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Abstract: This study investigated the effect of the fusion-bonded dots of veil interleaves on the crack
propagation path of the interlaminar fracture of continuous carbon fiber reinforced epoxy resin.
Two thin fiber layers (i.e., nylon veil (NV) with fusion-bonded dots and Kevlar veil (KV) physically
stacked by fibers) were used to toughen composites as interleaves. Result shows that the existence
of fusion-bonded dots strongly influenced the crack propagation and changed the interlaminar
fracture mechanism. The Mode I fracture path of the nylon veil interleaved composite (NVIC) could
propagate in the plane where the dots were located, whereas the path of the Kevlar veil interleaved
composite (KVIC) randomly deflected inside the interlayer without the pre-cracking of the dots.
The improvement of Mode I toughness was mainly based on fiber bridging and the resulting fiber
breakage and pull-out. Fiber breakage was often observed for NVIC, whereas fiber pull-out was
the main mechanism for KVIC. For the Mode II fracture path, the fusion-bonded NV dots guided
the fracture path largely deflected inside the interlayer, causing the breakage of tough nylon fibers.
The fracture path of the physically stacked KVIC occurred at one carbon ply/interlayer interface and
only slightly deflected at fiber overlapped regions. Moreover, the fiber pull-out was often observed.

Keywords: toughness; structure; composite; fracture; morphology

1. Introduction

The toughness of carbon fiber reinforced plastics (CFRPs) is strongly related to the interlaminar
structure [1]. One of the most important methods for improving the impact resistance of CFRPs is
interlayer toughening, which constructs the interlaminar structure and improves its toughness [2].
The interlayer toughening method introduces tough or strong materials into the interlayer of CFRPs
through an interleaving technology. These tough or strong materials inside the interlayer play the
roles of bridging, crack deflection, and viscoelastic energy dissipation, thereby significantly improving
the energy dissipation density of crack propagation. Thus, the interlaminar toughness of CFRPs is
effectively improved.

Numerous materials can be used as interleaves, such as non-woven veils [3], chopped fibers [4],
thermoplastic particles or films [5], and nanoparticles [6,7]. Among these materials, non-woven
veils formed by a thin layer of fibers (e.g., nylon veil [3], chopped Kevlar veil [4], and carbon fiber
veil [8]) have attracted considerable attention as efficient materials for improving interlaminar fracture
toughness. In recent years, veils formed by nano-fibers and nano-hybrid fibers with good toughening
properties have gained considerable attention [9-11]. After being interleaved with veils, the Mode I
interlaminar fracture toughness (Gic) and Mode Il interlaminar fracture toughness (Gyic) of CFRPs
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are greatly improved. The improvement of Gic and Gyyc is directly related to the improvement of
compressive strength after impact [12,13].

Freestanding polymer veils are formed by polymer fibers through fusion bonding, adhesive
bonding, physical stacking, or knitting. Polymer fibers are produced by a solution or by electrospinning,
in which the diameter of solution-spun fibers is approximately 5-100 um, and that of electro-spun
fibers is tens of nanometers to several microns [14]. These veils have differences in fiber materials
and veil structures, displaying different toughening properties for composites. Palazzetti, et al. (2014)
studied the effects of veil thickness, fiber orientation, and diameter on the Mode I and Mode II fracture
toughness [15]. Ramirez, et al. (2015) investigated the toughening properties of polyphenylene
sulfide and polyether ether ketone veils. The effects of areal density, linearly density, and fiber
diameter were discussed [16]. Heijden, et al. (2016) reported that polycaprolactone with different
morphologies, such as nanofibers, microfibers, films, coatings, and microspheres, shows different
toughening properties [17]. Kuwata, et al. (2011) studied veil materials, such as polyester, carbon fiber,
polyamide (PA), and their hybrid, on interlaminar fracture toughness [18]. Saz-Orozco, et al. (2017)
revealed the toughening properties of PA and polyethylene terephthalate (PET) veils. They found that
the PET veil has better interfacial bonding but lower improvement of fracture toughness than the PA
veil [19]. The increase in the interlaminar fracture toughness of interleaved composites is mainly due
to the fiber bridging and the plastic zone ahead of the crack tip.

