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Abstract

Thermoplastic veils based on Polyethylene-terephthalate (PET), Polyphenylene-sulfide (PPS)

and Polyamide-12 (PA) fibres (∼10µm in diameter) were used to interlay unidirectional

(UD), non-crimp fabric (NCF) and 5-Harness satin weave (5H) carbon fibre laminates. The

PET and PPS veils remained in a fibrous form and the PA veils melted during the laminate

curing process. The results of an end-loaded split test demonstrated significant improvements

in the mode-II fracture performance in all cases. In general, interlaying thermoplastic veils

was most efficient for toughening the UD laminates, with reduced improvements observed

for the 5H and NCF laminates, respectively. The main toughening mechanism of the intact

PET and PPS veils was thermoplastic fibre bridging. The melted PA veils mainly improved

the fracture toughness of the epoxy at the mid-plane. The different toughening mechanisms

of the veils, combined with different fracture mechanisms between the UD, NCF and 5H

laminates, resulted in significantly different toughening levels.

Keywords: A: Polymer-matrix composites (PMCs); Thermoplastic veils; B: Fracture

toughness; C: Fibre bridging; D: Fractography.
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1. Introduction

The poor interlaminar fracture toughness of fibre reinforced plastics (FRPs) resulting

from their laminated structure is a major constraint on their wider use. A number of methods

have been developed to improve the interlaminar fracture toughness of FRPs, among which,

the following three strategies are most prevalent: (1) incorporating second phase modifiers

to the epoxy matrix, such as silica-rubber hybrid nanoparticles [1], carbon nanotubes [2],

and nano-clay [3]; (2) changing the architecture of the fibre mats using various techniques,

i.e. 3D textile weaving [4], Z-pinning [5] and stitching [6]; and (3) interlaying the FRPs us-

ing various materials, including carbon fibres [7], carbon nanomaterials [8], stainless steel fi-

bres [9], thermoplastic films [10] and thermoplastic veils [11]. Various levels of success have

been achieved based on different strategies. However, there are shortcomings associated with

these techniques, such as: the incorporation of second phase modifiers (strategy 1) typically

increases the viscosity of the matrix, resulting in significant processing challenges; changing

the architecture (strategy 2) of fibre mats using 3D textile weaving, Z-pinning and stitching

can lead to a considerable drop in the in-plane properties [6, 12, 13]; interlaying materials,

such as stainless steel fibres [9], can result in an increase in the composite weight; and adding

thermoplastic film interlayers can hinder the resin impregnation during the transfer moulding

of the laminates.

The tough, ductile, porous and lightweight nature of thermoplastic veils based on either

nano-/micro-scale fibres, makes them an attractive option for interlaying FRPs. For exam-

ple, their porous architecture will not hinder resin impregnation during the manufacturing

process of FRPs [14]. This porous architecture, together with a high specific surface area of

the micro- or nano- thermoplastic fibres, can considerably promote the bonding to the matrix

phase. It is generally accepted that interlaying thermoplastic veils can considerably enhance

the interlaminar toughness of the FRPs [11, 15–21]. Moreover, a number of studies demon-

strated that interlaying thermoplastic veils into FRPs had no detrimental effects on the other

mechanical properties, such as flexural modulus and strength [15, 22–24], and interlaminar
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shear strength [15–17, 23]. For these reasons, interlaying thermoplastic veils in FRPs is at-

tracting the attention of both researchers and industrialists [21]. Notwithstanding, adverse

effects on the fracture responses of FRPs upon interlaying thermoplastic veils were also re-

ported by some other literature [14, 24–26]. The toughening performance of the thermoplastic

veils can be affected by many factors, including the areal density of the veils [14–16, 27, 28],

the veil material [14, 19, 26, 29], the form of the veils in the FRPs, i.e. melted or non-

melted [19, 22, 30] and the architecture of the carbon fibre fabrics [20, 26, 28, 29]. To date,

no conclusive effects of these factors can be drawn based on the limited number of studies, as

in which, different FRP systems and material types and areal densities of thermoplastic veils

were used. Moreover, the effects of interlaying thermoplastic veils on the fracture response

of CFRPs specifically for aerospace applications have received very little attention.

The aim and main novelty of this work are to comprehensively investigate the effects

of interlaying thermoplastic veils on the mode-II fracture performance of commercialised

aerospace-grade CFRPs. Thermoplastic veils with various areal densities based on Polyethylene-

terephthalate (PET), PPS and Polyamide-12 (PA) fibres (∼10µm in diameter) were used

to reinforce three types of aerospace-grade CFRPs manufactured from unidirectional (UD)

prepregs, 5-Harness weave (5H) prepregs, and resin transfer moulding (RTM) of non-crimp

carbon fibre fabric (NCF). The PET and PPS veils remained in a fibrous form, and the PA

veils melted during the laminate curing cycle. The mode-II fracture behaviour and corre-

sponding toughening mechanisms of the interleaved laminates were systematically studied.

