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Summary

The use of high performance thermoplastic composites (TPCs) in the aviation industry has
increased over the last years. TPCs have significant advantages such as superior damage
tolerance, excellent chemical resistance and the ability to be welded. To date, mechanical
fastening, primarily, and adhesive bonding are the two traditional joining methods used in
aviation industry. However, welding of TPCs has attracted significant attention due to its
advantageous qualities such as the very short cycle times and the minimised stress
concentrations. Most of the research published on welding of TPCs concerns process
optimization and the evaluation of the mechanical performance at room temperature (RT)
conditions. However, aircraft operate in a wide range of temperatures, typically between -50
°C to 70 °C and depending on the conditions, even up to 93 °C. Considering the temperature
dependency of polymer composites properties, the weld performance of TPCs at low and high
temperatures needs to be addressed. To the author’s knowledge, prior to the year 2014 there
was no available literature assessing the influence of temperature on the mechanical
performance of TPCs welded joints and since then, only a few publications have addressed
this topic. The primary objective of this thesis was to not only fill the literature gap but also to
obtain deeper knowledge and clear understanding of the behaviour of thermoplastic
composites welded joints at low and high temperatures. In other words, to understand the
phenomena dictating the weld performance which, in turn, would pave the way for further
improvement of material properties and weld design.

This thesis presented a fully experimental work on the influence of temperature on the
mechanical performance of TPCs welded joints. The work was carried out on two of the most
promising welding techniques, namely resistance welding and ultrasonic welding. The
heating element used in resistance welding was a stainless steel mesh. The polymer matrix
was polyphenylene sulphide (PPS) while glass fibres (GF) and carbon fibres (CF) prepregs
were used to produce GF/PPS and CF/PPS composites, which were used in resistance
welding and ultrasonic welding, respectively. The mechanical performance was investigated
by performing lap shear tests on single lap joints at various temperatures ranging between -50
°C and 150 °C. The mechanical tests were complemented by detailed fractographic inspection
which provided important information on the failure mechanisms of the welded joints.
Extensive thermal analysis was also performed in order to elucidate the effects of temperature
on the weld performance. Furthermore, considering the very fast cycle times of the ultrasonic
welding process, the crystallinity at the weldline of the ultrasonically welded CF/PPS joints
was investigated. Fast Scanning Calorimetry (FSC) was employed in order to investigate the
crystallinity dependency on the cooling rates. Nanoindentation measurements were also
carried out in order to evaluate the modulus and the hardness of PPS at the weldline as well
as at the resin rich areas of the CF/PPS adherends. Thanks to the methodology followed in
this research, the mechanical performance of both resistance welded (RW) and ultrasonically
welded (UW) joints was possible to be correlated to the properties of both weldline and
adherends.

The lap shear strength (LSS) of RW GF/PPS joints decreased with increasing temperature,
except for the region between 50 °C and 90 °C where it remained constant. The effect was
found to be more significant above the glass transition temperature (Tg) of PPS. Fibre/matrix
debonding was identified as the main failure mechanism at all temperatures while the
connection between the heating element and the matrix was not the weakest link at the
weldline. Fibre/matrix interfacial strength was identified as the main factor affecting the LSS
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Summary

of RW GF/PPS joints and it was found that the fibre/matrix interfacial strength diminished
with increasing temperatures.

The effect of the ultrasonic welding process on the crystallinity degree of PPS at the weldline
was investigated with respect to welding force and vibration amplitude. It was demonstrated
that the fast welding process, using high welding force and high vibration amplitude, yielded
predominantly amorphous PPS. Using low welding force and low vibration amplitude
resulted in a slower welding process and yielded PPS of moderate crystallinity and of higher
modulus and hardness. Yet, the cooling rates of the slow welding process were still very high.
It was suggested that despite the very high cooling rates, which in quiescent conditions would
have suppressed crystallization according to the FSC measurements, PPS was probably able
to crystallize due to the very high strain rates occurring during ultrasonic welding. This
phenomenon, known as strain-induced crystallization, would orient the molecular chains in
the melt and favour the formation of nuclei.