Crack propagation path is an important factor that affects the fracture mechanism and brings
great changes in interlaminar fracture toughness. Hunt, et al. (2016) suggested that crack propagation
presents various modes (i.e., stable propagation in the interlayer, stick-slip propagation, and stable
propagation inside the carbon ply, with the condition of cure path, leading to the differences in Gyc) [20].
Wang, et al. (2008) claimed that the crack propagation of composites at a high cooling rate is complex
and causes extensive damage to the interlayer and breakage of the knit threads. Gjc is two times higher
than the Gic of the slow-cooled specimens [21]. In our previous work, we found that the aggregation
of silver nanowires induces cracks to deflect into the high-toughness interlayer, leading to a significant
increase in Gyc [5]. However, firstly, although the fact that connection types exist objectively in
the polymer veils, they were always skipped during research, including in applied studies [3] and
theoretical simulations [22] of veil interleaved composites. Most studies are mainly focused on the
effects of fiber structure, diameter, orientation, linearly density, and areal density on the interlaminar
fracture toughness [3,4,8,15-19]. No research has reported on the effect of fiber connection types on
the interlaminar fracture of composites. Secondly, most of these studies are only based on the fiber
bridging mechanism of the veil interleaves [23], and studies on controlling the crack propagation path
of veil interleaved composites are very rare [15,24]. In addition, finding a way to control the crack
propagation path (or controlling the failure mechanism) is also very important for us to design the
interleaf, not only for improving the mechanical properties of the composite, but also for new veil
design for functionalized composite.

In this study, the effect of the fusion-bonded dots of veil interleaves on the crack propagation
path of interleaved composites is investigated. Composites interleaved with another veil interleaf,
which are physically stacked by fibers without any dots, are examined for comparison.

2. Experimental

2.1. Materials

The nylon veil was purchased from Beijing XinChengWei Import and Export Co., Ltd., Beijing,
China. The Kevlar veil was provided by DuPont China Holding Co., Ltd., Beijing Branch, Beijing China.
The apparent thickness of the veils was 53 pm and 55 pum, respectively, by testing the thickness of 10
layers of veils using a spiral micrometer. The areal densities were 16.3 g/m? and 15.9 g/m?, respectively.

T800/5228 prepreg was a product of AVIC Composite Technology Center, Beijing, China. Here T800
was the reinforced carbon fiber (Areal density: ~130 g/m?). The 5228 resin was an aero-grade epoxy resin
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(Resin fraction of the prepreg: 34-35 wt%). The thickness of a single ply was 0.125 mm. Other auxiliary
materials were purchased from commercial ways without further treatment.

2.2. Preparation of the Composite Laminates

The composite laminates for the interlaminar fracture toughness test were prepared using
T800/5228 prepregs. First, the prepregs were stacked into preform. The stacking sequence was [0]4
according to China aviation industry standard HB7402-96 (for Gjc test) and HB7403-96 (for Giic
test), where HB 7402-96 is based on the American Society for Testing and Materials (ASTM) standard
D5528-01 [25], and HB 7402-96 is based on ASTM standard D790-00 [26]. Here [0]o4 means that 24
carbon plies were stacked with the fibers orientation of 0° direction. One interleaf was inserted into
the middle layer of the preform. A 25 pm thick polytetrafluoroethylene (PTFE) film was inserted into
one end of the same middle layer at the region without the interleaf. The preform was finally cured in
an autoclave according to the curing conditions of T800/5228 prepreg. The thickness of the laminates
was controlled to 3.0 + 0.1 mm.

The abbreviations of materials are given in Table 1:

Table 1. Abbreviations of the interleaves and composites.

Interleaf Abbreviation Composite Abbreviation
Nylon veil NV Nylon veil interleaved composite NVIC
Kevlar veil KV Kevlar veil interleaved composite KVIC

2.3. Tests of Interlaminar Fracture Toughness

The Gic and Gyyc tests were according to HB7402-96 and HB740-96, respectively. The specimen
geometries are illustrated in Figure 1. The Gjc test used a double-cantilever-beam method (DCB).
The width and length of the Gjc specimens were 25 mm and 180 mm, respectively. The pre-crack
made by PTFE was 50 mm long at one end of the specimen. The Gryc test used end notched flexure
specimens (ENF). The width and length of the Gjc specimen were 25 mm and 140 mm, respectively.
The pre-crack made by PTFE film was 40 mm long at one end of the specimen. All the specimens was
cut from the T800/5228 laminates with the stacking sequence of [0],4. Before testing, the specimens
had an initial load applied to them to let the crack propagate 10 mm or 5 mm for Gic and Gyc tests,
respectively. The calculation of Gic and Gyc can be used the equation given in [25,26].

