixed leading edges of the Airbus A340 and A380
with Cetex Glass fibre reinforced polyphenylene sulfide (GF/PPS) (Fig. 1.2b), and the
induction welded Carbon fibre reinforced PPS rudder and elevators of the Gulfstream
G650 business jet [6]. However, more efforts are continuously put in to extend the ap-
plication of TPCs to primary structures of aircraft. The Thermoplastic Affordable Pri-
mary Aircraft Structures (TAPAS) project is one of the most well-known collaborations
between the aerospace industry and the academic research for reaching this goal. In this
project, a skin panel of a torsion box has been successfully manufactured with Carbon
fibre reinforced polyetheretherketone (CF/PEEK) through automated fibre placement,
press forming and welding. The test results showed that, owing to higher toughness of
TPCs, thinner laminates were allowed for TPC parts which finally resulted in 10 % weight
saving compared to conventional TSCs [7].

Figure 1.2: Applications of thermoplastic composites in aircraft structures: (a) press-formed clips; (b) resis-
tance welded fixed wing leading edges of Airbus A380. Source: (a) Tencate Advanced composites, (b) Fokker
Aerostructures.

1.2. JOINING TECHNIQUES FOR TPCS

I DEAL structures would be expected to be designed and manufactured without joints,
since joints are in most cases the weak points and may result in weight penalty [8, 9].

However, due to the limitations of present manufacturing techniques, aircraft structures
with complex geometries are difficult to be produced as integral parts. Therefore, joining
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is a necessary step for the manufacturing of structural components. This is particularly
the case for fibre reinforced TPC parts which currently are mainly used in secondary
structures of aircraft, such as brackets and ribs. Fast and reliable joining techniques,
which have direct influence on mechanical performance of the created joints and man-
ufacturing costs, are vitally important for assembly and promotion of TPCs applied in
large components.

Traditional joining methods, e.g. mechanical fastening, are proven to not be well-
suited for direct application to composites [8, 10–12]. Stress concentrations created by
the riveted or bolted holes and damage on fibres due to drilling are most typical draw-
backs of the application of mechanically fastened joints in composite structures. In addi-
tion, mechanical fasteners unavoidably provide additional weight and their installation
is time and labour consuming. In contrast, adhesive bonding benefits from its contin-
uous joint configuration, which effectively prevents stress concentration present in the
case of mechanically fastened joints [13]. Nevertheless, it is difficult to apply on some
high performance TPCs, such as polyetheretherketone (PEEK) and polyphenylene sul-
phide (PPS), due to their low surface energy [14]. Furthermore, extensive surface prepa-
ration and long curing cycles also make adhesive bonding slow and labour intensive
[8, 12, 15].

Figure 1.3: Schematic of fusion bonding/welding process of thermoplastic polymers [16].

Fusion bonding or welding is considered as a specific joining technique for TPCs
since its working mechanism is correlated to the inherent properties of thermoplastic
polymers, which can be softened or melted when heated and retain their original prop-
erties after solidification [17]. As schematically shown in Fig. 1.3, prior to the initiation
of welding, the surfaces of two parts to be welded are put into contact by applying pres-
sure. Local heating is introduced at the interface by different mechanisms, achieving
an intimate contact between the two surfaces. With the increase of temperature, ther-
moplastic polymer chains around the interface start to flow and inter-diffuse. After the
heating stage, thermoplastic polymers are solidified by cooling down to room temper-
ature under constant pressure. In this way, welding shows a potential superiority on
joining TPCs in comparison to other traditional techniques [12]. According to the report
from Defence and Space Group of the Boeing Company in 1996 [18], welding techniques
achieved over 61 % savings in labour work for assembling a composite wing structure
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compared to bolting. Based on different heating mechanisms, welding techniques can
be basically classified as thermal welding, friction welding and electromagnetic welding,
as summarized in Fig. 1.4. Among them, ultrasonic welding, induction welding and re-
sistance welding are regarded as the three most promising technologies (highlighted in
Fig. 1.4), owing to a series of advantages, such as limited heat affected zones, excellent
weld strength and possibility for large-scale welding, etc. [8, 12, 17].

Figure 1.4: Classification of welding techniques for thermoplastics based on different mechanisms of heat
generation [12].

1.3. ULTRASONIC WELDING IN TPCS

U LTRASONIC welding is an interesting joining technique for both unreinforced ther-
moplastics and thermoplastic composites with some typical advantages, such as

very fast welding process (less than 1 second), absence of foreign materials, e.g. metal
mesh or metal particles, at the welding interface, possibility of in-situ monitoring and
excellent weld strength [17, 19–23]. As shown in Fig. 1.4, ultrasonic welding belongs to
the friction welding category since heating is driven by interfacial and intermolecular
(viscoelastic) friction [24, 25]. The entire welding process can be divided into two stages,
namely vibration and consolidation. The vibration phase is triggered by a pre-defined
welding force, which is provided by a pressure actuator. Electric generator normally
transforms the main line current into controlled high-frequency (typically between 20
and 40 kHz for output) current. This electrical signal is converted to a high-frequency
(20 - 70 kHz) and low-amplitude (10 - 250 µm peak-to-peak) vibration through a piezo-
electric converter, as schematically shown in Fig. 1.5, and is amplified and transferred to
the work pieces to be welded through the booster and the sonotrode. Artificial surface
asperities, namely energy directors, or susceptors, are normally sandwiched between the
adherends to be welded to concentrate heating at the interface. They are usually made
of the same material as the composite matrix and can be either placed at the welding in-
terface or moulded onto the adherends in different geometries, typically with configura-
tions shown in Fig. 1.5. Once the vibration is initiated, energy directors will be deformed
and preferentially heated owing to their lower compressive stiffness as compared to that
of the composite adherends [26]. When the temperature exceeds their melting tempera-
ture, energy directors will melt, flow and transfer heat into the first layer of the laminates.
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As a consequence, resin on the surfaces of adherends is also melted and results in diffu-
sion and entanglement of polymer chains at the interface [21]. Subsequently, vibration
is stopped and welded parts are kept under pressure to complete consolidation and form
a welded joint. Unlike induction and resistance welding [27, 28], ultrasonic welding has
not been industrially applied for joining TPCs, even though it is widely used in the plas-
tics industry [29].

Figure 1.5: Schematic of ultrasonic welding setup [30] and energy director. The magnified part shows different
energy director configurations: (a). flat, (b). triangular, (c). semicircular.

One obstacle for industrialization of ultrasonic welding for joining TPCs is that, ow-
ing to the fast welding process and small welded area, some fundamental knowledge, like
the heating and melting process, of this technique is sill less known and is also hardly ob-
served using existing techniques [25]. Therefore, extensive efforts have been devoted by
researchers to gain insight on the process and some inspiring progress has been achieved
in recent decades. Both analytical [21, 31, 32] and numerical [22, 23, 33, 34] models
were developed to understand the heating mechanisms and the melting of energy direc-
tors during the ultrasonic welding process. Apart from that, experimental investigations
were also carried out to analyse and optimize the process through in-situ monitoring
[19, 20, 35] and evaluate the quality of welded joints [17, 26, 36–39, 41]. Since ultrasonic
welding is well-suited for small areas, the quality of welded joints is mostly assessed by
single lap-shear tests [17, 19, 20, 26, 30, 35]. Some other tests, but very limited, have been
also performed, e.g. double-lap shear tests [39], double cantilever beam tests [36, 37] and
end-notched flexural tests [36].

1.4. RESEARCH MOTIVATION

C URRENT research on ultrasonic welding of TPCs mainly focuses on the joint config-
uration with fully welded overlap, which is created within a single-step. This is how-

ever not a feasible way to scale it up for joining large size structures, e.g. the fuselage of
aircraft, since substantial power input and pressure will be required for producing a con-
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tinuous welding seam like what induction or resistance welding does. It is encouraging
that a continuous ultrasonic welding technique for TPCs has been developed by Ville-
gas and her group [42], which provides possibilities for creating continuous weldlines.
A continuous welded seam is enabled by a sonotrode with a combination of vibration
in the vertical direction and movement in the horizontal direction. Although this tech-
nique is currently still in the primary stage, it contributes a significant step for the up-
scaling of ultrasonic welding in TPCs. Apart from this novel approach, as it is known that
ultrasonic welding is a typical spot welding technique for polymer composites, the most
straightforward way, for its upscaling is sequential welding of consecutive spots result-
ing in a multi-spot welded (MSW) joint. Although the concept of sequential ultrasonic
welding was already proposed by Lu and Benatar [39], no details in the process were
provided in their study. More recently, some investigations were performed by Balle et
al. [40] regarding ultrasonic spot welding for joining metal and TPCs. Besides that, little
to no research was reported with respect to ultrasonic spot welding in TPCs, in particular
for the sequential welding. In contrast to the limited research in TPCs, ultrasonic spot
welding is however more mature in joining metals and their alloys. Extensive studies,
including both experimental [43–48] and numerical [49–53] work, have been carried out
on the process optimization and mechanical characterization. A variety of mechanical
testing methods are adopted, including both static [43–45, 53] and fatigue tests [54–56],
to evaluate the quality of the welded joints. Although ultrasonic spot welding in metals
is fundamentally different from that of TPCs, these studies can provide references for the
current work.

As indicated in the previous section, TPCs are predominantly used in the secondary
loading parts, e.g. clips and brackets, on existing aircraft. Consecutive multi-spot welded
joints enabled by sequential ultrasonic welding are expected to be a fast and cost-effective
solution for the assembly of these parts on composites or even metallic aircraft fuselage
[57]. More importantly, it can be regarded as a composite-friendly alternative to me-
chanical fastening, which is still applied as the major joining technique on composite
parts. On the other hand, similar to mechanically fastened joints, spot welded joints are
also susceptible to stress concentration due to their discrete configuration. This however
grants them the potential of crack arrest and crack retardation as opposed to adhesive
bonded and continuous welded joints.

1.5. OBJECTIVE FOR THIS RESEARCH

T HE objective of this work is to gain deeper knowledge on ultrasonic sequential multi-
spot welding of thermoplastic composites and hence to facilitate its application, in

particular as an alternative to conventional mechanical fastening, in composite struc-
tures. This objective is expected to be met by achieving the following sub-objectives:

• Define a procedure for manufacturing of (multi-)spot welded joints with consis-
tent quality.

• Gain insight into the mechanical behaviour and failure mechanisms of (multi-
)spot welded joints in different loading conditions as compared to that of mechan-
ically fastened joints.
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As indicated in the previous section, ultrasonic welded joints in TPCs are mostly pro-
duced with a fully welded overlap in the literature [19, 20, 30, 35, 39]. In contrast to that,
an ultrasonic spot welded joint is defined as a welded area smaller than its respective
overlap. The spot welding process is significantly different from full-overlap weld. For
instance, the flow fronts of the molten energy director will be squeezed in between the
surfaces of the adherends in ultrasonic spot welding rather than squeezed out of the
overlap edge. This potentially has an influence on the strategies to control the weld-
ing process. Therefore, a welding procedure might need to be defined for ultrasonic
spot welding to produce welded spots with consistent quality and high weld strength.
As the boundary conditions of the sequential welding process are likely to change with
each new spot, the applicability of this procedure on sequential multi-spot welding is
assessed. Accordingly, an optimum welding procedure for sequential welding, which is
insensitive to change in boundary conditions, should be defined.

Regarding the mechanical evaluation, single-lap shear test is the most commonly
used testing method for characterizing the mechanical behaviour of welded joints. How-
ever, it is known that secondary bending will occur in this type of joints once they are
subjected to a tensile load [58], which results in a mix-mode (peel and shear) load con-
dition. Therefore, it is necessary to first understand the mechanical behaviour of ultra-
sonic spot welded joints in both (i.e. pure shear and pure peel) loading conditions. On
this basis, to improve the mechanical performance of the (multi-)spot welded joints in
single-lap configuration, the effects of some geometric parameters, e.g. the distance be-
tween welded spots and the number of welded spots, on the joint strength is assessed.
Therefore, in order to achieve the above-mentioned objectives step-by-step, a series of
scientific questions should be answered to fill in the current knowledge gaps:

1 How to define a procedure which is well-suited to produce a single spot?

2 What is the in-plane (shear) and out-of-plane (peel) mechanical behaviour and
failure modes of the created single-spot welded joints?

3 How are the above-mentioned mechanical behaviour and failure modes of spot
welded joints compared to those of mechanically fastened joints with a single fas-
tener?

4 What is the optimum welding procedure to obtain multi-spot welded joints with
consistent quality taking into account the change in boundary conditions intro-
duced by every new spot in the sequential welding process?

5 In multi-spot welded single-lap joints, what are the effects of different distance be-
tween spots and numbers of welded spots in a fixed overlap on the joint strength?

6 How is the mechanical performance of multi-spot welded joints compared to me-
chanically fastened joints with multiple fasteners in a single-lap configuration?

1.6. THESIS OUTLINE

C ONSIDERING the objectives of this work, this thesis is divided into 6 chapters. Each
chapter will address one issue mentioned in the scientific questions. A comprehen-

sive study on ultrasonic spot welding in thermoplastic composites will be systematically
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provided, as shown in Fig. 1.6. Research starts from single-spot welded joints (Chapter 2
and 3) to double-spot welded (Chapter 4) and finally to multi-spot welded joints (Chap-
ter 5). Chapters 2 and 5 mainly focus on the mechanical characterization of spot welded
joints and a comparative study between spot welded joints vs. mechanically fastened
joints will be performed. Chapters 3 and 4 will provide a two-step study on the develop-
ment of high-quality multi-spot welded joints with sequential ultrasonic welding. Final
conclusions and recommendations for future work are given in Chapter 6.

Figure 1.6: Schematic of the structure of this thesis.

• Chapter 2 - Manufacturing and mechanical behaviour of spot welded joints. The
first three scientific questions will be addressed in this chapter: (a) a procedure will
be defined to weld single-spot welded joints within a (bigger) overlap as compared
to that of the traditional full-overlap welded joints, (b) the strength and failure
modes of single-spot welded joints will be assessed under pure shear and pure peel
loading, and (c) the strength and failure modes of the single-spot welded joints will
be compared to mechanically fastened joints with a single fastener.

• Chapter 3 - Effect of boundary condition on welding process. The fourth scien-
tific question will be discussed in this chapter in two sub-steps: (a) the effect of
different boundary conditions on the spot welding procedure defined in Chapter
2 will be assessed, and (b) based on the results, an alternative welding procedure
which is insensitive to the change in boundary conditions will be proposed.

• Chapter 4 - Double-spot welding. The results obtained in Chapter 3 will be as-
sessed for the production of double-spot welded joints. This chapter will provide
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a further investigation on the effects of the change in boundary conditions intro-
duced by the first welded spot on the welding process of the second spot.

• Chapter 5 - Mechanical behaviour of multi-spot welded joints. In this chapter,
the last two questions will be addressed: (a) the effects of different geometric pa-
rameters, i.e. the distance between welded spots (for double-spot welded joints)
and the number of welded spots (for multi-spot welded joints), on the mechanical
behaviour of multi-spot welded single-lap joints will be assessed, and (b) a com-
parative study will be carried out on the load-carrying capability between multi-
spot welded joints and mechanically fastened joints assembled by multi-fastener.

• Chapter 6 - Conclusions and recommendations. Each scientific question men-
tioned in Section 1.5 will be addressed in this chapter. Recommendations will then
be given for future work.
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2
A PRELIMINARY COMPARISON OF

MECHANICAL BEHAVIOUR OF SPOT

WELDED AND MECHANICALLY

FASTENED JOINTS

The in-plane and out-of-plane mechanical behaviour of both ultrasonically spot welded
and mechanically fastened joints was investigated by double-lap shear and pull-through
tests, respectively. Spot welded specimens showed comparable onset failure load and sig-
nificantly higher joint stiffness compared to mechanical fasteners when carrying shear
load. The failure modes and the damage within specimens were analysed after mechan-
ical tests. Intralaminar failure and very limited damage on the out-most ply were found
for welded specimens, whereas catastrophic through-the-thickness failure was observed
for mechanically fastened joints. Based on the experimental outcomes, the mechanical
performance and failure mechanisms of spot welded joints were critically assessed in com-
parison to the mechanical fasteners.

This chapter has been published in Composites Part B: Engineering 112, 224-234 (2017). [1]
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2.1. INTRODUCTION

I N the latest decades, thermoplastic composites (TPCs) have become increasingly in-
teresting for their use on aircraft structures owing to the superior strength- and stiffness-

to-weight ratios in comparison to metals and cost-effective manufacturing process in
comparison to thermoset composites (TSCs) [2–4]. Apart from these benefits, TPCs can
be welded. This is due to the intrinsic property of thermoplastic resins that they can
be melted when being heated and retain their original mechanical properties after cool-
ing down [4–6]. On one hand, welding techniques can be classified based on the heating
mechanisms [4], namely friction welding, thermal welding and electromagnetic welding.
On the other hand, based on the welded area, welding techniques can be generally di-
vided into two groups, i.e. continuous welding and spot welding. The well-known induc-
tion and resistance welding are typically continuous welding techniques. They are cur-
rently applied in the aerospace industry for the joining of thermoplastic composite parts
[7, 8] as a composite-friendly alternative to mechanically fastened joints [4–6, 9]. Simi-
larly to adhesively bonded joints, continuously welded seams in thermoplastic compos-
ite structures do not require drilling of holes in the adherends and avoid stress concen-
trations resulting from point load introduction. Contrarily to adhesive bonding, welding
relies on polymer autohesion at the welding interface and hence it does not depend on
adhesion mechanisms of difficult inspectability. Ultrasonic welding is also known as a
very interesting technique for joining thermoplastic composites with a number of ad-
vantages over resistance and induction welding, such as very short welding times, very
low energy consumption, highly concentrated heat generation and potential for in-situ
process monitoring [7, 10, 11].One of its main limitations is that it is traditionally a spot
welding technique and, hence, as opposed to continuous welding techniques it does not
avoid point load introduction in the welded joint. On the positive side, spot welding
could be expected to decrease assembly times as well as to provide joints with a crack
arresting nature.

Spot welded joints are current practice in metallic constructions/structures such as
automotive industries. The main metal spot welding techniques are resistance spot
welding (RSW), friction stir spot welding (FSSW) and ultrasonic spot welding (USW).
Both RSW and FSSW have been extensively used and studied by many researchers for
decades [12, 13]. RSW was attractive because of its ease of operation and low costs
and was regarded as the predominant process for joining conventional pressed steel
[12, 14, 15]. FSSW was developed in 1991 and was first used for the joining of aluminium
and its alloys. It is energy efficient and is capable of joining components of any shapes
and dissimilar materials [13, 14]. Compared to FSSW and RSW, USW was shown to have
even shorter welding cycles (typically < 0.4 s), less energy consumption and higher effi-
ciency. Therefore, USW has been of increased interest for many researchers and numer-
ous research has been carried out on its application on the assembly of steels and alloys
[14–18]. Apart from that, a couple of investigations were carried out on applying spot
welding on joining metal and thermoplastic composites. An experimental research was
performed by P. Mistschang [19] on metal (Steel DC01 and Aluminium Al/Mg3) and car-
bon fibre reinforced polymer composites (CFRPC). Induction spot welding was used to
bond the metal/CFRPC and the mechanical performance of welded joints was character-
ized by single-lap tests. The experimental outcomes showed that the lap-shear strength
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(LSS) of welded joints created by induction spot welding reached around 85 % of the ad-
hesive bonded joints in the same condition and highlighted the short welding process
(< 2 min). However, the results also indicated that the weld strength of induction spot
welding was greatly influenced by the pre-treatments on the metal substrates. Besides,
the welding time of ultrasonic welding, normally less than 10 s, is significantly shorter
than induction welding. More recently, F. Balle [20] investigated the lap-shear mechani-
cal properties and failure modes of hybrid joints consisting of different aluminium alloy
(AA1050, AA5754 and AA2024) and thermoplastic composites (CF/PA66 and CF/PEEK)
created by ultrasonic spot welding. The test results showed high quality welded joints
between metal and CFRPC. There is however very little knowledge on spot welding of
thermoplastic composite structures, both in terms of manufacturing process and me-
chanical performance. This knowledge gap needs to be overcome to facilitate the future
industrial application of TPC spot welding.

As the basis for further research and development on the topic, this chapter focuses
on the static in-plane and out-of-plane behaviour of single-spot welded joints as com-
pared to joints with a single mechanical fastener. Following usual procedures in com-
posite mechanically fastened joints [21–24], the in-plane behaviour is characterized via
double lap shear tests and the out-of-plane behaviour via pull-through tests. The dam-
age affected zones (DAZ) are assessed using cross-section microscopy [23] and ultra-
sonic inspection [24]. Cross-section microscopy and fractography are used to analyse
the failure mechanisms.

2.2. EXPERIMENTAL

2.2.1. MECHANICAL TESTING AND EVALUATION

D OUBLE-LAP shear (DLS) tests were performed to evaluate the in-plane failure and
mechanical performance of both spot welded and mechanically fastened joints as

the effect of out-of-plane bending can be effectively diminished in this configuration
[21, 22]. Specimens were comprised of four composite plates (114.4 × 25.4 mm2) with
a square overlap area of 25.4 × 25.4 mm2, as shown in Fig. 2.1. Therefore, both a spot
welded and a mechanically fastened joint could be created in the central point of the
overlap. The tests were carried out on a Zwick/Roell 250 kN universal testing machine.
Specimens were clamped with hydraulic grips and loaded until failure with a crosshead
speed of 1.3 mm/min in accordance with ASTM D3528-96 [25]. To guarantee a safe fail-
ure mode and avoid an over distortion of the specimens, tests were stopped when a 30 %
load drop from the maximum attained value was found [26]. Five specimens were tested
for both types of joints.

