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The exceptional mechanical properties of Polyether-ether-ketone(PEEK) polymers make them ideal candidates
for interlayer toughening of carbon fibre/epoxy composites. Herein, ultra-thin PEEK films with a thickness
of 8 pm, 18 pm and 25 pm were used for interlayer toughening of an aerospace-grade carbon fibre/epoxy
composite. The mode-I and mode-II fracture behaviour of the interleaved laminates were investigated, with
the fracture mechanisms being investigated. The surfaces of the PEEK films were treated by a UV-irradiation
technique to enhance their intrinsically low surface activities. This significantly increased the adhesion at
the interface between the PEEK interlayers and the composite matrix. A topography analysis on the fracture
surfaces revealed extensive damage of the PEEK interlayers during the fracture process of the laminates. Owing
to the exceptional properties of the PEEK films, significant enhancements in the mode-I and mode-II fracture
properties of the laminates were obtained, i.e. the mode-I and mode-II fracture energies were significantly
increased by 227% and 441%, respectively. Overall, the UV-treated PEEK films proved superior effectivenesses
for laminate toughening when compared to the other state-of-the-art interlayer materials.

1. Introduction various thermoplastic phases [7,8]. Overall, significantly different lev-
els of toughness improvements have been obtained by interleaving

Carbon fibre/epoxy composites are widely used as load-bearing
structures in multiple industries, including the aerospace, automotive
and marine sectors. For example, the new generation passenger air-
crafts, Boeing 787 and Airbus 350 contain over 50% of composite
structures by weight, including the fuselage, wing and fan cowl door
sections. Therefore, it is critical to assure the structural integrity of the
composites during their terms of service. However, carbon fibre/epoxy
composites are prone to interlaminar delamination, that can lead to

various materials into the laminates, and the areal density, form, and
type of the interlayer materials, the architecture of the carbon fibres
and the curing process of the laminates all played critical roles.
Thermoplastic materials are attractive candidates for the interlayer
toughening of laminates, e.g. the previous work [9,10] showed that
interleaving thermoplastic veils into the laminates simultaneously in-
creased G- and G, by over 200%. Thermoplastic interlayers can be

considerable drops in their mechanical properties. This is attributed
to the intrinsic low fracture toughness of the epoxy matrix and the
laminated structure of the composites. Various techniques had been
developed to enhance the interlaminar properties of carbon fibre/epoxy
composites, with interlayer toughening [1], Z-pinning [2] and three-
dimensional (3D) weaving [3] representing the most prevalent meth-
ods. Interlayer toughening offers many advantages over Z-pining and
3D weaving, including a high flexibility of interlayer selection, a pos-
sibility to add low cost to the laminate manufacturing and a potential
to retain the in-plane mechanical properties of the laminates. A wide
range of materials had been used as interlayer materials, including
thermosetting films [4], carbon nanomaterials [5], metal fibres [6] and

* Corresponding authors.