The mechanical performance of UW CF/PPS joints was studied on three series of varying
crystallinities at the weldline, at temperatures ranging from -50 °C to 120 °C. The first (as-
welded) series consisted of predominantly amorphous PPS, the second (as-welded) series
consisted of PPS of moderate crystallinity and the third series consisted of PPS of the highest
possible crystallinity (obtained via annealing). The overall trend of the lap shear tests was
decreasing LSS with increasing temperature with the exception of two temperature regions, -
50 °C to 50 °C for the annealed series, and 90 °C to 120 °C for the two as-welded series, where
the LSS remained fairly constant. As in the case of RW GF/PPS joints, the temperature was
found to have a more pronounced effect above the Tg of PPS. Between RT and 70 °C the
differences in LSS among the three series were not significant. The main failure mechanism of
both as-welded series above RT was identified as fibre/matrix debonding, which became more
pronounced with increasing temperature. At -50 °C their failure mechanism was primarily
matrix fracture. The annealed series also exhibited fibre/matrix debonding as a failure
mechanism but mainly at elevated temperatures. The results indicated that at temperatures at
and above the Tg of PPS, higher degree of crystallinity at the weldline would be beneficial for
the LSS due to the higher fibre/matrix interfacial strength compared to amorphous PPS. On
the contrary, at -50 °C the higher toughness and ductility of amorphous PPS would be
advantageous for the mechanical performance.

This research also allowed for a comparison between the two welding techniques to take place
as well as between GF/PPS and CF/PPS composites. The LSS of welds produced with
ultrasonic welding, either with amorphous or with semi-crystalline weldline, were
consistently higher than the welds produced with resistance welding, independently of the
testing temperature. With respect to the composites comparison, it was suggested that the
higher interfacial strength between CF and PPS compared to the one of GF and PPS was the
main reason for the higher LSS of the UW CF/PPS joints.

In conclusion, this thesis was able to establish a qualitative relationship between the weld
strength, the failure mechanisms and the constituents of the joints, namely the fibres, the
thermoplastic matrix and the weldline.



Samenvatting

Het gebruik van high-performance thermoplastische composieten (TPC’en) in de
luchtvaartindustrie is de afgelopen jaren toegenomen. TPC’en hebben significante voordelen:
superieure schade tolerantie, excellente chemische weerstand en mogelijkheid om gelast te
worden. Tot op heden zijn voornamelijk mechanische, maar ook verlijmde verbindingen de
traditioneel gebruikte verbindingsmethodes in de luchtvaartindustrie. Echter, het lassen van
TPC’en heeft veel aandacht getrokken door zijn gunstige eigenschappen zoals een zeer korte
doorlooptijd en de minimale spanningsconcentraties. Het meeste onderzoek gepubliceerd
over het lassen van TPC’en gaat over procesoptimalisatie en de evaluatie van de mechanische
eigenschappen bij condities op kamertemperatuur (KT). Vliegtuigen opereren echter in een
brede temperatuur range, typisch tussen de -50 °C en 70 °C en afhankelijk van de condities
zelfs tot 93 °C. Met inachtneming van de temperatuursafhankelijkheid van polymeer
composieten eigenschappen is het nodig om aandacht te besteden aan de eigenschappen van
TPC-lassen bij lage en hoge temperaturen. Naar het beste weten van de auteur, was er voor
het jaar 2014 geen literatuur beschikbaar waarin de invloed van temperatuur op de
mechanische eigenschappen van TPC-lassen werd geévalueerd. Enkel een paar publicaties
hebben dit onderwerp aangestipt. Het hoofddoel van dit proefschrift was niet alleen om deze
literatuurkloof te dichten, maar ook om een dieper inzicht en een beter begrip te krijgen van
het gedrag van gelaste thermoplastische composieten verbindingen bij lage en hoge
temperaturen. In andere woorden, om de fenomenen te begrijpen die de laseigenschappen
dicteren en op hun beurt de weg zullen wijzen voor verdere verbeteringen van de
materiaaleigenschappen en het ontwerp van de las.