The out-of-plane performance of both welded and mechanically fastened joints was
evaluated with pull-through (PT) tests following ASTMD7332-09 [27]. Specimens con-
sisting of two square composite plates assembled with either a spot weld or a mechan-
ical fastener were placed in between a pair of loading fixtures (see Fig. 2.2). The size of
the composite plates is shown in Fig. 2.2. To accommodate the test fixture, four holes
were drilled on each plate prior to the assembly and the top plate was joined at a 45◦ an-
gle with respect to the bottom one. A compressive load was applied on the fixture with
a Zwick/Roell 250 kN universal testing machine, which resulted in a tensile force on the
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Figure 2.1: Loading fixture and specimen configurations for DLS tests: (a) spot welded specimen; (b) mechan-
ically fastened specimen.

joints. Specimens were loaded with a crosshead displacement rate of 0.5 mm/min and
the tests were stopped following the 30 % load drop principle as well. Five specimens
were tested for both types of joints.

Figure 2.2: Loading fixture and specimen configurations for PT tests: (a) spot welded specimen; (b) mechani-
cally fastened specimen.

Load-displacement (L-D) curves recorded during the tests were utilized to character-
ize the mechanical behaviour of both types of joints. As illustrated in Refs. [21, 24, 28],
the loading process of the mechanically fastened specimens normally shows two failure
points, namely onset failure and ultimate failure. In this study, both of the load values
on these two points were noted, hereafter mentioned as onset failure load (OFL) and ul-
timate failure load (UFL), to evaluate the load-carrying capability of the joints. The OFL
was calculated by the bilinear approximation method, which is commonly used in nu-
merical modelling to characterize the structural failure and proved to provide good fits
to the experimental L-D curves [29, 30]. An example is shown on representative DLS (a)
and PT (b) L-D curves for mechanically fastened joints in Fig. 2.3. Linear fitting was per-
formed on the stages before and after the stiffness reduction and the OFL was located at
the intersection of two fitting lines. According to the statement in ASTM D7332 [27], OFL
of specimens in PT tests is regarded as the first peak load during the loading process in
correspondence with a significant load drop (more than 10 %). However, the first obvi-
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Figure 2.3: Bilnear approximation (dashed lines) for the OFL of mechanically fastened joints in DLS (a) and PT
(b) tests. OFL is indicated by the circles on the intersection of two fitting lines.

ous load drop for all mechanically fastened specimens was found to be lower than 10 %,
which will be mentioned in Section 2.3.2. Therefore, to keep consistent with the results
in DLS tests, the OFL of the mechanically fastened joint is also calculated by using the
bilinear approximation method. The UFL is recorded by the maximum load point on the
L-D curves. Additionally, the linear fitting of the initially elastic stage of L-D curves cor-
responds to the joint stiffness (JS), which is another interesting mechanical property for
the comparison between the welded and the mechanically fastened joints in this study.

Fracture surfaces were inspected using a Zeiss Stereo Microscope. Further fracture
analysis was carried out on welded specimens with a JSM-7500F Scanning Electron Mi-
croscope (SEM). Finally, the Damage Affected Zone (DAZ) as well as the through-the-
thickness failure within specimens were evaluated via a C-scan and also cross-sectional
optical microscopy.

2.2.2. LAMINATES

The material used in this study was 5 harness satin fabric CF/PEEK (carbon fibre rein-
forced poly-ether-ether ketone), which was supplied by TenCate Advanced Composites,
The Netherlands, owing to its excellent weld strength [31]. Six-ply laminates with dimen-
sions of 580 mm × 580 mm and with a [0/90]3s stacking sequence, were consolidated in a
hot-platen press. The preimpregnated stacks were sandwiched between two aluminium
plates and were compression moulded at 385 ◦C and 1 MPa for 20 min. The final thick-
ness of the laminates was approximately 1.90 mm, which is the typical thickness used
for the TPC laminates in aerospace applications. Afterwards, specimens were cut into
the required dimensions according to the test procedures, i.e. DLS and PT tests, with a
water cooled diamond saw.

2.2.3. ASSEMBLY TECHNIQUES
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Figure 2.4: Ultrasonic welder and welding jigs used in this study.1: circular sonotrode with a diameter of 10
mm, 2: welding jig for DLS specimens, 3: welding jig for PT specimens.

Figure 2.5: Ultrasonic spot welded joints created by the 10 mm-diameter sonotrode (left) and by the 40 mm-
diameter sonotrode (right) at 600 J energy, 1500 N welding force and 60.8 µm (left) and 51.8 µm (right) peak-
to-peak amplitude. The dotted lines indicate the overlap-area of the corresponding sonotrodes. Secondary
welding is found at the overlap edge of the joints created by the latter sonotrode.

ULTRASONIC SPOT WELDING

A 20 kHz Rinco Dynamic micro-processor controlled ultrasonic welder was employed
in this study to weld individual specimens. Fig. 2.4 shows the welding set-up equipped
with a 10 mm-diameter cylindrical sonotrode. The 40 mm-diameter sonotrode which
was commonly used for producing welded joints with fully-welded overlap [7, 10, 11],
was proven to be not well-suited for spot welding in this study. This was attributed to its
big cross-section, which covered the entire overlap of the welded samples and resulted
in secondary welding at the overlap edges, as shown in Fig. 2.5. In contrast, the 10 mm-
diameter sonotrode was shown to effectively prevent secondary welding since the cir-
cumference of its cross-section was away from the overlap edge of the welded samples.
Two different custom-made welding jigs were utilized to accommodate the specimen
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configurations for either the DLS or the PT tests, as shown in Fig. 2.4(a) and (b), respec-
tively. Specifically in this study, adherends were first single-lap welded on the welding jig
in Fig. 2.4(a). Then, the DLS specimens were created with a pair of single-lap specimens
by using double-sided tape, as shown in Fig. 2.1(a).

An energy-controlled welding mode was adopted in this research for the spot welding
process. This welding control strategy is however not supposed to be a robust technique
for producing welds with consistent quality since during the welding process, energy
is not only used to create welds but it is also dissipated into the surroundings, such as
adherends and fixtures [32]. Villegas [11] proposed another welding control strategy,
namely displacement-controlled welding, in her research on ultrasonic welding of full
overlaps. The duration of the vibration phase of this welding procedure is controlled
by a pre-defined displacement of the sonotrode. She also provided evidence which in-
dicated that this procedure was more suitable to produce welds with consistent weld
strength than energy-controlled welding. However, as depicted in Fig. 2.6, in ultrasonic
spot welding, the sonotrode displacement (indicated by the grey line) was found to reach
a plateau before the optimum stage of the welding process, which is represented by
the second plateau of the power curve [11]. Therefore, displacement-controlled weld-
ing could not be adopted in this study and energy-controlled welding was used instead.
Based on knowledge gathered from preliminary experimental results, 600J input energy
with 1500 N welding force and 60.8µm peak-to-peak amplitude were used as the welding
parameters to define the vibration phase during the welding process in this study. Ac-
cording to observations during the experiments, the combination of the selected weld-
ing force (1500 N) and the amplitude (60.8 µm peak-to-peak) led to a stable welding
process. Therefore, this parameter combination will be also used in the experiment se-
ries in the following chapters. Afterwards the vibration phase, the joints were allowed to
consolidate at 1500 N for 4.0 s.

Figure 2.6: Displacement plateau in the ultrasonic spot welding process, occurring before the optimum weld-
ing stage.

Spot flat energy directors, made of a neat resin film, were used to create the spot
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welded joints in this study, as shown in Fig. 2.7. To keep consistent with the pin diameter
of the mechanical fasteners, 4 mm-diameter-circular energy directors (EDs) were used,
as cut from the PEEK film with a nominal thickness of 0.25 mm. Prior to the welding
process, the spot EDs were manually fixed on the bottom adherend with a Rinco hand-
held ultrasonic welder. The ED melted, flowed and created a bigger spot welded joint
(approximately 10 mm in diameter) during the welding process, which will be illustrated
in detail in Section 2.3.1.

Figure 2.7: Spot energy director fixed on composite adherend prior to welding process.

MECHANICAL FASTENING

Titanium Hi-Lokr fasteners HL10V6 and HL12V6 (protruding head for both) were used
to join the composite adherends for the DLS and PT tests, respectively. As indicated
in Fig. 2.8, both of these two models of fasteners have a 4.8 mm-diameter-pin, which is
close to the diameter of the spot energy director (4 mm). In addition, the 7 mm length pin
of the HL10V6 fastener is well-suited for the installation of four composite adherends,
which has an overall thickness of around 7.6 mm. The HL12V6 fastener has a 9.3 mm-
diameter-head, which is designed for carrying peel load and approximately equal to the
diameter of the spot welds (approximately 10 mm). Hi-Lokr fasteners were manually
installed with a ratchet wrench, following [33]. The installation of Hi-Lokr fasteners
was completed by the failure of the collar’s wrenching device [33], providing a consistent
clamping force for all of the mechanically fastened joints.

Figure 2.8: Schematic of the Hi-Lok® fasteners utilized in the mechanical tests: (a) HL10V6; (b) HL12V6.
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2.3. RESULTS AND DISCUSSION

2.3.1. MECHANICAL BEHAVIOUR OF BOTH TYPES OF JOINTS IN DLS TESTS

A Comparison of representative DLS L-D curves between the spot welded and me-
chanically fastened joints is summarized in Fig. 2.9. The black solid line correspond-

ing to the spot welded specimen exhibits a linear behaviour with a continuous load in-
crease and no obvious reduction of the joint stiffness observed until ultimate failure. On
the contrary, the loading history of mechanically fastened specimen with a HL10V6 fas-
tener (the grey dashed line) shows different stages, which is in good agreement with the
study in Ref. [21]. Basically, four different stages can be observed from the L-D curve:
(1) the load linearly increases in the initial period until the obvious slope/stiffness al-
ternation. Although the load transfer mechanisms are different in this stage, due to the
very small change of the stiffness, the first two stages illustrated in Ref. [21] are regarded
as one stage; (2) the joint stiffness keeps on decreasing while the load continues to in-
crease due to the presence of bearing damage; (3) the load almost keeps constant until
the maximum point (UFL), illustrating the joint slowly losing load-carrying capability
with the evolution of bearing damage; (4) the load has a continuous drop which indi-
cates the ultimate failure of the joint.

Figure 2.9: Comparison of representative Load-displacement curves between spot welded (solid line) and me-
chanically fastened (dashed line) joints in DLS tests. The left and right circles indicate the onset and ultimate
failure, respectively. The data are adopted from Ref. [34].

Table 2.1 lists the average OFL, UFL and JS of both types of joints, accompanied by
the corresponding coefficient of variation (COV) in the parentheses. Since the welded
specimens failed immediately after the maximum load was reached, only UFL was rep-
resented. As mentioned in Section 2.2.1, the OFL of mechanically fastened joints, which
is more important in the structural design rather than the UFL [24], was calculated by
using bilinear approximation. It is notable that the OFL of both types of joints in DLS
tests are within the same range, which is also indicated by the bar graph in Fig. 2.10.
The variation of the load-carrying capability of both types of joints are within standard
deviation, which is displayed by the error bars. In contrast, the averaged stiffness of spot
welded joints is reported to be substantially higher, by 88 %, than the mechanically fas-
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Table 2.1: Experimental results on both types of joints for DLS tests.

Joint type
Average OFL (N)

(COV %)
Average UFL (N)

(COV %)
Avrage JS (N/mm)

(COV %)

Spot welded joints -
9645.9
(10.6)

17954.4
(3.0)

Mechanically fastened joints
(HL10V6)

9190.7
(9.2)

10403.6
(7.5)

9542.5
(7.3)

(OFL: onset failure load, UFL: ultimate failure load, JS: joint stiffness, COV: coefficient of variation).

Figure 2.10: Comparison of in-plane mechanical (shear) performance for both types of joints in DLS tests. (OF:
onset failure, UF: ultimate failure) The error bars indicate the standard deviation.

tened specimens. In addition, the COV is lower for the spot welded joints.
To figure out the main cause for the stiffness reduction in the mechanically fastened

joints, tensile tests were carried out on CF/PEEK composites coupons with and without
the central hole. Fig. 2.11 shows the experimental results. It can be noted that, com-
pared to intact composite coupons, the stiffness reduction of central-cut coupon (ap-
proximately 12 %) is not as significant as the stiffness difference observed in DLS tests.
Therefore, the stiffness degradation observed in the mechanically fastened joints is likely
induced by the concentrated pin-load applied on the interior of the circumference of the
bolted hole during the DLS tests.

Regarding the fracture surfaces, a post-mortem visual inspection of the welded spec-
imens indicated the presence of a circular welded joint on the overlap, as shown in Fig.
2.12a. The diameter of the spot welded joints was found to be approximately 10 mm on
average, which is about 150 % and 108 % in excess of the original ED (4 mm) and the
pin of the Hi-Lokr fastener (4.8 mm), respectively. The rest of the overlap remains in-
tact and no further damage is observed. Intralaminar failure was confirmed by the SEM
analysis, following the high quality of the bond created during the welding process [35].
This failure mode is represented by tearing of fibre bundles of the out-most laminate ply
(Fig. 2.12b) and fibre-matrix debonding (Fig. 2.12c). A further magnification of Fig. 2.12c
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Figure 2.11: Comparison of stiffness between intact and central-cut coupon in tensile test.

Figure 2.12: Fracture surface (a) and SEM detail (b-d) for spot welded joints after DLS tests. The left and right
circles in (a) indicate the approximate locations of (b) and (c), respectively. The circle in (c) indicates the
location for (d). Welding parameters: 600 J energy, 1500 N welding force, 60.8 µm peak-to-peak amplitude.

is shown in Fig. 2.12d, providing a better observation on the separation between fibres
and thermoplastic resin, indicating the fibre-matrix debonding.

Mechanically fastened specimens after DLS tests are illustrated in Fig. 2.13. Due to
the penetration of the fastener during the loading process, a catastrophic bearing failure
is found on the composite adherends. Fig. 2.13a and b show the top and bottom sides
of the mechanically fastened specimen, respectively. Two cracks are observed on the
outer plates, propagating towards the edges of the overlap, indicating that shear-tear out
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Figure 2.13: The top (a) and bottom (b) view of mechanically fastened joints (HL10V6) after DLS tests and
fracture surfaces of outer (c) and inner (d) adherends after removing the fastener.

Figure 2.14: Comparison of representative load-displacement curves between spot-welded (solid line) and
mechanically fastened (dashed line) joints in PT tests. The left and right circles indicate the onset and ultimate
failure, respectively. The data are adopted from Ref. [34].

failure will eventually take place in the composite plates. Fig. 2.13c and d provide a clear
view of bearing failure on the adherends after removing the mechanical fastener, which
is similar to the observation in Ref. [21]. However, both outer and inner plates show
obvious bearing damage together with elongated bolted holes. The possible explanation
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could be that the total thickness of the four composite adherends is slightly larger than
the pin length of the Hi-Lokr fastener. As a consequence, the head and collar of the
fastener marginally penetrated into the outer plates and thus, led to further damage.

2.3.2. MECHANICAL BEHAVIOUR OF BOTH TYPES OF JOINTS IN PT TESTS
Fig. 2.14 shows representative L-D curves for both spot welded and mechanically fas-
tened joints in PT tests. Similar to the DLS tests, spot-welded specimens exhibit a linear
behaviour during the loading process without stiffness reduction. The averaged UFL is
recorded at approximately 600 N, which is listed in Table 2.2, and is found to be much
lower (by 82 %) than the UFL of the specimens joined with HL12V6 fasteners. The OFL
of mechanically fastened specimens are calculated by using the bilinear approximation
method and the average value is shown in Table 2.2 and Fig. 2.15. The lower UFL of
the welded joints is because the mechanically fastened joints relies on the titanium fas-
tener (head) under peel loading, while the resistance to pull-through force of welded
joints comes from the interlaminar strength of the composite adherends. As it is known
that composite laminates have low transverse properties [23, 24], the observation that
load-carrying capability on peel loading of welded specimens is not comparable to the
mechanically fastened counterparts is as expected.

Table 2.2: Experimental results on both types of joints for PT tests.

Joint type
Average OFL (N)

(COV %)
Average UFL (N)

(COV %)
Avrage JS (N/mm)

(COV %)

Spot welded joints -
593.8
(5.1)

1622.8
(4.5)

Mechanically fastened joints
(HL12V6)

2455.5
(2.3)

3190.7
(2.4)

1429.3
(6.1)

(OFL: onset failure load, UFL: ultimate failure load, JS: joint stiffness, COV: coefficient of variation).

Figure 2.15: Comparison of out-of-plane mechanical (peel) performance for both types of joints in PT tests.
(OF: onset failure, UF: ultimate failure) The error bars indicate the standard deviation.
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Interestingly, irrespective of the substantial difference regarding load-carrying capa-
bility, spot welded specimens show a comparable, even slightly better, joint stiffness to
the mechanically fastened specimens. Table 2.2 gives the experimental results of the
JS of welded specimens, which is approximately 13 % in excess of that of HL12V6. It is
believed that welded specimens are continuous within the joints (Fig. 2.16a), which pro-
vide more constraints for the adherend bending with load increase. In contrast, more
flexibility is introduced by the clearance of fastener hole, as shown in Fig. 2.16b and c,
which leads to a higher displacement and thus a lower stiffness.

Figure 2.16: Comparison of out-of-plane mechanical (peel) performance for both types of joints in PT tests.
(OF: onset failure, UF: ultimate failure) The error bars indicate the standard deviation.

Figure 2.17: Fracture surface (a) and SEM detail (bed) for spot-welded joints after the PT test. The right and
left circles in (a) indicate the approximate locations for (b) and (c), respectively. The circle in (c) indicates the
location for (d). The apparent fibre orientation of the substrate is indicated by the vertical arrow in (a). Welding
parameters: 600 J energy, 1500 N welding force, 60.8 µm peak-to-peak amplitude.

Fig. 2.17 illustrates the fracture analysis performed on the bottom adherend of spot
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welded specimens after PT tests. Similar to the observations of the DLS specimens, a
circular welded joint with an approximate diameter of 10 mm was found on the fracture
surface in Fig. 2.17a. Fig. 2.17b gives SEM details for tearing of the out-most laminate ply.
Broken fibres and fibre imprints are observed being distributed with 45◦ on the fracture
surface, indicating they are from the out-most ply of the top adherend. Apart from that,
Fig. 2.17c indicates the fibre-matrix debonding, which is shown as broken fibre bundles
without little attached resin (Fig. 2.17d) resulted from the peel load. The mechanically
fastened specimen in Fig. 2.18a shows the bottom plate is inserted by the Hi-Lokr collar
after PT tests, which generates a local force and eventually leads to a bending failure of
the laminates (Fig. 2.18b). The bending is found in the vicinity of the bolted hole (Fig.
2.18c) whereas cracks are radially growing away from the hole (Fig. 2.18d), indicating the
eventual pull-through laminate failure.

Figure 2.18: The Hi-Lokr collar (HL12V6) after the PT test (a) and the side (b), bottom (c) and top (d) view of
fracture surface of bottom adherend after removing the fastener.

2.3.3. DAMAGE AFFECTED ZONE
A combination of ultrasonic C-scan and cross-sectional microscopy was used to assess
the internal damage in both the welded and the mechanically fastened joints. To char-
acterize the through-the-thickness damage utilizing a microscope, some selected speci-
mens were cross-sectioned through the central line of the overlap, parallel to the appar-
ent fibre orientation, as indicated in Fig. 2.19. Afterwards, the sectioned specimens were
embedded in epoxy and polished. The experimental results are separately shown based
on DLS and PT tests.
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Figure 2.19: Central-cut of both welded (a) and mechanically fastened (b) specimens along the dashed lines
for the cross-sectional microscopy.

Figure 2.20: Comparison of damaged area of spot welded (a) and mechanically fastened (b) joints after DLS
tests. The black dashed lines indicate the welded area (a) and deformed fastener hole (b) after DLS tests,
respectively.

DLS TESTS

The C-scan results for the overlap area of both types of joints (welded vs. mechanically
fastened) after DLS tests are presented in Fig. 2.20. The size of the damage affected zone
(DAZ) in the welded specimen is considerably smaller than the mechanically fastened
counterpart. It should be noted that the damaged area captured by C-scan is restricted
to the welded area (Fig. 2.20a), in correspondence with the fracture surface in Fig. 2.12a.
In contrast, the DAZ in mechanically fastened specimens is not only to be found in the
vicinity of the fastener hole, but covers almost half of the overlap (Fig. 2.20b). The area
in between the two cracks features a large amount of damage (delamination) in the lam-
inates.

