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A B S T R A C T

The development of effective methods for the bonding of Poly-etherether-ketone (PEEK) and Polyphenylene-
sulphide (PPS) composites to thermoset composites is appealing to expand their applications in aerospace
industry. Herein, the surfaces of PEEK and PPS composites were treated by a high-power UV-irradiation
technique for 6 s, that proved to significantly improve their intrinsically low surface activities. Carbon fibre
reinforced epoxy composites were then directly cured onto the PEEK and PPS composites with or without an
aerospace film adhesive at the joining interfaces. The mode-II and mix mode-I/II fracture behaviour of the
hybrid joints were studied using an end notched flexural test and a fixed-ratio mixed-mode test, respectively.
It was observed that the failure of the hybrid joints without adhesives mainly took place at the joining
interfaces. In this case, the lack of resins at the fracture plane resulted in relatively low fracture toughness.
Encouragingly, a cohesive failure was observed for the hybrid joints with adhesives in all the cases, owing
to the enhanced adhesion between the adhesive and the PEEK/PPS composites upon the UV-treatment. This
phenomenon indicated that optimal fracture resistance of the hybrid adhesive joints was obtained for the given
material systems.
1. Introduction

Advanced thermoplastic composites, including Poly-etherether-
ketone (PEEK) and Polyphenylene-sulphide (PPS) composites, offer
many significant advantages over their thermoset counterparts, includ-
ing high fracture toughness and impact resistance, excellent thermal
resistance, good reformability and recyclability, short manufacturing
process and infinite storage times. Accordingly, they have been increas-
ingly used in aerospace industry by replacing the thermoset composites
and metals over the last decade [1,2]. Moreover, the aerospace industry
keeps putting more and more attention on the development of key
structural components based on PEEK and PPS composites. For ex-
ample, thousands of PEEK composite clips are used to join the epoxy
composite spars to the epoxy composite skins of the fuselage in the
A350 and Boeing 787 aircraft. Additionally, the ‘wing of the future’
project leaded by Airbus has developed a new generation aircraft wing
consisting of a thermoset composite skin and thermoplastic composite
spars and ribs [3].

Along with the combining usage of components based on advanced
thermoplastic composites and thermoset composites in the aircrafts,
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E-mail address: zhaogq@sdu.edu.cn (G. Zhao).

the development of effective joining methods for their assembly be-
comes a foremost challenge facing by the researchers and engineers.
Mechanical fastening [4,5] and adhesive bonding [6,7] are currently
the main joining techniques for aircraft assembly, while welding (infu-
sion bonding) has also attracted considerable attention for the joining
of thermoplastic composites [8,9]. Among them, mechanical fastening
using screws, rivets, bolts etc. is currently the dominating method for
joining aerospace load-bearing structures. However, it is not considered
as an ideal choice for composite materials due to the requirement
of drilling holes and using heavy metal fasteners. Welding is another
option for the joining of thermoplastic composites, and it proves to
produce joints with good structural integrity with little surface prepa-
ration and short assembling time being needed. Nevertheless, it is not
applicable for the joining of thermoset composites. Adhesive bonding
offers the possibility of making light-weight constructions, the ability
to join any pair of dissimilar materials with a relatively uniform stress-
distribution, and the possibility to seal the entire bonding area and
hence to provide high joint strength and durability [10]. Accordingly,
vailable online 30 April 2022
263-8223/© 2022 Elsevier Ltd. All rights reserved.

https://doi.org/10.1016/j.compstruct.2022.115638
Received 27 December 2021; Received in revised form 13 February 2022; Accepted
 23 April 2022

http://www.elsevier.com/locate/compstruct
http://www.elsevier.com/locate/compstruct
mailto:zhaogq@sdu.edu.cn
https://doi.org/10.1016/j.compstruct.2022.115638
https://doi.org/10.1016/j.compstruct.2022.115638
http://crossmark.crossref.org/dialog/?doi=10.1016/j.compstruct.2022.115638&domain=pdf


Composite Structures 292 (2022) 115638D. Quan et al.

f
P
U
U
T
T
a

it is considered to be the most suitable joining method for thermoset
composites and hybrid thermoplastic-to-thermoset composite joints.