Deze thesis presenteerde een volledig experimenteel werk over de invloed van temperatuur
op de mechanische eigenschappen van de TPC gelaste verbindingen. Het werk was uitgevoerd
voor twee van de meest veelbelovende lastechnieken, namelijk weerstand lassen en ultrasoon
lassen. Voor het weerstand lassen werd een roestvrijstalen gaas als verwarmingselement
gebruikt. Prepregs met een polymeermatrix van polyfenyleensulfide (PPS) in combinatie met
glasvezel (GF) en koolstofvezel (CF) werden gebruikt om GF/PPS- en CF/PPS-composieten
te maken. Deze werden respectievelijk gebruikt voor het weerstand lassen (RW) en ultrasoon
lassen (UW). De mechanische eigenschappen waren onderzocht door het uitvoeren van
afschuiftesten van enkelvoudig overlappende verbindingen bij verschillende temperaturen
variérend tussen de -50 °C en 150 °C. De mechanische testen werden aangevuld met een
gedetailleerde breukvlakinspectie, hetgeen belangrijke informatie verschafte over de
faalmechanismen van de lasverbindingen. Uitgebreide thermische analyses waren uitgevoerd
om de effecten van de temperatuur op de laseigenschappen te verhelderen. Daarnaast was,
gezien de zeer snelle procestijd van het ultrasoon lassen, de kristalliniteit van de lasnaad
onderzocht van de ultrasoon gelaste CF/PPS-verbindingen. Snel scannende calorimetrie
(FSC) was gebruikt om de afhankelijkheid van de koelsnelheden op de kristalliniteit te
bepalen. Nano-indentatie-experimenten werden uitgevoerd om ook de modulus en de
hardheid van zowel de PPS in de lashaad als de PPS in de harsrijke gebieden van het CF/PPS-
composiet zelf te bepalen. Dankzij de methodologie gevolgd in dit onderzoek, konden de
mechanische eigenschappen van zowel ultrasoon als weerstand gelaste verbindingen worden
gerelateerd aan de eigenschappen van de lasnaald en het gelaste composiet zelf.

De overlap afschuifsterkte (LSS) van RW CF/PPS-verbindingen nam af met een toenemende
temperatuur, behalve binnen de range van 50 °C tot 90 °C waar het gelijk bleef. Het effect was
significanter bevonden boven de glastransitietemperatuur (Tg) van PPS. Het onthechten van
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Samenvatting

vezel en matrix was geidentificeerd als het hoofdzakelijke faalmechanisme bij alle
temperaturen, terwijl de verbinding tussen het verwarmingselement en de matrix niet de
zwakste schakel was in de lasnaad. De vezel/matrix grensvlakstrekte was geidentificeerd als
de voornaamste factor die invloed had op de LSS van RW GF/PPS-verbindingen en het was
geconstateerd dat de vezel/matrix grensvlaksterkte afnam bij toenemende temperaturen.

Het effect van het ultrasone lasproces op het percentage kristalliniteit van PPS in de lasnhaad
was onderzocht voor de laskracht en de amplitude van de vibraties. Het was aangetoond dat
een snel lasproces, gebruikmakende van een hoge laskracht en lage amplitude voor de
vibraties, resulteerde in hoofdzakelijk amorf PPS. Een lage laskracht in combinatie met een
lage amplitude voor de vibraties resulteerde in een langzamer lasproces dat resulteerde in PPS
met een matige kristalliniteit en een hogere modulus en hardheid. Echter, de koelsnelheden
waren nog steeds zeer hoog. Er was voorgesteld dat ondanks de zeer hoge koelsnelheden, die
in een ongestoorde conditie de kristallisatie zouden hebben onderdrukt volgens FSC-
metingen, de PPS waarschijnlijk instaat was te kristalliseren door de zeer hoge reksnelheden
die behaald werden tijdens het ultrasoon lassen. Dit fenomeen, bekend als door rek
geinduceerde kristallisatie, zou de molecuulketens in de smelt oriénteren ten gunste van
nuclei formatie.

De mechanische eigenschappen van UW CF/PPS-verbindingen waren bestudeerd bij
temperaturen tussen -50 °C en 120 °C voor drie series met een variérende kristalliniteit van de
lasnaad. De eerste (als-gelast) serie bestond voornamelijk uit amorf PPS, de tweede serie (als-
gelast) bestond uit PPS met een matig percentage kristalliniteit, de derde serie bestond uit PPS
met de hoogste mogelijke Kkristalliniteit (verkregen door temperen). De algemene trend van de
afschuiftesten van de enkelvoudig overlappende verbindingen was een afnemende LSS voor
een toenemende temperatuur met uitzonderingen waarbij de LSS redelijk constant bleef: de
getemperde serie bij het temperatuursgebied tussen 50 °C en 90 °C en voor de twee als-gelaste
series bij het temperatuursgebied van 90 °C tot 120 °C. Net zoals in het geval bij de RW GF/PPS
verbindingen, had de temperatuur een prominenter effect boven de Tg van PPS. Tussen RT en
70 °C waren de verschillen in LSS tussen de series onderling niet significant. Het
hoofdzakelijke faalmechanisme van beide als-gelaste series boven RT was geidentificeerd als
het onthechten van vezel en matrix, hetgeen nog duidelijker werd met een toenemende
temperatuur. Bij -50 °C was het voornaamste faalmechanisme het breken van de matrix. De
getemperde serie had ook het onthechten van wvezel en matrix als voornaamste
faalmechanisme, maar met name bij verhoogde temperaturen. De resultaten duidden aan dat
bij temperaturen bij en boven de Tg van PPS een hoger percentage kristalliniteit in de lasnaad
gunstig zou zijn voor de LSS door de hogere vezel/matrix grensvlaksterkte in vergelijking met
amorf PPS. Integendeel, bij — 50 °C zou de hogere taaiheid en ductiliteit van de amorfe PPS
voordelig zijn voor de mechanische eigenschappen.

