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A B S T R A C T

In this study, an aerospace thermosetting composite was co-curing joined by Polyether-ether-ketone (PEEK)
and Polyethylenimine (PEI) films, with an aim of developing advanced composite joints. The semi-crystalline
PEEK films were surface activated upon a UV-irradiation technique to obtain a strong film–composite interface,
while the amorphous PEI films could be directly used. The fracture behaviour of the composite joints
was evaluated and compared with benchmark aerospace adhesive joints. The experimental results proved
remarkable mode-I and mode-II fracture resistance of the PEEK co-cured joints at 22 ◦C and 130 ◦C, while the
PEI co-cured joints exhibited excellent mode-I fracture resistance at 22 ◦C and mode-II fracture resistance in
both testing temperature cases. Extensive elongation, tearing and fracture of the PEEK/PEI plastics were proved
to be the main mechanisms for toughness enhancement. Overall, this work had successfully demonstrated
the effectiveness of developing advanced composite joints via a co-curing process using high-performance
thermoplastic films.
. Introduction

Carbon fibre reinforced thermosetting composites had been widely
sed in aviation industries over the last two decades [1,2], that sig-
ificantly reduced the aircraft weight and enhance their structural
ntegrity. This resulted in significantly increasing usage of aerospace
omposite structures that were joined together by multi-components [3,
]. Accordingly, the development of effective joining techniques for
omposite parts became critical for aviation safety. Adhesive bonding is
nown as an ideal method for composite joining, due to its possibility to
chieve low weight construction, high bonding strength and relatively
niform stress distribution [5–7]. For these reasons, adhesive bonding
s one of the major joining techniques for aircraft assembly.

The majority of aerospace adhesives used epoxy resins as matrix
wing to the high mechanical properties and good chemical resis-
ance [8]. Due to the critical demand in aviation safety, these aerospace
poxy adhesives are typically supplied as one-component to ensure
good bonding quality and performance, i.e. this can avoid voids,

nadequate mixing and non-stoichiometric weighting during the prepa-
ation process of two-component adhesives. However, this brings in a
hortcoming that the aerospace adhesives possess a certain shelf life
nd require low temperature conditions for transportation and storage.
or example, the shelf life of typical aerospace film adhesives, such as

∗ Corresponding author.
E-mail address: zhaogq@sdu.edu.cn (G. Zhao).

FM300 from Solway and AF163-2 from 3M is 12 months at −18 ◦C
and 4 months at −4 ◦C. The shelf life significantly reduces to less
than 20 days if the adhesives are stored at room temperature [9].
Another considerable shortcoming of epoxy resins is that their fracture
toughness and crack resistance are low, due to the highly cross-linked
molecular structures of the epoxy resins [10]. For this reason, different
types of toughening additives are normally used to enhance the crack
resistance of epoxy [11,12], which significantly increases the cost of
the adhesives. Additionally, even though the aerospace adhesives are
typically intensively toughened [13,14], fracture failure is still the ma-
jor failure mode of composite adhesive joints in aerospace components.
For the above reasons, it is appealing to propose substitutes of epoxy
adhesives for the joining of composite materials, who possess unlimited
shelf life and excellent fracture toughness.

High-performance engineering thermoplastics, such as Polyetherim-
ide (PEI), Polyphenylene sulphide (PPS) and Polyether ether ketone
(PEEK) etc. exhibited excellent fracture toughness, high thermal sta-
bility and unlimited shelf life. Accordingly, there is a high potential of
utilising these TP materials for thermosetting composite joining, with a
strong interface at the composite–thermoplastic interface being a criti-
cal condition. Recent studies on the interactions between thermoplastic
films and epoxy resins had been comprehensively reviewed by Deng
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et al. [15]. The interacting mechanisms at the interfaces between epoxy
resins and amorphous thermoplastics, including Polysulfone (PSU),
Polyethersulfone (PES), Polyetherimide (PEI) and Polyamide (PA) had
been discussed. In general, the epoxy resins and amorphous thermo-
plastic moleculars diffused into each other during the curing process,
that generated an interdiffusion zone at their interfaces and formed
strong bond [16,17]. Noteworthily, the majority of literatures utilised
thermoplastic–epoxy interactions for co-curing a layer of thermoplas-
tic onto the surfaces of carbon fibre/epoxy composites [15,18]. This
allowed welding to be conducted to join the carbon fibre/epoxy ad-
herends by fusion bonding using the similar processes for joining ther-
moplastics and thermoplastic based composites [19,20]. While these
studies proved that good thermoset/thermoplastic interactions were
feasible, one can hardly find any study on utilising thermoplastics for
the joining of aerospace thermosetting composites. Our recent study
proposed to replace structural film adhesives by a layer of carbon
fibre reinforced PEEK (CF/PEEK) for the co-cure joining of epoxy-
based aerospace composites [21]. The experimental results revealed
significant potential and benefit of utilising thermoplastic materials for
co-cure joining of thermosetting composites, i.e. remarkable improve-
ments in the mechanical properties, fracture resistance and thermal
stability of the composite joints at both of room temperature and
high temperature were obtained [21]. Accordingly, it is appealing to
further develop this technique by investigating the structural integrity
of aerospace composite components that was co-cure joined by various
types of advanced thermoplastic materials.