The cross-section micrographs of welded and mechanically fastened specimens pro-
vide a better characterization of the through-the-thickness damage, as shown in Fig. 2.21
and Fig. 2.22, respectively. For the welded specimen, naked fibre bundles as well as resin
rich pockets are visible on the upper-most ply of the adherend in accordance with the
fibre-matrix debonding failure described before. However, this intralaminar damage is
exactly limited to the first ply and no damage can be found in the rest of the adherend.
Contrastingly, the laminate structure of the mechanically fastened joint is catastrophi-
cally damaged in the form of delamination and matrix cracking. The penetration of the
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Figure 2.21: Micrographic cross-sections of spot welded joint after DLS tests. The scale bar for 2 mm is shown
in the top figure. The bottom image is the magnification of the parts in the white boxes of the top one.

Figure 2.22: Micrographic cross-sections of mechanically fastened joint (HL10V6) after DLS tests. The scale
bar for 2 mm is shown in the top image. The bottom images are the magnification of the parts in the white
boxes of the top one.

head of the Hi-Lokr fastener results in an obvious deformation on the top. The severe
interior damage of the adherend indicates that a relatively big area of material would
need to be removed in order to repair the mechanically fastened joints after failure.
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Figure 2.23: Comparison of damaged area of spot welded (a) and mechanically fastened (b) joints after PT tests.
The black dashed lines indicate the welded area (a) and bolted hole (b) after PT tests. The four circles at the
corners are the drilled holes for loading cylinders in PT tests.

PT TESTS

The comparative analysis of the C-scan images for the two types of joints after the PT
tests has similar results to those of the DLS specimens. The images in Fig. 2.23 display a
significantly larger DAZ in the mechanically fastened specimen than in the spot welded
counterpart. The DAZ of the latter is invariably limited to the welded region. Never-
theless, the internal damage in the mechanically fastened adherends is not only at the
periphery of the hole but has a perceptible influence on the surrounding area, which
displays a good fits with the result in Ref [24].

Fig. 2.24 shows the cross-section of the welded joint, comprised of a failure taking
place both within the post-welded ED on the surface and within bare fibre bundles in
the out-most ply. Conversely, matrix rupture is found on the top of the adherend of the
mechanically fastened specimen due to the over-bending (Fig. 2.23). Furthermore, as a
consequence of the insertion of the Hi-Lokr collar, the laminates are compressed in the
vicinity of the fastener hole and hence delaminations are generated.

2.4. CONCLUSIONS

I N this chapter, a series of experimental studies, including two different types of me-
chanical tests (DLS and PT tests) and fractograpic analysis, were carried out on carbon

fibre reinforced PEEK composite specimens. The mechanical behaviour, failure modes
and DAZ were characterized and compared between spot welded joints and mechani-
cally fastened joints employing Hi-Lokr fasteners. The spot welds created in both tests
were found to be approximately 10 mm in diameter, which was approximately two times
bigger than the original EDs as well as the employed Hi-Lokr fasteners. Additionally,
based on different tests, the following conclusions can be drawn:
1. DLS tests:

• The spot welded joints achieved a comparable load-carrying capability on shear
load to the mechanically fastened joints, ranging from 94 % to 112 % of the average
OFL of the mechanically fastened counterparts (HL10V6).
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Figure 2.24: Micrographic cross-sections of spot welded joint after PT tests. The scale bar for 2 mm is shown in
the top image. The bottom images are the magnification of the parts in the white boxes of the top one.

Figure 2.25: Micrographic cross-sections of mechanically fastened joint (HL12V6) after PT tests. The scale bar
for 2 mm is shown in the top image. The bottom images are the magnification of the part in the white boxes of
the top one.

• The spot welded joints showed an 88 % higher average stiffness as compared to the
mechanically fastened joints under shear loading. Extra tensile tests indicated that
bearing load applied on the adherend by the fastener pin, rather than the bolted
hole, is the main cause for the stiffness reduction of mechanically fastened speci-
mens.

• Intralaminar failure was found to be the major failure mode for spot welded joints,
consisting of laminate tearing and fibre-matrix debonding. Further visual inspec-
tion by C-scan and optical microscopy indicated that failure in welded specimens
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was exactly restricted in the welded area and the outermost ply of the adherend.
Conversely, through-the-thickness bearing damage, comprising severe delamina-
tion and matrix cracking, was introduced into the composite adherends of me-
chanically fastened specimens. Moreover, the damaged area was reported to be
far beyond the vicinity of the bolted hole.

2. PT tests:

• The load-carrying capability of spot welded joints was found to be inferior to that
of the mechanically fastened joints, ranging from 22 % to 24 % of the average on-
set failure load of HV12V6. This is reasonable since the Hi-Lok® fastener acts as a
through-the-thickness reinforcement and hence the mechanically fastened joints
do not entirely rely on the through-the-thickness strength of the composite lami-
nate to carry the peel load, as opposed to the welded joints.

• The spot welds showed a slightly higher joint stiffness on average under peel load-
ing, approximately 113.5 % comparing to the mechanically fastened counterparts.
A possible explanation is the clearance between the bolted hole and the Hi-Lokr

fastener providing more flexibility for the bending of adherends.

• Intralaminar failure was still the major failure mechanism for spot welded joints in
PT tests and neither further damaged area on surfaces nor through-the-thickness
damage were observed. In contrast, delamination was found inside the adherend
of mechanically fastened specimens. Moreover, in the vicinity of the hole, lami-
nates were severely compressed because of the penetration of the Hi-Lokr head
and collar during the tests.

In general, the limited damaged area and intact adherends after joint failure for spot
weld provide ease of repairing and reusability of welded structural components. In par-
ticular, for structures carrying shear load, the comparable load-carrying capability and
outstanding joint stiffness provide the possibility for spot welded joints to be a substitute
for the conventional mechanical fasteners, although the larger diameter for the welded
spots should be taken into account. However, it should be noted that the geometries
of both the welded spots and the mechanically fasteners are the most representative for
the structural applications. In addition, the load-carrying capability of mechanically fas-
tened joints, in particular under the peel loading, should not be discredited.
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[24] T. Ćwik, L. Iannucci, and M. Effenberger. Pull-through performance of carbon fibre
epoxy composites. Composite Structures, 94(10):3037 – 3042, 2012.

[25] ASTM D3528-96. Standard test method for strength properties of double lap shear
adhesive joints by tension loading, 1996.

[26] ASTM D5961/D5961M-01. Standard test method for bearing response of polymer
matrix composite laminates, 2001.

[27] ASTM D7332/D7332M-09. Standard test method for measuring the fastener pull-
through resistance of a fiber-reinforced polymer matrix composite, 2009.

[28] G. Catalanotti, P.P. Camanho, P. Ghys, and A.T. Marques. Experimental and numer-
ical study of fastener pull-through failure in gfrp laminates. Composite Structures,
94(1):239 – 245, 2011.

[29] A.B. de Morais, A.B. Pereira, M.F.S.F. de Moura, F.G.A. Silva, and N. Dourado. Bilinear
approximations to the mixed-mode i–ii delamination cohesive law using an inverse
method. Composite Structures, 122:361 – 366, 2015.



REFERENCES

2

37

[30] J.P.H. Belnoue, S. Giannis, M. Dawson, and S.R. Hallett. Cohesive/adhesive failure
interaction in ductile adhesive joints part ii: Quasi-static and fatigue analysis of
double lap-joint specimens subjected to through-thickness compressive loading.
International Journal of Adhesion and Adhesives, 68:369 – 378, 2016.

[31] B. Harras, K.C. Cole, and T. Vu-Khanh. Optimization of the ultrasonic welding of
peek-carbon composites. Journal of Reinforced Plastics and Composites, 15(2):174–
182, 1996.

[32] A. Benatar and T.G. Gutowski. Ultrasonic welding of peek graphite apc-2 compos-
ites. Polymer Engineering & Science, 29(23):1705–1721, 1989.

[33] Hi-Shear. Corporation. hi-lokr;/hi-tigue fastening systems installation instruc-
tions. 1991.

[34] T. Zhao, G. Palardy, I. F. Villegas, C. Ran, and R. Benedictus. Comparative analysis
of in-plane and out-of-plane mechanical behaviour of spot-welded and mechani-
cally fastened joints in thermoplastic composites. In Proceedings of 17th European
Conference of Composite Materials, Munich, Germany, June 2016.

[35] I.F. Villegas and H.E.N. Bersee. Ultrasonic welding of advanced thermoplastic com-
posites: An investigation on energy-directing surfaces. Advances in Polymer Tech-
nology, 29(2):112–121, 2010.





3
EFFECT OF BOUNDARY

CONDITIONS ON ULTRASONIC

SPOT WELDING OF

THERMOPLASTIC COMPOSITES

This chapter focused on assessing the effect of boundary conditions, in particular two
different types of clamping jigs, on single-spot ultrasonic welded joints in thermoplastic
composites. The research was motivated by the fact that in sequential ultrasonic welding
of multi-spot welded joints the boundary conditions for each new spot are influenced by
existing spots, which might entail continuous recalculation of welding parameters. The
results showed that the welding energy consumed to obtain maximum strength welds was
significantly affected by the clamping jig. Contrarily, the displacement undergone by the
sonotrode until maximum weld strength was reached was found to be rather insensitive to
the clamping jig. Consequently, displacement-controlled welding was preliminary iden-
tified as the most promising welding control strategy for sequential ultrasonic welding of
thermoplastic composite structures.

Parts of this chapter have been published in Composites Part A: Applied Science and Manufacturing 109, 355-
367 (2018). [1].
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3.1. INTRODUCTION

U LTRASONIC welding is an attractive joining technique for thermoplastic composites
(TPCs), owing to the short welding times, absence of foreign materials at the weld-

line, possibility for in-situ monitoring and ease of automation [2–4]. However, upscaling
of the process technique towards configurations with large overlaps is still a challenge
[5]. Ultrasonic welding in TPCs is by nature a spot welding technique, hence the most
straightforward upscaling route is sequential welding of consecutive spots resulting in
a multi-spot welded (MSW) joint. According to our previous research [6], single-spot
welded (SSW) thermoplastic composite joints yield similar shear strength as joints with
a single mechanical fastener of comparable size. Consequently, sequential multi-spot
welding has the potential to become a composite-friendly and fast-processing alterna-
tive to mechanical fastening in thermoplastic composite structures.

Unlike ultrasonic spot welding of metallic materials [7–10], ultrasonic spot welding
of thermoplastic composites has been barely explored. At the beginning of the 90’s, Lu
and Benatar [11] reported successful results on sequential ultrasonic welding of thermo-
plastic composites although they provided no details on the way the process was carried
out. To the best of the authors’ knowledge, little to no research on the topic has been
reported in the open literature since then. One of the main challenges of the sequential
ultrasonic welding process is the fact that the boundary conditions of the welding pro-
cess are likely to change with each new welded spot. In particular, the number of welded
spots affects the stiffness of the overlap as well as the clamping scenario and hence has
the potential to influence the way in which the ultrasonic vibration is distributed at the
welding interface and in the adherends, as shown in Fig. 3.1. Consequently, obtaining
welded spots of consistent quality in a MSW joint might require that different welding
parameters are used for each spot if the welding process is not adequately controlled.

Figure 3.1: Schematic of the sequential ultrasonic spot welding process. The created welds introduce a step-
like increase in the stiffness of the overlap, which provides a different boundary condition for the new spot.
Dimensions are not to scale.

Microprocessor-controlled ultrasonic welders allow different modes to directly or in-
directly control the duration of the vibration phase in the ultrasonic welding process.
These control modes are typically based on the vibration time, the consumed energy
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or the vertical displacement of the sonotrode. Among these, energy and displacement
(i.e. indirect) control are typically preferred over time (i.e. direct) control. Harras et al.
[12] performed a comparative study between time and energy control modes for the one-
shot ultrasonic welding of Mode I and Mode II fracture toughness carbon fibre reinforced
polyetheretherketone (CF/PEEK) samples. Their results showed that the maximum crit-
ical strain energy release rates (GIC and GIIC) were obtained when a constant welding en-
ergy input was used. However, the optimum welding time (i.e. the welding time resulting
in maximum GIC and GIIC) was found to depend significantly on the sample configura-
tion. Similarly, different research [13] showed a good correlation between weld strength
and input weld energy for samples with different surface roughness. Finally, energy-
controlled ultrasonic welding was successfully used in our previous research [6] to man-
ufacture SSW joints in CF/PEEK adherends with consistent strength, failure modes and
welded surface area.

Despite these successful results for energy-controlled welding, one needs to consider
that the welding energy is not only used to create the weld, but it is also dissipated in the
adherends and the clamping jig [14]. Hence, changes in, for instance, the thickness or
stiffness of the adherends do have a significant impact in the energy required for the
welding process [3]. Consequently, the step-like increase in the stiffness of the overlap
together with changes in the clamping scenario caused by each new welded spot can be
expected to affect the energy required for welding each spot in a sequential manner. Al-
ternatively, displacement-controlled welding could help circumvent this issue since the
vertical displacement of the sonotrode during the welding process is mainly related to
physical changes in the weldline and the uppermost layer of the adherends, and hence
it is fairly independent of the energy dissipated in the surroundings. The results of our
previous research [3] indicated a potential superiority of displacement-controlled with
regards to energy-controlled ultrasonic welding, however, no conclusive comparison be-
tween the two welding modes was carried out there.

The research presented in this chapter is an initial step of a bigger effort on the devel-
opment of high-quality sequential ultrasonic welding for MSW thermoplastic composite
joints. This chapter focuses on assessing the impact that changes in the boundary con-
ditions of the ultrasonic welding process causes on the welding process itself and on its
outcome, i.e. the quality of spot welded joints, for different controlling strategies. Even
though geared towards sequential multi-spot welding, this research was performed on
single-spot welded joints in order to simplify the experiments and analysis of the results.
Two different welding (clamping) jigs were used to introduce different boundary con-
ditions in both displacement-controlled and energy-controlled welding processes. The
welding process was analysed through the feedback data, i.e. power and sonotrode dis-
placement, provided by the ultrasonic welder. The quality of the spot welded joints was
assessed through mechanical testing and fractographic analysis.

3.2. EXPERIMENTAL

3.2.1. MATERIALS

T HE thermoplastic composite material used in this study was 5 harness satin fabric
carbon fibre reinforced polyphenylene suphide (CF/PPS) supplied by Ten Cate Ad-
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vanced Composites, The Netherlands. The reason for using CF/PPS instead of CF/PEEK
composites was, due to the limited power of the ultrasonic welder in this study, the
optimum displacement was unable to be reached when using displacement-controlled
welding for the latter material. Laminates, consisting of six semi-impregnated fabric lay-
ers in a [0/90]3s stacking sequence, were consolidated in a hot platen press at 320 ◦C and
1 MPa for 20 min. Owing to the relatively lower portion of the thermoplastic resin in the
used semi-impregnated pregreg, the resulting laminates had a final nominal thickness
of 1.62 mm (less than 1.9 mm in Chapter 2) and, nominally, 58 % fibre volume frac-
tion. Samples were subsequently cut with a water-cooled diamond saw into 101.6 × 25.4
mm2 dimensions, then spot welded in the centre of a 25.4 × 25.4 mm2 square overlap,
as shown in Fig. 3.2. The main apparent orientation of fibres on the surface of the ad-
herends was parallel to their longitudinal direction.

Figure 3.2: Schematic of the configuration of single-spot welded single-lap joints. The grey dashed ellipse
indicates the location of the spot energy director (PPS, Φ: diameter, T: thickness) and thus the spot weld.
Dimensions are not to scale.

3.2.2. ULTRASONIC WELDING PROCESS
A 20 kHz Rinco Dynamic 3000 microprocessor-controlled ultrasonic welder was used to
weld individual SSW joint. As indicated in [3], this ultrasonic welder allows for a series
of amplitude values for a fixed sonotrode/booster configuration. In this study, a 10 mm-
diameter-circular titanium sonotrode was used for the spot welding process (see Fig. 3.3)
similarly to previous research in [6].

In order to investigate the influence of boundary conditions on the welding process,
two different custom-designed welding jigs, hereafter referred to as Jig 1 (Fig. 3.3a) and
Jig 2(Fig. 3.3b) were used. In Jig 1, two fixed bars were used to clamp the adherends
away from the welding overlap. The top adherend partially rested on the bottom ad-
herend (overlap area) and on a 1.5 mm-thick aluminium supporting plate, as schemati-
cally shown Fig. 3.4a. Accounting for normal thickness variations in the adherends, such
a thin supporting plate was chosen to prevent blocking of the downward movement of
the sonotrode during melting and flowing of the ED in any case. As a consequence, the
initial angle between the two welding surfaces nominally differed from 0 ◦. This ini-
tial lack of parallelism was subsequently corrected once the sonotrode was compressed
against the overlap. However it did cause a non-uniform strain distribution in the ED
which, as discussed in the Results and Discussion section, was believed to impact the
flow of molten ED. In Jig 2, the top adherend was conversely clamped onto a platform
supported by four springs and parallel to the base of the jig (see Fig. 3.4b). As a result
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Figure 3.3: Ultrasonic welder, circular sonotrode and welding jigs used in this study: (a) Jig 1 and (b) Jig 2. 1.
sonotrode, 2: bar clamp in Jig 1, 3: supporting plate, 4: sliding platform in Jig 2, 5: clamp for the top adherend
and 6: clamp for the bottom adherend.

the top and bottom adherends were nominally parallel throughout the welding process.
Apart from the geometrical aspects discussed above, the significant differences in the
way the top adherend was clamped in Jig 1 and Jig 2 was expected to have a significant
influence in the energy dissipated during the welding process.

Figure 3.4: Schematic of the clamping situation in (a) Jig 1 and (b) Jig 2. Dimensions are not to scale.

During the vibration phase of the welding process, a mechanical vibration with 60.8
µm peak-to-peak amplitude was introduced in the welding stack. The welding force
at the onset of the vibration phase was 1500 N and it was linearly increased at a rate
of 1000 N/s throughout the vibration phase. After that, welded joints were consoli-
dated under 1500 N force for 4 s. Either the vertical displacement of the sonotrode or
the welding energy was used to indirectly control the duration of the vibration phase
in displacement-controlled and energy-controlled welding, respectively. That is to say,
the vibration phase was automatically stopped when either the pre-defined sonotrode
displacement or the consumed energy value was reached. Following the procedure ex-
plained in [3], the optimum displacement (displacement-controlled welding process) or
the optimum welding energy (energy-controlled welding process) for Jig 1 and Jig 2 were
determined using the power and displacement curves provided by the ultrasonic welder.
As described in detail in [4], based on power and displacement data the vibration phase
of the welding process can be divided in the five stages depicted in Fig. 3.5. These stages
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are related to the physical changes underwent by the ED and adherends and ultimately
to the weld strength [3]. Therefore, the power and displacement curves can be used to
determine the optimum displacement or the optimum welding energy, i.e. the displace-
ment or energy values that result in maximum weld strength. These have been shown
to lie within stage 4, which coincides with the occurrence of a second, relatively wide,
power peak (see Fig. 3.5) [3, 4].

Figure 3.5: Typical calibration power curve for ultrasonic spot welding process. As stated in [3], the entire weld-
ing process can be divided into 5 stages and the stage 4 is regarded as the optimum stage since the maximum
weld strength was consistently obtained in this stage.

3.2.3. TESTING AND ANALYSIS
The single-lap SSW joints were mechanically tested in a Zwick/Roell 250 kN universal
testing machine following the ASTM D1002 standard [15]. The hydraulic grips of the test-
ing machine were offset to ensure parallelism between the load path and the weldline in
every sample. The distance between grips was 60 mm. Tests were initiated with a pre-
load of approximately 100 N and performed at a crosshead speed of 1.3 mm/min. Five
samples were tested per set of welding conditions. The apparent lap-shear strength (LSS)

Figure 3.6: (a) Representative fracture surface of SSW joint and (b) definition of the corresponding WA (delim-
ited by the dashed line) without taking into account the flow front of the ED.
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was calculated as the maximum load recorded in the tests divided by the welded areas.
In accordance with the results in [6], the load-displacement response of SSW joints ex-
hibited a linear behaviour and hence, the maximum load reached in the lap-shear tests,
referred to as ultimate failure load (UFL), was an indicator for the load-carrying capa-
bility of the spot-welded joints. The final welded areas (WAs) of SSW joints was visually
inspected via a Zeiss stereo-microscope and was measured using ImageJ150 (NIH). Fig.
3.6b illustrates the definition of the WA in the SSW joint shown in Fig. 3.6a. It must be
noted that, as a general rule in this study, the flow front of the ED was not considered
for the measurement of the welded areas, i.e. only the area that showed failure in the
composite was considered as welded area. Owing to the fact that adhesive failure was
observed at the flow front, its contribution to the total weld strength was considered
negligible. The LSS, UFL and WA of the SSW joints were used to gain insight into the
influence of the process control on the variability of weld quality.

Fractography was used to evaluate the failure mechanisms of the welded joints by
using a high-resolution Zeiss stereo-microscope and a JEOL JSM-7500F scanning elec-
tronic microscope (SEM).

