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ARTICLE INFO ABSTRACT

Interlaying thermoplastic veils into carbon fibre/epoxy composites has proved to significantly increase the
interlaminar fracture toughness. The main toughening mechanism is thermoplastic fibre bridging for the
non-meltable veils and matrix toughening for the meltable veils. Herein, to take advantage of different tough-
ening mechanisms, hybrid meltable/non-meltable thermoplastic veils were used to interlay two types of
aerospace-grade composites produced from unidirectional (UD) prepregs and resin transfer moulding of
non-crimp carbon fibre fabrics (NCF). The mode-1 and mode-II fracture behaviour of the interleaved laminates
were investigated. The experimental results demonstrated outstanding toughening performance of the hybrid
veils for the mode-I fracture behaviour of the UD laminates and for both of the mode-I and mode-II fracture
behaviour of the NCF laminates, resulting from the combination of different toughening mechanisms. For
example, the maximum increases in the mode-I and mode-Il fracture energies of the NCF laminates were
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observed to be 273% and 206%, respectively.

1. Introduction

Carbon fibre reinforced epoxy (CF/EP) composites are prone to
interlaminar delamination due to the inherent brittleness of epoxy
matrix. Interleaving, i.e. inserting a discrete interlayer between adja-
cent plies is one of the most popular strategies to enhance the interlam-
inar fracture toughness of CF/EP laminates. Many types of interleaving
materials have been used to reinforce CF/EP laminates, including car-
bon nanomaterials [1-4], thermoplastics [5-8] and other materials
[9,10]. As the most prevalent interlayer materials of CF/EP laminates,
thermoplastics in a shape of powder, film, scrim and non-woven fabric
were all used for interlayer toughening [7,8,11]. Moreover, after the
laminate curing, thermoplastic phases can exist in the laminates in dif-
ferent forms, such as being intact [12,13], molten during the laminate
curing process [14,8] and partially or completely dissolved in the
epoxy matrix [7,15]. For these reasons, the use of thermoplastic mate-
rials as interlayers allows researchers to tailor the mechanical and frac-
ture properties of CF/EP laminates by adjusting the content, shape and
form of the thermoplastic materials in them.

Interlaying non-woven thermoplastic veils based on micro-/nano-
scale fibres has proved to significantly enhance the interlaminar frac-
ture toughness of CF/EP laminates, e.g. above 200% increases in the
fracture energies were obtained in [14,16-19]. Additionally, no
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decreases in the stiffness [12,15,20,21] and strength [12,19,20,22]
of the laminates were observed upon interleaving thermoplastic veils.
In our previous studies [14,16], the toughening efficiency of thermo-
plastic veils for aerospace-grade CF/EP laminates has been systemati-
cally investigated. Thermoplastic veils consisting of micro-scale
Polyethylene terephthalate (PET), Polyphenylene sulfide (PPS) and
Polyamide-12 (PA) fibres were used as interlayer materials of three
types of aerospace-grade CF/EP laminates manufactured by uni-
directional (UD) prepegs, 5-Harness satin weave (5H) prepregs and
resin transfer moulding (RTM) of non-crimp carbon fibre fabrics
(NCF). All the laminates were cured at 180 C for 2 h, during which,
the PET and PPS veils remained intact and the PA veils melted. While
significant improvements in both of the mode-1 and mode-II fracture
toughness of the laminates were obtained in all cases studied in
[14,16], different toughening mechanisms were observed between
the non-meltable PET and PPS veils and the melted PA veils. In partic-
ular, extensive thermoplastic fibre bridging was the main toughening
mechanism of the non-melted PET and PPS veils, and adding the mel-
table PA veils mainly improved the fracture toughness of the epoxy
matrix. Consequently, the different toughening mechanisms of the
veils, together with the different fracture mechanisms of the laminates,
significantly affected the toughening levels. The above observations in
[14,16] demonstrated a possibility to take advantage of the different
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toughening mechanisms by interlaying meltable and non-meltable
veils simultaneously into the laminates, and subsequently to further
enhance the interlaminar fracture toughness. Accordingly, this work
presents an experimental assessment of the toughening performance
of hybrid meltable/non-meltable thermoplastic veils for aerospace-
grade CF/EP laminates. In particular, non-meltable PPS veils and mel-
table PA veils (in respect to the laminate curing temperature) were
used together as hybrid interlayers of CF/EP laminates, in an effort
to further improve the fracture toughness of the interleaved laminates
by exploiting the different toughening mechanisms. The hybrid ther-
moplastic veils were used to interlay two types of aerospace-grade
CF/EP laminates produced from UD prepregs and RTM of NCFs. These
two laminate systems were selected as they exhibited significantly dif-
ferent fracture properties and mechanisms, which subsequently
affected the toughening levels and mechanisms of the thermoplastic
veils [14,16]. The Mode-lI and Mode-Il fracture behaviour and corre-
sponding fracture mechanisms of the hybrid interleaved laminates
were investigated. The results demonstrated promising effects of the
hybrid veils for interlayer toughening of CF/EP laminates.