2. Experimental

2.1. Materials

Three types of CFRPs based on unidirectional carbon fibre fabrics (UD), non-crimp car-

bon fibre fabrics (NCF) and 5-Harness satin weave carbon fibre fabrics (5H) were used in

this work. The UD and 5H prepregs were HYE-1034E from Cytec (Solvay Group, UK),

and Hexply 8552/5H from Hexcel (UK), respectively. They possessed an areal density of
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230 g/m2 and 615 g/m2, respectively, and a fibre volume fraction of 57-63 % and 55 %, re-

spectively. The dry non-crimp carbon fibre fabrics (NCF), with an areal density of 575 g/m2,

were biaxial Toray T700Sc 50C from Saertex GmbH (Germany). The epoxy resin for resin

transfer moulding (RTM) of the NCF laminates was CYCOM 890RTM from Cytec (Solvay

Group, UK). The NCF laminates had a fibre volume fraction of 55 %. The thermoplastic veils

based on Polyethylene-terephthalate (PET), Polyphenylene-sulfide (PPS) and Polyamide-12

(PA) were supplied by Technical Fibre Products Ltd. (UK). The average diameters of the

PET, PPS and PA fibres were 13.2±2.3µm, 9.5±1.1µm and 11.7±1.5µm, respectively [31].

In this paper, the thermoplastic veils will be referred to as the polymer type followed by its

areal density, e.g. PPS10 represents a 10 g/m2 PPS veil.

2.2. Manufacture and Characterisation of the CFRPs

For the UD and 5H laminates, a layup consisting of 26 plies of UD prepregs or 14 plies

of 5H prepregs was firstly placed under vacuum for 45 mins to remove air pockets and to

consolidate the layup. For the NCF laminates, a [90, 0]4s-layup was impregnated by the

epoxy resin using a vacuum-assisted RTM process, during which the resin was heated up to

80 ◦C to reduce its viscosity. A layer of thermoplastic veil was placed at the mid-plane of the

laminates during the layup process to prepare interleaved CFRPs. The same curing schedule

was then used to cure all the laminate layups in an in-house pressclave. The laminate was

cured inside an aluminium mould under vacuum with an internal pressure of 0.5 MPa in

the mould chamber. The cure cycle consists of a 2-hour ramp from room temperature to

180 ◦C followed by a 2-hour hold, or dwell, at 180 ◦C. To avoid post-curing warping, the

laminate was kept in the pressclave under full pressure and vacuum until the temperature

cooled down naturally to 80 ◦C. The composite laminate was then taken out of the mould

after the temperature dropped to room temperature, and cut into the required dimensions for

the subsequent tests. The crack starter of the samples for fracture tests was generated by

placing a PTFE insert (with a thickness of 12.5 µm) at the mid-plane. It should be noted that

the melting temperatures of the PET, PPS and PA veils were measured to be 250 ◦C, 290 ◦C
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and 180 ◦C, respectively [31]. Hence, the PET and PPS veils remained in their fibrous form,

and the PA veils melted during the hot-curing process at 180 ◦C.

An end-loaded split (ELS) test was carried out to study the mode-II fracture behaviour of

the CFRPs according to ISO:15114 [32]. The flexural moduli of the UD, NCF and 5H lam-

inates were measured to be 131.0 GPa, 59.9 GPa and 64.5 GPa, respectively, using a clamp

calibration test described in ISO:15114. The ELS tests were conducted at a constant dis-

placement rate of 1 mm/min on specimens having a length of 190 mm and a width of 20 mm.

Before the test, a sharp precrack was firstly generated under mode-I opening load. The crack

length was recorded at 1 mm increments for the first 10 mm and then at 2.5 mm increments

for the rest of the test using a travelling digital microscope. The mode-II fracture energy

was calculated based on the corrected beam theory [32]. At least three replicate tests were

conducted for each set. The fracture surfaces of the specimens were then gold sputtered for

20 s, and imaged using a scanning electron microscope (TM4000 from Hitachi).