In this study, semi-crystalline PEEK films and amorphous PEI films
with different thicknesses were used as joining agent for the co-cure
joining of an aerospace thermosetting composite, with an aim of de-
veloping advanced composite joints. An UV-irradiation treatment was
carried out to the PEEK films to promote their surface polarities and
activities, and hence to form a strong interaction/bond at the PEEK-
thermosetting interface. No surface treatment was performed to the
PEI films, as they had good miscibility with thermosetting resins [15].
The effects of the materials, thicknesses and surface activities of the
thermoplastic films on the fracture resistance of the co-cured composite
joints were studied. Composite joints co-cure bonded by a commercial
aerospace film adhesive were also prepared as benchmark. The fracture
performance and mechanisms of the co-cured joints under mode-I and
mode-II loading conditions were studied, with excellent fracture tough-
ness being observed for the thermoplastic co-cure joined thermosetting
composite joints.

2. Experimental

2.1. Materials

The thermosetting composite was based on a unidirectional prepreg,
Hexply F6376C-HTS (12K)-5%–35% supplied by HEXCEL Composites
(UK). The reinforcement was Tenax-E HTS45 standard modulus fibres
(TOHO TENAX Europe GmbH) with a high tenacity, and the thermoset-
ting resin was Hexply F6376 thermoplastic-toughened epoxy resin.
Semi-crystalline PEEK films with a thickness of 100 μm, 200 μm, 250 μm
were APTIVE 1000 series from Victrex (UK). Amorphous PEI films
with a thickness of 90 μm, 175 μm and 250 μm were supplied by LITE
(Germany). The PEEK and PEI films were selected as both of them
were widely used for aerospace applications. Additionally, the PEEK
represented a semi-crystalline polymer that possessed poor surface
activity and outstanding mechanical performance and environmental
resistance, while PEI was an amorphous polymer that exhibited ex-
cellent interface adhesion with the aerospace composite materials and
relatively poorer mechanical properties and environmental resistance
than semi-crystalline PEEK. The benchmark aerospace adhesive was
FM300 from Solvay (UK), which was one of the most widely used and
well-commercialised structural adhesives for the aviation industry. This
was a film adhesive in 146 g/m2 areal weight that was supported by
random distributed thermoplastic non-woven fibres.
2

2.2. Composite joint manufacturing

Fig. 1 presents the procedures for the preparation of the composite
joints that were co-cure joined by the PEEK and PEI films. Since the
surface polarity of PEEK films was inherently low, both sides of the
PEEK films were UV-irradiated for 10 s prior to the laminate layup (see
Fig. 1(a) and (b)). The UV-irradiation treatment that was applied to the
PEEK surfaces were the same as used in our previous studies [22,23],
which could significantly promote the epoxy–PEEK interface adhesion,
and additional information can be found in [22,23]. No special surface
treatment apart from degreasing and cleaning by isopropanol was
needed for the PEI films, as they could form an interdiffusion zone with
the epoxy during the composite curing process. Following the surface
treatment, the PEEK and PEI films were placed between two prepreg
layups with a stacking sequence of [016] (see Fig. 1(c)). A piece of
thin PTFE foil was also placed above one side of the thermoplastic
films during the hand layup process. The PTFE foil possessed extremely
low adhesion with the laminate matrix, and hence can serve as crack
insert for the following fracture tests. The composite joint assemble was
then cured in an autoclave using a schedule of 0.4 MPa at 180 ◦C for
90 mins, during which a 200 mbar vacuum pressure was applied to
the joint assemble (see Fig. 1(d)). A diamond grinding machine was
then used to cut the composite joints into individual specimens for
the fracture tests (see Fig. 1(e)–(g)). Composite joints co-cured by the
aerospace adhesive FM300 were also prepared using the same proce-
dure as a benchmark. Additionally, composite laminate, i.e. without
using adhesive or thermoplastic films for the joining in Fig. 1(c), was
also manufactured as a reference. In the rest part of this paper, the
composite joints that are co-cure joined by the PEEK films, the PEI films
and the FM300 adhesive are named as PEEK-CoJoints, PEI-CoJoints and
FM300-CoJoints, respectively.

2.3. Testing and characterisation

The fracture toughness of the composite joints under mode-I and
mode-II loading conditions was evaluated using a DCB (double can-
tilever beam) test [24] and a ENF (end notched flexural) test [25],
respectively. Fig. 1(f) and (g) schematically show the loading setup
and specimen dimensions of the mode-I and mode-II fracture tests,
respectively. The DCB and ENF tests were performed in a universal
testing machine at a loading rate of 2 mm/min and 0.5 mm/min,
respectively. It is worthy to mention that the loading rate within a
range of 0.5–2 mm/min satisfied a quasi-static loading condition, and
it had none effect on the measured values of the mode-I and mode-
II fracture energies. A smaller loading rate for the ENF tests was to
facilitate the precise monitoring of the location of the mode-II crack
tip, which was more difficult to be identified than the mode-I crack
tip. The tests were carried out at a low temperature of 22 ◦C and a high
temperature of 130 ◦C within a temperature chamber. The location of
the crack front was recorded using a high resolution digital camera
during the fracture tests. Three specimens were tested in each case.