2. Experimental

Thermoplastic PPS veils with an areal density of 5 and 10 g/m? and
PA veils with an areal density of 10 g/m? were supplied by Technical
Fibre Products Ltd., UK. The average diameters of the PPS and PA
fibres were measured to be 9.5 1.1 mand 11.7 1.5 m, respec-
tively [14]. The melting temperatures of the PPS and the PA veils, both
being semicrystalline, were determined to be 290 C and 180 C,
respectively [14]. The UD laminates were manufactured using a pre-
preg method based on 26 plies of carbon fibre prepregs (HYE-1034E
from Cytec, UK). The NCF laminates were produced using a vacuum-
assisted RTM process from 8 plies of [90, 0]4; NCFs (biaxial Toray
T700Sc 50C from Saertex GmbH, Germany) and an epoxy resin infu-
sion system of CYCOM 890RTM from Cytec, UK. Both of the UD and
NCF laminates were cured at 180 C under a pressure of 0.5MPa for
90mins. It should be noted that the hybrid interlayer consisting of
one layer of PPS veil and one layer of PA veil was placed at the mid-
plane of the laminate during the layup process. Detailed information
on the materials and the laminate manufacturing process can be found
in [14]. As observed in the previous study [14,16], the PA veils melted
and the PPS veils remained intact during the laminate curing process.
In this work, the thermoplastic veils were referred to as the polymer
type followed by the areal density of the veils. For example, PPS5 rep-
resents the PPS veils with an areal density of 5 g/m?, and PPS5PA10
means the hybrid veils consisting of one layer of PPS5 veils and one
layer of PA10 veils. Consequently, UD/PPS5PA10 represents the UD
laminate interleaved by one layer of the hybrid PPS5PA10 veils.

The mode-l and mode-Il fracture response of the laminates upon
interlaying hybrid veils was investigated using a double cantilever
beam (DCB) test [23] and an end-loaded split (ELS) test [24], respec-
tively. A precrack with a length of 5 mm from the crack starter was
generated by loading the samples under an opening mode for both
of the DCB and the ELS specimens. A constant displacement rate of
2 mm/min and 1 mm/min was used for the DCB tests and the ELS
tests, respectively. At least three replicate tests were conducted for
each set. To analyse the fracture mechanisms of the interleaved lami-
nates, the fracture surfaces of the specimens were imaged using an
optical microscope (ZEISS Discovery V8) and a scanning electron
microscope (SEM, JOEL JSM-7500F).