DCB specimen for G, test: length-180 mm, width-25 mm, precrack-50 mm
I 24 carbon plies (SEquence: [0]34) — (°  Carbon fiber orientation

12 carbon plies

PTFE film
length -50 mm

1 interleaf: length-130 mm

12 carbon plies

=

ENF specimen for G test: length -140 mm, width-25 mm, precrack-40 mm

24 carbon p]lES (Sequence: [0]3*) — 0°  Carbon fiber orientation

12 carbon plies

PTFE film . .
length- 40 mm 1 interleaf :length-100 mm

12 carbon plies

Figure 1. Schematic map of the geometries of the Gic and Gy specimens.
2.4. Other Characterizations

Scanning electron microscopy (SEM) images were obtained by a Hitachi 5-4800, Tokyo, Japan.
All the samples were gold sprayed before testing. The optical micrographs were obtained by an Olympus
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SZ61 optical microscope, Tokyo, Japan. The metallographic micrographs were obtained by Leica
Wetzlar 541000, Wetzlar, Germany:.

3. Results and Discussion

3.1. Structure of Veils

Two veils with different fiber connection types were used as interleaves, as shown in Figure 2.
NV is a white veil formed by nylon fibers; its apparent thickness and areal density are 53 pm and
16.3 g/m?, respectively. KV is yellow because of the strong conjugation of benzene rings and amide
groups. The apparent thickness and areal density of KV are 55 um and 15.9 g/m?, respectively.
Thus, the two veils have a similar thickness and areal density.

v

Figure 2. SEM images of the interleaves: (a) NV, (b) KV, (d) NV, 45° tilted, (e) KV, 45° tilted, and optical
images of the (c) NV and (f) KV.

SEM images of the two veils have different structural geometries. NV is formed by several
randomly distributed nylon fibers with an average diameter of 13 um. The nylon fibers are connected
by fusion-bonded dots (Figure 2a), which form a tetragonal lattice structure with a spacing of 1.25 mm.
The diameter of the dots and number of dot per unit area are approximately 0.5 mm and 6.4 X 10°/m?,
respectively. The dots connect the fibers, thereby forming an interconnected structure; thus, NV has
tensile strength and nylon fibers cannot be pulled out from the veil. The 45° tilted SEM image of NV in
Figure 2d shows that the nylon fibers are loose and evidently bended near the dots, indicating that the
existing nylon dots induce a vertical alignment of nylon fibers. The thickness of the dots is smaller
than the apparent veil thickness.

Different from NV, KV is physically stacked by numerous chopped Kevlar fibers without any
bonding points; thus, KV has low tensile strength and Kevlar fibers can be easily pulled out from the
veil (Figure 2b). The average length and diameter of the Kevlar fibers are 6 mm and 11 pm, respectively.
In comparison with NV, the fiber distribution of KV is parallel to the veil plane without the restraint of
fusion-bonded dots, as shown in Figure 2e.

Table 2 summarizes the structural characteristics of veil interleaves. The two veils have relatively
similar areal densities, thickness, and fiber direction. The veil materials are all tough. Their main
difference is that NV has numerous fusion-bonded dots for connecting fibers, whereas KV is only
physically stacked by chopped fibers.
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Table 2. Structural characteristics of the two veil interleaves.

Areal Average . Diameter of .
Interleaf Density/(gm?) Thickness/(xim) Material Fibers/(uum) Connection Type
NV 16.3 ~53 Nylon ~13 Fusion-bonded dots
KV 15.9 ~55 Kevlar ~11 Physically stacking

3.2. Interlaminar Fracture Toughness of Composites

The epoxy matrix fulfilled the whole vision of the cross sectional SEM images of the interleaved
composites, as shown in Figure 3, indicating there are no visible pores in the sample. Numerous
brighter circles on the top and bottom parts can be identified as the cross section of carbon fibers
because of their higher conductivity [27]. As the contrast, the interlayer containing non-conductive
epoxy matrix and nylon/Kevlar fibers is much darker. Some elliptical circles with the sizes similar to
the diameters of the nylon/Kevlar fibers are found, which can be considered as the cross section of
nylon/Kevlar fibers. Thus the carbon plies and interlayers formed a laminated structure. Interleaves
increase the interlayer thickness of composites. The interlayer thickness values of NVIC and KVIC
obtained from the cross-sectional SEM images of interleaved composites are 67 and 74 pm, respectively.
The small thickness of NV dots does not affect the interlayer thickness because of the bending and
overlapping of nylon fibers, as shown in Figure 3a.

