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ARTICLE INFO ABSTRACT

Keywords: In this study, carbon fiber/epoxy (CF/EP) composites were interleaved with polyamide-6,6 (PA 66) nonwoven
PA66 nonwoven interleaving veils at two different areal weight densities (17 and 50 gsm) to improve their delamination resistance against
Delamination

Mode-I loading. Mode-I fracture toughness (DCB), tensile, open hole tensile (OHT), flexural, compression, short
beam shear (ILSS) and Charpy-impact tests were performed on the reference and PA 66 interleaved composite
specimens. The DCB test results showed that the initiation and propagation Mode-I fracture toughness values of
the composites were significantly improved by 84 and 171% using PA 66-17 gsm veils respectively, as compared
to reference laminates. The use of denser PA 66-50 gsm veils in the interlaminar region led to higher im-
provement in fracture toughness values (349% for initiation and 718% for propagation) due to the higher
amount of veil fibers involved in fiber bridging toughening mechanism. The incorporation of PA 66-50 gsm
nonwoven veils also increased the ILSS and Charpy impact strength of the composites by 25 and 15%, respec-
tively. On the other hand, the PA 66 veils reduced in-plane mechanical properties of CF/EP composites due to
lower carbon fiber volume fraction and increased thickness.

Fracture toughness
Laminated composites

1. Introduction

CF/EP composites have been extensively used in many engineering
applications due to their unique advantages such as high strength and
stiffness at low weight, good corrosion resistance and fatigue proper-
ties. However, they are susceptible to delamination damage during
their service life. Delamination, the separation of two adjacent plies,
may occur due to low-velocity impact events, manufacturing im-
perfections and stress concentrations triggered by sudden changes in
structural details. This failure mode provokes severe reductions in the
in-plane stiffness and strength values which result in accelerated
growth of damage and premature failure. Also, CF/EP composites be-
come more vulnerable to moisture uptake and contaminant penetration
due to delamination. Therefore, delamination resistance of these ma-
terials needs to be improved for promoting their widespread acceptance
in the aerospace, automotive and wind-energy industries [1,2].

The focus of various researchers has been the improvement of the
delamination resistance of high performance fiber reinforced compo-
sites. There are two different approaches to preventing delamination
failure in these composites; (i) mechanical approach and (ii) material
approach. Mechanical approach includes weaving, stitching, z-an-
choring and braiding of the composite plies. This approach was shown
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to be very successful in improving delamination resistance of fiber-re-
inforced composites. For instance, interlaminar fracture toughness (IFT)
can be enhanced by 20-50 times via stitching. Although Z-anchoring is
only applicable for prepreg laminates, it increases IFT significantly (up
to 470%). On the other hand, these modifications cause significant
reductions in in-plane mechanical properties of the composites [3].
Steeves and Fleck [4] showed that the presence of z-pins reduced the
tensile and compressive strength of the composites by 37 and 30%,
respectively. Reeder [5] revealed that the tensile strength of the com-
posites decreased about 30% after stitching operation. Also, Kang and
Lee [6] showed that increasing density of stitching for higher delami-
nation resistance reduced tensile strength and modulus of the compo-
sites by 45% and 30% respectively. It was also shown that the in-plane
tension, compression and flexural properties of the 3D woven compo-
sites made by weaving or braiding were 10 to 45% lower than those of
the reference composites [7,8]. Moreover, these techniques do not
hinder the initiation of damage; only enhance the resistance to crack
growth once the damage has initiated. In material approach, different
types of micro or nano-sized fillers such as alumina, silica, carbon black,
graphene, carbon nanotubes (CNTs) are mixed/stirred/sonicated with
the matrix phase for improving delamination resistance. The increase in
IFT achieved by filler addition can be in the range between 15 and
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100% depending on the filler type and its content in the resin. Yokozeki
et al. [9] showed that the IFT of composite laminates containing short
cup-stacked carbon nanotubes (CSCNTs) was 200% higher than the
unmodified ones. Recently, Ragosta et al. [10] used silica nanoparticles
to toughen epoxy matrix and obtained 288% increase in IFT of com-
posites. To the best of authors’ knowledge, this is the highest im-
provement reported in the literature. However, this approach has some
clear drawbacks such as enormously increased resin viscosity and non-
uniform distribution of fillers in resulting laminates due to the filtration
effects of reinforcing fabrics during the resin infusion.