3.3. RESULTS AND DISCUSSION

3.3.1. OPTIMUM DISPLACEMENT AND OPTIMUM ENERGY VALUES

T HE curves in Fig. 3.7a and Fig. 3.7b show the evolution of the power and the ver-
tical displacement of the sonotrode as a function of the welding energy during the

calibration welding processes, i.e. processes used to obtain optimum displacement and
energy values, in Jig 1 and Jig 2, respectively. It must be noted that according to the
procedure proposed in [3], these samples were welded using displacement control and
maximum nominal displacement equal to the initial thickness of the ED (i.e. 0.25 mm).
Figs. a and b also show how stage 4 was defined and how the optimum energy and dis-
placement values were taken from around the middle of this stage. This resulted in an
optimum sonotrode displacement of 0.23 mm and optimum welding energy of 420 J for
Jig 1 (Fig. 3.7a), and optimum sonotrode displacement of 0.23 mm and optimum welding
energy of 350 J for Jig 2 (Fig. 3.7b). Table 3.1 summarises the optimum welding param-
eters for each jig. It must be noted that even though the power curves in Figs. 3.7a and
3.7b did not show a very distinct onset or ending of stage 4, the validity of the optimum
values shown in Table 3.1 was further proven by the results shown hereafter.

According to the values in Table 3.1, the optimum displacement seemed to be prac-
tically insensitive to the type of welding jig used whereas the optimum welding energy
seemed to be significantly affected by the welding jig. In fact Jig 1, which imposed the
highest constraints to the movement to the top adherend, was found to require a con-
siderably higher (approximately 20 %) welding energy than Jig 2. Moreover, in the power
curves for the samples welded in displacement-controlled mode and under the opti-
mum sonotrode displacement (0.23 mm), the vibration was found to almost consistently
stop within the optimum stage of the process, i.e. stage 4 (see Fig. 3.8a for J1/Dopt and
Fig. 3.8b for J2/Dopt ). In the case of energy-controlled welding under optimum weld-
ing energy (i.e. 420 J for Jig1 and 350 J for Jig 2), the power curves showed that for most
of the samples the vibration stopped within stage 4 but displayed more variability than
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Figure 3.7: Calibration power and displacement curves for displacement-controlled SSW joints obtained in (a)
Jig 1 and (b) Jig 2 (60.8 µm peak-to-peak amplitude, 1500 N welding force and 1000 N/s force ramp during the
vibration phase, 0.25 mm sonotrode displacement).

Table 3.1: Welding jigs, welding processes and optimum displacement/energy for the SSW joints studied in
this research. Welding amplitude was 60.8 µm (peak-to-peak), initial welding force was 1500 N and welding
force ramp was 1000N/s in all cases.

Weld reference Welding jig Welding porcess
Optimum displacement

(mm)
Optimum energy

(J)

J1/Dopt Jig1
Displacement-

controlled
0.23 -

J1/Eopt Jig1
Energy-

controlled
- 420

J2/Dopt Jig2
Displacement-

controlled
0.23 -

J2/Eopt Jig2
Energy-

controlled
- 350

in displacement-controlled welding (see Fig. 3.9a for J1/Eopt and Fig. 3.9b for J2/Eopt ).
This is in line with our previous observations concerning the effect of sample-to-sample
variability on the optimum welding energy [3]. Despite this variability, using the opti-
mum welding energy in energy-controlled welding still proved to result in a bigger num-
ber of samples in the optimum welding stage than welding in non-optimum conditions.
As shown in Fig. 3.10a, samples welded in Jig 1 with the optimum energy for Jig 2 (i.e.
350 J, hence lower than the optimum energy for Jig 1) did not reach the optimum weld-
ing stage. Likewise, samples welded in Jig 2 with the optimum energy for Jig 1 (i.e. 420
J, hence higher than the optimum energy for Jig 2) went beyond the optimum welding
stage (see Fig. 3.10b).

3.3.2. DISPLACEMENT CEILING
The reader should note that in order to enable displacement-controlled welding of the
SSW joints the welding force needed to be continuously increased during the vibration
phase of the welding process. Using a constant welding force, which is the common pro-
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Figure 3.8: Power curves for the optimum displacement-controlled SSW joints obtained in (a) Jig 1 (J1/Dopt )
and (b) Jig 2 (J2/Dopt ). The power curves are shifted vertically and the displacement curves are not shown
here for clarity. The numbers correspond to the welding stages shown in Fig. 3.5.

Figure 3.9: Power curves for the optimum energy-controlled SSW joints obtained in (a) Jig 1 (J1/Eopt ) and (b)
Jig 2 (J2/Eopt ). The curves are shifted vertically for clarity. The numbers correspond to the welding stages
shown in Fig. 3.5.

cedure used for displacement-controlled welding of full overlaps [3–5, 16], was however
found to result in a displacement plateau as shown in Fig. 3.11a, referred to as “dis-
placement ceiling” hereafter. This displacement ceiling typically occurred before the
optimum stage of the process, i.e. stage 4, was reached (Fig. 3.11a) which invalidated
using displacement control as the welding strategy for the SSW joints.

The displacement ceiling was observed to occur in this study at around 0.10 mm for
a constant welding force of 1500 N. Radial squeeze flow of the molten ED and hence
gradual increase of the welded areas was still observed within the displacement ceiling,
despite the constant sonotrode displacement. The flow front, which can be distinctly
observed on the fracture surfaces in Fig. 3.6, was hence gradually pushed away from
the original ED location and towards the colder adherends, which potentially caused
it to solidify. The solidified flow front together with the gradually decreasing welding
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Figure 3.10: Power curves for energy-controlled SSW joints obtained in: (a) Jig 1 at 350 J (J1/E<opt ), and (b)
Jig 2 at 420 J (J2/E>opt ). The curves are shifted vertically for clarity. The numbers correspond to the welding
stages shown in Fig. 3.5.

Figure 3.11: Representative power curves for SSW joints obtained under (a) 1500 N constant welding force and
(b) increasing welding force (1500 N initial force, 1000 N/s force ramp) (60.8 µm peak-to-peak amplitude).

pressure (owing to constant welding force over gradually increasing welding area) hin-
dered the downward displacement of the sonotrode causing the displacement ceiling.
By constantly increasing the welding force during the vibration phase, the solidified flow
front could be further compressed resulting in a continuous increase of the sonotrode
displacement which eventually enabled displacement-controlled welding of SSW joints
[17] (see Fig. 3.11b).

3.3.3. MECHANICAL PERFORAMANCE OF SSW JOINTS
Table 3.2 and Fig. 3.12 show the lap-shear strength (LSS), the ultimate failure load (UFL)
and the final welded areas (WAs) of the SSW joints obtained under the optimum sets of
conditions in Table 3.1. They also show the LSS, UFL and WA of two non-optimum cases,
namely samples welded in Jig 1 at 350 J, i.e. below the optimum energy (J1/E<opt ), and
samples welded in Jig 2 at 420 J, i.e. above the optimum energy (J2/E>opt ).
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Table 3.2: LSS, UFL and WA values (average ± standard deviation) for the SSW joints studied in this research
(COV stands for coefficient of variation).

Weld reference
(Jig/mode)

Lap-shear strength,
LSS (MPa) (COV, %)

Ultimate failure load,
UFL (N) (COV, %)

Welded area,
WA (mm2) (COV, %)

J1/Dopt 37.5 ± 1.3 (3.3) 3578.7 ± 162.3 (4.5) 95.4 ± 7.3 (7.6)
J1/Eopt 38.3 ± 1.4 (3.8) 3834.1 ± 272.7 (7.1) 100.2 ± 9.1 (9.1)
J2/Dopt 35.8 ± 1.4 (4.0) 3923.4 ± 242.5 (6.1) 109.7 ± 7.9 (7.2)
J2/Eopt 36.9 ± 0.9 (2.4) 4240.8 ± 389.9 (9.2) 115.2 ± 12.0 (10.3)

J1/E<opt 37.6 ± 0.7 (2.0) 3149.8 ± 213.6 (6.8) 83.7 ± 4.2 (5.0)
J2/E>opt 36.0 ± 2.6 (7.2) 4132.8 ± 263.1 (6.4) 115.1 ± 8.6 (7.5)

Figure 3.12: (a) LSS and (b) UFL and WA of SSW joints manufactured with displacement-controlled and energy-
controlled welding in combination with different clamping jigs. Note that the welded areas are represented
relative to the original areas of the spot EDs.

Figure 3.13: Representative fracture surfaces of SSW joints welded in (a) Jig 1 and (b) Jig 2. The arrows indicate
the non-uniform flow of the molten ED in Jig 1 and uniform flow of molten ED in Jig 2.

An interesting observation is that all the different types of samples under study, even
those welded in non-optimum conditions, yielded similar LSS. The average LSS values
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ranged from 35.8 to 38.3 MPa and the scatter was well below 10 %, which are in good
agreement with results obtained for CF/PPS welded joints with fully welded overlaps
[16]. It should be noted that the way in which the welded area was defined, i.e. only tak-
ing into account the area featuring composite failure, also contributed to this result. The
amount of welded areas, and hence the ultimate failure load, showed however more vari-
ability among different types of welded samples. Considering the SSW joints obtained
in the optimum conditions, the WA was slightly smaller in all those welded in Jig 1. As
a consequence of this, the average UFL of samples welded in Jig 2 under optimum con-
ditions (energy or displacement) was around 10 % higher than that of samples welded
in Jig 1 under optimum conditions (energy or displacement). Fig. 3.13 shows a typical
fracture surface of a SSW joint obtained in Jig 1 and one obtained in Jig 2. As seen in this
Figure, welds performed in Jig 2 featured a somewhat radial flow of the ED (Fig. 3.13b),
whereas the ED flow in Jig 1 showed certain directionality (Fig. 3.13a). This is likely a
consequence of the non-uniform initial strain state introduced in the ED by Jig1 owing
to lack of parallelism between welding surfaces. This might as well have an impact on
the extent of WA and hence the UFL.

3.3.4. FRACTURE SURFACE ANALYSIS

A fractographic analysis was carried out on the fracture surfaces of the SSW joints after
mechanical testing. In displacement-controlled welds (optimum displacement), fibre-
matrix debonding was consistently found as the main failure mechanism, which is be-
lieved to indicate high weld quality [18]. As shown in Fig. 3.14a, the main features on
these fracture surfaces were bare fibres, deep fibre imprints on the matrix as well as
torn fibres. In energy-controlled welds (optimum energy), fibre-matrix debonding as
described above was as well the predominant type of failure (Fig. 3.14b). However, some
of the samples showed other secondary types of failure. One of these secondary failure
types was characterized by resin-rich fracture surfaces with partially debonded fibres,
shallow fibre imprints and fractured resin (Fig. 3.15a). The other secondary failure type
showed porosity and significant fibre distortion together with the predominant bare fi-
bres and deep fibre imprints as illustrated in Fig. 3.15b. The resin-rich fracture surfaces
(Fig. 3.15a) are believed to correspond to under-welded samples, i.e. those cases where
the vibration was stopped before the optimum welding stage was reached (namely oc-
casional samples welded in stage 3, see Fig. 3.9a). Whereas the fracture surfaces with
porosity (Fig. 3.15b) are believed to correspond to over-welded samples, i.e those cases
where the vibration was stopped beyond the optimum welding stage (namely occasional
samples welded in stage 5, see Fig. 3.9b). These results indicate that, even when the same
optimum energy is used, the final state or quality of the weld can vary. This relates to the
fact that the welding energy is not only invested in creating the welded joint but is also
dissipated in the adherends, the welding fixture and the base [14]. Hence the exact en-
ergy used to create the weld is unpredictable and scatter in weld quality resulting from
energy-controlled welding is unavoidable. It must be noted, however, that owing to the
relatively wide processing window characteristic of the ultrasonic welding process [3],
the differences in weld quality observed in the fracture surfaces of the energy-controlled
welds did not have a significant impact on their resulting LSS in the present study (Table
3.2 and Fig. 3.12a).
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Figure 3.14: Representative fracture surfaces (left) and SEM detail (right) of SSW joints welded at (a) the opti-
mum displacement (displacement-controlled welding) and (b) the optimum energy (energy-controlled weld-
ing).The scale bars are 5 mm (for stereo-microscopy) and 10 µm (for SEM). Both samples were welded in Jig
2

Regarding the non-optimum welded samples, resin-rich failure, with the same fea-
tures as those shown in Fig. 3.15a, was invariably found for samples welded at 350 J in
Jig 1, i.e. at an energy value below the optimum. This resin-rich failure is consistent with
the smaller welded areas and hence thicker weld lines. In contrast, samples welded at
420 J in Jig 2 mostly showed fracture surfaces with obvious porosity and fibre distortion,
similar that shown in Fig. 3.15b. Although fibre distortion and porosity were not proven
to significantly decrease LSS in both [3] and this research (see Table 3.2), the high scatter
in LSS of these samples could potentially be attributed to these over-heating features.

3.4. CONCLUSIONS

I N this chapter, a series of experimental studies were carried out to evaluate the ef-
fect of boundary conditions, in particular two different types of clamping jigs, on

displacement-controlled and energy-controlled ultrasonic welding of single-spot welded
(SSW) joints. The following main conclusions can be drawn for the results obtained from
this research:
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Figure 3.15: Fracture surfaces (left) and SEM details (right) showing secondary failure types in SSW joints
welded at the optimum energy in (a) Jig 1 and (b) Jig 2. The SEM micrograph in (a) shows significant presence
of resin cusps, indicating shear failure took place in the thermoplastic resin [19]. In contrast, void imprints
combined with deep fibre imprints and fibre distortion are found in the SEM micrograph in (b). The scale bars
are 5 mm (for stereo-microscopy) and 10 µm (for SEM).

• When displacement-controlled welding was used, the optimum sonotrode dis-
placement (resulting in maximum weld strength) was the same for the two dif-
ferent welding jigs considered in this study. On the contrary, in energy-controlled
welding the optimum welding energy was found to be dependent on the welding
jig. In this specific study, there was a 20 % difference in the optimum energy values
for the two different jigs under consideration.

• Both optimum displacement-controlled and optimum energy-controlled welding
processes yielded similar ultimate failure load and similar welded areas. The welded
spots underwent mostly intralaminar failure. The samples welded in energy-control
mode showed however higher variability on their failure features than the samples
welded in displacement-controlled mode.

• Non-optimum energy-controlled welding processes led to either lower ultimate
failure load, in the case of welding energy below the optimum, or porosity in the
welded joints, in the case of welding energy above the optimum.
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• Finally, owing to limitations imposed by the cold adherends to the squeeze-flow of
the molten energy directors, displacement-controlled welding of SSW joints was
found to only be feasible if the welding force was gradually increased during the
vibration phase of the welding process.

Based on these conclusions, welding energy is possibly dissipated into the surround-
ings (e.g. adherends and clamping jigs, etc.) during the welding process and likely to
result in weld with different quality. It might be interesting to observe this point by ther-
mal maeasurement and/or vibration analysis. In addition, the loss of energy is expected
to be reduced by the usage of improved and adapted welding jigs or with damping de-
vices. In contrast, displacement-controlled welding has the potential to enable sequen-
tial ultrasonic welding of multi-spot welded joints with a fixed set of welding parameters,
i.e. avoiding recalculation of the welding parameters for each individual spot. Future
research will focus on assessing the applicability of displacement-controlled ultrasonic
welding to multi-spot welded joints.
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4
APPLICATION OF

DISPLACEMENT-CONTROLLED

WELDING IN DOUBLE-SPOT

WELDING

In the research of this chapter, double-spot welded joints, consisting of two single-spot
welded joints, were formed in thermoplastic composites by using ultrasonic welding. In
the first part, welded joints were sequentially welded via two welding control modes, i.e.
displacement- and energy-controlled welding, and the quality of the created welded joints
were comparatively investigated. After that, the effects of welding sequences on sequential
spot welding were studied. In the last part, the double-spot welded joints were simulta-
neously manufactured within a single-step and a study was carried out on the welding
process and quality of the joints as compared to sequentially welded joints. The exper-
imental results showed that displacement-controlled welding is an appropriate control
mode for sequential double-spot welding, featured by consistently producing high-quality
spot welded joints with the same sonotrode displacement and insensitivity to the welding
sequence. Moreover, sequential welding showed more robustness as compared to simulta-
neous welding in double-spot welding.

Parts of this chapter have been published in Composites Part A: Applied Science and Manufacturing 109, 355-
367 (2018). [1].
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4.1. INTRODUCTION

U LTRASONIC welding is an interesting assembling technique for thermoplastic com-
posites (TPCs), owing to the short welding times, absence of foreign materials at the

weldline, possibility for in-situ monitoring and ease of automation [2–5]. It is well-suited
for welding small area and therefore, it is intrinsically a spot welding technique [3]. Con-
sequently, in order to realize the industrial application of ultrasonic welding in joining
big composite structures, the most straightforward route is sequential welding of con-
secutive spots, thus resulting in a multi-spot welded (MSW) joint. Our previous research
[6] showed that ultrasonically single-spot welded TPC joints yield similar shear strength
as joints with a single mechanical fastener of comparable size, while at the same time
they introduce much less damage into composite laminates. Consequently, multi-spot
ultrasonic welding stands out as a very promising technique and composite-friendly al-
ternative to mechanically fastening for the assembling of mass-produced TPC parts in
composite aircraft (such as clips and brackets) or in automotive structures.

However, this welding technique has been barely investigated so far. Although Lu
and Benatar [7] reported their work on sequential ultrasonic welding of TPCs, no details
on the manufacturing process or on the quality of the resulting welds were provided
in that publication. One obstacle for sequential ultrasonic welding is the fact that the
boundary conditions for each new spot are likely to be changed by the created spots,
as shown in Fig. 4.1. Therefore, the welding parameters are likely to be recalculated
for each spot in order to obtain consistent weld quality in TPCs, contrarily to the cases
in metal spot welding [8, 9]. The research in Chapter 3 has indicated that the changes
in boundary conditions, provided by different clamping jigs, indeed affect the energy
required for obtaining a single-welded spot with high quality. Therefore, the optimum
welding energy (i.e. the energy required to obtain welds with maximum strength) in
manufacturing MSW joints is likely different from spot to spot.

Figure 4.1: Schematic of the sequential ultrasonic spot welding process. The created welds introduce a step-
like increase in the stiffness of the overlap, which provides a different boundary condition for the new spot.
Dimensions are not to scale.

However, changes in the boundary conditions provided by different clamping jigs
are basically different from the scenario in sequential multi-spot welding. For instance,
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according to the study in [10], the welding energy is not only input in the welds but
also dissipated in the surroundings such as adherends and welding fixtures. There-
fore, the longer adherends for multi-spot welding are expected to dissipate more en-
ergy during the vibration phase, thus affecting the energy dissipated during the weld-
ing process. Therefore, the optimum welding energy required for individual spots in
multi-spot welding is expected to differ from that of single-spot welds. As a possible al-
ternative, displacement-controlled welding is controlled by the vertical displacement of
the sonotrode. The process is independent of the energy dissipated in the surround-
ings and provided promising results for single welded spots, as shown in the previous
chapter. Therefore, displacement-controlled welding is expected to be a more adequate
technique for multi-spot welding.

Towards the manufacturing of high-quality multi-spot welded TPC joints, this chap-
ter goes one step further and provides the results obtained in the investigation carried
out on the processing of multi-spot welded joints, specifically double-spot welded joints,
referred to as 2SW joints hereafter. The research work can be divided into three parts.
Firstly, 2SW joints were sequentially manufactured, i.e. single spots were welded one
after the other, using both displacement- and energy-controlled processes. The qual-
ity of thus-manufactured welded joints was evaluated and subsequently the applicabil-
ity of both control strategies was assessed. Secondly, regarding the sequential welding
manner, changes in the welding sequence also likely result in various boundary condi-
tions for each new weld. Hence, the 2SW joints were manufactured following a differ-
ent sequence comparing to that in the previous section. Finally, with the prospect of
rapid-manufacturing, simultaneous welding of two spots was proposed. A comparative
study between both welding strategies (i.e. sequential vs. simultaneous) was performed.
The quality of all the welded joints was assessed through mechanical testing and fracto-
graphic analysis.

4.2. EXPERIMENTAL

4.2.1. MATERIALS

C ARBON fibre reinforced polyphenylene sulphide (CF/PPS) laminates were used as
the adherend material within this study. The laminates were fabricated using semi-

impregnated Cetexr CF/PPS, with a five-harness satin fabric reinforcement, supplied
by Ten Cate Advanced Composites, The Netherlands. Consolidated laminates with di-
mensions 580 mm × 580 mm and [0/90]3s stacking sequence were manufactured using
a Joos LAP 100 hot platen press. Consolidation temperature, pressure, and time of 320
◦C, 1 MPa, and 20 minutes were respectively used. The resulting laminates had a final
thickness of approximately 1.6 mm and nominally 58 % fibre volume fraction. After that,
adherends with the dimensions indicated in Fig. 4.2 were cut from the laminates using
a Proth water-cooled diamond saw. The main apparent fibre orientation on the outer
surfaces of the adherends was parallel to the longer side (i.e. loading-direction) of the
adherends.

In order to facilitate the spot welding process, circular spot energy directors (EDs)
made out of neat resin [6] were manufactured. The EDs were fabricated from three 0.08
mm thick neat Fortronr PPS films, stacked and consolidated in a hot platen press at 260
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Figure 4.2: Schematic of the double-spot welded single-lap shear joint configurations. The grey dashed ellipse
indicates the location of the spot energy director (PPS, Φ: diameter, T: thickness) and thus the spot weld.
Dimensions are not to scale.