added into the laminates in a shape of powder, film, scrim and non-
woven fabric for interlayer toughening [8,11]. Among them, thermo-
plastic nanofibres had proved excellent toughening performance [12-
14], and hence are currently most widely used. Additionally, depending
on the types of thermoplastics and the curing process of the lami-
nates, thermoplastics can be in different states in the cured laminates,
i.e. being intact [15], partially or completely dissolved in the epoxy
matrix [16] or molten during the laminate curing process [10]. All these
possibilities offer a feasibility of using thermoplastic interlayers to tailor
the mechanical, fracture and thermal properties of the laminates, and
hence to satisfy the requirements of different applications.
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Thermoplastic films are one of the most prevalent interlayers for
laminate toughening, with a good toughening performance being re-
ported in many studies [17-21]. For example, Yasaee et al. [17,18]
used Polyimide (PI) thermoplastic film strips (50 pm in thickness) for
interlayer toughening of a laminate, and observed an increase of 79%
and 118% for the mode-I fracture energy (G,) and the mode-II fracture
energy (G;;c), respectively. Yao et al. [19] reported an improvement
of 90.65% in G, by interleaving a layer of Polyetherketone-cardo
(PEK-C) film (10 pm in thickness) into a laminate. Guo and Liu [20]
demonstrated that interleaving structured PEK-C films into a laminate
slightly increased G;- by 17%, and significantly increased G;;- by
325%. In another study, Mathew et al. [21] observed an obvious
increase of 76% in G of a laminate due to interleaving ethylene-vinyl
acetate copolymer (EVA) film (220 pm in thickness). However, it also
caused a considerable decrease of 55.4% in G ;. Similarly, Marino and
Czel [22] reported that the addition of acrylonitrile-butadienestyrene
(ABS) films (with a thickness of 30 pm and 60 pm) failed to improve
the mode-II fracture toughness of a laminate. The poor toughening
performance of the EVA and ABS films for the mode-II fracture was
attributed to their poor mechanical properties under shear loading
conditions [21,22]. Hence, the use of thermoplastic films with good
mechanical properties is necessary for advanced laminate toughening.
Additionally, a good adhesion/miscibility between the thermoplastic
films and the epoxy matrix is also critical to achieve good mode-I and
mode-II toughening performance [17-20].

Polyether-ether-ketone (PEEK) polymers possess exceptional me-
chanical properties and fracture toughness, and hence they are ideal
candidates as interlayers of carbon fibre/epoxy composites. However,
the number of studies using PEEK polymers for interlayer toughening
of laminates is very limited. Quan et al. [23] studied the effects of
interleaving continuous PEEK fibres on the fracture toughness and dam-
age resistance of two aerospace-grade carbon fibre/epoxy laminates. It
was reported that adding PEEK fibres significantly increased G, of an
unidirectional (UD) laminate and a 5-harness weave (5H) laminate by
293% and 79%, respectively. Moreover, it had improved the Charpy
impact strength and failure load of the open-hole tensile specimens
of the 5H laminate by 131% and 29%, respectively. In another study,
nowoven mats based on micro-size PEEK fibres were used by Ramirez
et al. [24] for interlayer toughening of a laminate. An increase of about
100% and 380% was observed for G;- and Gy, respectively due to
interleaving the PEEK veils with an areal density of 11 g/m?2. These
studies have clearly proven a high efficiency of PEEK polymers for in-
terlayer toughening of composite laminates. However, only PEEK fibres
were considered in these studies and the main toughening mechanism
was observed to be PEEK fibre bridging during the fracture process of
the laminates. Accordingly, no obvious damage and plastic deformation
to the PEEK fibres were triggered during the fracture process [23,24],
as a relatively poor PEEK/epoxy adhesion is required to obtain a high
level of fibre bridging mechanism [25,26]. In this case, the excellent
mechanical properties and fracture toughness of PEEK were not fully
utilised. Moreover, a relatively poor PEEK/epoxy adhesion can cause
negative effects to the hygrothermal resistance of the laminates. The
foremost challenge to achieve good adhesion at the PEEK/epoxy in-
terface lays with effectively improving the intrinsically low surface
energies of the PEEK interlayers. This is especially critical for PEEK
interlayers that typically possess micro/nano-scale dimensions, since
traditional surface treatment techniques can cause obvious damage or
thermal/chemical degradation to them. Encouragingly, our previous
studies [25,27] demonstrated that the adhesion at the PEEK/epoxy and
PPS/epoxy interface can be enhanced by applying a UV-treatment to
the thermoplastic surfaces, without causing obvious damage to the
micro-scale thermoplastic fibres. This allowed us to further explore the
potential of utilising the outstanding mechanical properties of the PEEK
polymers for laminate toughening in this study.