Most recently, interleaving technique, based on insertion of an in-
terleaf material at the interlaminar region, has been developed by some
researchers. Various interleaf materials such as thermoplastic and
thermoset films, micro or nanofiber nonwoven veils and self-same resin
interleaf materials have been studied [11-17]. Compared to filler
toughening, this technique does not increase the uncured resin viscosity
and the veil fibers are uniformly distributed in the resulting laminate.
The use of toxic and/or harmful, and also expensive fillers such as CNTs
and graphene is not necessary in this technique. Also, the initial in-
vestment and maintenance cost of industrial textile machines used for
weaving and stitching is not an issue in this technique, which leads to
significant financial savings. Saz-Orozco et al. [18] investigated the
effects of polyamide (PA) and polyethylene terephthalate (PET) veils on
the interlaminar fracture toughness (IFT) of a glass fiber/vinyl ester
(GF/VE) composite. They showed that PET veils had no significant ef-
fect on the IFT of composites while PA veils increased the mode I in-
terlaminar fracture toughness values at crack initiation and propagation
levels improved by 59 and 90%, respectively. Fitzmaurice et al. [19]
also showed that PET veils were not effective for improving Mode-I
interlaminar fracture toughness of the glass fiber/ polyester resin (GF/
PE) composites due to the weaker glass/resin interface providing an
alternative crack propagation path. They also showed that the in-
corporation of PET veils had positive effects on the flexural strength,
interlaminar shear strength and damping properties of the composites.
Another study by Hamer et al. [20] showed that Mode-I fracture
toughness could be increased by 326% with the inclusion of PA66 veils.
O’Donovan et al. [21] showed that the maximum Gy¢ for crack propa-
gation of a PA interleaved composite increased by almost 170% over
the baseline GF/PE composite. Miller et al. [22] observed a 40% in-
crease in Gjc with the addition of polyurethane (PU) veil. In all of these
studies [18-22], the researchers investigated the effects of microfiber
nonwoven veils on the fracture toughness of fiber reinforced compo-
sites, while other researchers went further and investigated the effects
of electrospun nanofiber nonwoven veils on the delamination resistance
of these composites. Although different types of nanofiber veils such as
polyacrylonitrile (PAN) [23], polycaprolactone (PCL) [24] and poly-
sulfone (PSF) [25] were studied in the literature, the majority of studies
have focused on electrospun PA 66 nonwoven veils due to their high
melting temperature (260 °C), good compatibility with uncured resin
and good mechanical properties [26]. Beckermann and Pickering [27]
showed that the use of a 9.0 gsm (grams per square meter) electrospun
PA 66 nonwoven veil improved Mode-I fracture toughness about 1.7
times. They also showed that there is a proportional relationship up to
some point between the amount of nanofibers in the interlaminar re-
gion and Mode-I fracture toughness. Similar results were obtained in
our recent study [28]. In the review article by Palazetti and Zucchelli
[29] the effects of electrospun nanofiber nonwoven veils on the me-
chanical performance of composite laminates were summarized. An-
other study by Nash et al. [30] systematically reviewed the thermo-
plastic toughening techniques for thermosetting carbon fiber-reinforced
composites.

Although some studies exist in the literature on the effects micro-
fiber PA 66 veils on Mode-I fracture toughness of composites. Further
research is needed to clarify the effects of these veils on the other
mechanical and thermomechanical properties of existing CF/EP com-
posites. This is the most comprehensive report investigating the effects
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of PA66 nonwoven interleaving on the mechanical properties of the
carbon fiber/epoxy composites manufactured by vacuum-infusion
technique. The present study also provides contribution for the ques-
tions regarding the effects of these veils on thermomechanical behavior
of these composites. This study aims to make a unique contribution on
this research gap and develop a better understanding of the effects of
PA 66 nonwoven veils on the mechanical performance of the compo-
sites.

In this study, CF/EP composites were interleaved with PA 66 non-
woven veils to improve their Mode-I fracture toughness. Glass transi-
tion and melting temperature of the PA 66 veils were determined by
differential scanning calorimetry (DSC). The reference and PA 66 in-
terleaved specimens were manufactured by vacuum-infusion with [0]4
orientation. A series of mechanical tests such as Mode-I (DCB) fracture
toughness, tensile, OHT, flexural, compression, ILSS and Charpy-impact
tests were carried out on the reference and interleaved specimens to
reveal the potential of microfiber PA66 nonwoven interleaving system
for composite structures.

