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A B S T R A C T

Interleaving thermoplastic veils has proved to enhance the interlaminar fracture toughness of carbon fi-
bre/epoxy composites under static loading conditions. However, the fatigue delamination behaviour has yet
to be investigated. Herein, meltable Polyamide-12 (PA) veils and non-meltable Polyphenylene-sulphide (PPS)
veils were used for interlay toughening of unidirectional (UD) and non-crimp fabric (NCF) laminates that
were manufactured using a prepreg process and resin transfer moulding process, respectively. The results of
Mode-I fatigue delamination tests demonstrated a significant improvement in the fatigue life of the laminates
due to interleaving. Additionally, the fatigue resistance energy has been maximumly increased by 143% and
190% for the UD and NCF laminates, respectively. The microscopy analysis revealed that the toughening
mechanisms of thermoplastic veils were affected by the form of the thermoplastic veils in the laminates (melted
or non-melted), the fracture mechanisms of the reference laminates and the adhesion/miscibility between the
thermoplastic veils and the epoxy.
1. Introduction

Carbon fibre reinforced polymers are widely used in structural
applications due to their light weight, high mechanical properties and
excellent structural performance. Epoxy resins are the most widely
used matrix of thermosetting composites due to their high modulus,
high strength, low creep and excellent thermal stability. However,
carbon fibre reinforced epoxy composites (CF/EPs) are prone to in-
terply delamination, owing to the brittleness of the epoxy matrix and
the laminated structure of the composites. Accordingly, enhancing the
interlaminar fracture properties of CF/EPs has been a research focus
over the last two decades.

Adding toughening layers between the plies of CF/EPs or interlay
toughening is an easy process that does not necessarily add signif-
icant cost and manufacturing difficulties to the laminates. For this
reason, it has attracted considerable attention from both academics
and industrialists. To date, many types of materials have been used for
interlay toughening of CF/EPs, such as chopped carbon fibres [1], car-
bon nanomaterials [2], stainless steel fibres [3], thermoplastic films [4]
and thermoplastic veils [5]. In general, the toughening efficiency of the
interleaving technique depends on the type and amount of the inter-
layer materials. Among different interlayer materials, the tough, duc-
tile, porous and lightweight nature of thermoplastic veils makes them

∗ Corresponding author.
E-mail address: quandong@sdu.edu.cn (D. Quan).

outstanding candidates for toughening CF/EPs. Extensive research, in-
cluding [6–13] has proved that interlaying thermoplastic veils could
significantly improve the interlaminar fracture properties of CF/EPs.
Moreover, many studies reported that the addition of thermoplastic
veils into CF/EPs had no detrimental effects to the other mechanical
properties, such as flexural modulus and strength [6,14–16] and in-
terlaminar shear strength [6–8,15]. This is another advantage of using
thermoplastic veils as interlayer materials of CF/EPs.

To date, a significant number of studies have been carried out to
investigate the effects of the areal density of the veils [6,7,17–19],
the veil material [11,17,20,21], the form of the veils in the FRPs,
i.e. melted or non-melted [11,14], and the architecture of the carbon
fibre fabrics [12,19–21] on the fracture properties of the interleaved
CF/EPs. However, the majority of these studies focused on the fracture
behaviour of the laminates under static loading conditions. Only a lim-
ited number of publications, including [22–24] reported the effects of
interleaving thermoplastic veils on the fatigue delamination behaviour
of CF/EPs. Brugo et al. [23,24] studied the mode-I fatigue delamination
behaviour of a plain weave CF/EP interleaved with 18 g/m2 Nylon
veils. It was observed that the addition of interlayers significantly
increased the delamination toughness by over 100% and lowered the
crack propagation rate by 36-27 times under fatigue loading conditions.
vailable online 27 November 2021
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Fig. 1. The Paris representation of FDG of the interleaved UD laminates.
aelemans et al. [22] investigated the mode-II fatigue delamination
ehaviour of CF/EPs interleaved with different thermoplastic veils.
mproved fatigue delamination resistance was observed for all three
anofibre types tested, i.e. polycaprolactone (PCL), polyamide 6 (PA
) and polyamide 6.9 (PA 6.9), with the PCL interleaved laminates
xhibiting the best performance. The different toughening performance
f different veils was attributed to the different veil/epoxy interface
dhesion, that subsequently affected the toughening mechanisms of
he veils. While all these studies reported improvements in the fatigue
elamination behaviour, further research is still needed to fully address
he fatigue delamination behaviour and toughening mechanisms of
nterleaved CF/EPs.