3. Results and Discussion

3.1. Mode-II fracture of the CFRPs with no thermoplastic veils

Figure 1 shows R-curves from the ELS tests of the UD, NCF and 5H controls. Three
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Figure 1: Representative R-curves from the ELS tests of the control laminates.
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typical types of R-curves from the ELS tests were observed: (I) the R-curves remained rea-

sonably ‘flat’ (UD/Control); (II) the R-curves initially rose and then plateaued (5H/Control);

and (III) the R-curves followed an upward trend (NCF/Control). These R-curve behaviours

were representative for all the specimens in this study. Herein, to calculate the mode-II frac-

ture energy, Gplateau
IIC was taken as the average of all the values at the plateau region of the

‘rising-plateau’ R-curves, and Gmax
IIC was taken as the maximum values of the ‘rising’ R-

curves. Both Gplateau
IIC and Gmax

IIC were taken as the fracture propagation energy (Gprop
IIC ) for

each case. It should be noted that some R-curves, especially for the NCF and 5H laminates,

exhibited a rather complex trend, such as slightly decreasing or highly scattered, after an

initial rising stage. This was the result of a local non-uniformity in the structures of the spec-

imens. They were also classified as conforming to ‘rising-plateau’ R-curves in this paper. As

recommended in [32], a 5% offset approach was used to determine the crack initiation energy

(Gini
IIC) for all the UD and 5H laminates. However, this approach led to unrealistically high

values for Gini
IIC of the NCF laminates. Hence, a non-linear point approach [32] was used to

determine Gini
IIC of the NCF laminates. It should be noted that, in general, GIIC values were

calculated and reported for a crack length range of 70-100 mm. If the R-curve terminated for

crack lengths shorter than 100 mm, it means that the specimen failed dynamically at the last

point.

Significantly different fracture behaviours were observed for different control laminates,

as shown in Figure 1, i.e. the type of R-curve was ‘flat’ for the UD/Control, ‘rising’ for the

NCF/Control and ‘rising-plateau’ for the 5H/Control. Additionally, the crack stably propa-

gated through the entire ELS testing region for the UD and 5H controls. The NCF/Control

failed dynamically (the crack suddenly jumped to the end of the specimens) after the crack

propagated a few millimetres. The values of the fracture energy for the control laminates

are summarised in Table 1. It was found that the NCF/Control possessed the highest fracture

energy, followed by the 5H/Control, and then the UD/Control. For example, the fracture

propagation energy was measured to be 2549 J/m2, 1721 J/m2 and 627 J/m2 for the NCF, 5H
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Table 1: GIIC of the non-interleaved control laminates
Specimens Gini

IIC (J/m2) Gplateau
IIC (J/m2) Gmax

IIC (J/m2)
UD/Control 630±26 627±22 ∗

NCF/Control 1185±115 ∗ 2549±192
5H/Control 1340±41 1721±132 ∗

and UD controls, respectively.

3.2. Unidirectional (UD) CFRPs interleaved with thermoplastic veils

The R-curves of the UD laminates interleaved with different thermoplastic veils are

shown in Figure 2, and the corresponding fracture energies are presented in Table 2. It was
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Figure 2: Representative R-curves of the UD laminates interleaved with thermoplastic veils.

observed that interlaying thermoplastic veils resulted in an alteration of the crack growth

characteristics from stable propagation for the UD control to dynamic propagation for all the

interleaved UD laminates, see Figure 2. For example, dynamic fracture of the entire speci-

men took place for the laminates interleaved with the PA veils, referring to only one or two

points on the corresponding R-curves in Figure 2 (c). Significant improvements in the frac-

ture energy were obtained for all the interleaved UD laminates, as shown in Table 2. A value

of 630 J/m2 was measured for Gini
IIC of the UD/Control. The maximum values of Gini

IIC were

measured to be 1868 J/m2 (UD/PET12), 1807 J/m2 (UD/PPS15) and 2520 J/m2 (UD/PA10)

for the UD laminates interleaved with PET, PPS and PA veils, respectively. This corresponds
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Table 2: GIIC of the interleaved UD laminates. Values in brackets indicate percentage increase of Gini
IIC values

over those of control specimens.
Specimens Gini

IIC (J/m2) Gplateau
IIC (J/m2) Gmax

IIC (J/m2)
UD/Control 630±26 627±22 ∗

UD/PET8 1691±21 (+168 %) ∗ 1968±72
UD/PET12 1868±103 (+197 %) ∗ 2051±103
UD/PET17 1768±60 (+181 %) ∗ 1982±143

UD/PPS5 1654±178 (+163 %) ∗ 1939±101
UD/PPS10 1783±46 (+183 %) ∗ 2128±57
UD/PPS15 1807±228 (+187 %) ∗ 2053±77

UD/PA10 2520±303 (+300 %) ∗ 2697±117
UD/PA15 2042±104 (+224 %) ∗ 2096±80

to an increase of 197 %, 187 % and 300 %, respectively. Similarly, the mode-II fracture

propagation energy significantly increased from 627 J/m2 (Gplateau
IIC ) for the UD/Control to