3. Results
3.1. Morphology of the veils in the CF/EP laminates

Figure 1 shows side-view micrographs of the interlayers within the
UD and NCF laminates. The red arrows indicate the PPS fibres and the
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yellow arrows indicate the PA fibres. It was found that two distinct
regions containing thermoplastic fibres were observed at the mid-
plane of the hybrid interleaved UD laminates, i.e. PA veils on the
top and PPS veils at the bottom. It was proved that the PPS fibre
remained intact and the PA veils melted at the laminate curing temper-
ature [14], and hence the PA fibres melted and then ‘phase-separated’
to their original fibrous shape in the hybrid interleaved UD laminates.
This explained why the PA fibres and the PPS fibres exhibited different
colours in Fig. 1. Only PPS fibres were observed in the interlayer
regions of the hybrid interleaved NCF laminates, and the PA veils dis-
solved in the epoxy matrix during the curing process. Accordingly, the
hybrid interlayers in the NCF laminates had a smaller thickness than
their counterparts in the UD laminates, as shown in Table 1. These
observations agreed well with our previous study [14], where the
thicknesses of the interlayers within the laminates interleaved by
solely PPS or PA veils were measured. In that work [14], it was
observed that the PPS interlayers within the UD and the NCF laminates
had the same thickness, and the PA interlayers within the NCF lami-
nates possessed a much smaller thickness than their counterparts
within the UD laminates. These phenomena were caused by the differ-
ent fabrication processes of the laminates, i.e. prepreg for the UD lam-
inates and RTM for the NCF laminates. Prior to the laminate curing,
the epoxy resin within the UD prepreg was partially cured (at a B-
stage) to provide the epoxy with film-like properties for easy handling
and storage of the prepreg [25]. However, applying a B-staging process
to the epoxy resin reduced its flowability and decreased the quantity of
reactive groups in the resin, that negatively affected the compatibility
between the thermoplastic veils and the epoxy matrix of the UD lam-
inates. In contrast, the epoxy resin for the RTM of the NCF laminates
was at a monomer state possessing high flowability and low viscosity
for easy processing. Accordingly, the epoxy monomers thoroughly
infused and well interacted with the hybrid PPS/PA veils during the
RTM process of the NCF laminates, and resulted in good veil/epoxy
compatibility. The different laminate processing methods had no
effects on the thickness of the PPS veils within the UD and NCF lami-
nates, as the PPS veils remained intact during the laminate curing pro-
cess. Nevertheless, it could significantly affect the forms and
thicknesses of the meltable PA veils, as shown in Fig. 1. This signifi-
cantly affected the toughening performance and fracture mechanisms
of the hybrid veils, as will be shown in Sections 3.2 and 3.3. As
expected, the average thickness of the hybrid interlayers increased
as the areal density of the PPS veils increased from 5 g/m? to 10 g/
m?, i.e. from 85.7 m to 122.5 m for the interleaved UD laminates
and from 49.9 m to 70.0 m for the interleaved NCF laminates, see
Table 1.

3.2. Mode-I fracture behaviour

Mode-I R-curves from the DCB tests of the laminates interleaved
without and with hybrid PPS/PA veils are presented in Fig. 2. Table 2
presents the mode-I crack initiation energies (G}'&i) and mode-l crack
propagation energies (Gl¢™*) of each specimen and the corresponding
average values. In Table 2, the individual specimens for each laminate
system were referred to as S1, S2 and S3, respectively. It was observed
that interlaying hybrid PPS/PA veils into the UD and NCF laminates
significantly improved their mode-I fracture performance in all cases.
Essentially ‘flat’ R-curves were obtained for both of the UD/reference
and the UD/PPS5PA10 laminates, while a ‘rising’ trend at the initial
section of the R-curves was observed for the UD/PPS10PA10 laminate,
indicating the presence of fibre bridging during the fracture process.
Overall, G and G increased from 181 J/m? and 171 J/m? of the
UD/reference laminate to 371 J/m? (by 105%) and 359 J/m? (by
110%) of the UD/PPS5PA10 laminate, respectively and further to
412 J/m? (by 127%) and 461 J/m? (by 169%) of the UD/PPS10PA10
laminate, respectively (see Table 2). For the NCF laminates, the overall
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Fig. 1. Representative microscopy images of the interlayers within the interleaved laminates (side-view). The red arrows indicate the PPS fibres and the yellow

arrows indicate the PA fibres.

Table 1

Average thicknesses of the hybrid interlayers in the cured laminates.
Item UD/PPS5PA10 UD/PPS10PA10 NCF/PPS5PA10 NCF/PPS10PA10
Thickness 857 33 m 1225 6.6 m 499 52 m 70.7 22 m

Fig. 2. Mode-I R-curves of the UD and NCF laminates interleaved without and with hybrid PPS/PA veils.

trend of the R-curves was reasonably ‘flat’ for the NCF laminates inter-
leaved by hybrid PPS/PA veils. When compared to the UD laminates,
more prominent improvements in the mode-| fracture energies of the
NCF laminates were observed, i.e. Git and G increased from
369 J/m? and 463 J/m? of the NCF/reference laminate to 1374 J/
m? and 1366 J/m? of the UD/PPS5PA10 laminate, respectively. This
corresponded to an increase of 273% and 195%, respectively. No fur-
ther improvements in Gt and G were observed as the areal density
of the PPS veils increased from 5 g/m? to 10 g/m?.