Kb

BE o

Figure 3. Cross sectional SEM images of the interleaved composites. (a) NVIC, (b) KVIC.

Table 3 presents the Gjc and Gy of the two interleaved composites and the control T800/5228
composite without any interleaf (Stacking sequence: [0],4; Thickness: 3.20 mm). The Gjc and Gy
improvements of the NVIC are 118% and 236%, respectively, which are higher than those of the KVIC
(72% and 171%, respectively). However, the interlaminar fracture toughness of CFRPs is related to
numerous factors; thus, we only use it as reference values in this study.

Table 3. The interlaminar toughness of three interleaved composites.

Sample Control [3] NVIC KVIC
Gic/(J/m?2) 306 666 526
Std. Dev./(J/m?) 37.2 22.6
Gric/(J/m?) 718 2410 1946

Std. Dev./(J/m?) 95 57
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3.3. Mode I Interlaminar Fracture

The two fracture surfaces of NVIC or KVIC samples after the Gyc test have similar morphologies.
Both surfaces are fully distributed with fibrous morphologies from the optical images and optical
micrographs, as shown in Figure 4, indicating that the Mode I fracture occurs inside the interlayers
containing interleaves. The diameters of veil fibers are smaller than the interlayer thickness, and fibers
are distributed in multiple layers in the veils. Thus, several fibers are allotted to both sides of the fracture
surfaces (Figure 4a,b). However, it can be seen from Figure 4c that there is a significant difference
between the two crack paths. The crack path of NVIC is relatively smooth, mostly located in the middle
layer of the interlayer, whereas the crack path of KVIC randomly spreads in the interlayer. The crack
path of KVIC is also tortuous, and marks of fiber pull-out and resin fragments are often observed.

Figure 4. Optical micrographs and images of the Mode I fracture surfaces of the (a) NVIC and (b) KVIC,
and (c) cross sectional metallographic micrographs of the Mode I fractured NVIC and KVIC samples.

The SEM observation provides a similar conclusion. Areas with the nylon dot like shapes can
be seen in Figure 5a. They form square arrays and their surface topography is also similar to the
nylon dots of the nylon veil. This indicates that the cracks happened at the nylon dot/epoxy matrix
interfaces where the nylon dots are located. That is to say the Mode I fracture surface of NVIC occurs
at the plane where the fusion-bonded dots are distributed inside the interlayer. The weak interfacial
bonding of nylon and resin and the parallel distribution of dot surfaces may have caused dots to act
as pre-cracks and guide the fracture path. Thus, the fracture path, which originally appears in the
interlayer, occurs at the plane with the dots. Fiber bridging and breakage with residual epoxy resin
appear everywhere on the fracture surface (Figure 5a,b). In addition, the improvement of Gjc can be
attributed to fiber bridging and failure. The dots guide the crack propagation.

Numerous fiber pull-outs are observed from the Mode I fracture surface of KVIC (Figure 5c¢).
The length of pull-out Kevlar is larger than that of the nylon fibers. Kevlar fibers are only physically
stacked without the restriction of bonding dots. Fiber distribution is parallel to a ply plane, which is
illustrated in Figure 2e. The main fracture mechanism of KVIC is fiber bridging and pull-out.
Without restraint and crack guiding of fusion-bonded dots, the crack path of KVIC is more twisty than
that of NVIC because of the random pull-out of Kevlar fibers and the corresponding breakage of the
resin in the interlayer (Figure 5).
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Figure 5. SEM images of the Mode I fracture surfaces of interleaved composites. (a,b) are NVIC,
and (c,d) are KVIC.