2. Experimental
2.1. Materials

Unidirectional carbon fabrics with a fiber areal weight of 350 g/m?
(Kordsa Global Inc. of Turkey) were used as the reinforcement material.
The epoxy resin (Momentive™ L160) and its hardener (Momentive™
H160) were used with the weight ratio of 80:20, respectively.
Commercial PA 66 veils (N-Fusion™) at two different areal densities (17
and 50gsm (grams per square meter)) were provided by Cerex
Advanced Fabrics Inc., USA. SEM images of the PA 66 veils are shown
in Fig. 1. The fiber diameter distribution was determined by measuring
at least 25 fibers per sample using ImageJ software (National Institute
of Mental Health, Bethesda, MD, USA). The average fiber diameter was
determined as 19.94 + 1.79 um.

The thickness of PA 66-17 and PA 66-50 gsm veils were 80 um and
150 um, respectively. Differential scanning calorimetry (DSC) was used
to determine the melting point and glass transition temperature (Tg) of
the PA 66 veils. The samples were heated from room temperature to
350°C at a heating rate of 10°C/min under a nitrogen atmosphere.
Fig. 2 shows the DSC curve of the PA 66 veils. The melting and glass
transition temperature of the PA 66 veils were determined as 259.3 °C
and 67.02 °C, respectively.

2.2. Manufacturing of composite test specimens

The reference and PA 66 veil interleaved composite laminates were
fabricated by vacuum-infusion technique with a [0], fiber orientation.
Fig. 3 shows schematic representation of the reference and PA 66 veil
interleaved composite laminates. For DCB laminates, single PA 66 veil
was placed between second and third plies before resin infusion. A non-
adhesive film with a thickness of 20-25 pm was inserted in the middle
of the plies to form an initial crack along the interlaminar region of the
DCB specimens. To determine other mechanical properties, PA 66 in-
terleaved composite laminates were manufactured by placing a layer of
PA 66 veil between each carbon fabric before resin infusion.

The composite laminates with/without PA 66 veils were manu-
factured under the same vacuum bag in order to get more consistent
test results and observe the effects of these veils on the resin flow during
vacuum infusion. Based on the visual observations during the filling
stage from the resin inlet to the vacuum outlet, no change of the resin
flow and flow rate was detected due to the PA 66 veils. Demolding of
the manufactured composites was carried out after complete curing at
room temperature, followed by a post curing in an oven at 60 °C for
15 h. The fabricated composites were cut into desired dimensions using
abrasive water-jet system. The thickness of the specimens (h) was
measured to be in the range of 1.24-1.71 mm. The fiber volume fraction
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Fig. 1. SEM images of (a-b) 17 gsm and (c—-d) 50 gsm PA 66 veils.

(Vp of the specimens was determined using the Archimedes principle.
The incorporation of PA 66-17 and PA 66-50 gsm veils caused a de-
crease in the carbon fiber volume fraction about of 16.4 and 32.7%
respectively. Table 1 shows the resulting laminate thickness and cal-
culated fiber volume fraction of the specimens.

Fig. 4 shows SEM images of cross-sectional view of PA 66 inter-
leaved composite specimens. The region between carbon plies, shown
by the red lines, contains randomly oriented veil fibers which is totally
filled with the epoxy matrix. These figures indicate the good wetting
and impregnation of the veil fibers by the epoxy resin.

2.3. Mechanical testing

All mechanical tests were performed at ambient conditions in ac-
cordance with the relevant ASTM standards. At least five specimens
were tested as recommended in the ASTM standards. The tensile tests
were carried out at a constant crosshead speed of 2.0 mm/min up to
failure. A clip-on extensometer with knife edges was used to measure
the strain. Instead of using rectangular specimens, dumbell-like shape
specimens were prepared and tested to prevent failure that might occur
near the end tabs. Tensile gripping end tabs were attached to reduce
stress concentrations in the grip areas. Fig. 5(a) shows the geometry of
the tensile test specimens used in this study. The stress concentration
factor was calculated as 1.30 due to the curved length in the specimens.
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Fig. 2. DSC curve of the PA66 veils.
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veils

Fig. 3. Schematic representation of the (a) reference (b) PA 66 nonwoven 1 interleaved composite laminates.