2051 J/m2 (Gmax
IIC ) and 2128 J/m2 (Gmax

IIC ) for the PET and PPS interleaved UD laminates, and

further to 2697 J/m2 (Gmax
IIC ) for the PA10 interleaved laminates. Representative pictures and

microscopy images of the fracture surfaces of the ELS specimens for the interleaved UD

laminates are shown in Figure 3. The yellow dashed boxes indicate the stable crack propa-

gation region. It is clear that the addition of thermoplastic veils decreased the length of the

stable crack propagation region in all cases. This corresponds to the dynamic failure of the

interleaved laminates, as observed in Figure 2. Typical smooth fracture surfaces without any

sign of carbon fibre bridging were observed for the UD/Control laminate. The majority of

the thermoplastic fibres remained on the upper fracture surface for the PET and PPS veil in-

terleaved UD laminates, see Figure 3. This demonstrated an interfacial failure between the

carbon fibres and the thermoplastic veils dominating the fracture. In this case, no additional

thermoplastic fibres were involved in the fracture as the areal density of the veils increased,

and hence, the areal density of the veils had a negligible effect on the fracture energy for
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Figure 3: Representative photographs (top) and light microscopy images (bottom) of the fracture surfaces of
the UD laminates. The yellow dashed boxes indicate the stable crack propagation region. The light microscopy
images were taken from within the boxes.
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the PET and PPS interleaved UD laminates, see Table 2. An interfacial failure between the

carbon fibre tows and the toughened PA/epoxy layer also took place for the PA interleaved

UD laminates, see Figure 3. However, interlaying PA veils led to an extremely unstable frac-

ture behaviour of the UD laminates, evidenced by the short crack propagation region for the

PA interleaved UD laminates in Figure 3. Increasing the areal density of the PA veils from

10 g/m2 to 15 g/m2 caused a significant decrease in the length of the stable crack propagation

region. This phenomenon was associated with a drop in the length of the fracture process

zone ahead of the crack tip during the fracture process, and subsequently led to a decrease in

the fracture energy, as shown in Table 2.

3.3. Non-crimp fabric (NCF) CFRPs interleaved with thermoplastic veils

Figure 4 shows the R-curves of the NCF laminates interleaved by different thermoplastic

veils, and Table 3 summarises the corresponding fracture energies. The incorporation of the
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Figure 4: Representative R-curves of the NCF laminates interleaved with thermoplastic veils.

thermoplastic veils changed the crack growth behaviour from a dynamic failure for the NCF

control (which took place at a crack length of 76 mm for the given example) to a stable failure

for all the interleaved laminates, see Figure 4 . In general, noticeable improvements in both

Gini
IIC and Gprop

IIC (Gplateau
IIC or Gmax

IIC ) of the NCF laminates were obtained by interlaying the

thermoplastic veils, e.g. the maximum value ofGini
IIC increased by 64 %, 62 % and 55 % upon

interlaying the PET, PPS and PA veils, respectively. Unlike the interleaved UD laminates, the
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Table 3: GIIC of the interleaved NCF composites. Values in brackets indicate percentage increase of Gini
IIC

values over those of control specimens.
Specimens Gini

IIC (J/m2) Gplateau
IIC (J/m2) Gmax

IIC (J/m2)
NCF/Control 1185±115 ∗ 2549±192

NCF/PET8 1804±70 (+52 %) 2914±79 ∗
NCF/PET12 1929±138 (+63 %) 3510±246 ∗
NCF/PET17 1938±45 (+64 %) 3332±76 ∗

NCF/PPS5 1280±129 (+8 %) 2277±150 ∗
NCF/PPS10 1608±150 (+36 %) 2724±72 ∗
NCF/PPS15 1925±130 (+62 %) 2908±142 ∗

NCF/PA10 1736±131 (+46 %) 2791±118 ∗
NCF/PA15 1832±141 (+55 %) 3163±115 ∗

areal density of the thermoplastic veils exhibited clear effects on the fracture energy of the

PET and PPS interleaved NCF laminates. This was attributed to a cohesive failure inside the

thermoplastic veils, as shown in Figure 5, where both the upper and lower fracture surfaces

of the NCF/PET12 and NCF/PPS10 specimens were covered with a layer of resin containing

thermoplastic fibres. As such, more thermoplastic fibres were involved in the fracture for the

NCF laminates interleaved by a veil with a higher areal density. For the NCF laminates with

PA veils, the incorporation of melted PA veils enhanced the fracture toughness of the epoxy

matrix, and subsequently resulted in significantly additional carbon fibre delamination and

bridging. This is indicated by the presence of many delaminated and broken carbon fibres on

the fracture surfaces of the NCF/PA10 laminate in Figure 5. These phenomenon contributed

to the toughness improvement of the PA interleaved NCF laminates.