Dit onderzoek maakte het ook mogelijk om zowel twee lastechnieken als om CF/PPS- en
CF/PPS-composieten te vergelijken. De LSS van de lassen geproduceerd met ultrasoon lassen,
zowel met een amorfe als met een semi-kristallijne lasnaad, waren onafhankelijk van de test
temperatuur consistent hoger dan de lassen geproduceerd met weerstand lassen. Voor de
vergelijking tussen de composieten, was de hogere grensvlaksterkte tussen de CF en de PPS
ten opzichte van de GF en PPS voorgesteld als de voornaamste reden voor de hogere LSS van
de UW CF/PPS-verbindingen.

Samenvattend, deze thesis maakte het mogelijk om een kwalitatieve relatie tot stand te
brengen tussen de lassterkte, de faalmechanismen en de componenten van de verbindingen,
namelijk de vezels, de thermoplastische matrix en de lasnaad.
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1 Introduction

The Earth wanted plastic for itself.
Didn’t know how to make it. Needed us.

(George Carlin)

Materials development and materials processing are amongst the oldest forms of science and
engineering disciplines. Materials have been instrumental in the development of new
technologies and in the progress of civilisation. Metals, glasses and clay-based ceramics were
materials commonly used in early civilisations [1]. For example, joining of metals was a
technology already used in the Bronze Age, while a recent study reported that 5000 year old
Egyptian iron beads were made from meteoritic iron and formed into shape by carefully
hammering the metal [2]. One of the most commonly used class of materials that play a crucial
role in our daily lives are polymers. Polymers derive their name from the Greek words “TtoA0”
(poly meaning “many”) and “pépo¢” (meros meaning “part”), essentially meaning a material
consisting of many parts. Polymers consist of repeating long chain molecules of very high
molecular weight, which has granted them the term “macromolecules” [3]. The term was
proposed in the 1920s by Hermann Staudinger against the common theory at that time that
polymers were substances of low molecular weight, held together through physical
interactions between the small molecules [3][4]. Polymers can be found in nature and typical
examples are cellulose, proteins and even our own complex molecule that contains our genetic
code and the information needed to build and reproduce, the deoxyribonucleic acid (DNA).
However, the polymers that dominate our daily lives today are synthetic polymers (or so-
called “man-made polymers”) and have been around for not more than two centuries. The
inventions of Bakelite (by Leo Baekeland in 1909) and Nylon (by Wallace Carothers in 1935)
were pivotal in the field of Polymer Science and Engineering, as both materials found use in
many applications, pushing the Chemical Industry to invest more in the research and
development of new polymers. As with many technological innovations that shaped the world
in the 20t century — notoriously in the chemical industry — the outbreak and aggression of
World War Il (WWII) played an instrumental role in the development and production of
polymers. A typical example of polymer application in WWII was the use of nylon in
parachutes and ropes. Since then, numerous new polymers have been invented and
implemented in many technological innovations. The two main categories of synthetic
polymers are thermoplastics and thermosets. Thermosets are polymers that harden and
solidify above a critical temperature. This irreversible phenomenon is known as curing and
can be promoted by curing agents. The main characteristic of a thermoset is that during curing
it forms chemical cross-links, hence, it cannot be reformed and reversed back to its initial state.
Epoxies and vinylesters are typical examples of thermosets. Thermoplastics on the other hand,
are polymers that become soft and flow above a critical temperature and solidify during
cooling. The main characteristic of a thermoplastic is that it can be reformed by simply heating
the polymer up to a critical temperature (softening or melting temperature) and then, of
course, cool down and solidify. Typical examples of thermoplastics are polyolefins (such as
polypropylene), polyamides (such as nylon) and polyketones (such as polyetheretherketone).
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The extensive research and enormous success in the field of polymers during the previous
century resulted in the emergence of a new class of materials, called fibre reinforced polymers,
commonly known as polymer composites. Fibre reinforced polymers consist of a polymer
which acts as the matrix and fibres which act as the reinforcement, usually glass fibres (GF) or
carbon fibres (CF). The role of the fibres is to increase the strength and stiffness of the material
and the role of the matrix is to support the fibres and transfer the load among them.
Furthermore, fibre reinforced polymers possess superior specific properties due to their low
density, in other words very high strength and modulus to weight ratio [5][6], especially when
compared to steel or aluminium, establishing them as high-performance lightweight
materials. Owing to their lightweight nature and attractive properties such as excellent fatigue
performance and corrosion resistance [5], fibre reinforced polymers are being used in many
sectors such as automotive, building and infrastructure, renewable energy, marine, oil and
gas, and aerospace [5][7]. Both thermoplastics and thermosets are used as matrix in polymer
composites, depending on the requirements and cost of the application.