3.4. Mode II Interlaminar Fracture

The Mode Il fracture surfaces of NVIC and KVIC samples have different morphologies, as displayed
in Figure 6. Residual dot-like remnants are distributed on the fracture surface, thereby forming a
tetragonal lattice structure. These dot-like remnants can be considered remnants of the interlayer at
the regions of the nylon dots after Mode II fracture. For the KVIC sample, the Mode II fracture surface
occurs at the carbon fiber/resin interface. At the initial region of the crack path, considerable fiber
residues are found. These residues lessen along the crack propagation direction.

The crack paths presented in Figure 6¢ clearly support our discussion. The crack path of the
NVIC sample mainly occurs at the interface of carbon ply and interlayer. However, their fracture
zones are not all the same. It is clearly seen that the crack path deflects at specific regions, causing
the damage of the interlayer in these areas. Striped distribution material, which is different from the
epoxy resin, is observed at the deflection regions of the NVIC crack path. The length of these regions
is approximately 0.5 mm, and the distance between the starting points of the neighboring deflection
is approximately 1.74 mm, which agrees with the characteristics of the nylon fusion-bonded dots,
as illustrated in Figure 2. For KVIC, the crack path occurs at the carbon ply/interlayer interface, with
only a small deflection near the interface. Small cracks in the interlayer can be seen, which may be
caused by the pull-out of Kevlar fibers.

The SEM image of the Mode II fracture surface also shows the tetragonal lattice distributed
residues (Figure 7a). The crack occurs at the carbon fiber/resin interface and deflects at the location of
the nylon dot, coinciding with Figure 6. From the enlarged image of one residue shown in Figure 7b,
its debonding occurs at the nylon/resin interface similar to the Mode I fracture surface because of
the poor interfacial bonding of nylon and resin, the planar surface, and their parallel distribution
to the interlayer of the dots. Thus, the nylon fusion-bonded dots act as pre-cracks in the interlayer.
These dots also evidently deflect the fracture path from the carbon fiber/resin interface to the nylon/resin
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interface inside the interlayer, causing the breakage of nylon fibers near the dots and achieving the
great improvement of Gyc.

Figure 6. Optical micrographs and images of the Mode II fracture surfaces of the (a) NVIC and (b) KVIC,
and (c) cross sectional metallographic micrographs of the Mode I fractured NVIC and KVIC samp]es.

- .Carbon Thefesin.
S, 2

erface

HCarbonsfiber/resintin(ertace
; = AT ¥

e

Figure 7. SEM images of the Mode II fracture surfaces of interleaved composites. (a,b) are NVIC,
and (c,d) are KVIC.
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The Mode II fracture surface mainly occurs at the carbon fiber/resin interface for the KVIC sample,
as displayed in Figure 7c,d, coinciding with Figure 6. Although the interfacial bonding of Kevlar
and resin was also poor, the KVIC has the quite different crack propagation. Unlike the nylon dots,
the Kevlar fiber/EP interface is circular and inconsistent with the direction of crack propagation;
thus, the fibers rarely act as the pre-cracks inside the interlayer. Only for some fibers parallel to the
crack direction and near the carbon ply/Kevlar fiber interface is the separation of the fiber/resin interface
seen. The interface of Kevlar fiber pull-out with residual epoxy resin can be observed. The pull-out
mostly occurs where the Kevlar fibers overlap. Thus, physically stacking fibers induces minor crack
deflections. Different from the large and controllable crack deflections induced by fusion-bonded dots,
the deflections were minimal and uncontrollable and occasionally caused the breakage of Kevlar fibers.

3.5. Discussion

Figure 8 illustrated the crack propagation paths for the two veil interleaved composite. In the Mode
I fracture, when the crack propagates in the interlayer containing sparse fibers, it also propagates in
the interlayer [3,15-18]. The reason is that the low average interlayer toughness and the poor interface
between fibers and resins cannot produce a plastic zone with a diameter larger than the interlayer
thickness ahead of the crack tip [28]. For NV interleaves, fibers cannot be freely pulled out because of
the restriction of fusion-bonded dots. In addition, dots act as pre-cracks when a crack propagates near
them, thereby guiding the crack path to be deflected to the dot plane again. Thus, crack propagation
mainly occurs in the plane where the bonding dots are located without large fluctuation (Figures 4c
and 8a). For KV interleaves formed by physically stacked Kevlar fibers, fibers can be easily pulled out
without any restriction. The interlayer damage caused by disordered fiber pull-out renders the crack
propagation unstable. Thus, the crack path is relatively tortuous (Figures 4c and 8b).