Fig. 3 presents representative photographs and optical microscopy
images of the mode-I fracture surfaces and cross-sections of the inter-
leaved laminates, taking from the corresponding S1 DCB specimens.
The yellow arrows indicate delaminated bundles of carbon fibres,
and the red dashed boxes indicate the interlayers. It was observed that
the crack propagated cohesively inside the veil/epoxy layer for the
hybrid modified UD laminates, leaving both sides of the fracture sur-
faces covered with numerous thermoplastic fibres. An alternation of
cohesive failure inside the interlayer and significant carbon fibre
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Mode-1 fracture energies of each specimen (indicated by S1-S3) and the corresponding average values from the DCB tests of the laminates. Values in brackets indicate

percentage increases of the values over those of reference specimens.

Material GiZ (I/m?) GIE? (I/m?)

S1 S2 S3 Average S1 S2 S3 Average
UD/reference 191 175 177 181 9 178 173 163 171 8
UD/PPS5PA10 379 331 402 371 36 (105%) 379 331 368 359 25 (110%)
UD/PPS10PA10 412 392 431 412 20 (127%) 494 444 445 461 29 (169%)
NCF/reference 370 340 396 369 28 455 452 480 463 15
NCF/PPS5PA10 1310 1352 1460 1374 77 (273%) 1287 1503 1309 1366 119 (195%)
NCF/PPS10PA10 1324 1176 1509 1337 166 (263%) 1402 1267 1400 1357 77 (193%)

Fig. 3. Representative photographs (in the middle) and corresponding optical microscopy images of the fracture surfaces (on the left) and cross-sections (on the
right) of the DCB specimens, taking from the corresponding S1 specimens. The yellow arrows indicate delaminated bundles of carbon fibres. The red dashed boxes

indicate the interlayers.

delamination took place for the hybrid interleaved NCF laminates.
Representative SEM images for showing the state of the thermoplastic
veils on the fracture surfaces are shown in Figure 4. It was observed
that a large number of relatively long thermoplastic fibres appeared
on the fracture surfaces of both of the UD/PPA10PA10 and NCF/
PPS10PA10 laminates, see Fig. 4(a) and (d). These were the pulled-
out PPS fibres, who possessed very smooth surfaces and exhibited no
visible damage to the fibres themselves as a result of a poor PPS/epoxy
adhesion, as shown in Fig. 4(b) and (e). As observed in Section 3.1, the
meltable PA fibres remained in a fibrous form on the fracture surfaces
of the hybrid modified UD laminates, while they completely melted in
the hybrid modified NCF laminates, see Fig. 4(c) and (f). Accordingly,
different toughening mechanisms of the PA veils were observed in dif-
ferent cases. For the interleaved UD laminates, the PA fibres broke into
small pieces that were still well-attached to the epoxy matrix, see Fig. 4
(c). This indicates a relatively good adhesion between the meltable PA
fibres and the epoxy matrix, resulting in significant plastic deforma-
tion and following breakage of the PA fibres during the fracture pro-
cess. For the interleaved NCF laminates, the PA veils mainly
toughened the epoxy matrix and resulted in obvious plastic deforma-
tion of the epoxy/PA mixture for the interleaved NCF laminates (as
shown in Fig. 4 (f)). In summary, the toughening mechanisms of the
hybrid veils for the UD laminates were pulling-out and bridging of
the PPS fibres and significant damage of the PA fibres. For the NCF

laminates, fibre pulling-out and bridging were also determined to be
the main toughening mechanisms of the PPS veils, while the PA veils
toughened the epoxy matrix and resulted in significant plastic defor-
mation during the mode-l fracture process. These mechanisms,
together with additional carbon fibre delamination and breakage
(see Fig. 3), resulted in the significant increases in G,c of the NCF lam-
inates upon interlaying the hybrid veils, as shown in Table 2.