There are two main shortcomings of adhesive bonding: firstly, it
needs long curing cycle for the bonding process, in addition to the
curing of the composites; and secondly, it requires extensive surface
preparation, especially for the majority of thermoplastic composites
that possessed inherently low surface energies [11,12]. Regarding the
disadvantage of a long curing cycle, the concepts of co-cure or co-bond
have already proved to effectively shorten the manufacturing process,
in which the laminate curing and adhesive bonding are carried out in a
single processing operation [13,14]. However, the development of effi-
cient surface treatment methods for advanced thermoplastic composites
is still appealing. In previous study [15], we proposed a high-power
UV-irradiation technique to prepare the surfaces of carbon fibre re-
inforced PEEK and PPS composites for adhesive bonding. It has been
demonstrated that this technique is a highly effective, eco-friendly and
low-cost surface-treatment method for advanced thermoplastic compos-
ites. It can overcome many limitations of traditional surface treatment
methods [15], such as acid etching [16,17], corona discharge [18,19],
plasma treatment [20,21], and oxidising flame treatment [22,23]. In
specific, hybrid composite joints were prepared by the direct cure of
epoxy composites onto UV-treated PEEK and PPS composites in [15]. It
was observed that applying a high-power UV-treatment to the PEEK
and PPS composites for just 6 s considerably enhanced their adhe-
sion with aerospace adhesives, and resulted in significantly improved
lap-shear strength and mode-I fracture energies of the hybrid joints.
Moreover, the failure mode of the adhesive joints had been transited
from interface failure to either cohesive failure or substrate damage,
which indicated a high structural integrity of the joints under the
corresponding loading conditions.

While the previous work [15] focused on the lap-shear strength
and mode-I fracture behaviour of the hybrid composite joints, this
study investigated their mode-II and mix mode-I/II fracture behaviour,
with an attempt to further understand their structural performance
and failure behaviour. Herein, the same materials and manufacturing
process as in [15] were used to manufacture hybrid joints between
epoxy composites and PEEK/PPS composites, with and without film
adhesives at the joining interfaces. The mode-II and mix mode-I/II
fracture behaviour of the hybrid joints were studied using an end
notched flexural (ENF) test and a fixed-ratio mixed-mode (FRMM) test,
respectively. The fracture mechanisms of the adhesive joints were also
investigated.

2. Experimental

2.1. Materials and sample preparation

The prepregs of carbon fibre reinforced PPS composite and carbon
fibre reinforced PEEK composite were supplied by TenCate Advanced
Composites, the Netherlands. They possessed the same carbon fibre
reinforcements that were 5-harness satin weave fabrics. The carbon
fibre reinforced epoxy composite was unidirectional prepreg, HexPly
8552-IM7-35%-134 from Hexcel. The epoxy adhesive used for co-
bonding was FM300 from Solvay. This was an aerospace-grade film
adhesive that was supported by a non-woven thermoplastic carrier.

Fig. 1 briefly summarises the processes for sample preparation. The
PEEK and PPS composite panels were manufactured by the consol-
idation of a [0/90]4S layup in a hot-platen press (Joos LAP100) at
2 MPa and 400 ◦C (for PEEK composite) or 320 ◦C (for PPS composite)
or 30 mins, as shown in Figs. 1 (a)–(b). The bonding surfaces of the
EEK and PPS composite panels were then treated by a high-power
V-irradiation technique for just 6 s, see Fig. 1 (c). The intensities of the
V spectral ranges applied onto the composite surfaces are presented in
able 1, that were measured using a UV Power Puck from EIT Inc., USA.
his treatment procedure was inherited from the previous study [15],
nd it proved to be sufficient to improve the adhesion between the
2

Table 1
The intensities of the UV spectral ranges applied onto the PEEK
and PPS composite surfaces.

Items Wave length (nm) Intensity (mW/cm2)

UVA 320–390 1546
UVB 280–320 343
UVC 250–260 51
UVV 395–445 1979

adhesive and the PEEK and PPS composites. After the surface treatment,
8 layers of unidirectional carbon fibre/epoxy prepreg were laid onto the
UV-treated thermoplastic composite panels, with and without a layer of
film adhesive placed at the bonding interface, as shown in Fig. 1 (d). A
PTFE film with a thickness of 12.7 μm was also inserted at the bonding
interface for the generation of a crack starter within the fracture
specimens. The non-cured assembles of the hybrid joints were then
sealed in a vacuum bag and placed in an autoclave for co-bonding, see
Fig. 1 (e). The curing schedule was 180 ◦C and 0.4 MPa gauge pressure
within the autoclave for 90 mins, and a 200 mbar vacuum pressure was
also applied within the vacuum bag throughout the entire process. The
cured composite joints were then machined into desired dimensions for
the following fracture tests, as shown in Fig. 1 (f). Finally, specimens for
the fracture tests of the hybrid composite joints with and without adhe-
sive at the joining interface were obtained, as shown by the side-view
images of the joints in Fig. 1 (g). The configurations of the composite
joints were designed to ensure the bending stiffnesses of the PEEK
and PPS composite substrates and the epoxy composite substrates were
essentially the same. It is noteworthy that hybrid joints consisting of
non-treated PEEK/PPS composite substrates were also prepared using
the same process. However, they all failed during the cutting process
due to the very poor adhesion at the interfaces between the adhesives
and the PPS and PEEK composites. More detailed information about the
materials and the sample preparation processes can be found in [15].