◦C and 2 MPa for 10 minutes, resulting in an approximately 0.25 mm thick film. Spot
EDs with a diameter of 4 mm were cut from the resulting consolidated film and secured
to the bottom composite adherends to be joined, at the positions indicated in Fig. 4.2,
using a Rinco handheld ultrasonic welder.

4.2.2. ULTRASONIC WELDING PROCESS

Individual samples were welded using a 20 kHz microprocessor-controlled Rinco Dy-
namic ultrasonic welder with a maximum power output of 3000 W. In this study, the two
different sonotrodes shown in Fig. 4.3 were used. Sonotrode C (circular base, 10 mm
diameter, Fig. 4.3a) was used for single-spot and sequential double-spot welding, while
Sonotrode R (rectangular base, 60 mm × 24 mm, Fig. 4.3b) was used for simultaneous
(single-step) double-spot welding. The clamping system consisted of two aluminium
bars, one on top of each adherend, bolted to a base plate with a torque of 20 Nm, also il-
lustrated in Fig. 4.3. The top adherend partially rested on the bottom adhered (single-lap
overlap area) and on a 1.5 mm-thick aluminium supporting plate.

Figure 4.3: Ultrasonic welder including welding jig and (a) Sonotrode C (for sequential double-spot welding)
and (b) Sonotorode R(for simultaneous double-spot welding).
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The peak-to-peak vibration amplitude used in this study was 60.8 µm and 52.8 µm
for sequential (Sonotrode C) and simultaneous (Sonotrode R) double-spot welding, re-
spectively. This difference in amplitude resulted from the different gain factors for the
corresponding sonotrode geometries. For both processes an initial welding force of 1500
N was used which was linearly increased at a rate of 1000 N/s during the vibration phase,
following the procedure introduced in previous chapter. During cooling down a solidifi-
cation force of 1500 N was applied for 4 s.

Displacement- and energy-controlled welding control strategies were executed dur-
ing sequential double-spot welding. The resulting welded joints were referred to as 2SW-
D and 2SW-E, for displacement-controlled and energy-controlled welding, respectively.
The optimum sonotrode displacement (i.e. 0.23 mm) and the optimum energy (i.e. 420
J) for the single welded spots, which were obtained in Chapter 3, were directly used for
the 2SW-D and the 2SW-E joints, respectively. However, as indicated in Section 4.1, the
optimum energy for each spot in 2SW joints is potentially different from that of single
spots, which will be discussed later on. In the first part of the experiments, both 2SW-D
and 2SW-E joints were sequentially welded following the sequence shown in Fig. 4.4,
hereafter denoted as Sequence I. In the second part, 2SW joints welded following the se-
quence in Fig. 4.5, denoted as Sequence II, were used to investigate the effects of welding
sequence on the quality of welded joints. Finally, two single-spot were simultaneously
welded to create the 2SW joints. All the combinations of different control modes and
welding sequences are summarized in Table 4.1.

Figure 4.4: Schematic of the welding sequence used in the sequential double-spot welding in the first part of
experimental work, denoted as Sequence I. Weld 1 and 2 represent the spot welded in the first and second
place, respectively.

Figure 4.5: Schematic of the welding sequence used in the sequential double-spot welding in the second part
of experimental work, denoted as Sequence II. Weld 1 and 2 represent the spot welded in the first and second
place, respectively.
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Table 4.1: The experimental programme carried out in the research of this chapter

Weld reference (welding strategy) Control mode Welding sequence* Number of samples
2SW-D (sequential) Displacement Sequence I 5
2SW-E (sequential) Energy Sequence I 5
2SW-D (sequential) Displacement Sequence II 5
2SW-D (simultaneous) Displacement - 5

(* The welding sequences were indicated in Fig. 4.4 and Fig. 4.5.)

4.2.3. TESTING PROCEDURE AND POT-TESTING ANALYSIS
Testing of the welded samples was performed in accordance with the procedures for
single-lap shear sample testing in the ASTM D1002 standard [11]. Samples were tested
using a Zwick/Roell 250 kN universal testing machine with a constant crosshead speed
of 1.3 mm/min at an initial load of approximately 100 N. Hydraulic grips were used on
the testing machine. These grips were offset to ensure parallelism between the load path
and the weldline in every sample. The tests were performed at room temperature (20 ±
3 ◦C) with a relative humidity of 50 ± 5 %. Five samples were tested per set of welding
conditions (see Table 4.1). The apparent lap-shear strength (LSS) was calculated as the
ratio of the ultimate failure load (UFL) to the total welded areas (WAs) for the two spots.
The UFL was recorded as the maximum load value during the tests, which is regarded as
an indicator the load-carrying capability of the welded joints.

Post-testing fractographic analysis of all of the tested samples was performed. Firstly,
the measurement of the final welded areas was achieved using ImageJ150 (NIH) on im-
ages captured by a Zeiss stereo-microscope, following the approach used for single-spot
welded joints (previous chapter, as shown in Fig. 3.6). Secondly, different failure modes
and mechanisms of welded joints were identified using a Jeol JSM-7500F scanning elec-
tron microscope (SEM).

4.3. RESULTS

T HIS section presents the major results obtained from the experiments performed.
Firstly, regarding the comparison between the displacement- and energy-controlled

welding in sequential spot welding, fractographic analysis, mechanical behaviour of the
2SW joints, and outputs obtained from the welding processes are reported. Secondly, the
performance of sequential 2SW joints manufactured following two different sequences
is shown. Finally, the comparison between sequential vs. simultaneous double-spot
welding is presented mainly through the analysis of the fracture surfaces. In order to
facilitate a comparative discussion in the next section of this paper, the overall results
will be presented in a concise and unbiased manner in the present section.

4.3.1. SEQUENTIAL DOUBLE-SPOT WELDING WITH DIFFERENT MODES

FRACTOGRAPHIC ANALYSIS OF INDIVIDUAL SPOTS IN THE 2SW JOINTS

Fig. 4.6a illustrates the typical fracture surfaces of the two single spots in 2SW-D joints,
which feature consistent appearance and spot size. SEM analysis (Fig. 4.6b and c) showed
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Figure 4.6: (a) Representative fracture surfaces of the 2SW joints sequentially manufactured with
displacement-controlled welding process at 0.23 mm displacement, 60.8 µm peak-to-peak amplitude, 1500
N welding force and 1000 N/s increasing force during the vibration phase. The numbers indicate the welding
sequence. SEM micrographs (b) and (c) show the details of the areas circled in the fracture surfaces of Weld 1
and Weld 2, respectively. The scale bars are 5 mm (for microscopy) and 10 µm (for SEM).

the occurrence of intralaminar failure in both spots in the form of fibre-matrix debond-
ing (bare fibres and deep fibre imprints on thermoplastic resin) and fibre breakage. On
the contrary, 2SW-E joints featured significantly different fracture surfaces for the two
welded spots, as shown in Fig. 4.7a. The bottom spot, which was welded in the first place,
was apparently bigger than the top one, i.e. the one welded in second place. In addition,
the bottom spot showed typical intralaminar failure (i.e. fibre-matrix debonding and
torn fibres, see Fig. 4.7b). Differently, the top spot mostly featured a resin-rich fracture
features with partially debonded fibres and predominant resin cusps (Fig. 4.7c), related
to shear failure of the thermoplastic resin [12]. Fig. 4.8 summarizes the final welded
areas measured for each spot in both 2SW-D and 2SW-E joints. Both spots yielded sim-
ilar values for WA in 2SW joints, which were also comparable with that of single welded
spots. To make a clear indication for the number of welded spots, single-spot welded
joints are referred to as 1SW joints hereafter. In contrast to that, the spots welded in the
second place in 2SW-E joints were smaller in average, by approximately 20 %, than that
of the spot welded in the first place. Both of them were also smaller than the ones in the
reference 1SW-E joints.

JOINT STRENGTH

Table 4.2 and Fig. 4.9 show the lap-shear strength (LSS), the ultimate failure load (UFL)
and the final welded areas (WAs) of sequential 2SW-D and 2SW-E joints. As a reference,
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Figure 4.7: (a) Representative fracture surfaces of the 2SW joints sequentially manufactured with energy-
controlled welding process at 420 J energy, 60.8 µm peak-to-peak amplitude, 1500 N welding force and 1000
N/s increasing force during the vibration phase. The numbers indicate the welding sequence. SEM micro-
graphs (b) and (c) show the details of the areas circled in the fracture surfaces of Weld 1 and Weld 2, respectively.
The scale bars are 5 mm (for microscopy) and 10 µm (for SEM).

Figure 4.8: Welded areas of individual spots in both 2SW-D and 2SW-E joints. Both types of 2SW joints were
sequentially manufactured following Sequence I (Table 4.1). Welded areas of the 1SW-D and the 1SW-E joints
are also listed as references.

the LSS, UFL and WA values of the 1SW-D and 1SW-E joints in are also included in Table
4.2 and Fig. 4.9. Essentially, the 2SW-D and 2SW-E joints yielded similar LSS values,
which were also comparable to the LSS values yielded by the 1SW-D and the 1SW-E joints
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(see Fig. 4.9a). The average LSS values for all types of joints ranged from 35.8 to 38.3 MPa,
which are in good agreement with results obtained for CF/PPS welded joints with fully
welded overlaps [13]. However, it must be noted that the 2SW-E joints exhibited higher
scatter (approximately 9 %) than the 2SW-D joints (below 5 %) and the 1SW-E and the
1SW-D benchmark (below 4 %).

Table 4.2: LSS, UFL and WA values (average ± standard deviation) for both types of the 2SW joints studied in
this research and their references of the 1SW joints (COV stands for coefficient of variation). Both types of the
2SW joints were manufactured following Sequence I (Table 4.1)

Weld reference
(Type-mode)

Lap-shear strength
(MPa) (COV, %)

Ultimate failure load
(N) (COV, %)

Welded area*
(mm2) (COV, %)

2SW-D 35.8 ± 1.7 (4.7) 7037.5 ± 467.8 (6.6) 196.3 ± 14.3 (7.3)
2SW-E 36.1 ± 3.2 (8.8) 5838.3 ± 780.0 (13.3) 160.2 ± 8.9 (5.5)
1SW-D 37.5 ± 1.3 (3.3) 3578.7 ± 162.3 (4.5) 95.4 ± 7.3 (7.6)
1SW-D 38.3 ± 1.4 (3.8) 3834.1 ± 272.7 (7.1) 100.2 ± 9.1 (9.1)

(*The average welded area of the 2SW joins is the sum of the welded areas of the two individual spots.)

Figure 4.9: (a) LSS and (b) UFL and WA of both types of the 2SW joints manufactured with displacement- and
energy-controlled welding at 0.23 mm displacement/420 J energy, 60.8 µm peak-to-peak amplitude, 1500 N
welding force and 1000 N/s increasing force during the vibration phase. The 1SW joints welded at the same
parameters are also listed as references. Note that the welded areas are represented relative to the original
areas of the single-spot EDs. Both types of the 2SW joints were manufactured following Sequence I (Table 4.1).

Regarding the total WA and the UFL of all types of joints, the 2SW-E joints showed
smaller total welded areas, around 20 % smaller, than that of the 2SW-D joints. As a con-
sequence, the average UFL of the 2SW-E joints was 20 % lower than their 2SW-D coun-
terparts. Meanwhile, the average UFL of the 2SW-E joints showed significantly higher
(around 2 times higher) scatter as compared to that of the 2SW-D joints.
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OUTPUT DATA FROM THE WELDING PROCESS

Fig. 4.10 illustrates the welding energy and sonotrode displacement obtained as outputs
from the ultrasonic welder for the 2SW-D and the 2SW-E joints. The energy and displace-
ment output values corresponding to the single-spot welding process are also shown in
this figure as reference. As depicted in Fig. 4.10a, the average energy value corresponding
to displacement-controlled welding of each one of the spots in the 2SW joints was higher
than the average energy value dissipated in the spot in the displacement-controlled 1SW
joints. Owing to the high dispersion in the results (around 30 % of the corresponding av-
erage values), no significant differences could however be reported between the energy
dissipated in welding of the first and the second spot.

Figure 4.10: (a) Welding energy for each welded spots in the 2SW joints and the 1SW joints produced with
displacement-controlled process at 0.23 mm displacement and (b) sonotrode displacement for each welded
spots in the 2SW joints and the 1SW joints produced with energy-controlled process at 420 J energy. Both types
of the 2SW joints were manufactured following Sequence I (Table 4.1).

Regarding the output data obtained from the energy-controlled welds in the 2SW-E
joints (Fig. 4.10b), the average displacement value for Weld 2 was obviously lower than
that of Weld 1 and both of them were below the value for the 1SW-E joints, which was
approximately equal to the optimum displacement value used for both the 2SW-D and
the 1SW-D welded joints. The dispersion in the displacement values was much smaller
than the dispersion in energy values, always below 10 % of the corresponding average
value.

4.3.2. DIFFERENT WELDING SEQUENCES
The experimental results presented in the previous section were obtained from the se-
quential 2SW joints welded following Sequence I (Fig. 4.4). This section presents results
corresponding to the sequential 2SW joints welded following Sequence II (Fig. 4.5). As
indicated in Table 4.1, only displacement-controlled welding was used for this part of
the research. Table 4.3 and Fig. 4.11 show the LSS, UFL and WA of the 2SW samples
welded following Sequence I and Sequence II. It must be noted that the 2SW-D samples
obtained following both sequences yielded similar LSS and WA, thus similar UFL. The
corresponding scatter values for all these average values were below 10 %. Additionally,
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Fig. 4.12 illustrates the fracture surfaces of joints obtained following Sequence I and Se-
quence II, featuring consistent spot size and failure mode (i.e. intralaminar failure with
fibre-matrix debonding and torn fibres).

Table 4.3: LSS, UFL and WA values (average ± standard deviation) for the 2SW joints manufactured with differ-
ent sequences (COV stands for coefficient of variation).

Weld reference
(Sequence)

Lap-shear strength
(MPa) (COV, %)

Ultimate failure load
(N) (COV, %)

Welded area*
(mm2) (COV, %)

Sequence I 35.8 ± 1.7 (4.7) 7037.5 ± 467.8 (6.6) 196.3 ± 14.3 (7.3)
Sequence II 35.1 ± 1.9 (5.4) 6957.3 ± 366.8 (5.3) 198.0 ± 17.8 (8.9)

(*The average welded area for the 2SW sample is the sum of the welded areas of the two individual spots.)

Figure 4.11: (a) LSS and (b) UFL and WA of welded joints manufactured following two different welding se-
quences at 0.23 mm displacement, 60.8 µm peak-to-peak amplitude, 1500 N welding force and 1000 N/s in-
creasing force during vibration phase. Note that the welded areas are represented relative to the original areas
of the sing-spot EDs.

4.3.3. SIMULTANEOUS DOUBLE-SPOT WELDING
Benefiting from the ability of the sonotrode R to cover the entire overlap, two spots could
be welded within a single-step welding process. In addition , the welding time was found
significantly reduced in comparison to that of sequential welding, as summarized in Ta-
ble 4.4. However, post-testing inspection revealed that neither of these spots was of good
quality. Fig. 4.13a shows considerable different fracture surfaces in a simultaneous 2SW
joint obtained at 0.18 mm displacement. Firstly, spot A had a surface area almost dou-
ble than that of Spot B. Secondly, SEM observations showed that Spot A mainly featured
by debonding between fibres and matrix. On the contrary, Spot B showed a resin-rich
fracture surface. More importantly, both Spot A and B showed void imprints on their
fracture surfaces (see Fig. 4.13a), with the voids in Spot A being apparently larger than
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Figure 4.12: (a) Representative fracture surfaces of the 2SW joints manufactured following two different weld-
ing sequences at 0.23 mm displacement, 60.8 µm peak-to-peak amplitude, 1500 N welding force and 1000 N/s
increasing force during the vibration phase. SEM micrographs (b) and (c) show the details of the areas circled
in the fracture surfaces of samples welded following Sequence I and II, respectively. The scale bars are 5 mm
(for microscopy) and 10 µm (for SEM).

Table 4.4: Maximum power and vibration time for individual spot in sequential welding at the optimum
sonotrode displacement and simultaneous welding at different sonotrode displacements considered in this
study. Power is presented as percentage of the maximum available power, 3000 W.

Welding strategy
Sonotrode displacement

(mm)
Maximum power

(%) (COV, %)
Vibration time
(ms) (COV, %)

Sequencial* (Weld 1) 0.23 20.2 ± 4.6 (22.8) 1629.6 ± 361.9 (22.2)
Sequencial (Weld 2) 0.23 17.8 ± 5.3 (29.6) 2060.0 ± 87.8 (4.2)
Simultaneous 0.17 70.6 ± 3.8 (5.4) 412.2 ± 46.9 (11.3)
Simultaneous 0.18 77.2 ± 4.2 (5.5) 584.3 ± 42.3 (7.2)
Simultaneous 0.19 78.6 ± 3.9 (5.0) 746.0 ± 76.8 (10.3)

(*The data for sequential welding was obtained from the 2SW-D joints welded following Sequence I, as shown
in Fig. 4.4.)

those in Spot B. Inspection at higher magnification indicated the void imprints in Spot
A were located in between the bare fibres (Fig. 4.13b) whereas void imprints in Spot B
were mostly present on top of the resin-rich area (Fig. 4.13c).

The welded areas of both spots could be increased by increasing the sonotrode dis-
placement, e.g. 0.19 mm, as shown in Fig. 4.14. However, welding was found to occur
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Figure 4.13: (a) Representative fracture surfaces and SEM details of both spots in the 2SW joint simultaneously
manufactured at 0.18 mm displacement, 52.8 µm peak-to-peak amplitude, 1500 N welding force and 1000 N/s
increasing force during the vibration phase. The SEM micrographs (b) and (c) show further magnification of
the circled area in the top SEM images of Spot A and B, respectively. The scale bars are 100 µm, 10 µm and 10
µm for the SEM graphs in a, b and c.

Figure 4.14: Fracture surfaces of 2SW joints welded by Sonotrode R with 0.17mm (left), 0.18 mm (middle)
and 0.19 mm (right) input displacement, 52.8 µm peak-to-peak amplitude, 1500 N welding force and 1000
N/s increasing force during vibration phase. The dotted lines indicate the overlap-area of the rectangular
sonotrode. Secondary welding significantly occurred when the displacement was above 0.18 mm.
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not only within the welded area but also on the edges of the overlap, which was referred
to as ‘secondary welding’. Decreasing the sonotrode displacement, e.g. 0.17 mm, was
found as an effective approach to prevent secondary welding. However, this resulted in
around 30 – 40 % decrease of the welded areas for both welded spots.

4.4. DISCUSSION

4.4.1. DISPLACEMENT- VS. ENERGY-CONTROLLED WELDING

T HE manufacturing of multi-spot welded joints as single spots sequentially welded
after each other entails a change in the boundary conditions for each new spot to be

welded. A constant welding energy can hence be expected to result in a different effective
energy input in each spot. In another words, the same energy input is likely to result in
individual spots with variable quality. On the contrary, displacement-controlled welding
with the same displacement value for each spot could potentially lead to consistent weld
quality based on our previous results.

The observations in fractographic analysis combined with mechanical testing in the
research on the 2SW joints manufactured in a sequential manner validated the hypothe-
sis above. Fibre-matrix debonding failure, which was consistently found in both spots of
the 2SW-D joints (Fig. 4.6), indicates high weld quality [14]. The consistent failure mode
explains their high LSS with low scatter (Fig. 4.9a). In addition, the similar spot size of
the two welds, also similar to that obtained in the 1SW-D joints (Fig. 4.8), resulted in
doubled UFL as compared to that yielded by the 1SW-D joints (Fig. 4.9b). Regarding the
2SW-E joints, one of the spots was found to be smaller than the other one (Fig. 4.7 and
Fig. 4.8) which resulted in a lower average value of total welded areas and subsequently a
lower average UFL as compared to the 2SW-D joints (Fig. 4.9b). Moreover, the distinctly
different failure mechanisms (see Fig. 4.7b and c) between two spots most likely led to
the high scatter in their UFL (Fig. 4.9b) and and hence in their average LSS (Fig. 4.9a).

The analysis on the output data from the welding processes highlights the robust-
ness of displacement-controlled welding in a different way. Firstly, as indicated in [3]
and in the previous chapter, the highest weld quality is consistently obtained at the op-
timum stage (i.e. stage 4) of the welding process. The significant dispersion of welding
energy obtained from displacement-controlled welds (see Fig. 4.10) implies that, using
energy-controlled welding will likely result in welds at different stages of the welding
process and thus at different levels of weld quality. Secondly, the higher energy obtained
in both spots in 2SW-D joints indicates the optimum welding energy for individual spot
in 2SW joints is potentially higher than that for the ones in the 1SW joints, since more
energy was dissipated in the longer adherends and longer overlap for 2SW samples. As a
consequence, given the optimum welding energy for the 1SW joints, both spots in 2SW
joints were expected to feature smaller welded areas, as observed in Fig. 4.8. Finally, the
lower sonotrode displacements for producing the second spots in 2SW-E joints (see Fig.
4.10b) likely resulted in a thicker weld line and thus a resin-rich welded area, which is
consistent with the resin-rich fracture surfaces shown in Fig. 4.7.
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4.4.2. SEQUENCE EFFECTS IN DISPLACEMENT-CONTROLLED WELDING
The observations in Section 4.3.2 give further confirmation on the robust behaviour of
displacement-controlled welding in sequential double-spot welding. It means that us-
ing displacement-controlled welding, consistent spot welds (Fig. 4.12) can be produced
without necessity for considering the welding sequence. However, if energy-controlled
welding is used, considering the changes in the boundary conditions induced by differ-
ent welding sequences, the optimum energy for individual spot in Sequence I could be
expected to differ from that in Sequence II.