3.4. 5-harness satin weave CFRPs interleaved with thermoplastic veils

The R-curves of the 5H laminates interleaved with thermoplastic veils are shown in Fig-

ure 6, and the corresponding fracture energies are summarised in Table 4. It was found that

the crack stably propagated to a crack length of around 80-90 mm, then dynamically failed
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Figure 5: Representative photographs (top) and light microscopy images (bottom) of the fracture surfaces of the
NCF laminates. The yellow dashed boxes indicate the stable crack propagation region. The light microscopy
images were taken from within the boxes.
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Figure 6: Representative R-curves of the 5H laminates interleaved with thermoplastic veils.
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along the entire length of the specimens due to the addition of the non-meltable PET and PPS

veils to the 5H laminates. In contrast, interlaying the meltable PA veils had no effect on the

stable crack propagation behaviour of the 5H laminates. As expected, interlaying thermoplas-

tic veils significantly improved the fracture energy of the 5H laminates in all cases. Gini
IIC was

measured to be 1340 J/m2 for the 5H/Control. A maximum value of 2459 J/m2 (5H/PET17),

2510 J/m2 (5H/PPS15) and 3393 J/m2 (5H/PA10) were obtained for the 5H laminates inter-

leaved with the PET, PPS and PA veils, respectively. This corresponds to an increase of

84 %, 87 % and 153 %, respectively. Similarly, Gplateau
IIC was also increased by a maximum of

98 % (5H/PET17), 88 % (5H/PPS15) and 115 % (5H/PA15), respectively. Figure 7 presents

representative pictures and microscopy images of the fracture surfaces of the ELS specimens

for the interleaved 5H laminates. As before, the yellow dashed boxes indicate the stable

crack propagation region. Evidence of carbon fibre bridging, i.e. the presence of delam-

inated and broken carbon fibres on the fracture surfaces, was observed for the 5H/Control

laminates. This explained why the 5H/Control laminate possessed a relatively high fracture

energy, when compared to the UD and NCF control laminates, as reported in Section 3.1.

The majority of the thermoplastic fibres remained on the upper fracture surfaces for the PET

and PPS veil interleaved 5H laminates, see Figure 7. Hence, as in the case of the UD lami-

nates, the fracture mainly took place between the veils and the carbon fibres. This explains

why the areal density of the PET and PPS veils had no significant effects on Gplateau
IIC of the

5H laminates, see Table 4. Moreover, some delaminated carbon fibres appeared on the upper

surfaces of the 5H/PET12 and 5H/PPS10 laminates, indicating the existence of carbon fibre

bridging during the fracture process. For the 5H/PA10 laminate, the entire layer of the PA

resin toughened epoxy was left on the upper fracture surface, leaving only bare carbon fibres

on the lower fracture surface, as shown in Figure 7. Additionally, there were extensive carbon

fibres attached to the surface of the PA resin, referring to the black colour strips and squares

on the upper fracture surfaces of the 5H/PA10 specimen (the numbered locations on the photo

for the 5H/PA10 in Figure 7). Hence, a mixture of interfacial failure (between the toughened
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Figure 7: Representative photographs (top) and light microscopy images (bottom) of the fracture surfaces of
the 5H laminates. The yellow dashed boxes indicate the stable crack propagation region. The light microscopy
images were taken from within the boxes. The numbers in the figures for 5H/PA10 refer to strips of delaminated
and broken carbon fibres.
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Table 4: GIIC of the interleaved 5H composites. Values in brackets indicate percentage increase of GIIC values
over those of control specimens.

Specimens Gini
IIC (J/m2) Gplateau

IIC (J/m2)
5H/Control 1340±41 1731±85

5H/PET8 1881±37 (+40 %) 2875±208 (+66 %)
5H/PET12 2176±184 (+62 %) 3086±36 (+78 %)
5H/PET17 2459±124 (+84 %) 3435±150 (+98 %)

5H/PPS5 1859±136 (+39 %) 3066±175 (+77 %)
5H/PPS10 2250±154 (+68 %) 3144±119 (+82 %)
5H/PPS15 2510±87 (+87 %) 3248±99 (+88 %)

5H/PA10 3393±230 (+153 %) 3155±152 (+82 %)
5H/PA15 3249±210 (+142 %) 3728±197 (+115 %)

PA/epoxy layer and the carbon fibres) and carbon fibre delamination and bridging was the

main fracture mechanism of the PA interleaved 5H laminates.