2.2. Testing and analysis

The mode-II fracture behaviour of the hybrid composite joints was
studied using an end-notched flexural (ENF) test according to ASTM-
D7905 [24]. Fig. 2 (a) shows the testing setup and sample dimensions
of the ENF tests, that were carried out on a Zwick 10 kN testing machine
at a constant displacement rate of 0.5 mm/min. Prior to the ENF tests,
a precrack that was about 5 mm long was generated by loading the
ENF specimens in an opening mode. The ENF tests were repeated for
three times for each set. A compliance calibration method was used
to determine the mode-II fracture energies of the hybrid composite
joints [24]:

𝐺𝐼𝐼𝐶 =
3𝑚𝑃 2

𝑚𝑎𝑥𝑎
2
0

2𝑏
(1)

where 𝑃𝑚𝑎𝑥 is the maximum load, 𝑎0 is the crack length used in the
fracture test, 𝑏 is specimen width and 𝑚 is the compliance calibration
coefficient, that was obtained by carrying the compliance calibration
tests with a precrack length of 10 mm, 20 mm and 30 mm [24]. The
compliance calibration tests were repeated on all the three samples for
each set and then the average value of the compliance calibration co-
efficients was used for the energy calculations. It is worthy to mention
that, prior to the testing, the location of the crack front within the
ENF specimen was precisely determined by observing the side of the
specimens using an optical microscope. During this process, the edge
of the ENF specimen was slightly opened by inserting a razor blade for
an easy observation of the crack tip.

A fixed-ratio mixed-mode (FRMM) test [25] was used to measure
the mix mode-I/II fracture toughness of the hybrid joints, and the
mode-mixity of mode-I/mode-II was 57%/43% [25]. A schematic of the

sample dimensions and testing setup are shown in Fig. 2 (b). The tests
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Fig. 1. Illustration of the sample preparation process.
Fig. 2. Schematics of (a) the ENF test and (b) the FRMM test. The units for the values are in mm.
were carried out at a constant displacement rate of 2 mm/min using the
Zwick 10 kN testing machine. An approximately 5 mm long precrack
was also created by loading the FRMM specimens under an opening
mode. During the FRMM tests, the length of the crack was monitored
using a high resolution digital camera, and it was synchronised with the
load and displacement measurements based on the start time of the test.
The mix mode-I/II fracture energies corresponding to the measured
crack lengths were then derived using a corrected beam theory [25],
that is described as:

𝐺𝐼∕𝐼𝐼𝐶 = 𝐺𝐼 + 𝐺𝐼𝐼 (2a)

𝐺𝐼 =
3𝑃 2(𝑎 + |𝛥𝐼 |)2

𝑏2𝐸𝑓ℎ3
⋅ 𝐹 (2b)

𝐺𝐼𝐼 =
9𝑃 2(𝑎 + |𝛥𝐼𝐼 |)2

4𝑏2ℎ3𝐸𝑓
⋅ 𝐹 (2c)

where 𝑃 is the load corresponding to the current crack length 𝑎, ℎ
is the thickness of the beam and 𝐸𝑓 is the flexural modulus of the
beam. 𝐹 and 𝛥𝐼/𝛥𝐼𝐼 are the correction factors for large displacements
and root rotation of the crack tip, respectively, as detailed in [26,27].
The average of all the calculated 𝐺 values for each hybrid joint
3

𝐼∕𝐼𝐼𝐶
specimen was determined as its mix mode-I/II fracture energy. Three
replicable tests were carried out for each set.

The fracture surfaces of the ENF and FRMM specimens were imaged
using a JSM-7500F scanning electron microscope (SEM) to investigate
the fracture mechanisms of the hybrid joints. Prior to the SEM imaging,
the surfaces of the samples were sputter coated with a layer of gold that
possessed a thickness of approximately 5 nm.