Table 1
Fiber volume fraction (V¢) and average thickness of the composite laminates.

Specimen Carbon Veils in The average Fiber volume

fiber/epoxy composite (wt. thickness (mm) fraction (Vg, %)
%)
Reference - 1.24 = 0.009 55 = 2.4
PA 66 17 gsm 2.6 1.46 = 0.013 46 = 1.0
interleaved
PA 66 50 gsm 7.6 1.71 + 0.037 37 =09
interleaved

A detailed information about the geometry of the tensile specimens can
be found in Refs. [31,32]. Fig. 6 shows a tensile test specimen before
and after tensile loading. In order to determine shear modulus (G,),
the composite specimens were cut at a 45° orientation and tested under
tension at a crosshead speed of 2.0 mm/min. First, E, was determined
then G;» was calculated by using the following formula [33];

(€8]

where E; and E, represent the longitudinal and transverse modulus
respectively. vy, is the Poisson’s ratio in plane of 1-2. In the literature,
the value of v;, of unidirectional carbon fiber/epoxy composites is re-
ported between 0.27 and 0.32 [34]. Based on this information, the v,
of the composite specimens was considered as 0.27 in this study.

The open hole tensile strength (OHT) is one of the most critical
mechanical properties especially for the design of composite riveted
and bolted joints. In this study, OHT tests were also carried out on the
reference and PA 66 interleaved specimens. The OHT specimen di-
mensions were 180 mm in length (L) and 20 mm in width (w). A 4-mm

hole (d) was drilled in each specimen at its center. The gripping length
(Lgripping) Was 50 mm. In-plane scaling of the composite specimens with
respect to the hole diameter was shown in Fig. 5b. The OHT tests were
performed at a crosshead speed of 1.25 mm/min up to failure (Fig. 7a).
In this case, gripping end tabs were not used because the stress con-
centration was high enough due to the drilled hole. The ultimate OHT
of the specimens was calculated dividing maximum force by the gross
cross sectional area (disregarding the hole).

The compressive strength and modulus of the specimens were de-
termined using an anti-buckling fixture (Fig. 7b). The dimensions of the
compression test specimens were 140 mm in length and 12.7 mm in
width. The gauge length was 12.7 mm. The specimens were loaded until
failure at a constant crosshead speed of 1.3 mm/min. The flexural
properties of the reference and PA 66 interleaved specimens were ob-
tained from three point bending tests (Fig. 7c). A span-to-thickness ratio
of 32:1 was used on the test fixture. The rate of crosshead motion was
calculated for each group of specimens as recommended in the ASTM
standard. The interlaminar shear strength (ILSS) tests were determined
using the short beam shear test. A span-to-thickness ratio of 8:1 was
used with a span of 10mm on the test fixture. The test speed was
1.0 mm/min. Charpy impact tests were carried out according to ISO-
179 standard on 10 x 80 mm rectangular notched specimens, using the
CEAST® Resil Impactor having maximum hammer energy of 15J and
hammer tangential speed of 3.46 m/s.

The Mode-I interlaminar fracture toughness of the composites was
determined by double cantilever beam (DCB) experiments. The con-
figuration of the specimens for DCB testing was shown in Fig. 8. The
dimensions of the DCB test specimens were L = 150 mm in length and
b = 25mm in width. Aluminum blocks were bonded to outer surfaces
of the DCB specimens to transfer the opening forces. Each specimen was
initially loaded with a crosshead speed of 1 mm/min and the crack was

Fig. 4. SEM images of (a) PA66 17 gsm and (b) PA66 50 gsm interleaved composite laminates.

24



B. Beylergil et al.

Composite Structures 194 (2018) 21-35

R
L ¢ L 250 mm
b Lana 150 mm
2\ Liap 45 mm
Lgtraigne 5 mm
b, 25.00 mm
curved b, 19.46 mm
¢ 2.92 mm
straight Low R 964.65 mm

NG,

VA

Lgripping

L/d=20

L=180 mm

Fig. 5. Geometry of (a) a dumbell-like shape tensile and (b) OHT specimen.