4.4.3. SEQUENTIAL VS. SIMULTANEOUS DOUBLE-SPOT WELDING
The variation in between the two welded spots in the simultaneous 2SW joints most
likely resulted from lack of parallelism between the top and bottom adherend, which is
schematized in Fig. 4.15. Since the supporting plate (1.5 mm-thick) is slightly thinner
than the adherend (1.6 mm-thick), there was an initial angle between two surfaces to
be welded. As indicated in the study in the previous chapter, such a thin supporting
plate is chosen to prevent blocking of the vertical movement of the sonotrode during
the melting of the EDs. Although the lack of parallelism was corrected once the overlap
was subjected to pressure applied by the sonotrode. The pressure distribution between
two EDs was still non uniform. ED A underwent a comparably higher pressure. As a
consequence, the flow front of the melted ED A could be further compressed and even-
tually formed a bigger welded area (see Fig. 4.13a). On the contrary, lower pressure was
applied on ED B for pushing the flow front away from the original location. Since the
melting time for both EDs was the same, the final welded area for Spot B was smaller. In
contrast to that, sequential welding provides separate welding processes for both spots,
allowing different welding time for each process. Therefore, although the second spot
(the same position with Spot B, shown in Fig. 4.4) in sequential welding also underwent
a lower pressure during the vibration process, the ED had sufficient time for melting and
expanding to a welded spot as big as the first weld.

Figure 4.15: Schematic of the lack of parallelism between top and bottom adherends caused by the clamping
situation during the simultaneous double-spot welding process. Dimensions are not to scale.

Regarding the void imprints observed in both welded spots, it must be noted that
they were resulted from different reasons. Voids in Spot A were bigger and were found
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in the uppermost layer of the adherends, which is similar to the observations from the
over-heated welds in the previous chapter, as shown in Fig. 3.15b. This over-welding
condition was possibly caused by the higher pressure which led to a faster heating rate
[3]. In comparison to that, voids in Spot B predominantly presented on the top of resin-
rich area and were formed by numerous resin tips. Owing to the lack of parallelism be-
tween two adherends, ED B was likely to be frequently compressed and stretched by the
top adherend during the vibration. Hence, air was compressed into the molten ED and
was kept in the resin-rich weldline.

Secondary welding was introduced on the edges of the overlap is because the sur-
faces of top and bottom adherends contacted to each other. Specifically, given the 52.8
µm peak-to-peak amplitude of Sonotrode R, when the sonotrode displacement was above
0.18 mm, the maximum displacement of the top adherend in the vibration phase was ap-
proximately 0.24 mm, which is almost the same with the initial thickness of EDs (i.e. the
distance in between the surfaces of the top and bottom adherends). Combined with the
pressure and vibration provided by the big sonotrode cross-section, secondary welding
was introduced at the interface. All these observations indicates the simultaneous weld-
ing is not a proper technique for double-spot welding.

4.5. CONCLUSIONS

A Series of experimental studies were carried out in this chapter to assess the quality of
ultrasonically double-spot welded (2SW) joints, formed by two single-spot welded

(1SW) joints through different welding strategies. The main goal was to validate the
hypothesis that in sequential multi-spot welding, displacement-controlled welding is
potentially capable of producing consistent welded spots with the fixed sonotrode dis-
placement, while the welding energy has to be recalculated for each spot when energy-
controlled welding is used. Apart from that, short investigations were carried out on
the effects of welding sequences on displacement-controlled welding and the quality as-
sessment of the 2SW joints created by simultaneous welding. Based on the experimental
results, the following conclusions could be drawn:

• High-quality 2SW joints were sequentially produced under the same sonotrode
displacement through displacement-controlled welding, featuring similar spot size
and consistent failure modes (i.e. intralaminar failure with fibre-matrix debond-
ing and fibre tearing). Both the average values of lap-shear strength (LSS) and
ultimate failure load (UFL) of individual spots showed consistency with those ob-
tained from the 1SW joints. However, two spots welded with the same input energy
by energy-controlled welding showed different spot sizes and failure mechanisms.
The observations indicate that in energy-controlled sequential spot welding is, the
optimum energy for each spot has to be recalculated for obtaining consistent spot
welds.

• Welded spots in two types of 2SW joints, which were manufactured following dif-
ferent sequences, showed similar spot size and consistently intralaminar failure
mode, implying the sequence effects on displacement-controlled multi-spot weld-
ing are negligible.
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• Regarding simultaneous welding, the two welded spots in 2SW joints featured dif-
ferent sizes of the final welded areas and significant void imprints were found
in the fracture surfaces of both spots. The former observation can probably at-
tributed to the pressure distribution on the two EDs not being uniform.

This chapter gave a solid validation on the robustness of displacement-controlled
process in manufacturing the double-spot welded joints in a sequential manner, which
was highlighted by producing consistent spot welds of high-quality with a fixed sonotrode
displacement and regardless of sequence effects. Hence, displacement-controlled weld-
ing is a very promising strategy for facilitating the industrial application of sequential
ultrasonic welding. In order to achieve a further improvement on the mechanical per-
formance of double- or multi-spot welded joints, future work will focus on the effects of
geometric parameters, e.g. different overlap length and different spot numbers, on the
load-carrying capability of the MSW joints.

REFERENCES
[1] T. Zhao, C. Broek, G. Palardy, I.F. Villegas, and R. Benedictus. Towards robust se-

quential ultrasonic spot welding of thermoplastic composites: Welding process
control strategy for consistent weld quality. Composite Part A: Applied Science and
Manufacturing, 109:355–367, 2018.

[2] C. Ageorges, L. Ye, and M. Hou. Advances in fusion bonding techniques for joining
thermoplastic matrix composites: A review. Composites - Part A: Applied Science
and Manufacturing, 32(6):839–857, 2001.

[3] I.F. Villegas. Strength development versus process data in ultrasonic welding of
thermoplastic composites with flat energy directors and its application to the defi-
nition of optimum processing parameters. Composites Part A: Applied Science and
Manufacturing, 65:27–37, 2014.

[4] I.F. Villegas. In situ monitoring of ultrasonic welding of thermoplastic composites
through power and displacement data. Journal of Thermoplastic Composite Mate-
rials, 28(1):66–85, 2015.

[5] G. Palardy and I.F. Villegas. On the effect of flat energy directors thickness on heat
generation during ultrasonic welding of thermoplastic composites. Composite In-
terfaces, 24(2):203–214, 2017.

[6] T. Zhao, G. Palardy, I.F. Villegas, C. Rans, M. Martinez, and R. Benedictus. Mechani-
cal behaviour of thermoplastic composites spot-welded and mechanically fastened
joints: A preliminary comparison. Composites Part B: Engineering, 112:224–234,
2017.

[7] H.-M. Lu, A. Benatar, and F.-G.Cf+ He. Sequential ultrasonic welding of
peek/graphite composites plates. In Proceedings of the annual technical conference
ANTEC, volume 37, pages 2523–2526, 1991.



4

72 REFERENCES

[8] S. Hassanifard, M. Zehsaz, and F. Esmaeili. Spot weld arrangement effects on the
fatigue behavior of multi-spot welded joints. Journal of Mechanical Science and
Technology, 25(3):647–653, 2001.

[9] Triyono, Jamasri, M.N. Ilman, and R. Soekrisno. Static and fatigue behavior of plug-
welded dissimilar metal welds between carbon steel and austenitic stainless steel
with different thicknesses. International Journal of Mechanical and Materials Engi-
neering, 9(1):1–7, 2014.

[10] A. Benatar and T.G. Gutowski. Ultrasonic welding of peek graphite apc-2 compos-
ites. Polymer Engineering and Science, 29(23):1705–1721, 1989.

[11] ASTM D 1002-05. Standard test method for apparent shear strength of single-
lap-joint adhesively bonded metal specimens by tension loading (metal-to-metal).
ASTM International, 2005.

[12] E.S. Greenhalgh. Failure Analysis and Fractography of Polymer Composites. Wood-
head Publishing in Materials, 2009.

[13] I.F. Villegas, B. V. Grande, H.E.N. Bersee, and R. Benedictus. A comparative evalu-
ation between flat and traditional energy directors for ultrasonic welding of cf/pps
thermoplastic composites. Composite Interfaces, 22(8):717–729, 2015.

[14] I.F. Villegas and H.E.N. Bersee. Ultrasonic welding of advanced thermoplastic com-
posites: An investigation on energy-directing surfaces. Advances in Polymer Tech-
nology, 29(2):112–121, 2010.



5
A STUDY OF THE EFFECTS OF

VARIOUS GEOMETRIC PARAMETERS

ON THE MECHANICAL BEHAVIOUR

OF MULTI-SPOT WELDED

SINGLE-LAP JOINTS IN

THERMOPLASTIC COMPOSITES

Thermoplastic composite spot welded joints are well-suited for carrying shear load rather
than peel load. However, regarding the eccentric geometry of the single-lap joint config-
uration, secondary bending always occurs which introduces peel stress into the welded
joints. A combination of experimental and analytical studies was carried out in this chap-
ter to investigate the effects of the distance between spots and the numbers of welded
spots on the secondary bending and subsequently on the load-carrying capability (LCC)
of multi-spot welded joints. The latter results were compared to the LCC of joints assem-
bled with multi-fasteners. The results indicated that, by increasing either the spot spacing
or the spot number, secondary bending was effectively reduced and thus achieving an im-
provement of the LCC of the welded joints. In addition, owing to the reduced secondary
bending, multi-spot welded joints showed a comparable LCC to that of mechanically fas-
tened joints.

This chapter is to be submitted to Composite Part B: Engineering.
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5.1. INTRODUCTION

T HERMOPLASTIC composites (TPCs), which offer excellent mechanical properties (com-
pared to metallic materials) and rapid manufacturing processes (compared to ther-

moset composites), are becoming increasingly attractive to aerospace and automotive
industries [1–3]. Ultrasonic welding has been regarded as a very promising technique for
assembling TPCs owing to its fast process and absence of foreign materials at the welding
interface [4, 5]. In addition, ultrasonic welding is well-suited for producing spot welds.
Our previous study [6] showed that ultrasonically single-spot welded (SSW) joints pro-
vide comparable shear strength to mechanically fastened joints assembled with a single
fastener of similar size. Moreover, since welding relies on polymer autohesion at the
welding interface, failure of SSW joints only takes place at the uppermost ply of the com-
posite laminates, which results in significantly less damage in comparison to that in the
mechanically fastened joints. However, due to the same reason, SSW joints show a low
capability in carrying out-of-plane (i.e. peel) load [6]. Consequently, our experimental
results indicate that, spot welded joints can be regarded as a composite-friendly alterna-
tive to mechanically fastened joints but it is of vital importance to minimize out-of-plane
loading of the spot welded joints in their structural applications.

Single-lap joint is considered as the most typical configuration in mechanical tests
for characterizing the tensile/shear behaviour of welded joints in both TPCs [4, 5, 7,
8]and metals [9–11]. However, it is well known that so-called secondary bending occurs
once the joints are loaded in tension due to the eccentricity of the single-lap configu-
ration [9, 12–17]. Bending results in out-of-plane deformation of the overlap and thus
introduces peel stress into the welded joints negatively affecting the joint strength [9].
Therefore, the mechanical performance of single-lap welded joints, in particular multi-
spot welded joints, is not only affected by the weld quality but it is also significantly de-
pendent on the joint geometry, which directly affects secondary bending. Only a few
research papers on metal welding discussed this point. Wung et al. [9] indicated the in-
fluence of out-of-plane warping on the weld strength and whereby a U-shape guide plate
was used to restrain the rotation. However, this method is not practical for the multi-
spot joints with a large overlap. Dieter [11] assessed the strength of spot welded joints in
different configuration and reported the out-of-plane deformation for both single- and
double-spot welded joints. Nevertheless no further details were reported on the influ-
ence of the configuration on the joint strength. To the best of authors’ knowledge, little
to no research was carried out on spot welded joints in TPCs considering the effect of the
joint geometry as well as the secondary bending on the joint strength.

Extensive research, including both numerical and experimental work, has however
been carried out on mechanically fastened joints regarding the effect of secondary bend-
ing on the strength of single-lap joints. Schijve [12, 13] proposed an analytical model,
referred to as the Neutral Line Mode (NLM), to calculate the bending stress in multi-row
mechanically fastened (MMF) single-lap joints. The neutral line indicates the loading
path within the joints and the bending stress along the neutral line can be calculated
based on the beam theory. Schijve also indicated that secondary bending can be re-
duced by increasing the distance between fasteners. Müller [14] proposed a modified
NLM on the basis of the Schijve’s model for MMF joints considering the fastener flexi-
bility. In this modified model, the location of the neutral line is no longer at the mating
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surface between two plates but being recalculated based on the load transfer by each fas-
tener row. Ekh et al. [15, 16] studied secondary bending in multi-fastener, composite-to-
aluminium joints through the analysis of the curvature of the specimen. The curvature,
assessed in that study through digital speckle photography (DSP) techniques combined
with finite element modelling, provides a good characterization on the out-of-plane de-
formation of the samples during testing and hence allows evaluating secondary bending.

In order to facilitate the application of spot welded joints, in particular of multi-spot
welded (MSW) joints, in composite structures, the research in this chapter addresses the
effects of different geometric parameters, namely the distance between welded spots
and the number of welded spots, on secondary bending and hence on the load-carrying
capability (LCC) of MSW single-lap joints. Based upon the abovementioned research
on mechanically fastened joints, the LCC of MSW joints is expected to be increased by
increasing the distance between spots. Likewise, owing to the increased amounts of
welded area by an increased number of welded spots, the LCC is also expected to be
improved. Nevertheless, owing to the non-uniform load distribution in MMF joints [14],
the LCC of MSW joints is not likely to has a linear increase with the increased spot num-
bers. In order to validate these concerns, the experimental programme was divided into
two parts: 1) welded samples formed by two single spots were used to assess the effect
of distance between spots on the joint strength; 2) welded samples consisting of differ-
ent numbers of welded spots at a fixed-length overlap were used to evaluate the effect
of the spot numbers on the joint strength. For both parts, out-of-plane deformation,
which was used to characterize the secondary bending within the joints, was captured
by digital image correlation (DIC) techniques and the bending stress was calculated us-
ing the NLM. In the final part, a comparative study was carried out on the LCC between
the MSW and the MMF joints.

5.2. EXPERIMENTAL

5.2.1. MATERIALS

C ETEXr carbon fibre reinforced polyphenylene sulphide (CF/PPS) with 5 harness
satin fabric reinforcement, supplied by Ten Cate Advanced Composites (The Nether-

lands), was used as the thermoplastic composite adherend material in this study. Lam-
inates composed of six powder-impregnated composite plies with dimensions 580 mm
× 580 mm and [0/90]3s stacking sequence were consolidated in a hot-platen press. The
stacks were sandwiched between two aluminium plates and were consolidated at 320
◦C and 1 MPa for 20 min. Comparing to the semi-impregnated plies used in the studies
in Chapter 3 and 4, the powder-impregnated plies have higher resin portion. Therefore,
the final thickness of the resulting laminates was 1.90 mm, which was relatively higher
than the laminate thickness (1.6 mm) in the previous chapters. A water-cooled diamond
saw was used to cut adherends into the required dimensions (based on the specific test
design, Section 5.2.3) from the laminates. The adherends were cut such that the main
apparent fibre orientation on their outer surfaces was parallel to their longer side (i.e.
loading direction in the single-lap shear test).
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5.2.2. ASSEMBLY TECHNIQUES
Sequential ultrasonic welding using a 20 kHz Rinco Dynamic microprocessor-controlled
ultrasonic welder with a maximum power output of 3000 W was used to obtain the multi-
spot welded joints. A 10 mm-diameter-circular sonotrode was utilized to create the in-
dividual spots in the MSW joints following the procedure explained in [6]. As shown in
Fig. 5.1, both the upper and lower adherend were clamped with two aluminium bars to a
base plate with a torque of 20 Nm. The upper adherend partially rested on the lower ad-
hered (single-lap overlap area) and on a 1.8 mm-thick aluminium supporting plate. This
configuration introduced a small misalignment between the surfaces of the adherends
which was nevertheless corrected once the sonotrode applied pressure on the overlap.
This thin, 1.8 mm-thick, base plate was selected to allow for unobstructed downward
movement of the sonotrode during melting and flow of the ED. After welding of each in-
dividual spot, the sample was manually unclamped, shifted and clamped again to weld
the next spot. Spot, i.e. circular, energy directors (EDs) with a 4 mm diameter were used
to concentrate the heat generation at the welding interface. They were cut from the flat
EDs with a thickness of approximately 0.25 mm, which were pre-manufactured in a hot
platen press at 260 ◦C and 2 MPa for 10 min with three layers of 0.08 mm-thick neat
Fortronr PPS films. Prior to the welding process, the spot EDs were manually fixed on
the lower adherends using a Rinco handheld ultrasonic welder.

Figure 5.1: Ultrasonic welder and welding jig used in this study. 1: sonotrode, 2: bar clamp, 3: supporting plate
for the upper adherend.

Regarding the welding process, displacement-controlled welding was used as the
welding control strategy. The vibration stage was stopped when a pre-defined vertical
displacement of the sonotrode was completed. The optimum sonotrode displacement
(i.e. the displacement value resulting the maximum weld strength) and peak-to-peak vi-
bration amplitude in this study were defined as 0.23 mm and 60.8 µm, respectively [18].
The welding force was 1500 N in the initiation of the welding and was linearly increased
at a rate of 1000N/s during the vibration phase. After that, welds were kept under 1500 N
force for 4000 ms for solidification based on previous experience.
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Titanium HL10V6 Hi-Lokr fasteners (provided with a protruding head) were used
to mechanically fasten the CF/PPS composites adherends. The pin length and diame-
ter were approximately 4.0 and 4.8 mm, respectively. Fastened-hole were drilled in prior
to the installation of fasteners by using a wooden plate underneath the composites ad-
herends, thus minimizing the eventual drilling-induced delamination during tool entry
and exit [19]. Fasteners were manually installed with a ratchet wrench, following the
manual procedure in [20]. A constant clamping force could be provided during the in-
stallation of the fasteners, since the process was completed when the collar’s wrenching
device was torqued off.

5.2.3. TEST DESIGN AND TEST PROCEDURE
As indicated in Section 5.1, in order to evaluate the influence of the spacing between
welded spots and the number of welded spots on the joint strength, the mechanical test
programme was divided into two parts. In the first part, the MSW joints were formed by
two single spots, referred as to 2SW joints, with a constant distance from the spot to the
edge of the overlap (15 mm), but with varying spot spacing (i.e. spot-to-spot distance,
SSD) (see Fig 5.2 and Table 5.1). Single-spot welded joints, which is referred to as 1SW
joints, were also manufactured and tested, since they can be regarded as a special case
of 2SW joints with zero spot spacing (i.e 2SW-0). In the second part, the mechanical be-
haviour of the MSW joints with two (2SW), three (3SW) and four (4SW) welded spots
in a 70 mm-long overlap was analysed (Table 5.2). The distance from the outer spots
to the overlap edge was still 15 mm. For both parts of tests, the clamped length of the
welded samples was 50 mm. The free sheet length (FSL), i.e. the part from the clamp to
the overlap edge, was designed to be equal to the overlap length for each case. In this
way, the secondary bending of the overlap would be independent from the FSL since the
latter one was fairly larger than the SSD of the samples [12]. The MMF joints assembled
by two, three or four Hi-lokr fasteners, referred to as 2MF, 3MF and 4MF joints, respec-
tively, were also tested in the second experimental part (see Table 5.2) for comparison
purposes.

Figure 5.2: Schematic of the generic configuration of multi-spot welded single-lap shear joint specimen in this
study. Dimensions are not to scale. Abbreviations are indicated in Table 5.1 and 5.2.

Single-lap shear tests were performed in Zwick/Roell 250 KN universal testing ma-
chine and in accordance with the ASTM D1002 standard [21]. Tests were initiated with
a pre-load of approximately 100 N and performed at a constant crosshead speed of 1.3
mm/min. Hydraulic grips were used in this study and they were offset to ensure paral-
lelism between the load path and the interface between the two adherends in every sam-
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Table 5.1: Sample configurations with different distance between two spots.

Weld reference
Sample length

(SL) (mm)
Overlap length

(OL) (mm)
Free sheet length

(FSL) (mm)
Spot-to-spot distance

(SSD) (mm)
1SW (2SW-0) 110.0 25.4 34.6 0
2SW-10 130.0 40.0 40.0 10.0
2SW-20 150.0 50.0 50.0 20.0
2SW-30 170.0 60.0 60.0 30.0
2SW-40 190.0 70.0 70.0 40.0

Table 5.2: Sample configurations with different numbers of welded spots.