(a) Mode I

NVIC = .

7 —
.

Fiber bri&ging Pre-crack on
— breakage dot/EP interface

Fiber bridging
(b) Mode II — pull-out and breakage
NVIC
I | "
Pre-crack Crack deflection
re-crac and fiber breakage

KVIC XTI OSSR C — =>4

e

Figure 8. Sketch diagram of (a) Mode I and (b) Mode II fracture paths of the interleaved composites.
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In Mode II, the fracture often occurs at the carbon ply/interlayer interface with maximum shear
stress for a composite interleaved with a tough material [3,5]. For NV interleaves, the fusion-bonded
dots have a small thickness and act as pre-cracks. When propagating, the crack deflects from the
ply/interlayer interface to the poor nylon/epoxy resin interface. The fusion-bonded dots also restrict the
pull-out of fibers. Secondly, the nylon fibers are loose and evidently bended near the dots, and some
are on the dot surface, as shown in Figure 2d, increasing the vertical alignment of nylon fibers.
These two reasons cause the breakage of several nylon fibers near the dots during deflection (Figure 8b).
For KV interleaves, the crack path only slightly deflects at the regions where fibers overlap near the
ply/interlayer without the fusion-bonded dots acting as pre-cracks. The deflection process causes the
pull-out of a certain amount of Kevlar fibers without the restriction of dots (Figure 8b).

Therefore, the fusion-bonded dots have two main effects. First, the dots produce large-scale poor
interfaces between the tough interleaves and brittle resins inside the interlayer, which plays the role
of pre-cracks, thereby guiding the crack propagation and causing crack deflection. Crack deflection
further leads to a structural damage of the interlayer along the crack path, resulting in further energy
dissipation. Second, the fusion-bonded dots restrict the free fiber pull-out and improve its vertical
alignment, resulting in the increment of fiber bridging and the following breakage. Hence, we can
control the fusion-bonded dots (or fiber connecting types) and the fiber geometries of veil interleaves
to produce composites with high interlaminar fracture toughness as a further assumption.

4. Conclusions

A new way for controlling the crack propagation of veil interleaved composite by fusion-bonded
dots of the veil was found. The fusion-bonded dots acted as pre-cracks inside the interlayer and
restricted the fiber of the interleaves; thus, they guided the crack propagation and changed the
interlaminar failure mechanism. For the Mode I fracture, the dots guided the crack propagation
occurring at the plane where the dots were located. By contrast, the crack path of KVIC physically
stacked by fibers randomly propagated inside the interlayer. For the Mode II interlaminar fracture,
the pre-crack effect of the dots led the crack to regularly deflect from the carbon ply/interlayer interface
to the nylon dot/resin interface, resulting in fiber breakage near the dots. By contrast, the crack path of
KVIC physically stacked by fibers mainly propagated at one ply/interlayer interface and only slightly
deflected at the overlapping area of Kevlar fibers. This crack propagation controlling method is will
hopefully provide us with a new way to design the interleaf with a high toughening property.

Author Contributions: M.G. conceived and guided the project and the experiment and wrote the manuscript;
G.C. performed the experiments and wrote the manuscript; J.Z. conducted partial experiments; G.L. and P.C.
analyzed the data.

Funding: This research was funded by “The Aeronautical Science Foundation of China, grant number 2016ZFV8010”
and “The National Natural Science Foundation of China (NSFC), grant number 51103142.”

Acknowledgments: Financial support from the Aeronautical Science Foundation of China under Projects
2016ZFV8010 and the National Natural Science Foundation of China (NSFC) under Projects 51103142 are
gratefully acknowledged.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Yi, X. The Development of Advanced Composite; National Defense Industry Press: Beijing, China, 2006; pp. 1-20.
Dong, H.; Yi, X.; An, X.; Zhang, C.; Yan, L.; Deng, H. Development of interleaved fibre-reinforced thermoset
polymer matrix composites. Acta Mater. Compos. Sin. 2014, 31, 273-285.