Herein, PEEK films with an ultra-thin thickness of 8 pm, 18 pm
and 25 pm were selected as the interlayers for laminate toughening.
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From one aspect, the small thickness of the film interlayers can avoid
significant drops in the volume fractions of the carbon fibres of the
laminates, and largely retain the in-plane mechanical properties. From
another aspect, to the best knowledge of the authors, there is still no re-
search on the use of PEEK films for laminate interlayer toughening. The
adhesion between the PEEK films and the epoxy matrix was tailored by
applying a UV-treatment to the PEEK films for different durations. The
PEEK films were then placed at the mid-plane of an aerospace-grade
carbon fibre/epoxy composite for interlayer toughening. A systematic
experimental study was carried out to investigate the effects of the
PEEK film thickness and the PEEK/epoxy adhesion on the mode-I
and mode-II fracture behaviour and toughening mechanisms of the
interleaved laminates.

2. Experimental
2.1. Materials and sample preparation

The carbon fibre/epoxy prepreg was unidirectional HexPly IM7-
8552 with a fibre volume fraction of 65% and an areal density of
134 g/m? from Hexcel, Germany. Thin PEEK films with a thickness of
8 pm, 18 pm and 25 pm were APTIV 1000 films supplied by Victrex, UK.

The surfaces of the PEEK films were UV-treated to improve their
adhesion with the epoxy matrix of the laminate. The films were cleaned
with iso-propanol carefully and then placed in an enclosed chamber
(550 mmx170 mmx60 mm) that is equipped with three 30W tube
UVC-lamps for a UV-treatment. Different durations of treatments were
carried out to both sides of the PEEK films. A unidirectional layup
consisting of 40 plies of carbon fibre prepregs and one layer of UV-
treated PEEK film at the mid-plane was prepared with a hand lay-up
process, as schematically shown in Fig. 1 (a). This was done immedi-
ately after the UV-treatment process to avoid any contamination of
the UV-treated PEEK surfaces. During the layup preparation process,
a 10min of de-bulking at an under pressure lower than 100 mbar
was applied between every fourth layer. A piece of PTFE film with
a thickness of 12.7 pm was also placed at the mid-plane to create
crack starters within the fracture specimens. The layup was sealed in
a vacuum bag on an Aluminium plate and then placed in a Scholz
autoclave for curing. The curing schedule was 180 °C and 6 bar gauge
pressure for 90 mins, during which a vacuum pressure of 200 mbar was
kept inside the vacuum bag. A panel of reference laminate without
PEEK interlayers was also prepared using the same manufacturing
process. After the curing, the laminate panels were cut into desired
dimensions for a double cantilever beam (DCB) test and an end-notched
flexure (ENF) test, as schematically shown in Fig. 1 (b). Fig. 2 shows the
side-view images of the laminates with PEEK interlayers. The yellow
colour double head arrows indicate the interlayers. The thicknesses
of the PEEK interlayers within the cured laminates were measured to
be essentially identical to the given thicknesses of the PEEK films by
the supplier. In Fig. 2 and the rest of this paper, the PEEK films were
referred to as PEEK followed by the values of the thickness and then the
duration of the UV-treatment in a bracket, i.e. PEEK8 means the PEEK
films with a thickness of 8 pm, PEEK8(6UV) denotes the PEEKS films
were UV-treated for 6 mins and PEEK(6UV) represents all the PEEK
films that were UV treated for 6 mins.

To study the effects of the UV-treatment on the adhesion at the
PEEK/laminate interface, T-joint specimens were produced by co-cure
joining a piece of PEEK bar onto the laminate. The setup for preparing
the T-joints is schematically shown in Fig. 3(a). A layup consisting
of 20 plies of carbon fibre/epoxy prepregs was prepared by a hand
layup process, with a 10 min of de-bulking at an under pressure lower
than 100 mbar being applied between every fourth layer. A piece of
PEEK bar (the same grade of PEEK from the same supplier) with a
dimension of 100 mmx70 mmx2 mm was then assembled onto the
prepreg, see Fig. 3(a). Prior to that, the joining surface of the PEEK
bar was grounded using 800 grit sandpapers and then UV-treated for
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Fig. 1. Schematics of the (a) layups and (b) DCB and ENF specimens of the interleaved laminates. The units in (b) are mm.
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Fig. 2. Side-view images of the interleaved laminates. The yellow colour double head arrows indicate the interlayers.
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Fig. 3. A schematic of the (a) T-joint layup and (b) T-joint specimens.

