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Abstract

Fusion assembly is a highly promising technique for joining thermoplastic composite to thermoset composites,
enabling the use of both the most affordable composite material and process for each substructure. However,
some major challenges need to be addressed such as functionalizing the thermoset composite surface through co-
curing with an appropriate thermoplastic interlayer or realizing a fast and robust welding process that meets all
quality and mechanical requirements. In this paper, we investigated the potential of polyetheretherketone (PEEK)
and its amorphous (PEEK A) and semicristalline (PEEK SC) states as interlayer materials, co-cured onto thermoset
composites. A surface preparation involving the atmospheric plasma process demonstrated that both PEEK state
materials can be used as interlayer with favorable adhesion properties. The influence of the plasma treatment on
surface properties and morphology was also experimentally characterized.
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An infrared (IR) welding process, barely studied in the
literature, was studied to assemble hybrid structural
composite. To avoid the expected thermal degradation
of the thermoset matrix, dissimilar infrared heating in-
put power is proposed. Single lap shear tests and failure
mode analysis were performed to highlight the promis-
ing performance of polyetherimide (PEI) as well as PEEK
interlayer based hybrid joint.

Introduction

Aeronautics have to address two main challenges in the
upcoming decade: increasing the expected production
rate and reducing the cost of composite manufacturing,
assembly and control [10]. Indeed, composite materials
are a realistic alternative and a key component for redu-
cing both weight and CO, emissions without affecting
mechanical performance. Composites used to replace
metallic parts are composed of a reinforcement, gener-
ally glass or carbon fibers and a polymeric matrix, being
either a thermoset or a thermoplasticc. The use of
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thermosets over thermoplastics depends on the applica-
tion, properties and cost. In the aerospace industry,
thermoset based composites (TSCs) are currently being
used because of their good compression, fatigue and
creep resistance as well as their economical production
in the form of large parts. Currently, TSCs are mainly
assembled by time and labor consuming bonding/rivet-
ing techniques. Conversely, thermoplastic based com-
posites (TPCs) demonstrate high ductility, fracture
toughness and impact resistance and can be quickly
manufactured by stamping and can be joined to other
TPCs by welding.

To produce materials in a more efficient and afford-
able way, the combination of thermoset and thermoplas-
tic composites, defined here as hybrid composites, opens
new design possibilities. Indeed, hybrid composites will
enable the use of the right material and the right manu-
facturing process for the right substructure.

Hybrid welding

Dissimilar TSC/TPC welding

Three main fusion based joining technologies have been
explored in the literature to weld together hybrid com-
posites. Resistance welding consists of placing an
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electrical resistance layer, made of metal or carbon fibers
at the interface. The Joule effect is used to heat up the
interface up to the point of fusion [27]. Since 1980s, in-
duction welding have been developed for polymer and
composite welding and processing. A large range of
methods, including static, discontinuous or continuous
welding, describe the heat and pressure applications
process. Induction heating occurs by transforming elec-
tromagnetic energy through a conductive interlayer,
called a susceptor, or through the conductive properties
of the reinforcement fibers, called a susceptorless ap-
proach. Ultrasonic (US) welding is well-known for poly-
mer joining applications, but it is still emerging for
structural composite material joining. Heat is generated
through high-frequency and low-amplitude vibrations,
generally concentrated by design singularities at the
interface, called the energy director [6, 21].

Infrared welding

Infrared welding is a highly mature welding technology
for thermoplastic polymer joining, such as for automo-
tive applications. The relative process simplicity and effi-
ciency and the high level of automation represent strong
advantages. Very few authors [4, 15] have explored the
ability of this technique to join composites.

Regarding the different solutions proposed to join ma-
terials by infrared (IR) welding processes, numerous ad-
vantages, such as an ability to quickly heat (typically
approximately 20-25s), and a capacity to attenuate con-
tamination risks, allow high productivity rates of repro-
ducible joints in automated systems involving
thermoplastic materials as stated by da Costa et al. [6].

Hybrid welding was explored by Asséko et al. [2], by
investigating the joining of a glass fiber reinforced poly-
carbonate composite with carbon black filled polycar-
bonate. To the best of our knowledge, IR welding has
barely been discussed and investigated for joining hybrid
high-performance composites.

Thermal degradation during welding

Thermal degradation during welding represents one of
the major constraints for process qualification. High-
performance materials, such as polyetheretherketone
(PEEK), present a sensivity to thermal exposure above
their melting temperature. In the neat polymer, a weight
loss of 0.5% is observed after 100 min at 400 °C. Both the
enthalpy of fusion and the melting temperature were not
modified after 10s exposure to 400 °C. At 420 °C, signifi-
cant changes were observed after 10 s of exposure in the
literatur [18]. More recently, the PEEK thermal stability
over a short exposure time have been described by Pasc-
ual et al. [17]. The investigation of the through thickness
degradation of PEEK indicates that for temperatures
below 400 °C, the degradation mechanism is slow. After
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50s at 400 ‘C, no major changes were observed in the
melting temperature, crystallinity, or the glass
temperature. Above 430 °C, a faster degradation process
was observed.