The fracture energy under mode-I loading (𝐺𝐼𝐶 ) was calculated
based on a modified beam theory specified in [24]:

𝐺𝐼𝐶 = 3𝑃𝛿
2𝑏(𝑎 + |𝛥|)

(1)

where 𝑃 is the value of the load, 𝑎 is the length of the crack, 𝑏 is the
width of the DCB specimen and 𝛿 is the displacement at the loading
point.

The fracture energy under mode-II loading (𝐺𝐼𝐼𝐶 ) was derived
based on a CC (compliance calibration) theory defined in [25]:

𝐺𝐼𝐼𝐶 = 3𝑚𝑃 2𝑎2

2𝑏
(2)

where 𝑚 is the coefficient of the CC test, which was measured by
performing the CC tests on the ENF specimens [25].
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Fig. 1. The procedure for the composite joint manufacturing and specimen preparation.
The cross-section of the co-cured composite joints was analysed
sing a SEM (JEOL JSM-7500F) to investigate the morphology at the
hermoplastic–composite interface. To provide a better contrast, the
olished surface of the specimen was etched by a drop of N-Methyl-2-
yrrolidone (NMP) (about 1–2 ml) and then washed by running water.
he fracture surfaces of the composite joints were imaged using the
EM and a laser microscope (KEYENCE VK-X1000). Prior to the SEM
maging, the surfaces of the specimens were sputtered by gold to create
5 nm thick electric-conductive layer.

. Experimental results

.1. Interface morphology

To ensure good structural performance of co-cured composite joints,
t is critical to obtain strong interfaces between the PEEK/PEI films
nd the composite based on epoxy resin. In this study, the PEI films
ere amorphous thermoplastic that possessed a high miscibility with
poxy resins [16,17]. In the course of the joint curing, the epoxy resin
nd the PEI molecules diffused into each other to a certain distance
t the interface, that was followed by a phase separation at certain
eaction temperature [26]. Fig. 2(a)–(c) present the morphology of the
nterdiffusion region at the PEI-epoxy interface of the PEI-CoJoints.
bviously, extensive mutual interdiffusion between PEI and epoxy

ook place during the laminate curing process, that was indicated
y the presence of numerous epoxy spheres at the side of the PEI
ilm (Fig. 2(b)) and PEI spheres at the side of the epoxy composite
Fig. 2(c)). The interdiffusion layer at the PEI-epoxy interface possessed
n average thickness of 30.3 ± 7.3 μm, that had provided good joining
trength between the PEI films and the laminate, as will be shown later
n.

As expected, a distinct PEEK-epoxy interface was observed within
he PEEK-CoJoints (see Fig. 2(d)). This was mainly due to the semi-
rystalline structure of the PEEK molecule, which prevent the PEEK-
poxy interdiffusion at the interface. It should also be noted that
3

PEEK possessed very low reactivity, small surface energies and poor
polarities, that resulted in poor adhesion with epoxies. Accordingly, to
develop PEEK-CoJoints with good mechanical performance, proper sur-
face treatment to the PEEK films was required to provide strong bonds
at the epoxy–PEEK interface. The UV-irradiation treatment that was
applied in this study (see Section 2.3) utilised the high power of the UV-
light to break the C–C bond of the PEEK molecules, that was followed
by the creation of functional O–C=O, C=O and C–O groups [23,27].
The addition of these oxygen groups on the PEEK surfaces significantly
promoted their chemical reaction with the epoxy matrix during the
curing process of the composite joints. Subsequently, strong bonding
between the PEEK and the epoxy was obtained (that was approved
in Sections 3.2.3 and 3.3.3), even though no mutual interdiffusion
occurred between PEEK and epoxy.