different durations. The PEEK bar was then supported by clamping two
pieces of steel tools against it using two G-clamps at both ends and the
hight of the PEEK bar was 2 mm larger than the steel tools, as shown
by Fig. 3 (a). This setup can avoid any bending of the PEEK bar during
the following high-pressure curing process, and also ensure a sufficient
pressure can be applied onto the PEEK bar and the laminate during the
following curing process. The assemble in Fig. 3 (a) was then sealed in
a vacuum bag on an Aluminium plate for a 20 min of de-bulking at an
under pressure lower than 100 mbar. After the de-bulking, the assemble
was placed in the autoclave for curing, with a same curing schedule as
the interleaved laminates being applied. The cured joints were then cut
into individual specimens according to the dimensions in Fig. 3 (b) for
the following tensile test.

2.2. Testing and characterisation

The water contact angles of the PEEK films subject to different
durations of UV-treatment were measured using an Attension Theta

contact angle meter. A 5 pL water drop was loaded on the surfaces of
the PEEK films for the contact angle measurements, that were repeated
for five times on different locations of the samples in each case. To
measure the failure strength of the T-joint specimens, the PEEK bar
was pulled up at a constant displacement of 0.5mm/min, with the
composite substrate being clamped onto the machine. At least three
replicable tests were performed for each set of test. The mode-I DCB
test and the mode-II ENF test were carried out according to the ASTM-
D5528 [28] and ASTM-D7905 [29], respectively. The dimensions and
schematics of the DCB and ENT specimens are shown in Fig. 1(b). A
constant displacement rate of 2 mm/min and 0.5 mm/min was used for
the DCB and ENF tests, respectively. The crack lengths of the DCB and
ENF specimens were measured using a high resolution digital camera
during the tests, and then synchronised with the load and displacement
measurements based on the start time of the test. An opening load was
applied to the DCB and ENF specimens to generate a precrack with
a length of about 5 mm from the crack starter, see Fig. 1 (b). Three
replicate tests were carried out for each set of DCB and ENF tests. A
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modified beam theory method was used to evaluate the mode-I fracture
energy, G;c [28]:

3P6
Gjo= —22
€7 2b(a + |4])
where P is the load, 6 is the load point displacement, b is specimen
width and a is the crack length. The mode-II fracture energy, G;;- was
determined using a compliance calibration (CC) method, as described
in [29]:

(€Y

3mP3l axai .
2b
where P, is the maximum load, a,, is actual crack length used for the
ENF test and m is the CC coefficient, that was obtained by carrying the

CC tests with a precrack length of 20 mm, 30 mm and 40 mm [29].

The failure surfaces of the PEEK sides of the T-joints and the
fracture surfaces of the DCB and ENF specimens were imaged using
a VK-X1000 microscope from KEYENCE Corporation and a JSM-7500F
scanning electron microscope (SEM) from JOEL. The samples for the
SEM analysis were gold sputter coated at a current of 30 mA for 15s
to get a gold layer of approximately 5 nm.