3.5. Fractography and Discussion

Figure 8 summarises the mode-II fracture energies of all the laminates interleaved by

the thermoplastic veils. Significant improvements in the mode-II fracture performance were

obtained for all the studied systems. In general, interlaying thermoplastic veils was more

effective for toughening the UD laminates, which possessed a low original fracture tough-

ness. An increase of between 163-300 % in Gini
IIC was achieved for all the interleaved UD

laminates, with an all-round maximum improvement of 300 % for the UD/PA10. The tough-

ening efficiency of the thermoplastic veils was lower for the 5H laminates than the UD lam-

inates. For example, the maximum increase in Gini
IIC was observed to be 84 % (5H/PET17),

87 % (5H/PPS15) and 153 % (5H/PA10) for the 5H laminates interleaved by PET, PPS and PA

veils, respectively. The lowest improvement in the fracture toughness was obtained for the

NCF laminates, i.e. interlaying PET, PSS and PA veils increased Gini
IIC of the NCF laminates

by a maximum value of 64 % (NCF/PET17), 62 % (NCF/PPS15) and 55 % (NCF/PA15), re-
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Figure 8: A comparison of the Gini
IIC and Gprop

IIC (Gplateau
IIC or Gmax

IIC ) for all the laminates without and with veils.
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spectively. Essentially the same toughening efficiency was observed for Gprop
IIC as that for

Gini
IIC . However, it should be noted that, all the interleaved NCF and 5H laminates possessed

a higher absolute value of Gprop
IIC than the corresponding UD laminates, when they were inter-

leaved with the same thermoplastic veil, as shown in Figure 8 (b).

Figure 9 presents representative SEM images of the fracture surfaces of the laminates

without and with thermoplastic veils. It was found that only a relatively small number of

delaminated and broken carbon fibres existed on the fracture surface of the UD/Control lam-

inate, and all the carbon fibres were well-attached to the fracture surface of the NCF/Control

laminate. This indicates limited to no carbon fibre bridging during the fracture of the UD and

NCF controls. During the fracture process under a shear load, a high stress constraint was

applied to the epoxy at the mid-plane by the surrounding carbon fibres. This generated the

flake-like epoxy features on the fracture surfaces of all the control laminates. The presence

of a large number of delaminated and broken carbon fibres on the fracture surface of the 5H

control laminate demonstrated extensive carbon fibre bridging during the fracture process.

For the laminates interleaved with non-meltable PET and PPS veils, a layer of cracked

epoxy resin containing a large number of thermoplastic fibres was observed on the fracture

surfaces, see Figure 9 (d) (e) (g) (h) (j) and (k). This indicates that thermoplastic fibre bridg-

ing, associated with thermoplastic fibre pull-out, peel-off, plastic deformation and breakage,

were the main toughening mechanisms of the PET and PPS veils for all the laminates. No

thermoplastic fibres were observed on the fracture surfaces of the PA veil interleaved lami-

nates (Figure 9 (f) (i) and (l)), and the addition of the meltable PA veils mainly improved the

fracture toughness of the epoxy matrix and introduced a layer of tough PA resin at the mid-

plane. This resulted in different toughening mechanisms of the PA veils for the UD, NCF and

5H laminates.

For the PA interleaved UD laminates, a large number of long cracks (aligned perpen-

dicular to the fibre orientation direction), together with numerous grooves generated by the

peel-off of the carbon fibres, appeared on the resin-rich side of the fracture surfaces, see Fig-

17



(a) UD/Control (b) NCF/Control (c) 5H/Control

(d) UD/PET12 (e) UD/PPS10 (f) UD/PA10

(g) NCF/PET12 (h) NCF/PPS10 (i) NCF/PA10

(j) 5H/PET12 (k) 5H/PPS10 (l) 5H/PA10

Figure 9: Representative SEM images of the fracture surfaces of the laminates without and with veils.

18



ure 9 (f). The formation of these cracks inside the PA toughened epoxy matrix contributed

to additional fracture energy absorption. For the PA interleaved NCF laminates, apart from

the introduced carbon fibre delamination (as shown in Figure 5), extensive plastic deforma-

tion of the PA resin was observed to be another toughening mechanism of the PA veils. This

was evidenced by the presence of significant leaf-like features on the fracture surface of the

NCF/PA10 laminate in Figure 9 (i). A comparison between Figures 9 (c) and (l) demonstrated

that interlaying PA veils led to intensive delamination, bridging and breakage of the carbon

fibres for the 5H laminates. This was analysed to be the main toughening mechanism of the

PA veils for the 5H laminates.