3.2. The fracture behaviour under mode-I loading

3.2.1. Mode-I fracture of the reference laminate and benchmark adhesive
joints

Fig. 3 presents the results of the DCB tests for the reference laminate
and their adhesive joints bonded by FM300. Overall, a much better
fracture resistance under mode-I loading was observed for the FM300-
CoJoints than the reference laminate in both cases of the testing
temperature. For example of the testing results at 22 ◦C, the peak
load for the FM300-CoJoints was 136 N, that was approximately two
times of the value for the reference laminate, see Fig. 3(a). Accordingly,
the FM300-CoJoints possessed much higher mode-I fracture energies
(𝐺𝐼𝐶 ) than the reference laminate, see Fig. 3(b) and (c). An average
value of 362 J/m2 and 1353 J/m2 was obtained for 𝐺𝐼𝐶 of the ref-
erence laminate and the FM300-CoJoints at 22 ◦C, respectively. The
fracture resistance of the reference laminate under mode-I loading had
been slightly improved while the testing temperature was increased to
130 ◦C, as shown by the increased fracture propagation load in Fig. 3(a)
and 𝐺𝐼𝐶 values in Fig. 3(b) and (c). 𝐺𝐼𝐶 of the reference laminate at
130 ◦C was 545 J/m2, that was 51% higher than the value at 22 ◦C.
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Fig. 2. The morphology of thermoplastic–epoxy interfaces within the composite joints: (a)–(c) are for the PEI–epoxy interface and (d) is for the PEEK–epoxy interface.
Fig. 3. The results of the mode-I DCB fracture tests of the reference laminate and their FM300-CoJoints: (a) the load–displacement curves, (b) the 𝑅-curves and (c) the mode-I
fracture energies.
m
𝐺

Opposite change in the mode-I fracture performance was observed for
the FM300-CoJoints as the testing condition increasing from 22 ◦C to
130 ◦C, i.e. 𝐺𝐼𝐶 of the FM300-CoJoints declined from 1353 J/m2 to
46 J/m2 (by 43%).

Fig. 4 presents the photographs of the DCB specimens during the
esting, for showing the fibre bridging phenomenon at the wake of
he crack. By carefully comparing Fig. 4(a) and (b) with Fig. 4(c)
nd (d), one can see that more intensive fibre bridging took place
t 130 ◦C than at 22 ◦C for both of the reference laminate and the
M300-CoJoints. The bridging fibres for the reference laminate were
arbon fibres, while the bridging fibres observed in Fig. 4(b) and
d) were the thermoplastic non-woven within the FM300 adhesives.
ypical SEM micrographs of the DCB fracture surfaces for the reference

aminate and the FM300-CoJoints are presented in Fig. 5. By comparing
ig. 5(a) and (b), it was observed that extensively more carbon fibres
elaminated and broke at 130 ◦C than at 22 ◦C. The breakage of
ore carbon fibres resulted in extra energy dissipation, and hence a
igher 𝐺𝐼𝐶 at 130 ◦C, as shown in Fig. 3. Many randomly orientated
hermoplastic fibres appeared on the surfaces of the fractured FM300-
oJoints in Fig. 5(c) and (d), indicating fibre debonding and bridging
eing the main failure mechanisms. However, unlike the carbon fibres,
he thermoplastic non-woven had a typically poor adhesion/interaction
ith the laminate epoxy matrix, evidenced by the smooth surfaces of

he majority of the thermoplastic fibres. This meant that the required
orces for the debonding of the thermoplastic fibres during the DCB
ests were relatively low. By increasing the testing condition from 22 ◦C
o 130 ◦C, the epoxy matrix and the thermoplastic fibres became soft
nd their interface adhesion further decreased. This negatively affected
he effectiveness of the thermoplastic fibre debonding and bridging
4

echanisms for energy dissipation, and led to considerable drops in
𝐼𝐶 , see Fig. 3

3.2.2. Mode-I fracture of the PEEK/PEI-Cojoints
Fig. 6(a)–(c) presents the results of the DCB tests of the PEEK/PEI-

CoJoints that were tested at 22 ◦C. The curves for the reference
laminate and the FM300-CoJoints were included for the comparison
purpose In Fig. 6 and the following sections of this paper, the joints co-
cured by the PEEK/PEI films was referred to as the polymer type and
its thickness in μm, e.g. PEI175 indicates the PEI-CoJoints that were
co-cure joined by 175 μm thick PEI films. The PEEK-CoJoints exhibited
a stick–slip crack propagation behaviour for the mode-I fracture tests at
22 ◦C. The peak loads corresponding to the crack arrest points of the
PEEK-CoJoints were slightly higher than that of the FM300-CoJoints,
as shown in Fig. 6(a). This resulted in significantly varied fracture
toughness of the PEEK-CoJoints in Fig. 6(c). Additionally, the effect
of the PEEK thickness was trivial on the fracture resistance of the
PEEK-CoJoints under mode-I loading. A stable crack propagation took
place to the PEI-CoJoints, and the crack propagation loads were lower
than that of the FM300-CoJoints and higher than that of the reference
laminate, see Fig. 6(b). Accordingly, the 𝑅-curves of the PEI-CoJoints
fell between those of the FM300-CoJoints and the reference laminate
in Fig. 6(c).

The experimental results of the mode-I fracture tests for the com-
posite joints at a testing temperature of 130 ◦C are presented in
Fig. 6(d)–(f). During the DCB tests at 130 ◦C, the initial stable crack
propagation was always followed by a jump (rapid crack propagation)
or dynamic failure of the entire specimens for the PEEK-CoJoints, while
crack propagation of the PEI-CoJoints exhibited a stick–slip manner.
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a

Fig. 4. The fibre bridging phenomenon at the wake of the crack during the DCB tests of the reference laminate and the FM300-CoJoints.
P
j
t
P
1
f
t
C

Fig. 5. Typical SEM images of the mode-I fracture surfaces of the reference laminate
nd the FM300-CoJoints: (a) and (b) is for the reference laminate at 22 ◦C and 130 ◦C,

respectively; (c) and (d) is for the FM300-CoJoints at 22 ◦C and 130 ◦C, respectively.