@

Grre =

3. Results and discussion
3.1. Failure strength of the T-joints

Fig. 4 presents the results of the water contact angle measurements
and the T-joint tensile tests. It should be noted that the values of the T-
joint failure strength for a UV-treatment time of O min and 0.5 min were
not measurable, as the specimens failed prior to the testing due to a low
interface adhesion. It was observed that applying the UV-treatment to
the PEEK films gradually reduced their surface water contact angles
from 84.10° to 30.45° as the treatment time increased from Omin to
15mins. No further decrease in the water contact angle was observed
as the treatment time increased from 15mins to 20 mins. During the
UV treatment, the high-power UV lights provided sufficient energy to
break the C-C/C-H species of the PEEK molecular chain, which was
associated with the formation of C-O, GO and O-C=0 species [27,30].
The increased amount of oxygen functional groups on the PEEK sur-
faces significantly increased the polar component of their surface free
energies, that considerably decreased the water contact angle and en-
hanced the polar-to-polar interaction at the PEEK/epoxy interface. The
polar-to-polar interactions typically generate strong Coulomb interac-
tions between permanent dipoles and between permanent and induced
dipoles, e.g. hydrogen bonds, and hence, the adhesion between the
PEEK films and the epoxy matrix of the laminates had been significantly
improved [27,31]. Consequently, the failure strengths of the T-joints
steadily increased from zero up to 8.6 MPa as the UV-treatment time
increased from Omin to 15mins, above where the value dropped to
7.7 MPa for a treatment time of 20 mins, as shown in Fig. 4. The failure
strength measurements of the T-joints qualitatively proved an enhanced
adhesion at the PEEK/epoxy interface upon the UV-treatment. Based on
these results, PEEK films treated by UV lights for a duration of 6 mins
and 15 mins were used to interlay the laminates, as they possessed high
but different levels of adhesion with the epoxy matrix. Fig. 5 shows
the failure surfaces of the PEEK sides of the T-joints subject to a UV-
treatment lasting for O min, 6 mins and 15mins. It was obvious that
applying the UV-treatment to the PEEK substrates results in extensive
carbon fibre peeling-off from the laminate sides of the T-joints, owing
to the improved interface adhesion.

3.2. Mode-I fracture behaviour of the laminates

Fig. 6 shows representative load versus displacement curves and
corresponding R-curves from the DCB tests of the reference and the
interleaved laminates. It was found that interleaving PEEK films re-
sulted in an alteration of the crack growth characteristics from stable
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Fig. 4. Water contact angles of the PEEK films and failure strengths of the T-joints
versus the duration of the UV-treatment.

propagation for the reference laminate to stick-slip propagation for
the interleaved laminates in all the cases, as representatively shown
in Fig. 6 (a). During a stick-slip fracture process, the crack propagated
forward (or jumped) at the peak points and arrested at the valley
points of the load versus displacement curves. In this case, the values
of the peak points shall be used for the calculation of the fracture
propagation energy [32]. Since the mode-I crack jumped extensively for
the interleaved laminates, only a number of values were obtained on
the corresponding R-curve in Fig. 6 (b). One can see that the R-curve
of the reference laminate was relatively flat, while the values of G,
varied significantly with the crack length for the interleaved laminates
due to the unstable crack propagation behaviour.

The mode-I fracture initiation energy (Gj”é) and mode-I fracture
propagation energy (G7>*) of the laminates are summarised in Fig. 7.
Clearly, the addition of PEEK film interlayers significantly increased the
mode-I fracture toughness of the laminates in all the cases. In particu-
lar, a value of 291 J/m? and 320 J/m? was measured for G/, and G/,
respectively for the reference laminate. For the laminates interleaved
with PEEK(6UV) films, the mode-I fracture toughness steadily increased
as the thickness of the PEEK films increased from 8 um to 25 pm. Inter-
laying PEEK25(6UV) films into the reference laminate increased Gi”é
and G to 454 J/m? and 636 J/m?, respectively, corresponding to an
increase of 56% and 99%, respectively. An improved PEEK film/epoxy
adhesion due to applying the UV-treatment for a longer time (15 mins)
further improved the toughening performance of the PEEK films. The
highest mode-I toughness improvements were obtained by interleaving
the PEEK8(15UV) film, that resulted in an increase of 227% and 144%
in G and G% ¥, respectively. Applying a longer time UV-treatment
to the PEEK18 and PEEK25 films had also further improved the mode-I
fracture toughness of the corresponding laminates. However, the effects
were not as prominent as that for the PEEKS films.