3. Guo, M.; Yi, X;; Liu, G,; Liu, L.P. Simultaneously increasing the electrical conductivity and fracture toughness
of carbon-fiber composites by using silver nanowires-loaded interleaves. Compos. Sci. Technol. 2014, 97, 27-33.
[CrossRef]

4. Yadav, S.N.; Kumar, V.; VERMA, S K. Fracture toughness behaviour of carbon fibre epoxy composite with
Kevlar reinforced interleave. Mater. Sci. Eng. B 2006, 132, 108-112. [CrossRef]


http://dx.doi.org/10.1016/j.compscitech.2014.03.020
http://dx.doi.org/10.1016/j.mseb.2006.02.026

Polymers 2019, 11, 1260 11 of 12

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Guo, M.; Yi, X. The production of tough, electrically conductive carbon fiber composite laminates for use in
airframes. Carbon 2013, 58, 241-244. [CrossRef]

Zhang, D.; Ye, L.; Deng, S.; Zhang, J.; Tang, Y.; Chen, Y. CF/EP composite laminates with carbon black and
copper chloride for improved electrical conductivity and interlaminar fracture toughness. Compos. Sci.
Technol. 2012, 72, 412-420. [CrossRef]

Ashrafi, B.; Guan, J.; Mirjalili, V.; Zhang, Y.; Chun, L.; Hubert, P; Simard, B.; Kingston, C.T.; Bourne, O.;
Johnston, A. Enhancement of mechanical performance of epoxy/carbon fiber laminate composites using
single-walled carbon nanotubes. Compos. Sci. Technol. 2011, 71, 1569-1578. [CrossRef]

Khan, S.U.; Kim, ].-K. Improved interlaminar shear properties of multiscale carbon fiber composites with
bucky paper interleaves made from carbon nanofibers. Carbon 2012, 50, 5265-5277. [CrossRef]

Zheng, N.; Huang, Y.; Liu, H.-Y;; Gao, J.; Mai, Y.-W. Improvement of interlaminar fracture toughness in carbon
fiber/epoxy composites with carbon nanotubes/polysulfone interleaves. Compos. Sci. Technol. 2017, 140, 8-15.
[CrossRef]

Eskizeybek, V.; Yar, A.; Avci, A. CNT-PAN hybrid nanofibrous mat interleaved carbon/epoxy laminates with
improved Mode I interlaminar fracture toughness. Compos. Sci. Technol. 2018, 157, 30-39. [CrossRef]
Beckermann, G.W.; Pickering, K.L. Mode I and Mode II interlaminar fracture toughness of composite
laminates interleaved with electrospun nanofibre veils. Compos. Part A 2015, 72, 11-21. [CrossRef]
Masters, J.E. Correlation of impact and delamination resistance in interleafedlaminates. Proc. ICCM-VI &
ECCM-2 1987, 3, 96-107.

Masters, ].E. Improved impact and delamination resistance through interleafing. Key Eng. Mater. 1989, 37, 13-27.
[CrossRef]

Hamer, S.; Leibovich, H.; Green, A.; Intrater, R.; Avrahami, R.; Zussman, E.; Siegmann, A.; Sherman, D.
Mode I interlaminar fracture toughness of nylon 66 nanofibrilmat interleaved carbon/epoxy laminates.
Polym. Compos. 2011, 32, 1781-1789. [CrossRef]

Palazzetti, R.; Yan, X.; Zucchelli, A. Influence of geometrical features of electrospun nyloné, 6 interleave on
the CFRP laminates mechanical properties. Polym. Compos. 2014, 35, 137-150. [CrossRef]

Ramirez, V.A ; Hogg, PJ.; Sampson, W.W. The influence of the nonwoven veil architectures on interlaminar
fracture toughness of the interleaved composites. Compos. Sci. Technol. 2015, 110, 103-110. [CrossRef]

Van der Heijden, S.; Daelemans, L.; Meireman, T.; De Baere, I.; Rahier, H.; Van Paepegem, W.; De Clerck, K.
Interlaminar toughening of resin transfer molded laminates by electrospun polycaprolactone structures:
Effect of the interleave morphology. Compos. Sci. Technol. 2016, 136, 10-17. [CrossRef]

Kuwata, M.; Hogg, PJ. Interlaminar toughness of interleaved CFRP using non-woven veils: Part 1.Mode-I
testing. Compos. Part A 2011, 42, 1551-1559. [CrossRef]

Saz-Orozco, B.D.; Ray, D.; Stanley, W.F. Effect of thermoplastic veils on interlaminar fracture toughness of a
glass fiber/vinyl ester composite. Polym. Compos. 2017, 38, 2501-2508. [CrossRef]