It remained to be answered why the areal density of the PPS veils
exhibited different influences on the toughening performance of the
hybrid veils for the UD and NCF laminates, as observed in Fig. 2. Typ-
ical SEM images of the mode-| fracture surfaces of the laminates inter-
leaved with PPS5PA10 veils are shown in Fig. 5. It was observed that
only a number of pulled-out PPS fibres existed on the mode-I fracture
surface of the UD/PPS5PA10 laminate, with the remaining PPS fibres
well-embedded in the epoxy matrix. This indicates a low level of PPS
fibre bridging during the fracture process. However, as the areal den-
sity of the PPS veils increased from 5 g/m? to 10 g/m?, many pulled-
out PPS fibres in a long and continuous form were observed on the
fracture process of the UD/PPS10PA10 laminate, as shown in Fig. 4
(a). This resulted from significant PPS fibre bridging during the frac-
ture process, and led to the ‘rising’ trend of the mode-I R-curves and
further increases in the mode-l fracture energies of the UD/
PPS10PA10 laminate, see Fig. 2. In contrast, a comparison between
Figs. 4(d) and 5(b) showed that the fracture surfaces of the NCF/
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Fig. 4. Representative SEM images of the mode-I fracture surfaces of the hybrid interleaved UD and NCF laminates. (a)—(c) are the images for the UD/PPS10PA10

laminate, and (d)—(f) are the images for the NCF/PPS10PA10 laminate.

Fig. 5. Representative SEM images of the mode-I fracture surfaces of the laminates interleaved with PPS5PA10 veils.

PPS5PA10 and the NCF/PPS10PA10 laminates appeared essentially
the same. Accordingly, the areal density of the PPS veils had negligible
effects on the mode-I fracture energies of the hybrid interleaved NCF
laminates, as shown in Fig. 2.

3.3. Mode-Il fracture behaviour

Fig. 6 shows the mode-Il R-curves from the ELS tests of the lami-
nates interleaved without and with hybrid PPS/PA veils. During the
ELS test, the specimens of the UD laminates interleaved with hybrid
veils failed dynamically once the crack propagation initiated, resulting
in only one point on the corresponding R-curves in Fig. 6(a). Similarly,
the ELS specimens of the NCF/reference laminate failed dynamically
after the crack propagated a few millimetres, and hence only a number
of points exist on their R-curves in Fig. 6(b). It is clear that the addition
of hybrid PPS/PA veils improved the mode-II fracture performance of
the UD and NCF laminates in all cases. Moreover, it also alternated the
crack propagation from a stable manner to a dynamic manner for the

UD laminates and from a dynamic manner to a stable manner for the
NCF laminates. The mode-11 crack initiation energies (Gin.) and mode-
Il crack propagation energies (G\c") of each specimen and the corre-
sponding average values are presented in Table 3. It should be noted
that no plateau stage was obtained on the R-curves of the interleaved
UD laminates and the NCF reference laminate due to a dynamic fail-
ure. In this case, G}’ was taken as the fracture energy before the
dynamic failure of the specimen, i.e. the last point on the R-curve. It
was observed that interlaying PPS/PA veils into the UD laminates sig-
nificantly increased both of GIi. and G{<” by about 130% in all cases.
For the NCF laminates, Gii. and G)¢° increased from 1185 J/m? and
2549 J/m? to 3378 J/m? (by 185%) and 4148 J/m? (by 63%), respec-
tively upon interleaving the PPS5PA10 veils. No statistical differences
in GIi. and G?* were observed as the areal density of the PPS veils
increased from 5 g/m? to 10 g/m? for both of the UD and the NCF
laminates.

Fig. 7 presents representative photographs and microscopy images
of the fracture surfaces and cross-sections of the ELS specimens for the
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Fig. 6. Mode-Il R-curves of the UD and NCF laminates interleaved with hybrid PPS/PA veils.

Table 3
Mode-11 fracture energies of each specimen (indicated by S1-S3) and the corresponding average values from the ELS tests of the laminates. Values in brackets indicate
percentage increases of the values over those of reference specimens.