Sample
reference

Number
of joint

Overlap length
(OL) (mm)

Spot-to-spot distance
(SSD) (mm)

ED diameter
(mm)

Pin diameter
(mm)

2SW 2 70.0 40.0 4 -
3SW 3 70.0 20.0 4 -
4SW 4 70.0 13.3 4 -
2MF 2 70.0 40.0 - 4.8
3MF 3 70.0 20.0 - 4.8
4MF 4 70.0 13.3 - 4.8

Figure 5.3: Bilinear approximation for identifying the OFL of the 2MF joints on the L-D curve. The OFL is
indicated by the circle on the intersection of two fitting lines.

ple. Five samples were tested for each joint configuration. The maximum load reached
during the tests, denoted as ultimate failure load (UFL) hereafter, was regarded as an
indicator of the load-carrying capability (LCC) of the welded joints [6]. Regarding the
mechanically fastened joints, the LCC was linked to the onset failure load (OFL) owing
to the fact that it indicates the onset of bearing damage within the adherends [22]. There-
fore, the LCC was calculated using a bilinear approximation [6, 23], as shown in Fig. 5.3,
based on the load-displacement (L-D) curves obtained from the tests. The final welded
areas (WAs) of the welded joints were visually inspected via a Zeiss stereo-microscope
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and were measured using ImageJ150 (NIH). As indicated by the example shown in Fig.
5.4, the adhesive failure happened in the flow front of the ED was not taken into account
when measuring the welded areas due to its negligible contribution to the weld strength.
That is to say, only the area which showed failure within the composite adherends was
considered as the welded area.

Figure 5.4: (a) Representative fracture surface of spot welded joint and (b) calculation of the WA (highlighted
by the red area surrounded by the dashed line). The flow fronts surrounding the welded area are not taken into
account for the calculation.

During the testing process, the Vic-3D DIC system, supplied by Limess Messtechnik
& Software GmbH Inc, Germany, was used for measuring the out-of-plane deformation
of the joint overlap as shown in Fig. 5.5a. Two CCD (charge coupled device) cameras
combined with a light source were utilized to simultaneously track an applied surface
pattern during loading by taking digital images of the surface [15, 24]. Owing to the small
welded areas of the welded spots, no welds could be observed at the edge of the joint
overlap. Therefore, instead of the side surface, the top surface of the overlap was chosen
for the observation of the secondary bending (see Fig. 5.5b). A calibration process was
performed for adjusting the position of the cameras relative to each other as well as to
the samples, to assure the accuracy of the measurement. Prior to the tests, the surfaces
to be tracked were individually cleaned using alcohol and were spray-painted to get a
high-contrast pattern consisting of black speckles on a white background. Images of
speckle pattern were captured at a frequency of 1 Hz during the tests. The first image
was taken as the reference for the subsequent images and thus the accumulated strain
on the tracked surface was calculated.

5.2.4. NEUTRAL LINE MODEL
The Neutral Line Model (NLM) proposed by Schijve [12], was used to calculate the bend-
ing stress at the location of the welded spots and the out-of-plane deformation of the
joint overlap in this chapter. This model has been widely used in calculations for differ-
ent types of mechanically fastened joints [12–14]. The NLM of a mechanically fastened
joint assembled by two fasteners is shown in Fig. 5.6a. The neutral line is indicated by
the dashed line, showing the eccentric loading path. The eccentricity occurs at the outer
row of fasteners and the loading path is subsequently transferred to the mating inter-
face between two adherends from the central line of the each adherend. Part I can be
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Figure 5.5: (a) Mechanical test set-up: 1, specimen, 2, hydraulic grips, 3, CCD cameras, and (b) the magnifica-
tion of testing specimen. The area framed by dashed line indicates the surface being tracked during tests.

regarded as a beam once subjected to a combination of tensile and bending load due to
the eccentricity, as shown in Fig. 5.6b. While the overlap part (i.e. the joint part between
two fasteners) is considered as an integral beam formed by two adherends and thus has
twice of the adherend thickness. Part II is defined as half of the overlap part due to the
symmetrical configuration. Owing to the similar configuration to the MMF joints, the
NLM is expected to be applicable for the MSW joints (see Fig. 5.6c).

Secondary bending can be analysed by considering the equilibrium of bending mo-
ment, as shown in Fig. 5.7. The detailed process for analysing secondary bending was
given by Schijve in [12], which is just briefly shown in here. According to the beam theory,
bending moments for both parts (Mx i ) can be calculated with:

Mxi = E∗Ii (
d 2w

d x2 )i (5.1)

where E∗ is the Young’s Modulus for plane bending of 2-d model:

E∗ = E

1−ν2 (5.2)

I is the inertia moment of the cross section of the sample and w is out-of-plane deforma-
tion of the neutral line. In this way, bending stress (Sb) at the outer row of fastener/spot
can be given as:

Sb = M( x1=L1 )

W t 2/6
(5.3)

W is the width of the sample, which can assumed to be 1 for plane bending.
Combined with the practical case for the MSW joints in this study, two things should

be taken into account. Firstly, welded samples were clamped with offset grips during
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Figure 5.6: Eccentric loading path and neutral line within single-lap joints: (a) 2MF joint; (b) NLM (affected by
secondary bending); (c) 2SW joint.

Figure 5.7: Two parts in the neutral line model: (a) Part I; (b) Part II. The eccentricity is indicated by e.

tests, a misalignment of 1.9 mm (equal to the adherend thickness) for the applied load
should be input in the NLM calculation [12]. Secondly, joints are simplified as single lines
in NLM, indicated by dotted lines in Fig. 5.6b. This is different from the practical cases
for both welded spots and mechanical fasteners since they have diameters. The potential
cause from this assumption will be discussed in the later text. Due to the difficulties in
measuring the flexibility of mechanically fasteners and welded spots, the modified NLM
model from Müller [14] cannot be used here to analyse the secondary bending in the
3SW and 4SW joints. Therefore, NLM was only used to calculate the bending stress and
out-of-plane deformation of 2SW joints with different distance between spots.
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5.3. RESULTS
This section presents the major results obtained from both mechanical tests and analyt-
ical calculation using the NLM for the MSW joints. It is mainly divided by three parts.
In the first part, the mechanical behaviour of 2SW joints with different spot-to-spot dis-
tance (SSD) is reported. For comparison purposes, the results obtained for single-spot
welded joints, i.e. 1SW joints, is also included. In order to analyse the secondary bend-
ing, bending stress of the 2SW joints with different SSD under the same loading condi-
tion is shown. Out-of-plane deformation obtained from DIC results is used to validate
the analytical calculation. It should be noted that, the out-of-plane deformation was
gathered from the points both inside and outside of the welded spots, in order to assess
the influence of welds on the resistance to the out-of-plane deformation of the compos-
ite adherends. In addition, bending stress under the ultimate failure load (UFL) of each
sample set is also provided to explain their mechanical behaviour at the maximum load
condition. In the second part, the UFL as well as the welded areas of the MSW joints
formed by different numbers of spots are presented. As indicated in Section 5.2.4, no
NLM calculation was performed in this section due to the difficulties in measuring the
flexibility of spot welded joints. In the final part, the comparison of the MSW and the
MMF joints are shown in terms of load-carrying capability, out-of-plane deformation,
load-displacement response and failure modes.

5.3.1. EFFECT OF THE SPOT-TO-SPOT DISTANCE

ULTIMATE FAILURE LOAD AND WELDED AREA

Table 5.3 summarises both the ultimate failure load (UFL) and the final welded areas
(WAs) of the spots in both the 1SW and 2SW joints with different SSD considered in this
study. Specifically, the UFL of the 1SW (reference) and of various 2SW joints are plotted
in Fig. 5.8. As depicted in the figure, the UFL of the 2SW joints, in general, exhibited an
increasing trend by increasing the spot spacing. A significant improvement, around 22
%, of the UFL was achieved from 2SW-10 to 2SW-20 joints. However, 2SW-30 showed
a comparable, although slightly better, strength as compared to 2SW-20 joints. Regard-
ing the scatter, 2SW-10 joints featured a relatively higher scatter in their UFL (around 8
%) in comparison to other 2SW samples (below 4 %). As a special case, the UFL of the
1SW joints was significantly lower than that of their 2SW counterparts which is reason-
able taking into account that each sample had only one welded spot. To facilitate a fair
comparison between the 1SW and 2SW joints, twice the magnitude of the UFL of the
1SW joint is indicated by a dashed line in Fig. 5.8. Comparing to this line, it is clear that
a lower average joint strength was obtained for the lower weld spot spacing while the
average strength was greater or equal to that of the 1SW joint for the larger weld spot
spacings tested.

The final welded areas for the spot in the 1SW and for each spot in the 2SW joints
with different SSD are shown in Fig. 5.9. Both spots in the 2SW joints, except those in
2SW-10 joints, provided similar final welded areas accompanied by low COV (from 2 %
to 6 %) and all of them were comparable to that of the spot in the 1SW joints. Although
the second spot of 2SW-10 samples also showed similar welded area to the reference of
the 1SW joints, the variation was comparably higher (COV around 10 %). More impor-
tantly, the first spot of 2SW-10 joints presented significantly lower average welded areas,
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Table 5.3: Ultimate failure load and welded area values (average ± standard deviation) of the 1SW and the 2SW
joints with different SSD (COV: coefficient of variation).

Weld reference
Ultimate failure load

UFL, (N) (COV, %)
Welded area, WA, (mm2) (COV, %)

Spot 1 Spot 2
1SW (2SW-0) 3575.3 ± 147.3 (4.1) 90.4 ± 3.7 (4.1) -
2SW-10 5876.1 ± 459.1 (7.8) 75.1 ± 12.7 (16.9) 85.1 ± 8.8 (10.4)
2SW-20 7084.0 ± 156.8 (2.2) 89.1 ± 1.9 (2.1) 88.3 ± 2.8 (3.1)
2SW-30 7309.1 ± 149.0 (2.0) 86.6 ± 5.5 (6.4) 83.2 ± 5.7 (6.8)
2SW-40 7776.1 ± 275.8 (3.5) 87.0 ± 4.5 (5.2) 85.3 ± 4.4 (5.2)

Figure 5.8: UFL of both the 1SW and the 2SW joints with different SSD. The dashed line corresponds the double
of the average UFL of the 1SW joints.

approximately 12 % lower, than that of the second one, with an even higher scatter (COV
around 17 %).

SECONDARY BENDING

According to the study in [12], the bending factor Kb is a typical factor for characterizing
secondary bending within single-lap joint configurations. The bending factor is calcu-
lated as the ratio of bending stress, Sb , to tensile stress, St , at any point along the neutral
line according to the following equation:

Kb = Sb

St
(5.4)

where Sb is calculated following Eq. 5.3 and St is calculated as the applied load divided
by the cross-section area of the adherends.

In this research, Kb was calculated at the location of each welded spot of the 2SW
joints using the Neutral Line Model (NLM). Owing to the symmetrical configuration of
the welded joint, Kb should be the same at both spot locations. Fig. 5.10 illustrates the



5

84 MECHANICAL BEHAVIOUR OF MULTI-SPOT WELDED JOINTS

Figure 5.9: Final welded areas of individual spots in the 1SW joints and the 2SW joints with different SSD. The
numbers of the spot indicate the welding sequence.

Figure 5.10: Bending factor calculated for both the 1SW and the 2SW joints with different SSD using the NLM
under 3000 N load.

bending factor (Kb) for the 1SW joints and for the 2SW joints with different SSD under
3000 N load, which is just below the UFL of the 1SW joints (see Table 5.3 and Fig. 5.8). It
can be clearly indicated that, by increasing the spacing between welded spots, the bend-
ing factor was effectively reduced. The highest bending factor (Kb = 3) was obtained for
the 1SW joints, owing to the shortest SSD (i.e. 0 mm) they had. This result is in line with
that obtained from the calculation for mechanically fastened joints with single fasteners
[12]. Comparing to the 1SW joints, 2SW-10 achieved an approximately 30 % drop in Kb

and 2SW-20 joints got a further 25 % decrease. The 2SW-30 and 2SW-40 joints showed
around 10 % and 20 % decrease on the basis of the value of 2SW-20 joints, respectively.

The calculation of bending stress using the NLM can be validated by the observations
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of the out-of-plane deformation under the same load condition (i.e. 3000 N). Fig. 5.11
showed that the out-of-plane deformation of the joint overlap calculated via the NLM
and that captured by the DIC during loading process for three typical joint configura-
tions, i.e. the 1SW, 2SW-10 and 2SW-40 joints. The results obtained by both methods
displayed good agreement in terms of both trends and values. Apart from that, three
interesting points were observed. Firstly, both analytical and experimental results indi-
cated similar deformation (ranging from -0.3 to 0.6 mm in Z-axis) for different configu-
rations. Secondly, results obtained from DIC invariably showed less deformation com-
pared to that given by the NLM. Finally, deformation along the central line of the overlap
(x = 0, points inside the welded spots) resulted in the same curvature as that obtained
along the line close to the side (x = -10, points outside the welded spots).

Figure 5.11: Out-of-plane deformation of the joint overlap under 3000 N load for different joint configurations:
(a) 1SW joints, (b) 2SW-10 joints and (c) 2SW-40 joints.

In addition, the bending stress of both the 1SW and 2SW joints with different SSD
under their UFL was also calculated and the results are summarized in Fig. 5.12. It must
be noted that, even under their maximum loading condition, bending stress of the 2SW
joints, excluded 1SW joints, still exhibited an approximately linear decrease, when in-
creasing the spot spacing. The bending stress value of the 1SW was however found sim-
ilar to that of the 2SW-20 joints.
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Figure 5.12: Bending stress calculated for both the 1SW and the 2SW joints with different SSD using the NLM
under their UFL.

5.3.2. EFFECT OF THE NUMBER OF SPOTS

The UFL of all the MSW joint configurations, including 1SW joints, considered in this
study is plotted in Fig. 5.13. The dashed lines indicate the two, three and four times
of the average UFL value of the 1SW joints. The joint strength was found to be further
improved by increasing the number of welded spots in the joint configuration with the
largest SSD (i.e. 40 mm). On the other hand, this increase was not proportional to the
increased welded spots, i.e. the increased amounts of welded area. It was found that
2SW-40, referred to as 2SW hereafter, joints achieved a slightly higher UFL, around 10
%, as compared to the twice magnitude of the UFL of the 1SW joints. The improvement
of the UFL from the 2SW to the 3SW joints was around 30 %. However, the UFL of the
3SW joints was similar to three times of the UFL of the 1SW joints. Only a slight increase
(around 10 %) was found in the UFL of the 4SW on the basis of the 3SW joints and the
former one was obviously lower, by around 22 %, than four times of the UFL of the 1SW
joints.

The comparison of the final welded areas measured for the spot in the 1SW and for
each spot in the MSW joints formed by different number of spots is illustrated in Fig.
5.14. Spots in the 2SW and the 3SW joints showed similar welded areas and both values
were comparable to the reference of the 1SW joints. The COV for these three cases was
ranging from 5 % to 7 % of the corresponding average values. In contrast to that, the final
welded areas for individual spot in the 4SW joints showed a relatively lower, by around
15 %, average value compared to that of the 1SW joints, combined with a slightly higher
COV (approximately 11 %).

5.3.3. MSW JOINTS VS. MMF JOINTS

LOAD-CARRYING CAPABILITY

The load-carrying capability (LCC) of the MSW and the MMF joints assembled with ei-
ther two, three, or four spots/fasteners is summarized in Fig. 5.15. From this figure, it is
observed that the MSW and MMF joints exhibited similar trends in behaviour with re-
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Figure 5.13: The relationship between the UFL (obtained from the mechanical tests) and the SSD and the
number of welded spots in the MSW joints considered in this study. Blue, green and red dashed lines indicate
the two, three and four times of the UFL of 1SW joints, respectively.

Figure 5.14: Comparison of the welded areas (obtained from the microscopic inspections) of individual spots
in both the 1SW and MSW joints with different welded spots.

spect to the number of spots/fasteners. The 2SW joints showed a slightly lower value,
by 9 %, than the 2MF joints. For the 3SW and the 4SW joints, their LCC was however
marginally higher, by around 5 % and 4 %, than those of the 3MF and the 4MF joints,
respectively. Regarding the scatter, the MSW joints showed consistent COV for the av-
erage LCC in all the three cases, ranging from 4 % to 6 %. On the contrary, a significant
lower COV (approximately 2 %) was found for the average LCC of the MMF-N2 joints in
comparison to that of the MMF-N3 (9 %) and of the MMF-N4 joints (8 %).
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Figure 5.15: Comparison of the load-carrying capability between the MSW and the MMF joints with different
number of spots/fasteners.

OUT-OF-PLANE DEFORMATION

The out-of-plane deformation of the joint overlap, which was mainly obtained from the
DIC results for both types of joints (MSW vs. MMF) under 7000 N load, is plotted in Fig.
5.16. Likewise, this load level was selected since it is just below the UFL of the 2SW joints
as well as the OFL of the 2MF joints. The results of NLM calculation was only shown for
the 2SW and the 2MF case, as indicated by the dashed line in Fig. 5.16a. Regarding this
case, the DIC results for both types of joints fitted well to the NLM results, nevertheless,
the results of the 2MF joints displayed slightly better consistency than that of the 2SW
joints. Focusing on the DIC results, the MSW joints invariably showed less deformation
than that of their MMF counterparts for all the joint configurations. Moreover, increasing
the welded spots (from Fig. 5.16a to 5.16c) was also found to decrease the out-of-plane
deformation (i.e. secondary bending) for the MSW joints. However, this phenomenon
was not observed in the MMF joints.

LOAD-DISPLACEMENT (L-D) CURVES

Regarding the L-D response of both types of joints, as shown in Fig. 5.17a, three points
should be noted. Firstly, the MSW joints exhibited elastic behaviour during the load-
ing process. Regarding the MMF joints, the joint stiffness, represented by the slope of
the L-D curve, was significantly reduced after the initial failure, even though the joint
strength was still maintained (2MF) or even increased (3MF and 4MF). Secondly, dis-
placement between the initial and the ultimate failure was considerably reduced when
more fasteners were installed. Finally, the MSW joints showed higher joint stiffness than
their MMF counterparts even in the initial loading stage (see Fig. 5.17b) and no stiffness
reduction was observed for the former one.

FAILURE MODES

Failure was found to only take place at the uppermost ply of the laminates for the MSW
joints, featured by bare fibres, deep fibre imprints on thermoplastic resins and torn fi-
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Figure 5.16: Comparison of out-of-plane deformation of the joint overlap under 7000 N load between the MSW
and the MMF joints with different number of spots/fasteners: (a) 2 spots/fasteners; (b) 3 spots/fasteners; (c) 4
spots/fasteners.

Figure 5.17: (a) Typical load-displacement (L-D) response and (b) the magnification of the initiation of loading
process of two types of joints with different number of spots/fasteners.

bres, as illustrated in Fig. 5.18. This failure mechanism, namely intralaminar failure, was
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invariably found for all the MSW joint configurations, indicating high weld quality [26].
In contrast to that, the 2MF joints showed a typical pull-through failure characterized by
a significant rotation of the mechanical fasteners (Fig. 5.19a). A net-section failure in
the composite adherends at the location of the outer fasteners (Fig. 5.19b) was however
observed in the 3MF and the 4MF samples.

Figure 5.18: Representative fracture surfaces and the corresponding SEM details of the MSW joints in this study.
The left and right SEM micrographs indicate the bare fibres and deep fibre imprints on the thermoplastic resins
caused by fibre-matrix debonding. The scale bars are 10 µm for both SEM images.

Figure 5.19: Failure mode transition from (a) the 2MF (pull-through failure) to (b) the 3MF joint (net-section
failure).

5.4. DISCUSSION

5.4.1. SECONDARY BENDING AFFECTED BY DIFFERENT SPOT-TO-SPOT DIS-
TANCE

The increase in the UFL of the 2SW joints observed in Fig. 5.8 is believed to result
from the decreased secondary bending introduced into the joints, as shown in Fig. 5.10.
Less bending stress (Fig. 5.10), which was achieved by increasing the distance between
welded spots, essentially resulted in less peel stress introduced into the welded spots
and thus improved their load-carrying capability. The highest bending factor (Kb = 3) of
the 1SW joints indicates the single-row single-lap joint configuration is not an expected
selection for carrying load in structure design. However, double magnitude of the UFL
of the 1SW joints showed similar value to the UFL of the 2SW-20 samples (Fig. 5.8). This
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is possibly explained by the similar bending stress at the moment of failure they had, as
shown in Fig. 5.12. Regarding the 2SW-10 joints, the reason for their lower UFL, as com-
pared to the double UFL of the 1SW joints, was possibly the lower value for their total
welded areas, as compared to the double WAs of the 1SW joints. As shown in Table 5.3
and Fig. 5.9, the welded areas for the Spot 1 in the 2SW-10 joints was obviously smaller
than that of the Spot 2 and also than that of the spot in the 1SW joints. This can be ex-
plained by the findings in fractographic analysis. As shown in the Fig. 5.20a, owing to the
short spacing between two spots, i.e. 10 mm (approximately equal to the spot diameter),
the flow fronts of the melted ED of the Spot 1 was hindered by the solid ED of the Spot
2 and thus resulting a smaller welded area. In addition, parts of the flow fronts of the
Spot 1 was remelted when the Spot 2 was welded. As a result, these two welded spots
somewhat came in contact with each other (Fig. 5.20b), which potentially led to the high
scatter in their final welded areas (see Fig. 5.9).