1.1 Polymer composites in aerospace

In the aerospace industry, the interest in polymer composites started primarily post WWII in
order to develop lightweight materials that could replace metals without compromising the
mechanical performance of the aircraft. Already in the 1940s, the aerospace industry
envisioned the use of fibre reinforced polymers in airplanes. An article of Popular Mechanics
journal in 1943 [7][8], quoted H.D. Hoekstra from the Civil Aeronautics Administration;
“Airplanes weighing as much as one and one-third million pounds are deemed possible”. Hoekstra
stated that the use of glass fibre reinforced plastics in aircraft could be possible. And it was.
Not only glass fibre but mainly carbon fibre reinforced polymers (CFRP), as soon as industrial
carbon fibre production became a reality. The first substantial use of fibre reinforced polymers
took place in the 1970s by both Airbus and Boeing. The Airbus A300 featured spoilers and
rudders made of CFRP [9] while the Boeing 737 featured spoilers made of CFRP [10]. The use
of polymer composites in aerospace industry steadily increased through the 1980s and 1990s
(Figure 1.1), reaching 15% in A320 in mid 1980s [9][11]-[13].
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Figure 1.1. Use of polymer composites in aircraft over the last 50 years. Data taken from several sources [9][11]-

[14].
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Since the year 2000, the use of polymer composites in aviation increased significantly, reaching
50% in the 787 in 2007 [13] and 53% in the A350 XWB (Figure 1.2) in 2014 [14]. In fact, the wing
of the Airbus A350 XWB is the largest single aviation structure ever made out of fibre
reinforced polymer, and is about 32 metres long and 6 metres wide [15]. Although fibre
reinforced polymers are materials with very attractive properties and have an increased design
freedom allowing engineers to use the materials’ full potential, the aviation industry is also
keen on increasing the use of these lightweight materials to reduce the net aviation carbon
dioxide (CO,) emissions. By 2050 the goal is to reduce the net aviation CO; emissions by half
of what they were in 2005 [16] and, right now, aircraft weight reduction seems as one of the
most efficient ways of achieving such goal.

Figure 1.2. Airbus A350-900 (A350 XWB family).

Thermosets — mainly epoxy resins — are predominantly utilised as the polymer matrix in
aircraft structures instead of thermoplastics; the existing knowledge database, ease of
processing and substantial investment over the years are the drivers for the higher use of
thermoset matrices in aircraft applications. However, over the last years, several companies
and research centres have developed and produced structures from thermoplastic composites
(TPCs) utilising high-performance thermoplastics (Figure 1.3). The most frequently studied
high-performance thermoplastics are PEEK (Poly ether ether ketone), PEKK (Poly ether ketone
ketone), PPS (Polyphenylene sulphide), and PEI (Polyetherimide). Thermoplastics offer
several advantages over thermosets such as higher toughness, high damage tolerance, solvent
resistance, “infinite” shelf-life, and recyclability [17][18]. Furthermore, the ability of
thermoplastics to be re-melted and re-shaped through heating and cooling cycles, allows
thermoplastic composites (i) to be produced in fast, cost- and energy-efficient processes (such
as press consolidation instead of autoclave consolidation), (ii) to be joined together through
fast, cost- and energy-efficient manufacturing technologies such as welding and (iii) to be
recycled, which is greatly desired in the constant strive for sustainability of today’s world.
Joining of polymer composites is of significant importance in the manufacturing of aerospace
structures since the production of large and complex structures in a single processing step is
difficult. Welding of thermoplastic composites seems to fulfil the requirements of a reliable,
automated and cost-efficient joining method in order to produce lighter components with high
performance, in short production times [19][20]. The reader is referred to section 1.3 for a
summary of the advantages of welding over the traditional joining techniques.
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Figure 1.3. Use of thermoplastic composites in aerospace (reproduced from [21]).