Thermoset composites are definitely much more sensi-
tive to thermal degradation than thermoplastic. To avoid
thermal degradation, very short heating times are re-
quired Villegas and Rubio [24]. A heating time well
under 1 s is recommended. Such ultrafast heat cycles are
only possible by US welding.

TSC surface functionalization

Adhesion interlayer/TSC

In the literature, many authors have explored the use of
polyetherimide (PEI) as an interface material for hybrid
welding. PEI has been demonstrated to be a good candi-
date to act as an interfacial layer for thermoset compos-
ite. PEI is generally preferred due to its intrinsic
miscibility with epoxy resin, which leads to high result-
ing adhesion properties. However, this advantage also
represents a weak point regarding several in-service ap-
plications. PEI polymer presents a limited withstand to
aeronautical fluids [12, 26, 25]. Nevertheless, there is an-
other challenge to overcome after co-curing: joining the
co-cured TSC bearing a thermoplastic rich layer with
the other part efficiently and in a short time. Therefore,
the welding process needs to provide concentrated heat
in a limited time.

PEEK based interlayers for hybrid welding have barely
been investigated in the literature. The PEEK interlayer
can be used direct be co-curing or coupled with a PEI
interlayer [21].

The diffusion of thermoset precursors into thermo-
plastics is well described in the literature and mainly in-
volves the dissolution of thermoplastic fibers, films or
fillers into the thermoset precursor, enabling an increase
in the thermoset composite toughness. The most popu-
lar tougheners are polysulfone (PSF), polyethersulfone
(PES) and PEI, which are typically high glass
temperature amorphous thermoplastics. Through the
experimental analysis of the thermoplastic filament sec-
tion embedded in the thermoset matrix, swelling kinetics
have been observed by measuring the diffusion distance
[5]. The diffusion distance is strongly dependent on the
isothermal temperature and duration prior to thermoset
crosslinking. At 100 °C, the PES thermoplastic is un-
affected by RTM6, an event after 180 min. Otherwise, at
140 °C, the PES section reduction was maximal after 20
to 60 min as a function of the PES end group. The diffu-
sion efficiency is predominantly controlled by the
thermoplastic Tg [23]. Unlike PES filaments, phenoxy
filaments are completely dissolved at 140 °C after 4 min,
although PES and phenoxy have similar average molecu-
lar weights. The dramatically lower Tg of phenoxy
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still higher than the initial values. This clearly demon-
strates the formation of stable hydrophile functional
groups based mainly on oxygen at the surface of all inter-
layers and specifically on PEEK. In addition to the contact
angle, extreme surface analysis was performed to elucidate
the chemical changes occurring during plasma treatment.

Durability of the chemical surface modification
investigation

To further investigate the chemical changes occurring at
the surface of the interlayer XPS investigation was per-
formed and depicted in Figs. 10 and 11 based on the O/
C and N/C ratios. The O/C ratio increased from 0.18 to
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Fig. 7 Abbot-Firestone curves for PEEK A, PEEK AC and PEI before and after plasma treatment
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Fig. 9 Surface free energy depending on waiting time after plasma treatment

without any voids or gaps, arguing for good adhesion. In-
terdiffusion probably occurs at the molecular or nanoscale
and is beyond of the resolution of the SEM. Concerning
the PEEK SC interlayer without plasma treatment, no ad-
hesion occurs: the PEEK SC interlayer can be easily sepa-
rated by hand, and no picture is provided. This
configuration does not allow interpenetration with the
resin during the manufacturing process. Unexpectedly,
after plasma treatment, adhesion between the interlayer
and the resin during co-curing occurs, as observed by
SEM. Furthermore, no decohesion is visible between the
two components. The joint line seems smooth and with-
out any defects. The initial thickness was effectively ob-
served by SEM without any additional sample etching
preparation and was even on the same order of magnitude

as the initial thickness of 25 pm. The surprising effect of
plasma on co-cured PEEK SC has to be linked with the
drastic change in surface roughness, mainly the height dis-
tribution. An explanation could be that the amorphous ac-
cessible surface was increased by plasma etching, enabling
the interdiffusion of the thermoset onto the amorphous
phase of the PEEK SC. The initial roughness of the PEEK
SC allowed deeper analysis of the etching mechanism by
SEM or AFM.

Welded dissimilar joint performances

Single lap shear (SLS) test result

The double cantilever beam (DCB) test is recognized as
the most representative test for characterizing the joint
interface of welded joints [3]. The implementation of the

Fig. 10 Investigation of the O/C by XPS
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