Fig. 6. Photographs of a tensile test specimen (a) before and (b) after tensile testing.

allowed to propagate a short distance (3-5mm) before the specimen
was unloaded. Then, the specimen was loaded until the crack propa-
gated about 50-60 mm from tip of the crack. Load, opening displace-
ment and crack length were recorded for the energy release rate (Gy)
calculation during the tests. G; was calculated from Modified Beam
Theory data reduction method given as follows [35]:

F 3PS

GI = ————C
N 2b(a + 1A

2)
where G is the Mode I interlaminar fracture toughness, P is the applied
load, § is the load point displacement, b is the specimen width, a is the
delamination length (crack length), A is a value that is determined
experimentally by generating a least squares plot of the cube root of
compliance (C'”®) as a function of delamination length. F and N are the
correction parameters to take into account large displacement and the
stiffening of the specimens by loading blocks, respectively. These cor-
rection factors can be calculated by using the following equations [36];

(I
RORO RO EEb)

where t and L’ were shown in Fig. 8. The Gy initiation (G, ini) value

was determined as the value of Gi¢ at which the delamination was vi-
sually observed on the edge of the specimen. G propagation (Gic, prop)

3

N

25

value was calculated as the average of the values of Gic during crack
propagation.

2.4. Scanning electron microscopy and dynamic mechanical analysis

Scanning electron microscopy (SEM) observations were made to
determine nanofiber morphology and to better understand the tough-
ening mechanisms in the interleaved composites. The specimens were
sputter-coated with gold for 90 s and examined under a Philips XL 30S
FEG scanning electron microscope. Dynamic mechanical analysis
(DMA) was carried out on the reference and PA 66 interleaved speci-
mens by using a DMA Q800 (TA Instruments, USA) equipment in a dual
cantilever mode. The dimensions of the specimens were 65mm in
length and 10 mm in width. At least three specimens were tested for
each laminate. The heating rate was 2 °C/min from room temperature
to 150 °C and the frequency was 1 Hz. In accordance with the ASTM
D4065-12 [37], the glass transition temperature (T,) of the reference
and PA 66 interleaved composite specimens were defined by de-
termining the temperature at the peak maximum of the tand vs. tem-
perature curve.

3. Results and discussion

Fig. 9 shows representative stress-strain curves of the reference and
PA 66 interleaved CF/EP composites. The stress-strain behavior of the
specimens was linear at the initial stage of loading. After some
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Fig. 7. Photographs of the test specimens under (a) tensile, (b) compression and (c) flexural loading.
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/ loading blocks
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film t t:l2.5+Z mm

Fig. 8. Schematic representation of the DCB test specimens.
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Fig. 9. Representative stress-strain curves of the CF/EP composites.
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Fig. 10. Longitudinal (E,), transverse (E;) and shear modulus (G;,) of the
composite specimens.

displacement, the slope of stress-strain curve decreased due to trans-
verse matrix cracking and fiber/matrix debonding which causes lami-
nate stiffness loss. In the reference specimens, the load values increased
up to 40 kN followed by a catastrophic failure generating a loud noise
and a sudden load drop. PA 66-17 gsm interleaved specimens failed at
approximately the same failure load however the stress values were
lower than those of reference specimens due to the lower stiffness of
veil material in the interlaminar region and increased thickness. PA 66-
50 gsm interleaved composites experienced final failure at lower stress
and strain values due to the lower carbon fiber content as compared to
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other specimens. Fig. 10 shows the tensile test results for the reference
and PA 66 interleaved specimens. In the longitudinal direction, the
elastic modulus (E;) and tensile strength (o) of the reference compo-
sites were determined as 123.0 GPa and 1786.3 MPa, respectively. In-
corporating 17 gsm of PA 66 veil into the interlaminar region reduced
fiber volume fraction from 55 to 46%, and hence, the elastic modulus
and tensile strength of the composites reduced by 10.97 and 19.70%
respectively. The addition of denser PA 66-50 gsm in the interlaminar
region led to higher reduction in the carbon fiber volume fraction and
increased the thickness of the composites. Therefore, the elastic mod-
ulus and tensile strength of PA 66-50 gsm interleaved specimens were
33.59 and 41.26% lower than those of the reference specimens. In the
transverse direction, the elastic modulus (E;) and tensile strength (o)
of the reference composites were determined as 9.3 GPa and
36.09 MPa, respectively. The addition of PA 66 veils caused reductions
in the elastic modulus of the composites. However, the tensile strength
in the transverse direction was not seem to be negatively affected by the
addition of PA 66 veils. The tensile strength of all composites was in the
range between 35 and 36 MPa. The tensile strength in the transverse
direction is a matrix-dominated property. Therefore, it can be said that
the PA 66 veils retained the matrix properties of the composites. The
tensile properties, except the tensile strength in the transverse direc-
tion, showed a decreasing tendency with the incorporation of PA 66
veils. Table 2 shows the tensile properties of the composite specimens.
Another important observation during the tensile tests was that while
the reference specimens failed in a catastrophic brittle manner
(Fig. 6b), the incorporation of PA 66 veils in the interlaminar region
altered the mode of failure from catastrophic to noncatastrophic as
shown in Fig. 11. The plastic deformation of the PA66 fibers in the
matrix reduces the stress concentration between the adjacent carbon
plies and also reduces risk of catastrophic failure across the carbon
plies. The shear modulus (G;,) of the reference specimens were calcu-
lated as 4.3 GPa using Eq. (1). The addition of PA 66-17 and PA 66-
50 gsm veils reduced the shear modulus of the composites about 14%
and 21%, respectively.