In our previous work [25–27], the fracture behaviour of CF/EPs
nterleaved with thermoplastic veils under static loading conditions
as systematically investigated. Significant improvements in the mode-
and mode-II fracture energies of the CF/EPs were observed in all

ases, with the toughening levels affected by the areal density and
aterial type of the veils, the adhesion at the veil/epoxy interface,

he form of the veils within the laminates (melted or non-melted) and
he architecture of the carbon fibres. This work aims to investigate the
ffects of interlaying thermoplastic veils on the fatigue delamination
ehaviour of the CF/EPs. The laminates used were a unidirectional
UD) laminate manufactured from CF/EP prepreg and a non-crimp
abric (NCF) laminate produced by a resin transfer moulding (RTM)
rocess, and thermoplastic veils based on PPS and PA12 were used
s interlayers. These two laminates were chosen because they exhib-
ted significantly different fracture mechanisms under static loading
onditions, which subsequently affected the toughening mechanisms of
he thermoplastic veils [25,26]. The fatigue delamination behaviour of
he interleaved laminates was studied, and the toughening mechanisms
ere also investigated.

. Experimental

.1. Materials and sample preparation

The UD laminates were based on carbon fibre/epoxy prepreg (HYE-
034E from Cytec, Solvay Group). The NCF laminates were manufac-
ured by a RTM process, using Toray T700Sc-50C biaxial fabric from
aertex GmbH and CYCOM 890RTM resin from Cytec, Solvay Group.
he same curing schedule was used for both laminates, i.e. at 180 ◦C
nder a pressure of 0.5 MPa for 90 mins. Thermoplastic veils based on
olyphenylene sulphide (PPS) and PA12 were supplied by Technical
ibre Products Ltd., UK. They were inserted at the mid-plane of the
aminates during the layup process. It should be noted that the PA
ibres melted and the PPS fibres remained in their fibrous form during
2

he laminate curing process [25]. PPS veils treated by UV light (Light
Fig. 2. Fatigue resistance energy (𝐺∗) of the interleaved UD laminates.

Hammer 6 from Heraeus Noblelight, UK) for 10 s were also used as
interlayers, to investigate the effects of the veil/epoxy adhesion on the
fatigue delamination behaviour of the CF/EPs. This treatment process
has proved to significantly increase the adhesion between the PPS
veils and epoxy matrix in our previous work [27]. After the laminates
were cured in an in-house press-clave, double cantilever beam (DCB)
specimens with a width of 20 mm and a length of 160 mm were
machined out. Additional information on the materials and sample
preparation can be found in [25].

2.2. Fatigue delamination growth test

The fatigue delamination growth (FDG) test on the DCB specimens
was carried out on a 10 kN MTS machine under displacement control.
The DCB specimens were firstly pre-cracked under static loading condi-
tions to determine the maximum displacement for the FDG test. During
the FDG tests, a displacement ratio of 0.1 was used, at a cyclic loading
frequency of 10 Hz. The crack growth was monitored using a computer
controlled digital camera system at the maximum displacement, while
the load, displacement and cycle numbers were automatically stored
every 100 cycles. Three specimens were tested for each set.