This explained why a limited number of values were recorded on the
𝑅-curves of the PEEK-CoJoints and PEI-CoJoints in Fig. 6(f). Obviously,
the PEEK-CoJoints showed remarkable mode-I fracture resistance at
130 ◦C, i.e. their crack propagation loads and corresponding 𝑅-curves
were significantly higher than that of the FM300-CoJoints, see Fig. 6(d)
and (f). The crack propagation of the PEI-CoJoints changed from a
stable mode to a stick–slip mode as the temperature of the DCB tests
increasing from 22 ◦C to 130 ◦C. Additionally, the peak loads on the
load–displacement curves of the PEI-CoJoints were much higher than
the crack propagation loads of the FM300-CoJoints at 130 ◦C. Con-
sequently, the 𝑅-curves of the PEI-CoJoints were greater than that of
the FM300-CoJoints and the reference laminates in Fig. 6(f). However,
the fracture performance of the PEEK-CoJoints was still superior when
compared with the PEI-CoJoints.

Table 1 summarises the values of 𝐺𝐼𝐶 of the composite joints that
were measured by the DCB tests. The values of 𝐺𝐼𝐶 for the reference
laminate and their FM300-CoJoints were 362 J/m2 and 1353 J/m2,
respectively at 22 ◦C. The PEEK-CoJoints possessed more or less the
same 𝐺𝐼𝐶 as the FM300-CoJoints at 22 ◦C, if the standard deviation was
considered. However, 𝐺𝐼𝐶 of the composite joints considerably dropped
by over 40% upon replacing the FM300 adhesives with the PEI films.
5

Table 1
The mode-I fracture energies, 𝐺𝐼𝐶 of the co-cured composite joints and the reference
laminate.

Items 𝐺𝐼𝐶 at 22 ◦C (J/m2) 𝐺𝐼𝐶 at 130 ◦C (J/m2)

Laminate 362 ± 17 545 ± 4
FM300 1353 ± 25 946 ± 71
PEEK100 1311 ± 137 (−3%) 4312 ± 375 (356%)
PEEK200 1505 ± 80 (11%) 3671 ± 387 (288%)
PEEK250 1531 ± 178 (13%) 3868 ± 198 (309%)
PEI90 552 ± 41 (−59%) 1255 ± 337 (33%)
PEI175 781 ± 25 (−42%) 1860 ± 147 (97%)
PEI250 760 ± 75 (−44%) 1727 ± 10 (83%)

In specific, the average value of 𝐺𝐼𝐶 was calculated to be 552 J/m2

for the PEI60 joints at 22 ◦C, and it increased to 781 J/m2 for the
EI175 joints, and then remained essentially the same for the PEI250
oints. Noteworthily, these values were still much higher than that of
he reference laminate. Encouragingly, both of the PEEK-CoJoints and
EI-CoJoints possessed much higher 𝐺𝐼𝐶 than the FM300-CoJoints at
30 ◦C, with more remarkable mode-I fracture resistance being proved
or the PEEK-CoJoints. For instance, 𝐺𝐼𝐶 of the PEEK100 joints at a
esting temperature of 130 ◦C was 356% higher than that of the FM300-
oJoints. A 33% increase in 𝐺𝐼𝐶 at 130 ◦C was obtained upon replacing

the FM300 adhesive with 60 μm PEI films for the composite co-cure
joining, while this value had significantly increased to 97% and 93%
as the thickness of the PEI increased to 175 μm and 250 μm, respectively.

3.2.3. Mode-I fractography of PEEK/PEI-Cojoints
Fig. 7 presents typical photographs of the fracture surfaces for the

co-cured joints under the mode-I loading condition. From Fig. 7(a)
and (b), one can see that the two surfaces of the fractured PEEK-
CoJoints were characterised with extensively fractured PEEK resins,
with some of the resin-sparse locations appeared in a black colour.
Additionally, the insert images showed that a very thin layer of PEEK
resin appeared on the resin-sparse locations. The phenomena proved
that the PEEK-CoJoints fractured cohesively inside the PEEK layers
under the mode-I loading at both of 22 ◦C and 130 ◦C. A thin-layer
cohesive failure took places to the PEI-CoJoints at 22 ◦C, i.e. most of
the PEI film remained on one surface of the fractured specimens, while
the opposite fractured surface was attached with a tiny layer of PEI
resin, as shown in Fig. 7(c). As the temperature increased from 22 ◦C
to 130 ◦C, the failure behaviour of the PEI-CoJoints alternated from
a thin-layer cohesive mode to the peeling-out of carbon fibres from
surrounding resins. This was evidenced by the presence of numerous
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Fig. 6. The load–displacement curves and corresponding 𝑅-curves from the DCB tests of the PEEK/PEI-CoJoints: (a-c) at 22 ◦C and (d-f) at 130 ◦C.
Fig. 7. Representative photos for the fracture surfaces of the DCB specimens of (a) PEEK-CoJoints at 22 ◦C, (b) PEEK-CoJoints at 130 ◦C, (c) PEI-CoJoints at 22 ◦C and (d)
PEI-CoJoints at 130 ◦C.
fibre printing on the resin-rich side and bare carbon fibres on the
resin-sparse side. Another obvious observation from Fig. 7 was that the
PEEK and PEI resins appeared differently on the fracture surfaces for
22 ◦C and 130 ◦C, that can be further revealed by analysing the SEM
micrographs of the fracture surfaces.
6