Fig. 12 shows the representative force-displacement curves of the
OHT specimens. The applied load increased almost linearly followed by
a mostly nonlinear portion. After some displacement, the failure oc-
cured until the force reached to a maximum value. In the longitudinal
direction, the failure loads of the interleaved specimens were higher
than those of reference specimens. The displacement value was also
higher than the reference specimens. In all specimens, the observed
failure mode was longitudinal splitting grew from the grip to grip at the
early stage of failure shown in Fig. 13(a). This failure mode generally
occurs in the unidirectional fiber reinforced composites. However, it is
not one of the acceptable failure modes for OHT tests in the ASTM
standard. Therefore, in this study, only the OHT values in the transverse
direction were reported. Fig. 13(b) shows one of the acceptable failure
modes observed in the transverse direction. Laminate tensile failure
occured laterally across the center of the hole in these specimens. The
OHT values were calculated as 31.59 + 2.85, 30.87 + 0.88 and

Table 2
Tensile and flexural test results of the CF/EP composites with/without PA 66 veils.
Mechanical property Reference PA 66 17 gsm PA 66 50 gsm
interleaved specimens interleaved specimens
LD E;, Elastic modulus (GPa) 123.0 = 7.00 109.5 = 7.29 81.78 + 3.03
Tensile strength (Mpa) 1786.34 = 72.0 1434.35 = 35.3 1049.3 = 10.9
Flexural strength (Mpa) 1281.41 + 90.9 1119.60 *= 84.72 972.62 + 40.38
Flexural modulus (Gpa) 104.69 + 5.9 82.99 + 3.95 75.93 + 3.12
G2, Shear modulus (Gpa) 4.3 = 0.06 3.75 + 0.2 3.4 = 0.1
TD E,, Elastic modulus (Gpa) 9.3 = 0.5 8.6 = 0.32 7.1 = 0.31
Tensile strength (Mpa) 36.09 + 4.8 35.57 + 1.47 35.21 + 1.37
Flexural modulus (Gpa) 6.65 = 0.8 6.21 = 0.90 5.25 = 0.77
Flexural strength (Mpa) 61.10 = 6.9 80.36 = 5.76 70.06 = 5.02

* LD: longitudinal direction, TD: transverse direction.
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Fig. 11. Failed PA66 nonwoven veil interleaved test specimens.

33.81 + 0.58 MPa for the reference, PA 66-17 and PA 66-50 gsm veils;
respectively. Although the PA66 veils caused an increase in thickness
which increases the gross cross-sectional area of the specimens, these
veils had no negative effect on the OHT strength of the composites.
Moreover, a slight increase (about 7%) was noted in OHT strengths
with the addition of PA 66 veils as compared to reference specimens.
The veils retains the structural integrity of the specimens by reducing
the risk of delamination which led to higher maximum loads as com-
pared to reference specimens. It can be also said that the specimens
interleaved with PA 66 veils exhibited more uniform failure considering
the reduced standard deviations of test data.