The Paris relation between the crack propagation rate per cycle,
𝑑𝑎∕𝑑𝑁 , and the maximum energy release rate, 𝐺𝐼𝑚𝑎𝑥 was used to anal-
yse the FDG behaviour of the laminates. In this work, 𝐺𝐼𝑚𝑎𝑥 was calcu-
lated using a modified compliance calibration method [28] according
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Fig. 3. Representative images of the fatigue fracture surface and side-view of the crack path of the UD laminates. The red dashed boxes in (b) indicate the interlayers.
to the following equation:

𝐺𝐼 = 3𝑃 2𝐶2∕3

2𝐴1𝐵ℎ
(1)

where 𝑃 is the applied load, 𝐶 is the compliance of the DCB specimen,
𝐵 and ℎ are the width and thickness of the specimens and 𝐴1 is the
slope of the 𝑎∕ℎ against 𝐶1∕3 curve. 𝑑𝑎∕𝑑𝑁 was determined using the
7-point Increment Polynomial Method [29].

The actual strain energy release rate of the DCB specimens was also
calculated, which is defined as:

𝐺∗ = 𝑑𝑈
𝑑𝐴

= 1
𝐵

𝑑𝑈∕𝑑𝑁
𝑑𝑎∕𝑑𝑁

(2)

where 𝑑𝐴 is the incremental increase in area of the fracture surface,
which equals to 𝐵𝑑𝑎. 𝑈 is the amount of energy dissipated in the crack
propagation, that can be defined as:

𝑈 = 1
2
𝑃𝑚𝑎𝑥,𝑁𝛿𝑚𝑎𝑥,𝑁 (3)

where 𝑃𝑚𝑎𝑥,𝑁 and 𝛿𝑚𝑎𝑥,𝑁 are the maximum load and displacement
at cycle number 𝑁 , respectively. 𝐺∗ can be physically interpreted as
fatigue resistance energy of the DCB specimens.

The fracture surface and side-view of the DCB specimens were
analysed using a laser microscope (VK-X1000 from KEYENCE Corpo-
ration) to investigate the crack propagation path. The fracture surfaces
were also imaged using a scanning electron microscope (SEM, JOEL
JSM-7500F) to study the toughening mechanisms of the veils.
3

3. Results and discussion

3.1. FDG of the UD laminates

Fig. 1 presents Paris relations between 𝑑𝑎∕𝑑𝑁 and 𝐺𝐼𝑚𝑎𝑥 for the
interleaved UD laminates. In Fig. 1 and the rest of this paper, the
interleaved laminates are referred to as the type of the laminate sys-
tem followed by the type of the interlayer material, e.g. UD/PPS10
represents the UD laminate interleaved with 10 g/m2 PPS veils and
UD/PPS10(UV) means the corresponding PPS veils were UV-treated.
From Fig. 1 (a), it was observed that the resistance curves shifted to
the right due to interlaying thermoplastic veils in all cases, indicating
improved FDG resistance of the laminates. The areal density of the PA
veils had negligible effects on the fatigue resistance of the UD lami-
nates. However, the fatigue resistance improved as the areal density of
the PPS veils increased from 5 g/m2 to 15 g/m2. The gradients of the
Paris relation curves, which reflect the sensitivity of the crack growth
rate to the change of cyclic load [30], became smaller upon interlaying
thermoplastic veils, especially for the PPS veils. This means that the
interleaved UD laminates were less sensitive to fatigue crack growth,
and hence possessed a longer fatigue life than the reference laminate.
The curves in Fig. 1 (b) showed that an improved PPS veil/epoxy
adhesion upon the UV treatment failed to further improve the fatigue
delamination resistance of the UD laminates. It even caused noticeably
negative effects to the fatigue life of the UD/PPS5 laminate.