3. Results and discussion

3.1. The mode-II fracture behaviour

The load versus displacement curves of the mode-II fracture tests
for the hybrid composite joints are shown in Figs. 3 (a) and (b). In
Fig. 3 and the rest of this paper, PPS/EP represents the hybrid joints
between the PPS composites and the epoxy (EP) composites without
adhesives, while PPS/AD/EP indicates the corresponding hybrid joints
with adhesives (AD). Similarly, PEEK/EP and PEEK/AD/PPS represent
the hybrid joints between the epoxy composites and the PEEK com-
posites without and with adhesives, respectively. From Figs. 3 (a) and
(b), it was observed that the hybrid joints bonded by the adhesives
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Fig. 3. Load versus displacement curves of the hybrid joints without adhesive layer (a) and with adhesive layers (b) from the ENF tests, and their corresponding mode-II fracture
energies (c).
Fig. 4. Typical photographs and microscopy images of the mode-II fracture surfaces.
exhibited much higher failure loads than their counterparts without
adhesives in both cases, indicating the necessity of using adhesives
for effective bonding. Moreover, a comparison between Figs. 3 (a)
and (b) showed that the failure loads of the PEEK/EP joints were
much higher than that of the PPS/EP joints, while the failure loads
of the PEEK/AD/EP joints were only slightly higher than that of the
PPS/AD/EP joints. The corresponding mode-II fracture energies (𝐺𝐼𝐼𝐶 )
of the hybrid adhesive joints are shown in Fig. 3 (c). Obviously, the frac-
ture energies of the hybrid joints without adhesives were much lower
than their counterparts with adhesives in both of the cases. In specific,
a value of 0.96 kJ/m2 was measured for 𝐺𝐼𝐼𝐶 of the PPS/EP joints.
The addition of an adhesive layer at the bonding interface significantly
increased 𝐺𝐼𝐼𝐶 to 3.35 kJ/m2 of the PPS/AD/EP joints, corresponding
to an increase of 249%. The value of 𝐺𝐼𝐼𝐶 of the PEEK/EP joints
was measured to be 2.32 kJ/m2, that was 142% higher than that of
the PPS/EP joints. Similarly, the PEEK/AD/EP joints possessed a much
higher 𝐺𝐼𝐼𝐶 (i.e. 3.68 kJ/m2) than the PEEK/EP joints due to the
presence of an adhesive layer at the interface.

To understand the fracture mechanisms of the hybrid joints and cor-
related them with the measured fracture energies, microscopy analysis
was carried out on the mode-II fracture surfaces, as shown in Fig. 4. It
should be noted that the colour of the FM300 adhesive was green after
the curing. For the PPS/EP joints, the mode-II fracture failure mainly
took place at the interface between the epoxy composites and the
4

PPS composites. This fracture process was associated with the peeling-
off of some PPS resins from the PPS composite substrates, that was
evidenced by the presence of some white colour spots on the surfaces
of the epoxy substrate, see the photograph for the PPS/EP joints in
Fig. 4. Additionally, the inset image Fig. 4 (a) showed that extensive
plastic deformation and failure took place to the matrix resin at the
PPS substrate surface during the mode-II fracture process, indicating
a good adhesion at the epoxy/PPS interface. Similar to the PPS/EP
joints, the failure of the PEEK/EP joints also happened at the vicinity of
the interface between the epoxy composites and the PEEK composites
during the mode-II fracture process. However, evidence of intensive
damage to the PEEK substrates was observed on the photograph for
the PEEK/EP joints in Fig. 4, i.e. almost the entire surface of the epoxy
substrate was covered with peeled-off PEEK resin and carbon fibres.
The inset SEM image (b) further confirmed the presence of extensive
carbon fibre breakage during the fracture process. These phenomena
explained why the PEEK/EP joints exhibited a much better resistance
to mode-II fracture than the PPS/EP joints, as shown in Fig. 3. For
the adhesively bonded joints, a cohesive failure within the adhesive
layers was observed for both of the PPS/AD/EP and PEEK/AD/EP
joints, see the photographs on the right sides of Fig. 4. Moreover, the
inset SEM images (c) and (d) in Fig. 4 show that the fracture surfaces
were covered with numerous debonded fibres. These fibres were from
the non-woven supporting carrier of the film adhesive. The extensive
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Fig. 5. Load versus displacement curves of the hybrid joints without adhesive layer (a) and with adhesive layers (b) from the FRMM tests, and their corresponding mix mode-I/II
fracture energies (c).
Fig. 6. Typical photographs and microscopy images of the mix mode-I/II fracture surfaces.
debonding and bridging mechanisms of the thermoplastic fibres proved
to be highly effective for energy dissipation during the fracture pro-
cess [28,29], and resulted in higher fracture energies of the PPS/AD/EP
and PEEK/AD/EP joints when compare to their counterparts without
adhesives, see Fig. 3.