To date, the majority of studies have focused on mode-I fracture behaviour of laminates

interleaved with thermoplastic veils, with only a limited number of them considering mode-II

fracture. Table 5 summarises the toughening performance of different thermoplastic veils for

the mode-II fracture behaviour of carbon fibre/epoxy composites both in the literature and in

this study. To the authors’ knowledge, there have been no relevant studies on NCF laminates

to date. Hence, this work demonstrated for the first time that interlaying thermoplastic veils

can significantly improve the mode-II fracture behaviour of NCF laminates, which already

possessed the highest fracture propagation energy when compared to the UD and 5H control

laminates, as shown in Figure 8. Table 5 shows that the toughening efficiencies of interlaying

thermoplastic veils into CFRPs were affected by the veil materials [14, 26, 28, 29], the areal

density of the veils [20, 28, 33] and the architecture of the carbon fibre fabrics[20, 26, 28, 29].

This was observed in some cases of the current study. However, in this study, it was also found

that the areal density of the veils had negligible effects for some interleaved CFRP systems

(see Sections 3.2 and 3.4), as in which, interfacial failure between the thermoplastic veils and

carbon fibres dominated the fracture process. From Table 5, it was observed that the increases

of GIIC upon interlaying thermoplastic veils varied significantly in different studies, with re-

ductions being observed in a few cases (highlighted in bold). Besides the mentioned material

and areal density of the veils and the architecture of the carbon fibre fabrics, another factor
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Table 5: Toughening performance of different thermoplastic veils for UD and woven (plain, twill and satin
weave) carbon fibre/epoxy composites.

Reference Polymer (Scale) Amount of veils GIIC (% increase)
UD laminates

[20] PA6,6 (Nano) 40,90µm thick Gini
IIC :+61,+62%

[28] PA6,6 (Nano) 3,18 g/m2 Gini
IIC /Gprop

IIC :+46,+183%/+42,+188%
PA6,9 (Nano) 3,18 g/m2 Gini

IIC /Gprop
IIC :+64,+183%/+67,+211%

[14] PA6,6 (Nano) 4.5 g/m2 Gini
IIC :+69%

PVB (Nano) 4.3 g/m2 Gini
IIC :-6%

PCL (Nano) 4.2 g/m2 Gini
IIC :+7%

PES (Nano) 3.6 g/m2 Gini
IIC :+20%

PAI (Nano) 4.1 g/m2 Gini
IIC :+56%

[14] PVB (Micro) 4.5 g/m2 Gini
IIC :-8%

[26, 29] PE (Micro) 23 g/m2 Gini
IIC /Gprop

IIC :+57%/+44%
PA (Micro) 21 g/m2 Gini

IIC /Gprop
IIC :+43%/+92%

This study PET (Micro) 8,12,17 g/m2 Gini
IIC /Gprop

IIC :+168,+197,+181%/+214,+227,+216%
PPS (Micro) 5,10,15 g/m2 Gini

IIC /Gprop
IIC :+163,+183,+187%/+209,+239,+227%

PA (Micro) 10,15 g/m2 Gini
IIC /Gprop

IIC :+300,+224%/+330,+234%
NCF laminates (No reference available)

Woven laminates
[28] PA6,6 (Nano) 3,18 g/m2 Gini

IIC :+17,+100%
PA6,9 (Nano) 3,18 g/m2 Gini

IIC :+35,+187%
[20] PA6,6 (Nano) 40,90µm thick Gini

IIC /Gprop
IIC :+44,+99%/+34,+32%

[33] Kevlar-49 (Micro) 5,10,15 g/m2 Gini
IIC /Gprop

IIC :+59,+51,+75%/+39,+33,+49%
[26, 29] PE (Micro) 23 g/m2 Gini

IIC /Gprop
IIC :+38%/+82% (plain weave)

Gini
IIC /Gprop

IIC :+58%/-46% (5H)
PA (Micro) 21 g/m2 Gini

IIC /Gprop
IIC :+75%/+64% (plain weave)

Gini
IIC /Gprop

IIC :+68%/+0% (5H)
This study PET (Micro) 8,12,17 g/m2 Gini

IIC /Gprop
IIC :+40,+62,+84%/+66,+78,+98%

PPS (Micro) 5,10,15 g/m2 Gini
IIC /Gprop

IIC :+39,+68,+87%/+77,+82,+88%
PA (Micro) 10,15 g/m2 Gini

IIC /Gprop
IIC :+153,+142%/+82,+115%

* PVB: Polyvinyl butyral; PCL: Polycaprolactone; PES: Polyethersulfone; PAI: Polyamide-imides; PE: Polyethylene.
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that can significantly affect the toughening performance of the veils is the adhesion (com-

patibility) between the thermoplastic veils and the epoxy matrix [34]. Nevertheless, there is

still a lack of research on this topic, even for the mostly studied mode-I fracture. It is worth

noting that the compatibility between thermoplastics and epoxy is typically poor due to the

inherently low reactivity, small surface energies and weak polarities of thermoplastics [35].