Material G (3/m?) GheP (3/m?)
S1 S2 S3 Average S1 S2 S3 Average
UD/reference 657 629 605 630 26 634 643 602 627 22
UD/PPS5PA10 1638 1147 1482 1422 251 (126%) 1638 1147 1482 1422 251 (127%)
UD/PPS10PA10 1211 1635 1509 1452 218 (130%) 1211 1635 1509 1452 218 (132%)
NCF/reference 1261 1053 1242 1185 115 2702 2333 2613 2549 192
NCF/PPS5PA10 3343 3325 3467 3378 77 (185%) 4157 3786 4503 4148 358 (63%)
NCF/PPS10PA10 3320 4010 3558 3629 350 (206%) 4096 4597 4436 4376 256 (72%)
interleaved UD laminates, taking from the corresponding S1 specimen. opening load) to the interface between the carbon fibres and the
It was observed that the crack propagation migrated from within the veil/epoxy layer, and then dynamically failed the entire ELS speci-
veil/epoxy layer (resulted from the pre-cracking process under an mens. Consequently, the entire veil/epoxy layer (with all the thermo-

Fig. 7. Representative photographs and microscopy images of the fracture surfaces and cross-section of an ELS specimen of the hybrid interleaved UD laminates.
The red dashed box in the cross-section image indicates the interlayer.
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plastic fibres embedded within it) was left on the upper fracture sur-
face, with the lower fracture surface showing bare carbon fibres. In
this case, the areal density of the PPS veils tended to have no effects
on the mode-II fracture mechanisms and the fracture energies of the
interleaved UD laminates, as shown in Table 3. Representative pho-
tographs and microscopy images of the fracture surfaces and cross-
sections of the ELS specimens for the hybrid modified NCF laminates
are shown in Figure 8. An alternation of cohesive failure inside the
veil/epoxy layer and carbon fibre delamination was observed for the
hybrid interleaved NCF laminates. The presence of a large number of
leaf-like features (indicated by the red arrows in Fig. 8) indicates
extensive plastic deformation of the PA toughened epoxy matrix dur-
ing the fracture process. Additionally, significant damage to the
pulled-out PPS fibres, i.e. fibre split, plastic deformation and breakage,
took place during the fracture process of the interleaved NCF lami-
nates, as indicated by the blue arrows in Fig. 8. It should be noted that,
our previous work demonstrated that the PPS fibres on the fracture
surfaces of the NCF laminates interleaved with solely PPS veils
remained intact [16], as shown in Fig. 9. This demonstrated that the
presence of melted PA polymers in the epoxy matrix improved the
adhesion between the PPS fibres and the matrix, that resulted in signif-
icant damage to the PPS fibres during the fracture process, and further
improved their toughening performance [26]. Overall, plastic defor-
mation of the PA toughened epoxy, severe damage to the PPS fibres
and significant carbon fibre delamination all contributed to the signif-
icant increases in the mode-II fracture energy of the NCF laminates
upon interlaying the hybrid veils.

3.4. Discussion

The mode-I and mode-II fracture energies of the UD and NCF lam-
inates interleaved with PPS veils and PA veils on their own [14,16]
and in combination are summarised in Fig. 10. Obviously, significant
increases in the fracture toughness of the UD and NCF laminates were
achieved upon interleaving thermoplastic veils in all cases. For the UD
laminates, the toughening performance of hybrid PPS/PA veils was
superior for the mode-I fracture behaviour, i.e. adding hybrid PPS/
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Fig. 9. A representative SEM image of the mode-II fracture surfaces of the
NCF laminates interleaved with solely PPS veils [16].

PA veils increased the mode-I fracture energies to a higher level that
was not attained by interleaving the PPS veils or the PA veils alone,
see Fig. 10(a). This was achieved by simultaneously taking advantage
of the fiber bridging mechanism of the non-meltable PPS veils and the
significant fibres damage of the meltable PA fibres, as observed in Sec-
tion 3.2. Regarding mode-Il fracture behaviour, the PA veils alone
worked better for toughening the UD laminate than all the other inter-
layer systems. A hybridisation of the PA veils with the PPS veils failed
to further improve the mode-I1l fracture energies of the interleaved UD
laminate, and even caused significant adverse effects. This was due to
the alteration of the crack propagation characteristic from a cohesive
failure inside the veils/epoxy layer to an interfacial failure between
the interlayers and the carbon fibres, as shown in Section 3.3. For this
reason, the toughening mechanisms of both of the PPS veils and the PA
veils were not sufficiently utilised. For the NCF laminates, the tough-
ening performance of hybrid PPS/PA veils was outstanding for both
of the mode-lI and mode-Il fracture energies, as shown in Fig. 10(b)