3.2. The mix mode-I/II fracture behaviour

Figs. 5 (a) and (b) show the load versus displacement curves of
the mix mode-I/II fracture tests of the hybrid composite joints, while
Fig. 5 (c) presents the corresponding mix mode fracture energies. Over-
all, the failure loads of the mix mode-I/II fracture of the hybrid joints
with adhesives were much higher than their counterparts without
adhesives. This phenomenon was also observed for the mode-II fracture
behaviour, and it further demonstrated that adding an adhesive layer
at the joining interfaces was required to obtain a high bonding quality.
Consequently, the fracture energies of the hybrid joints with adhesives
were much higher when compared to the ones without adhesives, as
shown in Fig. 5 (c). For example, a value of 1.52 kJ/m2 was measured
for the 𝐺𝐼∕𝐼𝐼𝐶 of the PPS/AD/EP joints, that was 162% higher than the
𝐺 value of the PPS/EP joints. Similar to the mode-II fracture, the
5

𝐼∕𝐼𝐼𝐶
PEEK/AD/EP joints possessed a highest 𝐺𝐼∕𝐼𝐼𝐶 of 1.73 kJ/m2 in all the
cases. This value was 116% higher than that of the PEEK/EP joints.

Fig. 6 shows typical photographs and SEM images of the mix mode-
I/II fracture surfaces of the hybrid composite joints. The PPS/EP and
PEEK/EP joints exhibited essentially the same fracture mechanisms,
i.e. the crack propagation occurred at the joining interfaces in both
cases. Moreover, the inset SEM images of Figs. 6 (a) and (b) present
evidence of significant plastic deformation and failure of the matrix
resins on the surfaces of the PEEK and PPS composites. These obser-
vations indicated a good adhesion between the epoxy composites and
the PPS/PEEK composites. However, the lack of PPS/PEEK resins at the
crack path lead to a small fracture damage zone ahead of the crack tip
and resulted in the relatively low 𝐺𝐼∕𝐼𝐼𝐶 values. By taking a closer look
at the photo of the fracture surfaces for the PEEK/EP joints, it was found
that a bundle of carbon fibres delaminated from the epoxy substrates
during the fracture process. This phenomenon resulted in a relatively
higher 𝐺𝐼∕𝐼𝐼𝐶 of the PEEK/EP joints than the PPS/EP joints. For the
adhesively bonded joints, both of the PPS/AD/EP and PEEK/AD/EP
joints exhibited a cohesive failure within the adhesive layers. This was
evidenced by the presence of green colour adhesives on both sides
of the fracture surfaces, see the photographs for the PPS/AD/EP and
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PEEK/AD/EP joints in Fig. 6. As already observed for the mode-II
fracture, the cohesive failure was typically associated with debonding,
bridging and breakage of thermoplastic supporting fibres, as shown
by the inset SEM images (c) and (d). These mechanisms dissipated a
good amount of energy during the mix mode-I/II fracture process of the
adhesively bonded joints, and resulted in the relatively high fracture
energies in Fig. 3.

4. Conclusions

This study aimed to develop hybrid composite joints between epoxy
composites and PEEK/PPS composites with structural integrity. The
surface of the PEEK/PPS composite was treated by a high-power UV-
irradiation technique for 6 s, and then co-bonded with epoxy composite
with and without an adhesive layer at the interface. The experimental
results of the mode-II and mix mode-I/II fracture tests revealed that
the addition of an adhesive layer at the joining interface of the hybrid
composite joints was necessary to obtain high levels of fracture tough-
ness. For example, the mode-II and mix mode-I/II fracture energies
of the adhesively bonded epoxy/PEEK joints were 3.68 kJ/m2 and
.73 kJ/m2, respectively, that were 37% and 116% higher than their
ounterparts without adhesives. These observations, together with the
esults of the lap-shear tests and the mode-I fracture tests that were
eported in previous work [15] demonstrated that the hybrid joints
onded by adhesives possessed excellent structural performance under
ifferent critical loading conditions. Importantly, for the hybrid joints
onded by adhesives, a cohesive failure within the adhesive layer was
bserved in all the cases. This indicated that the application of the
apid UV-treatment to the surfaces of the PEEK and PPS composites
ad effectively improved their intrinsically poor adhesion with the
dhesive, and subsequently prevented adhesive failure of the hybrid
omposite joints. Overall, by a combining usage of a co-bonding pro-
ess and a high-power UV-irradiation surface treatment technique,
ybrid adhesive joints between thermoset composites and advanced
hermoplastic composites with high structural integrity were obtained.
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