Our previous work [36] demonstrated that doping a small amount of multi-walled carbon

nanotubes (MWCNTs) onto the thermoplastic veils could improve the adhesion between the

thermoplastic fibres and the epoxy matrix, and subsequently enhance the toughening per-

formance of the veils. In contrast, the presence of graphene nano-platelet (GNPs) on the

thermoplastic veils reduced the thermoplastic fibre/epoxy adhesion and resulted in notable

drops in the fracture energies of the interleaved laminates. It was also proven that there is

an optimal thermoplastic veil/epoxy adhesion for toughening performance, i.e. thermoplastic

fibre bridging vanished as the veil/adhesion increased to a certain level that was sufficient

to prevent the debonding of thermoplastic fibres from the epoxy [36, 37]. In this case, the

majority of the thermoplastic fibres could not be pulled out but were directly broken during

the crack propagation, that led to detrimental effects on the toughening behaviour. The same

trend was also observed by Wang et al. [38]. A comparison between the results of the current

work and the other literature in Table 5 provided some evidence showing that the curing pro-

cess of the laminates might be critical for the toughening performance of the veils, which can

subsequently affect the compatibility between the thermoplastic veils and the epoxy matrix.

For example, the meltable PA veils used in this work were superior for toughening the CFRPs,

i.e. the maximum increase in Gini
IIC was measured to be +300 % and +153 % for the UD and

woven laminates upon interlaying the PA veils, respectively. This was because the laminate

curing temperature of 180 ◦C was high enough to melt the PA veils and hence achieve rel-

atively good compatibility between the epoxy matrix and the PA veils. For the non-melted

PET and PPS veils, the toughening levels of thermoplastic veils in the literature [28] and in

this study were outstanding, as shown in Table 5. The commonality between these two stud-

21



ies was that the laminates were cured under both relatively high pressure (0.5 or 0.6 MPa) and

high temperature (with a section of the curing process at 180 ◦C), that could benefit the inter-

action/compatibility between the thermoplastic veils and the epoxy matrix during the curing

process. The effects of the laminate curing process on the toughening levels of thermoplastic

veils were considered by Wang et al. [38], who used carbon black (CB) doped thermoplas-

tic veils as interlayers of CFRPs and applied various post-curing procedures with different

pressures and temperatures. The results demonstrated significant effects of the post curing

temperature and pressure on the fracture behaviour of the interleaved laminates. A SEM

analysis revealed that this was due to the different compatibility between the thermoplastic

veils and the epoxy, i.e. a higher temperature or pressure resulted in better thermoplastic

fibre/epoxy adhesion [38]. Overall, the observations in the current work and in the litera-

ture [36–38] indicate that the adhesion between the epoxy matrix and the thermoplastic veils

is a critical factor on the toughening performance of thermoplastic veils. Nevertheless, to

conclusively understand the effects of thermoplastic veil/epoxy adhesion on the toughening

performance of the veils, additional studies on the interleaved CFRP systems with tailored

thermoplastic veil/epoxy adhesion values, but no additional modifiers are still required.

4. Conclusions

Thermoplastic veils based on Polyethylene terephthalate (PET), Polyphenylene sulfide

(PPS) and Polyamide-12 (PA) polymers with different areal densities were used to enhance

the interlaminar fracture toughness of unidirectional (UD), non-crimp fabric (NCF) and 5-

Harness satin weave (5H) carbon fibre laminates. Significant improvements in the mode-II

fracture toughness were observed for all the interleaved laminates. Interlaying thermoplastic

veils toughened the UD laminates most efficiently, followed by the 5H laminates, and then

the NCF laminates. For instance, an increase of between 163-300 % in Gini
IIC was achieved

for all the interleaved UD laminates, with an all-round maximum improvement of 300 %

observed for the UD laminates interleaved by a 10 g/m2 PA veil. The all-round maximum
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improvements in Gini
IIC for the 5H and NCF laminates were 153 % (5H/PA10) and 64 %

(NCF/PET17), respectively. Thermoplastic fibre bridging, accompanied by the pull-out, peel-

off, plastic deformation and breakage of the thermoplastic fibres, was determined to be the

main toughening mechanism of the non-meltable PET and PPS veils for all the laminates.

Interlaying meltable PA veils mainly increased the fracture toughness of the epoxy matrix at

the mid-plane. The different toughening mechanisms of the veils, together with the different

fracture mechanisms of the UD, NCF and 5H laminates, resulted in significantly different

fracture performance and mechanisms of the interleaved laminates.
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