To quantify the effectiveness of interlay toughening, the fatigue
resistance energy (𝐺∗) of the UD laminates are summarised in Fig. 2. A
value of 133 J/m2 was measured for 𝐺∗ of the reference UD laminate.
Interlaying PA10 and PA15 veils significantly increased 𝐺∗ to 277 J/m2
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Fig. 4. The Paris representation of FDG of the interleaved NCF laminates.
nd 292 J/m2, respectively. This corresponded to an increase of 109%
nd 120%, respectively. 𝐺∗ gradually increased as the areal density of
he PPS veils increased to 15 g/m2, and a maximum value of 322 J/m2

as obtained for the UD/PPS15 laminate, corresponding to an increase
f 143%. The application of UV treatment to the PPS veils reduced 𝐺∗

y 15.7% for the UD/PPS5 laminate and had negligible effects on 𝐺∗

f the UD/PPS10 laminate.
Fig. 3 shows representative images of the fatigue fracture surface

nd side-view of the DCB specimens for the UD laminates. The red
ashed boxes in Fig. 3 (b) indicate the interlayers after fatigue failure.
ig. 3 (a) shows that both sides of the fracture surfaces of the inter-
eaved UD laminates were covered with a mixture of thermoplastic
ibres and epoxy matrix in all cases. This corresponded to the obser-
ation in Fig. 3 (b) that the crack-path was located essentially at the
iddle of the interlayers. Hence, the FDG took place cohesively inside

he thermoplastic interlayers for all the interleaved UD laminates.

.2. FDG of the NCF laminates

The Paris relations between 𝑑𝑎∕𝑑𝑁 and 𝐺𝐼𝑚𝑎𝑥 for the interleaved
NCF laminates are shown in Fig. 4. It was observed that the resistance
curves significantly shifted to the right upon interlaying PA veils,
indicating very good toughening performance. Additionally, the areal
density of the PA veils had negligible effects on the resistance to the
FDG. Interleaving 5 g/m2 PPS veils to the NCF laminate shifted the
Paris relation curve slightly to the right, and further right-shift of the
curves took place by increasing the areal density of PPS veils to 10
and 15 g/m2. In contrast to the UD laminates, the enhancement of the
PPS veils/epoxy adhesion upon UV-treatment obviously improved the
fatigue resistance of the NCF laminates, as shown in Fig. 4 (b).

Fig. 5 presents the fatigue resistance energy of the NCF lami-
nates. Interlaying PA veils significantly increased 𝐺∗ from 352 J/m2

of the NCF reference laminate to around 1020 J/m2 (by 190%) of
both the NCF/PA10 and NCF/PA15 laminates. The improvements in
𝐺∗ due to interlaying PPS veils were less prominent than the PA veils.
The addition of PPS veils increased 𝐺∗ to 393 J/m2 (by 12%) of the
NCF/PPS5 laminate, 515 J/m2 (by 46%) of the NCF/PPS10 laminate,
and further to 590 J/m2 (by 67%) of the NCF/PPS15 laminate. 𝐺∗ of the
NCF/PPS5(UV) and NCF/PPS10(UV) laminates were more or less the
same, i.e. around 570 J/m2, which were higher than their counterparts
that were interleaved with non-treated PPS veils.

Typical photographs of the fatigue fracture surface and side-view of
the DCB specimens for the NCF laminates are shown in Fig. 6. The red
dashed boxes in Fig. 6 (b) indicate the interlayers after fatigue failure.
It was observed that the fracture surfaces of the NCF/PA10 laminate
possessed many delaminated carbon fibre bundles, which covered the
4

Fig. 5. Fatigue resistance energy (𝐺∗) of the interleaved NCF laminates.

white colour stitching yarn of the carbon fibre fabric, see Fig. 6 (a). The
delamination of carbon fibre bundles corresponded to the observation
in Fig. 6 (b) that the fracture path of the NCF/PA10 laminate was
located outside of the interlayers. Hence, the FDG of the NCF/PA
laminates was a mixture of carbon fibre delamination and cohesive
failure inside the interlayers. Fig. 6 (b) shows that the crack path was
located within the interlayers for the NCF/PPS10 and NCF/PPS10(UV)
laminates, resulting in the presence of numerous PPS fibres on both
sides of the corresponding fracture surfaces in Fig. 6 (a).