The flexural modulus and strength values of the composite speci-
mens were also given in Table 2. In the longitudinal direction, the
flexural strength and the flexural modulus of the reference specimens
were 1281.4 MPa and 104.7 GPa, respectively. Incorporating 17 gsm of
PA 66 veil into the interlaminar region increased the thickness of the
specimen to 1.46 mm and reduced the carbon fiber volume fraction
from 0.55 to 0.46. As a result, the flexural strength and flexural mod-
ulus decreased to 1119.6 MPa and 82.9 GPa, which were 12.62% and
20.8% lower than those of the reference specimens. Increasing the areal
density of the interleaf material from 17 gsm to 50 gsm caused higher
reduction in flexural strength and modulus by 24.1 and 27.5% re-
spectively, as compared to reference specimens due to the increased
thickness, lower carbon fiber volume fraction and lower stiffness of
interleaf material surrounding the carbon fibers. It is known that the
flexural strength in longitudinal direction is a fiber-dominated property
while transverse flexural strength is an important parameter to assess
the interfacial bonding between the reinforcement and the polymer
matrix. In the transverse direction, the flexural strength and the flexural
modulus of the reference specimens were 61.10 MPa and 7.26 GPa,
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respectively. The addition of 17 gsm of PA 66 veil led to a significant
increase in flexural strength of the composite of about 31%. The PA 66-
50 gsm veils also improved the flexural strength of about 14.7% as
compared to reference specimens. Therefore, it can be concluded that
the PA66 veils improved fiber/matrix interfacial adhesion significantly
resulting in better bending performance. The flexural modulus of the
composites was found to be reduced from 6.65 to 6.21 GPa, from 6.65
to 5.25 GPa for the PA66 17 gsm and PA 66 50 gsm veils, respectively.
These correspond to a 6.76 and a 21.1% decrease for the PA 66-17 and
PA 66-50 gsm veils, respectively. The reduction in transverse flexural
modulus caused by PA 66 nonwovens was much smaller than those of
observed in the longitudinal direction.

Fig. 14 shows the compression test results of the CF/EP composites.
The compressive modulus and strength of the reference specimens were
determined as 105.19 GPa and 586.4 MPa respectively. It was observed
that the compressive strength and modulus decreased with the inclu-
sion of PA 66-17 gsm veils. Although increasing veil density reduced
compressive strength and modulus as in the case of tensile properties, a
moderate reduction about 13% was observed in both values due to the
PA 66 veils. Unlike tensile properties which are fiber dominated,
compressive properties depends on many factors such as matrix mod-
ulus and strength, fiber/matrix interfacial bond strength. Therefore, it
can be said that these veils improves the interfacial bond strength of the
composites.

Fig. 15 shows the Charpy-impact and interlaminar shear strength
test results of the CF/EP composites. The impact fracture energy of the
reference specimens was measured to be 106.28 + 17.30kJ/m> The
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Fig. 15. Charpy-impact and ILSS test results of the CF/EP composites.
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impact fracture energy increased about 15% (121.96 + 18kJ/m?) by
introducing PA 66-17 gsm veils on the interface area of composite la-
minates. Although the addition of denser PA 66-50 gsm veils led to
higher impact energies, the thickness of the specimens increased about
37.9% therefore the impact strength of the composites almost remained
unchanged at 108.21 = 5.9kJ/m? compared to reference specimens.
The improved impact energy can be explained by analyzing the SEM
images of the fracture surfaces of reference and PA 66 interleaved
specimens. As seen in Fig. 16(a), reference specimens had a glassy and
smooth fractured surface and showed no sign of plastic deformation
(brittle fracture). These are main characteristics of poor interfacial
bonding strength and impact energy. However, as seen in Fig. 16(b-d),
PA 66 interleaved specimens exhibited more complex fractured surface
which indicates higher matrix deformation and absorbed impact en-
ergy. At the moment of impact, the whole area of PA 66 interleaves
involved in resisting to the applied load and improved the load-bearing
capacity of the composites. The fracture around the PA66 fiber in
Fig. 16(c—d) shows the load absorbed by the veil fiber and distributed to
the surrounding matrix. The imprints of broken and torn PA 66 fibers
can be seen in Fig. 16(d).