Fig. 8 shows typical SEM micrographs of the fractured DCB speci-
mens for the PEEK/PEI-CoJoints. Evidence of significant plastic defor-
mation and damage to the PEEK resins was observed on the fracture
surfaces of the PEEK-CoJoints for both of the 22 ◦C and 130 ◦C

cases, see Fig. 8(a) and (b). Additionally, more prominent deformation,
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Fig. 8. Representative micrographs of the mode-I fracture surfaces for the co-cured composite joints: (a) and (b) are for the PEEK-CoJoints at 22 ◦C and 130 ◦C, respectively; (c)
and (d) are for the PEI-CoJoints 22 ◦C and 130 ◦C, respectively.
Fig. 9. The load–displacement curves and corresponding mode-II 𝑅-curves of the reference laminate and FM300-CoJoints.
3

3
j

elongation and tearing of the PEEK films were observed for the 130 ◦C
ases. This was attributed to the thermal softening of the PEEK layers
t the high temperature, which lead to considerable increases in the
uctility and decreases in the strength and stiffness. The good ductility
f the PEEK layer at 130 ◦C could significantly blunt the crack tip inside
he PEEK layers during the mode-I crack growth, that subsequently
elieved the stress concentration at the crack tip vicinity and dissipated
ignificantly more energy. This explained why more intensive damage
haracteristics were observed for the PEEK films at 130 ◦C, which
esulted in the very high 𝐺𝐼𝐶 values of the PEEK-CoJoints in Table 1.
he PEI-epoxy interdiffusion layer also underwent considerable plastic
eformation and failure at 22 ◦C for the PEI-CoJoints, as shown by
ig. 8(c). Additionally, the presence of debonded particles and holes on
he fracture surfaces indicates significant particle debonding and plastic
oid growth mechanisms during the fracture process [10]. Fig. 8(d)
hows representative SEM micrographs of the mode-I fracture surfaces
or the PEI-CoJoints at 130 ◦C. The fracture surfaces were characterised
ith many carbon fibres, indicating the debonding of carbon fibres

rom surrounding resins during the mode-I crack propagation . More-
ver, a significant number of hemispheric PEI particles were observed
n the debonded carbon fibres These PEI particles led to significant
rack pining mechanism during the mode-I fracture propagation, which
onsumed additional fracture energy. This, together with the thermal
oftening effect contributed to the notable increases in 𝐺𝐼𝐶 of the PEI-
oJoints as the testing temperature had been increased from 22 ◦C to
30 ◦C, see Table 1.
7

.3. The fracture behaviour under mode-II loading

.3.1. Mode-II fracture of the reference laminate and benchmark adhesive
oints

The load–displacement curves and corresponding 𝑅-curves of the
reference laminate and benchmark adhesive joints under mode-II load-
ing are shown in Fig. 9. Noteworthily, the reference laminate exhibited
a dynamic failure during the mode-II ENF tests. This explained why
only a limited number of values were recorded for the reference lam-
inate in Fig. 9(b). No significant difference in the load–displacement
responses and mode-II 𝑅-curves was observed for the reference lami-
nate at 22 ◦C and 130 ◦C, indicating a good thermal resistance of the
reference laminate under mode-II fracture failure. Similarly, the peak
loads on the load–displacement curves for the FM300-CoJoints at 22 ◦C
and 130 ◦C were also approximately the same, as shown in Fig. 9(a).
Additionally, significant ‘‘rising’’ mode-II 𝑅-curves were observed for
the FM300-CoJoints for both of 22 ◦C and 130 ◦C cases, see Fig. 9(b).
This typically means that the fracture process zone in front of the crack
tip extended in the length as the mode-II shearing load increased [28].
However, a dynamic failure took place to the FM300-CoJoints after the
crack stably propagated for about 10 mm at 22 ◦C, while the crack grew
stably for the FM300-CoJoints throughout the course of the ENF tests
at 130 ◦C. This explained why no point was recorded on the 𝑅-curves
at a crack length of above 30 mm for the FM300-CoJoints at 22 ◦C,
see Fig. 9(b). Accordingly, the maximum values on the 𝑅-curves of the
FM300-CoJoints was higher at 130 ◦C than at 22 ◦C. Nevertheless, it
is worthy to mention that the 𝑅-curve values of the FM300-CoJoints
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Fig. 10. Representative micrographs of the mode-II fracture surfaces of the reference laminate and the FM300-CoJoints: (a) and (b) is for the reference laminate at 22 ◦C and
30 ◦C, respectively; (c) and (d) is for the FM300-CoJoints at 22 ◦C and 130 ◦C, respectively.
Fig. 11. The load–displacement curves and corresponding 𝐺𝐼𝐼𝐶 from the ENF tests of the PEEK/PEI-CoJoints: (a-c) at 22 ◦C and (d-f) at 130 ◦C.
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at 22 ◦C were much higher than that at 130 ◦C for a crack length less
than 30 mm.