Figure 5.20: (a) Fracture surfaces of the 2SW-10 joints with only one spot welded and (b) the comparison of
fracture surfaces between the 2SW-10 and the 2SW-20 joints. The flow fronts of the melted ED 1 in the 2SW-10
joints was impeded by the ED 2 and resulted in a smaller welded area for the Spot 1.

Regarding the observations of out-of-plane deformation of the 2SW joints under the
same load level (Fig. 5.11), the mentioned three points in Section 5.3.1 can be explained
as following. Firstly, although welded joints with different spot spacing showed similar
out-of-plane deformation, it should be taken into account that various spot spacing led
to various overlap length. For instance, the 2SW-40 joints have longer overlap than the
2SW-10 joints. As a consequence, the secondary bending of the 2SW-40 joints is less
significant than that of 2SW-10 counterparts when they have the similar out-of-plane
deformation. Secondly, joints in the NLM are simplified as single lines, as show in Fig.
5.6b. In practical case, however, welded spots have parameters (see Fig. 5.6c), which is
around 10 mm specifically in this study. Owing to the spot diameters, welded joints pro-
vided more areas for load transmission and hence achieving a less secondary bending
than that obtained through the model (Fig. 5.11). Finally, DIC results obtained along the
central line (x = 0) consists of the maximum number of points inside the welded joints
and hence it entails the maximum constraints provided from the welded spots. How-
ever, it showed similar out-of-plane deformation to the results obtained along the line
close to overlap side (x = -10), which has no points inside the welded joints. This implies
that, even without the constraints provided by welded joints, the composite laminates
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still have enough resistance to the out-of-plane deformation.

5.4.2. SECONDARY BENDING AFFECTED BY DIFFERENT NUMBER OF SPOTS
Owing to the increased welded areas provided by the increased number of welded spots,
the UFL of the MSW joints increased with increasing number of spots, as shown in Fig.
5.13, which is according to expectations. Apart from that, decreased secondary bending,
following decreased out-of-plane deformation (see Fig. 5.16), for the MSW joints with
increasing number of welded spots is regarded as another reason for the improvement
of the joint strength. Therefore, according to the combination of the increased welded
areas and the decreased secondary bending, it could be expected a more significant in-
crease in the strength when increasing the number of spots from two to three or four.

However, when more than two spots were welded, the increase of the UFL was not as
significant as expected (see Fig. 5.13). This was likely caused by a non-uniform load dis-
tribution within the MSW joints, which is known to occur in the MMF joints [14]. In the
MMF joints, the outer-row fasteners always transfer more load than the inner ones. This
can be obtained by considering the fastener flexibility and the displacement compatibil-
ity between two adherends. The load distribution of a 3-row mechanically fastened joint
in Glare3, for instance, could be around 35 % - 30 % - 35 % for each row [14]. Hence, due
to the similar joint configurations, MSW joints are believed to have the similar load dis-
tribution. However, unlike the mechanically fastened joints, spot welded joints showed
a brittle failure, as indicated in both Fig. 5.17 and [6]. Therefore, the MSW joints were
supposed to fail once the outer-row spots reached their UFL and therefore the increased
magnitude of the UFL when increasing the number of spots was diminished (Fig. 5.13).
Due to the difficulties in measuring the flexibility of spot welded joints, which is directly
linked to the calculation of the load distribution within the MSW joints, no validation
of the hypothesis about the non-uniform load distribution within the MSW joints was
provided. This should be done in the future research. Another possible reason for the di-
minished increase of the UFL when increasing the number of spots from 3 to 4, as com-
pared to the increase from the 2SW to the 3SW joints, was the reduction in the welded
areas for each spot, as indicated in Fig. 5.14. Similar to the observations from the fracture
surfaces of the 2SW-10 joints, the short spacing between EDs in the 4SW joints caused
interferences between the flow front of each welded spot and the adjacent and resulted
in smaller welded areas for each spot (see Fig. 5.21).

5.4.3. SECONDARY BENDING IN MSW AND MMF JOINTS
It is well known that both shear and peel stress are present in single-lap joints owing to
their eccentric loading path. The results gathered from the pull-through tests in Chapter
2 showed that the peel strength of the 1SW joints is around 20 % of that of the 1MF joints.
Consequently, it is expected that the load-carrying capability (LCC) of the MSW joints is
significantly lower than that of the MMF joints in a single-lap configuration. The LCC
of the MSW joints in Fig. 5.15 however showed comparable values to that of the MMF
joints for all the studied configurations. This is believed as a consequence of the de-
creased secondary bending in the MSW joints, featured by the decreased out-of-plane
deformation shown in Fig. 5.16. Specifically for the 2SW and 2MF case, it was found that
a slightly better consistency between the NLM and DIC results was achieved by the latter
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Figure 5.21: Representative fracture surfaces of the 2SW, 3SW and 4SW joints. The welded spots almost con-
tacted to each other in the 4SW joints due to the meet of the flow fronts, which resulted in smaller welded areas
for each spot compared to that of the spot in the 2SW and 3SW joints.

one (Fig. 5.16a). This is most likely attributed to the diameter of the mechanical fastener
pin (4.8 mm), which is, comparing to that of the welded spots (around 10 mm), more
similar to the assumed joints (0 diameter) in the NLM. Therefore, the load transmission
in the 2MF joints was more similar to that in the NLM, which consequently resulted in
similar out-of-plane deformation.

Decreased secondary bending or out-of-plane deformation of the MSW joints was
likely caused by their higher joint stiffness than that of the MMF joints, as shown by the L-
D response in Fig. 5.17. As indicated in Fig. 5.18, failure in the MSW joints only took place
in the first-ply of the laminates. Owing to this benefits, no through-the-thickness dam-
age was introduced into the adherends of welded samples and thus achieving a higher
joint stiffness. In contrast, the stiffness degradation of the MMF joints was likely a con-
sequence of the concentrated pin-load applied on the interior of the circumference of
the fastened hole by the mechanical fasteners [6]. In particular for the 2MF samples, the
significant rotation of fasteners (see Fig. 5.19a) resulted in a further stiffness reduction
as compared to their 3MF and 4MF counterparts. Although fastener rotation was found
to be prevented by the assembly with more fasteners in the 3MF and 4MF samples, the
cost was a net-section laminate failure (Fig. 5.19b) and a significant reduction in the
displacement during loading (Fig. 5.17a).

5.5. CONCLUSIONS
In this study, a series of mechanical tests were carried out to investigate the effects of dif-
ferent geometric parameters on mechanical behaviour of multi-spot welded single-lap
joints in thermoplastic composites. Special attention was paid on the effects of the dis-
tance between welded spots and the number of welded spots on the secondary bending
and consequently on the ultimate failure load (UFL) of welded samples. The secondary
bending was, on one hand, analysed through the neutral line model (NLM). On another
hand, it was also experimentally assessed via the out-of-plane deformation of the joint
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overlap using a commercial 3D Digital Image correlation (DIC) system. The NLM cal-
culation showed a good agreement with DIC results regarding the out-of-plane defor-
mation of the welded joints. Finally, a comparative study was carried out to investigate
the load-carrying capability of the multi-spot welded joints and the mechanically fas-
tened joints with multiple fasteners. Based on the experimental and analytical study, the
following conclusions can be made:

• The UFL of welded samples was increased by increasing distance between welded
spots, which was likely a consequence of the decreased secondary bending within
the joints.

• Increase of the number of welded spots within a fixed-length overlap provided an
improvement of the UFL for the multi-spot welded joints. This was likely a re-
sult of a combination of increased amounts of welded areas and decreased sec-
ondary bending. However, the UFL was not proportionally increased with increas-
ing number of the welded spots. This probably resulted from that a non-uniform
load distribution within the multi-spot welded joints. The entire welded joints
are believed to fail once the outer spots reach their UFL and hence, the increased
magnitude of the joint strength was nevertheless decreased when increasing the
number of spots. Due to the difficulties in measuring the flexibility of the welded
spots, no validation was provided for this hypothesis.

• In spite of a combination of peel and shear load transmission of the single-lap joint
configuration, multi-spot welded joints exhibited a comparable load-carrying ca-
pability compared to that of mechanically fastened joints assembled with the same
number of fasteners. This was believed as a result of the decrease of the secondary
bending within the welded joints, owing to the higher stiffness of the welded joints.
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6
CONCLUSIONS AND

RECOMMENDATIONS

This chapter summarises the main conclusions of ultrasonic spot welding and mechanical
characterization of spot welded joints obtained from Chapters 2-5, which systematically
provide answers to the scientific questions proposed in Chapter 1. In addition, effects of
manufacturing issues and experimental design on the outputs of the experiments and the
mechanical tests are discussed. Based upon that, recommendations are provided for fu-
ture research, in order to facilitate the application of spot welded joints in thermoplastic
composite structures.
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6.1. OVERVIEW OF RESEARCH

A S indicated in Chapter 1, the objectives of the research presented in this thesis are to
: 1) define a procedure for manufacturing (multi-)spot welded joints with consistent

quality, and 2) gain insight into the mechanical behaviour and failure mechanisms of
(multi-)spot welded joints in different load conditions as compared to that of mechani-
cally fastened joints. Therefore, the research in this thesis mainly focuses on two aspects:
manufacturing and mechanical characterization of ultrasonic spot welded joints. Aim-
ing at achieving these objectives, several scientific questions were proposed:

1 How to define a distinct procedure which is well-suited for ultrasonic spot welding
to produce a single spot?

2 What is the in-plane (shear) and out-of-plane (peel) mechanical behaviour and
failure modes of the created single-spot welded joints?

3 How is the above-mentioned mechanical behaviour and failure modes of spot
welded joints compared to that of mechanically fastened joints with a single fas-
tener?

4 What is the optimum welding procedure to obtain multi-spot welded joints with
consistent quality taking into account the change in boundary conditions intro-
duced by every new spot in the sequential welding process?

5 In multi-spot welded single-lap joints, how is the effects of different distance be-
tween spots and numbers of welded spots in a fixed overlap on the joint strength?

6 How is the mechanical performance of multi-spot welded joints as compared to
mechanically fastened joints with multiple fasteners regarding a single-lap config-
uration?

A series of investigations on manufacturing and mechanical characterization of ul-
trasonic spot welded joints were systematically carried out to address these questions.
The major parts of the research in this thesis were completed by experimental studies,
mainly including ultrasonic welding, mechanical tests and fractographic analysis. Some
modelling work was performed in Chapter 5 to analyse the secondary bending in the
multi-spot welded single-lap joints.

As a conclusion of the entire thesis, this chapter systematically summarizes the an-
swers to each of the scientific questions. Specifically, the first three questions will be
addressed in Section 6.2. The fourth and fifth questions will be answered in Section 6.3.
Section 6.4 will focus on the last two questions. Finally, regarding the potential effects
of the manufacturing issues and the experimental methods on the research outcomes,
some recommendations for future work will be given.

6.2. MANUFACTURING AND MECHANICAL BEHAVIOUR OF SPOT

WELDED JOINTS

A Welding procedure was defined to weld single spots as compared to the traditional
one for creating joints with fully-welded overlap. Firstly, spot, i.e. circular, flat energy
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directors (EDs) with a diameter of 4 mm were used to produce the spot welded joints,
as shown in Fig. 2.7. Prior to welding, the spot EDs were manually fixed on the bottom
adherends. During welding, they were melted and flowed and finally formed spot welded
joints with an average diameter of approximately 10 mm. Secondly, due to the small area
of the spot EDs (as compared to the area of the overlap, i.e. 25.4 × 25.4 mm2), secondary
welding was observed when a big sonotrode, e.g. a 40 mm-diameter sonotrode, was used
in the welding process, as shown in Fig. 2.5. To overcome this problem, a sonotrode with
smaller cross-section, i.e. 10 mm diameter, was employed and the results indicated the
secondary welding on the overlap edges was effectively prevented. Finally, owing to the
presence of a displacement plateau (see Fig. 2.6), an energy-controlled welding instead
of displacement-controlled welding was adopted for the spot welding process.

The in-plane and out-of-plane mechanical behaviour of the single-spot welded joints
and of mechanically fastened joints with single Hi-Lok fasteners was characterized via
double-lap shear and pull-through tests, respectively. Regarding the in-plane perfor-
mance, spot welded joints showed similar load-carrying capability, ranging from 94 %
to 112 %, as compared to the mechanically fastened joints. Moreover, the joint stiffness
of the welded samples was found to be considerably higher, by around 88 %, than that
of the mechanically fastened joints, which was negatively affected by the pin-load ap-
plied by the mechanical fasteners on the fastened holes. Failure of welded samples was
found only at the outermost ply of the laminates, featured by fibre-matrix debonding
and torn fibres. In contrast to that, severe through-the-thickness damage, featured by
delamination and matrix cracking, was introduced into the laminates of the mechani-
cally fastened joints.

Regarding the out-of-plane behaviour, the spot welded joints showed a lower load-
carrying capability and however a slightly higher joint stiffness as compared to those
of the mechanically fastened joints. Likewise, welded samples still displayed first-ply
failure, showing fibre-matrix debonding and laminate tearing. However, through-the-
thickness damage was invariably foMutlund in the laminates of the mechanically fas-
tened joints.

6.3. DEVELOPMENT OF THE WELDING PROCEDURE FOR SEQUEN-
TIAL SPOT WELDING

A LTHOUGH energy-controlled welding was successfully used in producing single-spot
welded joints in Chapter 2, according to the study by Benatar [1], welding energy is

likely not only used to create the spots but is also dissipated in the surroundings, such
as the adherends, clamping jigs and welding base, during the welding process. There-
fore, one concern for the adoption of energy-controlled welding in sequential multi-spot
welding is that a constant energy input will possibly result in different weld quality for
each spot. To validate this concern, different welding jigs were used to provide different
boundary conditions and thus the effect of boundary conditions to the welding of single
spots on energy-controlled welding was assessed.

The optimum welding energy was found to be significantly different when differ-
ent welding jigs were used. Even given the optimum welding energy, some variations
of the weld quality, e.g. under-welded and over-welded spots, were observed on the
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welds created by energy-controlled welding. These observations confirmed our expec-
tation that energy-controlled welding is sensitive to the changes in boundary condi-
tions. On the contrary, when displacement-controlled welding was used, the optimum
sonotrode displacement was found to be the same for both welding jigs. In addition, the
displacement-controlled welds provided comparable weld strength as compared to that
of the energy-controlled ones, with however more consistent weld quality, featured by
more consistent failure modes.

It should be noted that displacement-controlled welding was enabled for ultrasonic
spot welding by increasing the welding force during the vibration phase of the welding
process. The flow fronts of the melted ED were further compressed under the constantly
increased welding force, allowing a continuous increase of the sonotrode displacement.
As a consequence, the optimum displacement value was able to be identified. Based on
the results of the comparative study on the effect of boundary conditions on the welding
process, displacement-controlled welding was identified to be a promising approach for
sequential ultrasonic spot welding.

The results obtained in Chapter 3 primarily indicated that displacement-controlled
welding is a more appropriate procedure, as compared to energy-controlled welding, for
sequential spot welding. However, changes in the boundary conditions introduced by
the welded spots in multi-spot welding were likely different from that provided by dif-
ferent welding jigs. Therefore, displacement-controlled welding and energy-controlled
welding were comparatively assessed regarding their applicability to the producing of
double-spot welded joints.

High-quality double-spot welded joints, featured by consistent spot size and failure
modes in the two spots, were found when using displacement-controlled welding. The
optimum displacement values for both spots in double-spot welding were the same and
were also consistent to that for welding of single spots. On the contrary, two welded
spots created using energy-controlled welding with a constant energy input showed sig-
nificantly different spot sizes and failure modes. This observation indicated that the first
welded spot indeed affect the energy required to obtain a second spot of similar quality.
If energy-controlled welding is used, the optimum energy has to be recalculated for each
spot.

Given different welding sequences in the sequential welding process, the two welded
spots produced using displacement-controlled welding still showed consistent quality,
i.e. similar spot size and consistent failure mode. This provided a further confirmation
that displacement-controlled welding is a robust procedure for sequential multi-spot
welding.

6.4. MECHANICAL BEHAVIOUR OF MULTI-SPOT WELDED JOINTS

A IMING at diminishing peel load introduced into spot welded joints, the effects of the
distance between welded spots (in double-spot welded joints) and the number of

welded spots (in multi-spot welded joints) on the mechanical behaviour of multi-spot
welded single-lap joints were investigated. A comparative study was performed regard-
ing the load-carrying capability of multi-spot welded joints and mechanically fastened
joints with multiple fasteners.

It was found that, by increasing the distance between welded spots, the secondary
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bending of the joint overlap was effectively reduced, which eventually resulted in an
increase in the load-carrying capability of the double-spot welded joints. In addition,
maintaining a constant overlap length, the load-carrying capability of multi-spot welded
joints was also improved by increasing the number of spots, i.e from two to three and
four spots. This was likely a consequence of the combination of the increased welded
areas (owing to the increased number of welded spots) and the decreased secondary
bending of the joint overlap. On the other hand, the increase of the load-carrying capa-
bility of the multi-spot welded joints was found less and less significant with increasing
the number of welded spots. This was believed to be attributed to the non-uniform load
distribution among the welded spots when more than two spots were used, which is sim-
ilar to the case of mechanically fastened joints assembled with more than two fasteners.

The multi-spot welded joints showed a comparable load-carrying capability to the
mechanically fastened joints assembled with the same amounts of Hi-Lokr fasteners in
a single-lap joint configuration. This was a consequence of the reduced secondary bend-
ing, which resulted from the high joint stiffness of the spot welded samples as compared
to that of their mechanically fastened counterparts.

6.5. FINAL CONCLUSION

T HE results presented in this thesis showed that displacement-controlled welding is
a very robust welding procedure for sequential ultrasonic welding, featured by pro-

ducing welded spots with consistent quality under the same sonotrode displacement. In
addition, the created (multi-)spot welded joints showed similar load-carrying capability
but higher joint stiffness and less damage affected zone (no through-the-thickness in the
adherends) as compared to those of mechanically fastened joints. The obtained results,
on one hand, successfully fill in the current knowledge gaps (Section 1.5) of ultrasonic
spot welding in thermoplastic composites, providing attempts to achieve the upscaling
of ultrasonic welding. On another hand, the conclusions highlight the superiority of spot
welded joints to traditional mechanically fastened joints, displaying a possibility of the
widespread applications of the former joints as an alternative to the latter ones in com-
posite aircraft structures.

6.6. RECOMMENDATIONS

T HIS thesis is a preliminary study on ultrasonic spot welding in thermoplastic com-
posites. Further research is necessary to be done based on the present work to

achieve the final goal mentioned in Section 1.5. This section will present some man-
ufacturing issues and limitations on the experimental design in the research presented
in this thesis. Based on these, several recommendations will be given for the future re-
search.

6.6.1. MANUFACTURING OF SPOT WELDED JOINTS
Spot flat energy directors (EDs) were used for creating spot welded joints in the research
throughout this thesis. Prior to the welding, the 4 mm-diameter spot EDs were manually
fixed on the surface of the bottom adherend to be welded. This manual installation is
not only labour intensive, but is also less precise for fixing the spot EDs at pre-defined
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locations. To help circumvent this issue, some automated technologies, e.g. moulding
[2] or 3D printing [3], are expected to be used in future to achieve an integral assembly
of EDs on the adherends.

Additionally, the fixation procedure is normally completed by partially melting the
periphery of the spot EDs using a Rinco handheld ultrasonic welder with a 5 W power
output. The pre-melt tend to introduce more constraints on these points and thus hin-
der the surface friction during the vibration phase, which potentially slow down the pro-
cess. As it is a necessary step to fix the spot EDs on the adherends, investigating the
influence of attaching the EDs on adherends on the welding process is believed to be
helpful for researchers to gain more insights into the ultrasonic welding process.

6.6.2. EXPERIMENTAL DESIGN OF SPOT WELDED JOINTS
The research in this thesis mainly focused on the spot welded joints produced using
4 mm-diameter EDs. The diameter of the final welded area was approximately 10 mm
except that for some special cases, e.g. the 2SW-10 and 4SW joints in Chapter 5. However,
it must be noted that the size of the final welded area is also associated to the sonotrode
cross-section. Therefore, it is interesting to know the influence of the geometry of spot
EDs as well as the sonotrode on the final welded area of the joints.

Regarding to the welding process, in order to facilitate a stable welding procedure,
only one set of welding parameters, i.e. 1500 N welding force and 60.8 µm peak-to-peak
vibration amplitude (for the most frequently used 10 mm-diameter circular sonotrode),
was used. A parametric study would be interesting for the future research to investigate
the influence of different welding force and amplitude on the weld quality and a pro-
cessing window would be helpful to the industrialization of ultrasonic spot welding.

With regards to the multi-spot welded joints, the samples in this thesis were only de-
signed with a multi-row, single-column configuration. However, according to the struc-
tural design for mechanically fastened joints, the fastener pitch (i.e. the distance be-
tween the fasteners in a row) is also an important parameter, affecting the mechanical
behaviour of the joints. Hence, the influence of the spot pitch as well as other geometric
parameters on the strength of multi-row, multi-column spot welded joints is also ex-
pected to be investigated in future research.
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