The fracture surfaces of the DCB specimens were analysed to inves-
tigate the toughening mechanisms of the interlayers. Noteworthily, the
PEEKS films were separately discussed since they exhibited different
toughening mechanisms as the PEEK18 and PEEK25 films. Fig. 8 shows
the photographs and microscopy images of the fracture surfaces of the
reference and the PEEKS interleaved laminates. From Figs. 8 (a)—(c), it
was obvious that the main fracture mechanisms of the reference lam-
inate were carbon fibre delamination and breakage. Narrow stripes of
white colour features (indicated by the black arrows) were observed at
the crack onset locations of the laminate interleaved with PEEK8(6UV)
film, see Fig. 8(e). This was caused by the plastic deformation and
fracture of the PEEK interlayers during the fracture process, as shown
in Fig. 8(f). A higher PEEK/epoxy adhesion by increasing the UV-
treatment duration to 15 mins resulted in significantly higher intensity
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Fig. 5. Failure surfaces of the PEEK sides of the T-joints.
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of plastic deformation and fracture of the PEEK film during the fracture
process, see Figs. 8(i) and (j). This explained why an outstanding
toughening performance was observed for the PEEK8(15UV) film in
Fig. 7. Representative photographs of the mode-I fracture surfaces for
the laminates interleaved with PEEK18 and PEEK25 films are shown
in Fig. 9. Fractured PEEK pieces were observed on both sides of the
fracture surfaces for all the displayed laminates, indicating extensive

PEEK deformation and fracture during the crack propagation process.

By taking a closer look at Fig. 9, it was found that wherever PEEK poly-
mer appeared on one side of the fracture surfaces, black colour regions
presented at the same locations on the opposite side for all the lami-
nates interleaved with PEEK18 and PEEK25 films. These observations
indicated that the crack took place in a manner that is schematically
shown in Fig. 10. Accordingly, significant PEEK film debonding and
splitting occurred during the fracture process, that was associated with
extensive plastic deformation and fracture of PEEK polymer, as shown
by the microscopy images in Fig. 10. These mechanisms contributed to
the significant toughness improvements of the laminates. As such, an
increased PEEK/epoxy adhesion by increasing the UV-treatment time
from 6 mins to 15mins improved the toughening effectiveness of the
PEEK debonding mechanism, and subsequently resulted in a better
toughening performance of the PEEK18 and PEEK25 films.

3.3. Mode-II fracture behaviour of the laminates

Representative load versus displacement curves from the ENF tests
are shown in Fig. 11. The curves for the reference laminate and the
laminates interleaved with PEEK(6UV) films were moved to the right
for easy observation. It was observed that interleaving the UV-treated
PEEK films significantly increased the failure load of the ENF specimens
in all the cases, and the failure load increased with an increasing
thickness of the PEEK films. For example, the failure load of the ref-
erence specimen shown in Fig. 11 was 1285 N. This value considerably
increased to a maximum value of 3546 N for the laminate interleaved
with the PEEK25(15UV) films. Additionally, it was found that applying
a longer time UV-treatment to the PEEK films resulted in higher failure
loads of the ENF specimens. Fig. 12 summarises the mode-II fracture
energies (G;c) of all the laminates obtained from the ENF tests. As
expected, significant increases in G, of the laminates were observed
due to interleaving the PEEK films in all the cases. For both of the
UV-treatment durations, a steady increase in G;;- was observed as the
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Fig. 8. Photographs and typical microscopy images of the mode-I fracture surfaces of the reference and PEEKS interleaved laminates. The black arrows in (e) indicate the crack

onset locations, while the red colour arrows in (f) and (j) indicate fractured PEEK films.

PEEK18(

Fig. 9. Photographs of the fracture surfaces of the DCB specimens for the laminates interleaved with PEEK18 and PEEK25 films.

thickness of the PEEK films increased from 8 pm to 25 pm. In particular,
G ;¢ of the non-interleaved laminate was measured to be 1.14kJ/m?.
Interleaving the PEEK25(6sUV) film into the laminate significantly
increased G, ;¢ to 5.60kJ/m?, corresponding to an increase of 393%.
The use of PEEK25(15UV) film as interlayers further increased the
value of to G;;¢ 6.15kJ/m?. This corresponded to an increase of 441%
when compared with the value of the reference laminate.