Fig. 10 shows representative SEM micrographs of the ENF fracture
surfaces for the reference laminate and the benchmark adhesive joints.
No obvious difference in the fracture surfaces at 22 ◦C and 130 ◦C was
bserved for the reference laminate, see Fig. 10(a) and (b). Delami-
ation of the carbon fibres and shearing damage of the epoxy at the
arbon fibre intervals were revealed to be the main failure mechanisms
or the reference laminate. Similarly as the mode-I fracture, numerous
hermoplastic fibres presented on the mode-II fracture surfaces of the
M300-CoJoints for both of the 22 ◦C and 130 ◦C cases, as can be seen
n Fig. 10(c) and (d). This phenomenon indicated that the thermoplastic
ibres debonded from the adhesive matrix and bridged the crack growth
lane at the mode-II crack tip during the ENF tests [29].
 l

8

3.3.2. Mode-II fracture of the thermoplastic film co-cured joints
Fig. 11(a), (b), (d) and (e) show the load–displacement curves that

were obtained by the mode-II ENF tests on all the co-cured joints and
the reference laminate. The curves for the reference laminate and the
FM300-CoJoints were included for the comparison purpose. Unlike the
typical load–displacement curves for the reference laminate, no drop
in the load occurred on the curves for all the PEEK-CoJoints and the
PEI250-CoJoints at both of 22 ◦C and 130 ◦C. This corresponded to an
bnormal fracture failure mode of the ENF specimens for the thermo-
lastic film co-cured joints in all the cases, as schematically shown by
ig. 12(a). During the ENF tests, many sub-cracks were generated ahead
f the crack tip without causing continuous propagation of the main
rack (see Fig. 12(a)). This type of failure mode was caused by the high
uctility and failure strength of the PEEK and PEI films under shear

oading conditions. Noteworthily, the ENF tests had to been terminated
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Fig. 12. (a) a schematic for showing the state of the mode-II crack front of the PEEK-
CoJoints and (b) a tested PEEK-CoJoint specimen for showing the bending of the ENF
specimens.

once the sub-cracks occurred at the loading position of the specimens in
Fig. 1(g), otherwise complete fracture to the composite substrate of the
ENF specimens would take place. Fig. 12(b) presents the side-view of an
ENF specimen after the testing, which shows significant bending of the
specimens after the test was terminated. This was because of the PEEK
and PEI layers within the ENF specimens undertook extensive plastic
deformation and damage under the mode-II loading, even though no
complete separation took place to the ENF specimens. Overall, based
on the load–displacement curves in Fig. 11, the PEEK/PEI-CoJoints
exhibited remarkable resistance to mode-II fracture at both of 22 ◦C
nd 130 ◦C.

Owing to the irregular fracture mode of the ENF specimens for
he PEEK/PEI-CoJoints, the mode-II fracture energy (𝐺𝐼𝐼𝐶 ) was taken
s the value at the instance of the sub-crack initiating in front of
he precrack. The values of 𝐺𝐼𝐼𝐶 for all the co-cured joints and the

reference laminate are summarised in Fig. 11(c) and (f). Clearly, the
PEEK/PEI-CoJoints had much greater 𝐺𝐼𝐼𝐶 than the FM300-CoJoints
and the reference laminate in both of the low temperature and high
temperature cases. Additionally, the values of 𝐺𝐼𝐼𝐶 for the PEEK-
CoJoints were slightly higher than that of the PEI-CoJoints in both
of the temperature cases. In specific, the values of 𝐺 at 22 ◦C
𝐼𝐼𝐶

9

were determined to be 0.88 kJ/m2 and 0.99 kJ/m2 for the reference
laminate and the FM300-CoJoints, respectively. At a testing condition
of 130 ◦C, these values considerably declined to 0.70 kJ/m2 and
0.54 kJ/m2, respectively. For the PEEK-CoJoints, the PEEK thickness
exhibited negligible effects on 𝐺𝐼𝐼𝐶 at both of 22 ◦C and 130 ◦C, and
𝐺𝐼𝐼𝐶 were measured to be varied between 2.0–2.3 kJ/m2 at 22 ◦C
and around 1.3 kJ/m2 at 130 ◦C. These values were much greater
than those for the FM300-CoJoints in all the corresponding cases. For
the PEI-CoJoints, no statistically difference in 𝐺𝐼𝐼𝐶 was observed by
changing the thickness of the PEI films either. The measured values of
𝐺𝐼𝐼𝐶 were around 1.8–2.1 kJ/m2 at 22 ◦C and around 1.0 kJ/m2 at
130 ◦C. These were also approximately 2 times of the values for the
FM300-CoJoints in both cases.