3.3. Toughening mechanisms and discussion

To investigate the toughening mechanisms of the thermoplastic
veils, SEM analysis was carried out on the fracture surfaces of the DCB
specimens, as shown in Fig. 7. The yellow arrows in Figs. 7 (a) and
(c) indicate broken carbon fibres and fractured PA fibres, respectively.
Fig. 7 (a) shows that all the carbon fibres on the fracture surface of
the UD reference laminate were covered with epoxy resin, with a num-
ber of them having fractured. This indicates good carbon fibre/epoxy
interface adhesion within the UD/Reference laminate. Hence, the main
damage mechanisms of the UD reference laminate were epoxy cracking
and carbon fibre breakage. Many long pulled-out and broken carbon
fibres were observed on the fracture surfaces of the NCF reference
laminate, see Fig. 7 (b). This was caused by significant carbon fibre
debonding, bridging and breakage during the fatigue delamination

process. These mechanisms and epoxy cracking were the main fracture
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Fig. 6. Typical photographs of the fatigue fracture surface and side-view of the crack path of the NCF laminates. The red dashed boxes in (b) indicate the interlayers.
mechanisms of the NCF reference laminate. While different fracture
mechanisms were observed for the UD and NCF reference laminates,
the corresponding toughening mechanisms of the thermoplastic veils
were also different.

Representative SEM images of the interleaved UD laminates are
shown in Figs. 7 (c), (d) and (e). From Figs. 7 (c), it was observed that
the PA resin remained in a linear shape (instead of fully mixing with
the surrounding epoxy matrix) even though they melted during the
laminate curing process. The high toughness of the PA resin embedded
in the epoxy caused crack deflection during the FDG, that subsequently
resulted in the bumps of fractured epoxy matrix and PA resin on the
fracture surfaces, as shown in Fig. 7 (c). These observations indicate
that the main toughening mechanisms of the PA veils were plastic de-
formation and fracture of the PA resin and associated crack deflection.
Fig. 7 (d) shows that the failure surfaces of the UD/PPS10 laminate
were covered with a large number of long PPS fibres that debonded
from the epoxy matrix. Moreover, no obvious damage, such as breakage
or split, to the PPS fibres was observed, indicating relatively low PPS
fibre/epoxy adhesion. Accordingly, the main toughening mechanism of
the PPS fibres was fibre bridging, that contributed to the right-shifts and
the reduced gradients of the Paris relation curves in Fig. 1 (a) due to
interleaving PPS veils. A large number of PPS fibres were also observed
on the fracture surfaces of the UD/PPS10(UV) laminate, as shown in
Fig. 7 (e). However, all the PPS fibres were well-embedded in the epoxy
matrix, clearly indicating an improved PPS/epoxy adhesion upon the
UV-treatment. Although this increased the resistance of the PPS fibres
from peeling-off, it also inhibited a PPS fibre bridging mechanism. This
explains why improved PPS/epoxy adhesion by UV-treatment failed to
further improve the fatigue resistance of the interleaved UD laminates
in Fig. 1 (b).
5