Fig. 13 presents the photographs of the mode-II fracture surfaces of
the reference and the interleaved laminates. The yellow dashed lines
indicate the fronts of the precracks that were generated by an opening
load. The mode-II crack propagation region was referred to as the
area on the right side of the precrack front. By comparing the mode-
1I fracture surfaces of the reference and the interleaved laminates, it
was observed that the fracture surfaces of the interleaved laminates
were covered extensive white colour features. This indicated obvious
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Fig. 10. A schematic for showing the fracture mode of the laminates interleaved with PEEK18 and PEEK25 films, together with typical SEM images of the fracture surfaces.
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Fig. 11. Representative load versus displacement curves of the ENF tests for the
reference and all the interleaved laminates.
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Fig. 12. A summary of the mode-II fracture energies.

damage to the strong and tough PEEK films during the mode-II fracture
process of all the interleaved laminates, that resulted in the signifi-
cant improvements of the mode-II fracture toughness. By observing
the fracture surfaces carefully, it was found that the damage of the
PEEK interlayers was more intense for the PEEK(15UV) films than the
PEEK(6UV) films in all the cases. This explained why PEEK(15UV) film
exhibited better toughening performances for the mode-II fracture of
the laminates than the PEEK(6UV) films. Noteworthily, the mode-II
fracture surfaces appeared differently at different crack lengths in all
the cases. This was caused by different fracture mechanisms of the
PEEK films, as representatively shown in Fig. 14. Obviously, extensive
plastic deformation and damage of the PEEK films in different forms
occurred at different stages of the mode-II fracture process. These
mechanisms resulted in the remarkable improvements of the mode-II
fracture energies of the laminates.

4. Comparison with the state of the art

Table 1 summarises recent achievements of interlayer toughening
using various materials in the literature, together with the results
of this study. It should be noted that only the maximum increases
in the fracture toughness from each literature were included in the
table for a comparison purpose. As already discussed in Section 1,
significantly different levels of toughening performance were observed
for various interlayer materials. Among all the listed state of the
art studies, the toughening performance of the PEEK films subject to
15min UV-treatment (used in this study) exhibited an outstanding
toughening performance for both of the mode-I and mode-II fracture
modes. Moreover, the toughening performance of interlayers based on
PEEK polymer was exceptional for the mode-II fracture, i.e. the levels
of mode-II toughness improvements obtained in the current work and
in the literature [24] were extraordinary. Noteworthily, the excellent
toughening effectiveness obtained in this work was based on a good
adhesion at the PEEK/epoxy interface, which was sufficient to cause
significant plastic deformation and fracture of the PEEK polymer during
the fracture process, as shown by the typical SEM images of the mode-I
and mode-II fracture surfaces in Figs. 8, 10 and 14. Moreover, the very
small thickness of these PEEK films can essentially avoid the drops of
carbon fibre volume fractions due to interlaying, and hence retain the
in-plane mechanical properties of the laminates.

5. Conclusions
This study demonstrated a possibility of utilising the exceptional

mechanical properties and fracture toughness of PEEK polymers for in-
terlayer toughening of carbon fibre/epoxy laminates. This was achieved
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Fig. 14. Different fracture mechanisms of the PEEK films at different stages of the mode-II fracture process of the laminates.

by significantly enhancing the adhesion between the PEEK interlayers
and the epoxy matrix upon promoting the surface activities of the PEEK
interlayers. In specific, ultra-thin PEEK films with a thickness of 8 pm,
18 pm and 25 pm were used as interlayers of an aerospace grade carbon
fibre/epoxy composite, with an attempt to simultaneously enhance the

mode-I and mode-II fracture toughness. The surfaces of the PEEK films
were treated using a UV-irradiation technique prior to the interlaying.
The failure strength measurements of the T-joint specimens between
PEEK bars and laminate substrates proved that the adhesion at the
PEEK film/epoxy interface can be tailored by varying the durations of
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Table 1
Toughening performance of different interlayers for carbon fibre/epoxy composites.
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Literature Interlayer material Amount of veils