Fig. 8. Representative photographs and microscopy images of the fracture surfaces and cross-section of an ELS specimen of the hybrid interleaved NCF laminates.
The red arrows indicate the PA/epoxy mixture and the yellow arrows indicate the damaged PPS fibres. The red dashed box in the cross-section image indicates the

interlayer.
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Fig. 10. Comparison of the fracture energies of the UD and NCF laminates
interleaved with different thermoplastic veils.

by exploiting different toughening mechanisms of the hybrid veils. In
particular, fibre pulling-out and bridging of the PPS veils and epoxy
toughening and plastic deformation of the PA veils were determined
to be the main toughening mechanisms of the hybrid veils for the
mode-| fracture behaviour of the NCF laminates, as observed in Sec-
tions 3.2. Apart from these mechanisms, additional PPS fibre breakage
also took place during the mode-II fracture process of the NCF lami-
nates, see Sections 3.2. Overall, interlaying hybrid PPS/PA veils
proved a very promising strategy for enhancing the mode-I fracture
performance of the UD laminate and the mode-I and mode-I1I fracture
performance of the NCF laminates. Considering the already outstand-
ing toughening efficiency of the PPS and PA veils (on their own) when
compared to the other most effective state-of-the-art interlayer materi-
als [1,16,27], the hybrid PPS/PA veils were superior for interlay
toughening of CF/EP laminates. Emphasis should be given to two
important observations from this work. Firstly, the adhesion between
the thermoplastic veils and the epoxy matrix significantly affected
the toughening performance of the thermoplastic veils. In particular,
the veil/epoxy adhesion was largely affected by the manufacturing
methods of the laminates in this work, i.e. a partially cured state of
the epoxy resin in the UD prepreg resulted in relatively poor veil/
epoxy compatibility while the epoxy monomers for the RTM of the
NCF laminates effectively interacted with the veils during the laminate
curing process. Secondly, the presence of the meltable PA veils obvi-
ously improved the adhesion between the PPS veils and the epoxy
matrix coupled with melted PA polymers within the interleaved NCF
laminates. This further enhanced the toughening performance of the
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PPS veils, and subsequently resulted in the outstanding toughening
effects of the hybrid PPS/PA veils for the NCF laminates.

4. Conclusions

Non-meltable PPS veils and meltable PA veils were hybridised as
interlayer materials of two types of aerospace-grade CF/EP laminates
produced from UD prepregs and RTM of NCFs, with an attempt to
improve their interlaminar fracture toughness. In general, the addition
of the hybrid veils significantly improved the fracture toughness of the
laminates in all cases. For the UD laminates, interlaying the hybrid
veils resulted in significant improvements of the mode-I fracture ener-
gies those could not be achieved by solely interlaying the meltable or
non-meltable veils on their own. This was achieved by taking advan-
tage of the different toughening mechanisms of the hybrid veils, i.e.
fibre pulling-out and bridging of the PPS veils and severe fibre damage
of the PA veils. Unfortunately, the mode-Il crack propagation in the
interleaved UD laminates took place at the interface between the
veil/epoxy layer and the carbon fibres. In this case, the toughening
mechanisms of the hybrid veils were not sufficiently utilised, and
hence the toughening levels of the hybrid veils were lower than their
individual components. Encouragingly, the hybrid veils exhibited out-
standing toughening performance for both of the mode-1 and mode-I11
fracture behaviour of the NCF laminates. This was achieved by exploit-
ing the different toughening mechanisms of the non-meltable and mel-
table veils, i.e. extensive PPS fibre pulling-out, bridging and breakage
of the PPS veils, and epoxy toughening and associated carbon fibre
delamination of the PA veils. This work demonstrated that interlaying
hybrid non-meltable/meltable veils into CF/EP laminates is a promis-
ing strategy to further enhance the interlaminar fracture toughness of
the laminates, and the compatibility between the epoxy matrix and the
veils is a critical factor affecting the toughening levels and
mechanisms.
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