3.3.3. Mode-II fractography of the thermoplastic film co-cured joints
Representative images of the mode-II fracture surfaces for the

PEEK/PEI-Co-Joints are shown in Fig. 13. From Fig. 13(a) and (b), it
was observed that the majority of the PEEK resin left on the lower
side of the fractured ENF specimens, with a small portion of PEEK
layer remained on the opposite side. This phenomenon indicated that
a thin-layer cohesive failure took place to the PEEK-CoJoints under the
mode-II loading, and explained why the PEEK thickness had negligible
effects on 𝐺𝐼𝐼𝐶 for both of the 22 ◦C and 130 ◦C cases. For the PEI-
CoJoints, it was found that the entire PEI film was also attached on the
lower side of the fracture surfaces, with numerous fibre prints being
observed in both of the 22 ◦C and 130 ◦C cases, see Fig. 13(c) and
(d). This means that the carbon fibres debonded from the surrounding
PEI-epoxy interdiffused resin during the mode-II fracture process of the
PEI-CoJoints. This type of failure mechanism led to non-obvious effect
of the thickness of the PEI film on the PEI-CoJoints in Fig. 11(c) and
(f).

Representative micrographs of the mode-II fracture surfaces for the
PEEK/PEI-CoJoints are shown in Fig. 14. Numerous leaf-like char-
acteristics presented on the fractured surfaces of the PEEK-CoJoints
for both of the 22 ◦C and 130 ◦C cases, see Fig. 14(a) and (b).
These ‘‘leaves’’ were the PEEK resins that undertook large-scale plastic
deformation, tearing and damage while they were peel-off from the
PEEK layers that remained on the opposite side of the fractured ENF
specimens. This observation proved a strong bonding strength at the
Fig. 13. Representative images of the ENF specimens: (a) and (b) are for the PEEK-CoJoints at 22 ◦C and 130 ◦C, respectively; (c) and (d) are for the PEI-CoJoints at 22 ◦C and
130 ◦C, respectively.
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Fig. 14. Representative micrographs of the mode-II fracture surfaces: (a) and (b) are for the PEEK-CoJoints at 22 ◦C and 130 ◦C, respectively; (c) and (d) are for the PEI-CoJoints
at 22 ◦C and 130 ◦C, respectively.
PEEK–epoxy interface within the PEEK-CoJoints. Considering the out-
standing mechanical, thermal and fracture properties of PEEK polymer,
it is not surprising to see that the PEEK-CoJoints exhibited excellent
mode-II fracture resistance at both of 22 ◦C and 130 ◦C, see Fig. 11.
Fig. 14(c) and (d) show representative SEM micrographs of mode-II
fracture surfaces for the PEI-CoJoints. For both of the 22 ◦C and 130 ◦C
cases, the fracture surfaces of the PEI-CoJoints were characterised with
debonded carbon fibres, on which, numerous hemispheric PEI particles
were observed. During the mode-II fracture process, these PEI particles
served as interlocking pins to prevent carbon fibre debonding, which
enhanced the fracture resistance of the PEI-CoJoints under mode-II
loading.

4. Conclusions

This study shed light on the development advanced composite joints
via a co-cure joining process using high-performance PEEK and PEI
films as joining agent. The key to obtain high-performance co-cured
joints was to create strong interactions/bonding between the thermo-
plastic films and the thermosetting (epoxy) matrix of the laminate.
This was achieved by carrying out an intensive UV-irradiation to PEEK
surfaces for 10 s, while the PEI films possessed naturally good miscibil-
ity with the epoxy. Overall, the PEEK-CoJoints exhibited outstanding
resistance to both of mode-I and mode-II fracture. In specific, 𝐺𝐼𝐶 was
essentially the same for the PEEK-CoJoints and the aerospace adhesive
FM300-CoJoints at 22 ◦C, while 𝐺𝐼𝐶 of the PEEK-CoJoints at 130 ◦C
was over 4 times of that of the FM300-CoJoints. Moreover, for both
of the 22 ◦C and 130 ◦C cases, the mode-II fracture initiation energy
of the PEEK-CoJoints was over 2 times of that of the FM300-CoJoints.
The fracture resistance of the PEI-CoJoints was not as remarkable
as the PEEK-CoJoints, as they possessed much lower 𝐺𝐼𝐶 than the
FM300-CoJoints at 22 ◦C. Nevertheless, the PEI-CoJoints exhibited a
much better mode-II fracture resistance than the FM300-CoJoints in all
cases. Overall, the co-cure joining of composite by thermoplastic films
had exhibited significant application potentiality in the fabrication,
co-cure bonding, strengthening and repairing of integrated composite
structures for aerospace industries.
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