Figs. 7 (f), (g) and (h) present representative SEM images of the
interleaved NCF laminates. Unlike the UD/PA10 laminates, the PA veils
in the NCF/PA10 laminate melted and fully mixed with the epoxy
matrix during the laminate curing process, see Fig. 7 (f). Accordingly,
obvious plastic deformation of the mixture of the epoxy matrix and
the PA resin took place during the FDG, that increased the energy
dissipation of the matrix cracking mechanism. Moreover, the toughness
improvement of the matrix subsequently resulted in additional carbon
fibre debonding, bridging and breakage, evidenced by the presence of
a larger number of pulled-out and broken carbon fibres in Fig. 7 (f)
than in Fig. 7 (b). These phenomena together contributed to the sig-
nificantly improved fatigue resistance upon adding PA veils, that was
observed in Fig. 4 (a). The fracture surface of the NCF/PPS10 laminate
in Fig. 7 (g) appeared similar to that of the UD/PPS10 laminates,
i.e. featured many long pulled-out PPS fibres that were not damaged.
Hence, PPS fibre debonding and bridging mechanisms also occurred
during the FDG of the NCF/PPS10 laminate, that improved the fatigue
delamination resistance. However, a comparison between Figs. 7 (b)
and (g) showed that the addition of PPS veils to the NCF laminates fully
prohibited the debonding, bridging and breakage of carbon fibres. This
caused detrimental effects to the fatigue delamination resistance of the
laminate, and negatively affected the overall toughening performance
of the PPS veils. The application of UV treatment to the PPS veils
increased the PPS/matrix interface adhesion, resulting in an obvious
split and breakage of the PPS fibres on the fracture surfaces of the
NCF/PPS10(UV) laminate, see Fig. 7 (h). This further enhanced the
fatigue delamination resistance of the PPS veil interleaved laminate,
as shown in Fig. 4 (b).

Based on the observations in this study, it is obvious that the
toughening mechanisms of thermoplastic veils for the fatigue delam-
ination resistance of the laminates were affected by the form of the
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Fig. 7. Representative SEM images of fatigue fracture surface of the DCB specimens. The yellow arrows in (a) and (c) indicate a number of fractured carbon fibres and PA fibres,
respectively.
thermoplastic veils in the laminates (melted PA fibres and non-meltable
PPS fibres), the fracture mechanisms of the reference laminates and the
adhesion/miscibility between the thermoplastic veils and the epoxy.
It should be pointed out that the adhesion/miscibility between the
thermoplastic veils and the epoxy also proved to be an important factor
in the fracture behaviour of the interleaved laminates under static
loading conditions in our previous work [27]. It depends on the surface
activity of the thermoplastic veils and the laminate processing methods,
i.e. prepreg for the UD laminates, and RTM for the NCF laminates in this
study. Since the same veils were used for the UD and NCF laminates,
the different laminate processing methods between the UD and NCF
laminates was the main factor that could cause different veil/epoxy
miscibility. This was because the partially cured (B-stage) epoxy matrix
in the UD prepreg is expected to have poorer miscibility with the
veils than the epoxy monomer used for the RTM process of the NCF
laminates. This explained why the PA fibres melted and remained linear
in shape in the UD/PA10 laminate (see Figs. 7 (c)), but fully mixed
with the epoxy matrix within the NCF/PA10 laminate (see Figs. 7 (f)).
However, to fully understand this issue, further study using the same
epoxy matrix but at different curing stages before veil insertion and
final laminate curing is still needed.
6

4. Conclusions

This work studied the effects of interleaving thermoplastic veils into
carbon fibre/epoxy composites on the Mode-I fatigue delamination be-
haviour of the laminates using DCB specimens. Two types of laminates,
i.e. unidirectional (UD) and non-crimp fabric (NCF) laminates manufac-
tured by a prepreg and resin transfer moulding process, respectively,
were interleaved by meltable PA veils and non-meltable PPS veils. The
experimental results showed that adding thermoplastic veils into the
laminates obviously improved the fatigue life, and also significantly
increased the fatigue resistance energy (𝐺∗) of the DCB specimens in
all cases. For instance, 𝐺∗ was maximumly increased by 143% and
190% for the UD and NCF laminates, respectively. In general, the
areal density of the PA veils, which melted during the laminate curing
process had negligible effects on the fatigue resistance of the lami-
nates, and the toughening performance of the non-meltable PPS veils
improved with increasing areal density. The toughening mechanisms of
the thermoplastic veils on the laminates have also been investigated. It
was revealed that the toughening mechanisms of the thermoplastic veils
were affected by the form of the thermoplastic veils in the laminates
(melted PA fibres and non-meltable PPS fibres), the fracture mecha-
nisms of the reference laminates and the adhesion/miscibility between
the thermoplastic veils and the epoxy.
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