1.2 Joining methods: Traditional ways

The two traditional joining techniques for polymer composites that are currently used in
aircraft structures are mechanical fastening and adhesive bonding [22].

Mechanical fastening (i.e. riveting and bolting) is the traditional joining method that is
primarily used in the aerospace industry. Process simplicity, through-the-thickness
reinforcement, joining of dissimilar materials and capability for disassembly are some of its
main advantages [22]. However, mechanical fastening can introduce several problems into a
polymer composite structure such as stress concentrations, delaminations, additional weight,
extensive labour, galvanic corrosion of fasteners due to differences in anodic index, and
coefficient thermal expansion (CTE) mismatch between the composite structure and the
fastener [22]. It is important to note that holes weaken the composite structures due to stress
concentrations, making aerospace engineers to typically overdesign the composite structures,
locally adding more layers to compensate for the reduction in mechanical properties. The
direct consequence of this is weight increase which can be substantial. The second technique,
adhesive bonding, can minimise stress concentrations, it is capable of joining dissimilar
materials and has superior fatigue resistance [23]. However, adhesive bonding exhibits
considerable disadvantages as well, such as sensitivity to contamination from chemicals like
release agents and machining oils, which can have a detrimental impact on the bond strength,
extensive surface preparation, and long curing times [19][23][24]. In addition, high-
performance thermoplastics such as PPS are difficult to be bonded using adhesives due to their
low surface energy [25].

Hence, it becomes clear that the development of a technique that can eliminate or minimise
the aforementioned problems is one of the primary goals of the aviation industry. As
mentioned in the previous section, thermoplastic polymers have the ability to be re-melted
and re-shaped, allowing TPCs to be welded. Welding is a joining method that can form a
consolidated joint between two parts, simply by melting locally both of the parts through heat
and then cooling the joint under pressure. The next section lists the main advantages and
disadvantages of welding and explains the principles of the technique.
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1.3 Welding of thermoplastics composites

Although welding of thermoplastics has been in use for almost as long as thermoplastics have
been used, welding of TPCs has not so commonly been used. However, over the last decades
welding of TPCs has attracted an increasing interest from academia and industry since it
brings several advantages that can minimise the majority of the weaknesses of mechanical
fastening and adhesive bonding. The main advantages of welding are [19][26]:

Very short cycle times

Minimised stress concentration

Minimised labour

Minimal surface preparation of the substrates

oo oo

However, as with every material, every process and every experimental method, there are
some disadvantages:

a. Welding of dissimilar materials is most of the times not possible, although, recent
studies undertaken in the welding group of I.F. Villegas at TU Delft, have shown that
welding of thermosets to thermoplastics is possible [27]-[29].

b. Disassembly is not yet possible (one of the main advantages of mechanical fastening
over adhesive bonding and welding).

c. The weldline properties might differ compared to the bulk of the adherends,
depending on the process speed and type of material.

Nevertheless, welding offers promising joining solutions to many problems while research
and development in the field of welding can eliminate some of the current disadvantages. In
order to understand how welding works, a brief explanation of the principles of “Theory of
Healing” and the formation of polymer-polymer interfaces follows below. An important point
to be made here is that the theory of healing applies to any form of thermoplastic consolidation
and not only to welding. For example, press consolidation of TPC relies on the same principles.

Healing at a polymer-polymer interface essentially means “interdiffusion of chains across the
interface”. R.P. Wool and co-workers published a series of articles on the theory of healing in
polymers more than 30 years ago [30]-[32]. They described the process in five sequential stages:

i. Surface rearrangement
ii. Surface approach

iii. Wetting

iv. Diffusion

V. Randomisation

By heating the polymer above its glass transition temperature, the molecular chains become
mobile and start to r