Hunt, C.; Kratz, J.; Partridge, LK. Cure path dependency of mode I fracture toughness in thermoplastic
particle interleaf toughened prepreg laminates. Compos. Part A 2016, 87, 109-114. [CrossRef]

Wang, Y.; Dong, Q.; Xu, Y;; Zhou, S.; Qi, D. Effect of cooling rate and crack propagation direction on the
mode I interlaminar fracture toughness of biaxial noncrimp warp-knitted fabric composites made of glass/PP
commingled yarn. Polym. Compos. 2008, 29, 245-251. [CrossRef]

Sun, X.; Zhu, G,; Liu, G.; Yi, X;; Jia, Y. Experimental and numerical analysis on Mode-I delamination of CFRP
laminates toughened by polyamide non-woven fabric layer. Mater. Struct. 2016, 49, 1191-1200. [CrossRef]
O’Donovan, K; Ray, D, McCarthy, M.A. Toughening effects of interleaved nylon veils on glass
fabric/low-styrene-emission unsaturated polyester resin composites. J. Appl. Polym. Sci. 2015, 132, 41462.
[CrossRef]

Stahl, J.J.; Bogdanovich, A.E.; Bradford, P.D. Carbon nanotube shear-pressed sheet interleaves for Mode I
interllaminar fracture toughness enhancement. Compos. Part A 2016, 80, 127-137. [CrossRef]

ASTM D5528-01. Standard Test Method for Mode I Interlaminar Fracture Toughness of Unidirectional Fiber-Reinforced
Polymer Matrix Composites; ASTM International: West Conshohocken, PA, USA, 2007.

ASTM D790-00. Standard Test Method for Flexural Properties of Unreinforced and Reinforced Plastics and Electrical
Insulating Materials; ASTM International: West Conshohocken, PA, USA, 2002.


http://dx.doi.org/10.1016/j.carbon.2013.02.052
http://dx.doi.org/10.1016/j.compscitech.2011.12.002
http://dx.doi.org/10.1016/j.compscitech.2011.06.015
http://dx.doi.org/10.1016/j.carbon.2012.07.011
http://dx.doi.org/10.1016/j.compscitech.2016.12.017
http://dx.doi.org/10.1016/j.compscitech.2018.01.021
http://dx.doi.org/10.1016/j.compositesa.2015.01.028
http://dx.doi.org/10.4028/www.scientific.net/KEM.37.317
http://dx.doi.org/10.1002/pc.21210
http://dx.doi.org/10.1002/pc.22643
http://dx.doi.org/10.1016/j.compscitech.2015.01.016
http://dx.doi.org/10.1016/j.compscitech.2016.09.024
http://dx.doi.org/10.1016/j.compositesa.2011.07.016
http://dx.doi.org/10.1002/pc.23840
http://dx.doi.org/10.1016/j.compositesa.2016.04.016
http://dx.doi.org/10.1002/pc.20350
http://dx.doi.org/10.1617/s11527-015-0568-8
http://dx.doi.org/10.1002/app.41462
http://dx.doi.org/10.1016/j.compositesa.2015.10.014

Polymers 2019, 11, 1260 12 of 12

27.  Cesano, F; Rattalino, I.; Demarchi, D.; Bardelli, F.; Sanginario, A.; Gianturco, A.; Veca, A.; Viazzi, C.; Castelli, P.;
Scarano, D.; et al. Structure and properties of metal-free conductive tracks on polyethylene/multiwalled
carbon nanotube composites as obtained by laser stimulated percolation. Carbon 2013, 61, 63-71. [CrossRef]

28. Kinloch, A.; Young, R. Fracture Behaviour of Polymers; Applied Science Publishers Ltd.: London, UK, 1983.

@ © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).



http://dx.doi.org/10.1016/j.carbon.2013.04.066
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Experimental 
	Materials 
	Preparation of the Composite Laminates 
	Tests of Interlaminar Fracture Toughness 
	Other Characterizations 

	Results and Discussion 
	Structure of Veils 
	Interlaminar Fracture Toughness of Composites 
	Mode I Interlaminar Fracture 
	Mode II Interlaminar Fracture 
	Discussion 

	Conclusions 
	References