Type of composites G ¢ (% increase) Gc (% increase)

Carbon nanomaterials

[33] CNT veils 30 um 5H-satin woven 66%(Gh") *
[34] Aligned CNTs 40-55 pm Unidirectional 0% >50%
[35] CNT veils 0.2g/m? Unidirectional 171%(Gi1"é); 108%(G‘,’r('fp) ®
[36] graphene * Unidirectional 41%(G™) 69%
[37,38] hybrid graphene/CNTs 0.2g/m? Unidirectional 102%(Gh2P) 154%
Short fibres
[39] sCF nowoven 150 pm Plain woven 99%(Gh.") 109%
[40,41] sCF nowoven 100 pm Unidirectional 28% 260%
[42] sCF nowoven 10g/m? Plain woven 73%(GhP) ®
[42] CNTs/sCFs 1.8/10g/m? Plain woven 29%(G™M), 125%(Ghr) *
[43] CNTs/sCFs * Unidirectional 35%(Gh") 246%
Thermoplastic nowovens
[44] PA6,6 40 pm Unidirectional 56%(G™); 8%(Gh) 61%
[45] PA69 18 g/m? Unidirectional 25%(G); -9%(GhT) 211%
PA66 18g/m? Unidirectional 4%(GL); -27%(Ghr) 188%
[32,46] PE 23g/m? Unidirectional 65%(G™); 20%(Gh") 57%
PA 21g/m? Unidirectional —55%(G™L.); -51%(Gh.") 92%
[9,10] PET 17 g/m? Unidirectional 127%(G™); 173%(Ghr) 181%
PPS 15g/m? Unidirectional 74%(G™M); 216%(GhT) 187%
PA 10g/m? Unidirectional 86%(G™M); 85%(G" ) 300%
[471 PES 28.3g/m? Plain woven 92.7%(G™.); 103%(Gh") 69%
[24] PEEK 11g/m? Unidirectional 100%(G™); 69%(GhF) 340%
PPS 35g/m? Unidirectional 238%(Gi[g); 100%(G‘,’r('f1J ) 540%
[26] CNTs/PPS 0.25/5 g/m? Unidirectional 36%(G™); 71%(GhF) 211%
[48] CNTs/PET 0.4/8 g/m? Unidirectional 56%(G™.); 64%(GhF) 116%
Thermoplastic films
[17,18] PI stripes 50 pm Unidirectional 70%(Ghe") 118%
[20] structured PEK-C 21 pm Unidirectional 17%(Gh) 325%
[19] PEK-C 10 pm Unidirectional 91%(G™); 51%(Ghr) *
[22] ABS 30,60 pm Unidirectional * no improvement
[49] Porous PES 97.5 pm Plain woven 62%(Gh:") 55.1%
This study PEEK 8 um Unidirectional 227%(G™.); 144%(GhF) 183%
PEEK 18 pm Unidirectional 227%(G™M); 112%(GhF) 372%
PEEK 25 pm Unidirectional 119%(G™); 114%(Gh") 441%

* sCF: short carbon fibres; sGF: short glass fibres.

the UV-treatment. Consequently, the interlaminar fracture properties of
the laminates had been significantly increased upon interleaving the
UV-treated PEEK films. In particular, a maximum increase of 227%
and 441% was obtained for the mode-I and mode-II fracture energies,
respectively by interleaving the PEEK films that were UV-irradiated for
15mins. A fractography analysis on the fractured specimens revealed
significant plastic deformation and fracture of the PEEK interlayers dur-
ing the fracture process. An overview of the state-of-the-art showed that
the toughening effectiveness of the UV-treated PEEK films is superior
to the other advanced interlayer materials, owing to the exceptionally
strong and tough characteristics of the PEEK polymers. In summary,
this experimental study demonstrated a significant potential of interlay-
ing ultra-thin PEEK films on the develop of strong and tough composite
laminates, especially for the aerospace applications.
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