The ILSS is one of the most significant mechanical property for
determining the ability of a laminated composite to resist delamination
damage. Due to higher interlaminar shear stress, delamination may
occur in the composite interface. The ILSS of the reference specimens
was determined as 51.43 = 2.72 MPa. On the other hand, the ILSS of
the PA 66-17 and PA 66-50 gsm interleaved specimens were determined
as 63.01 = 1.86MPa and 64.32 + 1.07 MPa respectively. It was ob-
served that the incorporation of PA 66-50 gsm veils led to a significant
increase of about 25.1%. The improved shear performance may be re-
lated to hydrogen bonding between the amide groups of nylon and the
ether groups of epoxy resin. This good chemical bonding improves the
wetting efficiency and gives a resin-rich surface which possibly arrests
the crack initiation at the interface of the composites. Also, the polymer
matrix containing PA 66 fibers led to a more uniform distribution of
shear stresses in the interlaminar region and transmitted the load to the
carbon plies resulting in higher shear strength with a lower standard
deviation.

Fig. 17 shows the representative load-displacement curves of the
composite specimens under Mode-I loading. The dots shows the first
visible crack observed on the edge of the specimens. The maximum load
(Fmax) values were determined as 11.83 = 1.43N, 23.61 = 4.21N
and 48.2 *+ 6.85N and for the reference, and PA 66 interleaved com-
posites with 17 gsm and 50 gsm veil density, respectively. It was ob-
served that the maximum force increased about 99.6% and 307% for PA
66-17 and PA 66-50 gsm interleaved specimens respectively as com-
pared to reference specimens. The load-displacement curves of the re-
ference specimens were jag-shaped which was one of the main char-
acteristics of unidirectional fiber reinforced composites under Mode-I
loading. The jagged load-displacement response is a sign of unstable
crack propagation. Until the failure of the specimen, the crack con-
tinued to propagate with every sudden load drop as can be seen in
Fig. 17. The displacement values were determined as
120.97 + 2.52mm, 131.14 + 6.65mm and 139.90 + 4.51 mm for
the reference, and PA 66 interleaved composites with 17 gsm and
50 gsm veil density, respectively. The displacement values of PA66 in-
terleaved specimens were significantly higher than those of the re-
ference specimens. Based on observations made during DCB testing, the
crack in the PA 66 interleaved specimens traveled much more slowly
until full separation of the plates and therefore the load decreased more
gradually than the reference specimens. It was also note-worthy that PA
66-50 gsm veils changed the response of the composite from jag-shaped
to bow-shaped which is generally observed in woven composites. The
bow-shaped response, or smoother descending response, indicated that
the crack propagation in the interleaved specimens was quite slow,
stable and gradual compared with the reference composite specimens.

Fig. 18 represents least squares plots of the cube root of compliance
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Fig. 17. Representative load-displacement curves of the DCB specimens.

(C'3) as a function of delamination length for the reference, PA 66-
17 gsm and PA 66-50 gsm interleaved CF/EP composites. Fig. 19 shows
the R-curves of the reference and PA 66 interleaved composite speci-
mens. The calculated Mode-I fracture toughness using Eq. (2) was in the
range between 0.180 and 0.332kJ/m? for the reference specimens
while the Mode-I fracture toughness of the PA 66-17 gsm interleaved
specimens was in the between 0.340 and 1.102kJ/m?. Increasing veil
density from 17 gsm to 50 gsm led to much higher Mode-I fracture
toughness values so it reached to its maximum value between 1.173 and
2.780 kJ/m?. This corresponds to about 231 and 737% improvement of
the Mode-I fracture toughness for PA 66-17 gsm and PA 66-50 gsm in-
terleaved specimens, respectively, as compared to those for reference
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specimens. This associates with the excessive PA66 fiber bridging me-
chanism within the interlaminar region which will be discussed in more
detail below. The initiation and propagation Mode-I fracture toughness
values for the reference specimens were determined as 0.185 and
0.237 + 0.061kJ/m? respectively. For the composites interleaved
with PA66-17 gsm veils, the initiation and propagation Mode-I fracture
toughness values were determined as 0.342 and 0.643 *+ 0.139 kJ/m?
respectively. This corresponds to about 84 and 171% improvement of
those values, respectively, as compared to those for reference speci-
mens. For the composites containing 50 gsm PA 66 interleaves, the
initiation and propagation fracture toughness values were found to be
0.831 and 1.940 + 0.384 kJ/m> which corresponds to as high as 349
and 718% improvement as compared to the reference specimens. It was
also seen that the standard deviation of the Mode-I fracture toughness
of the interleaved specimens was higher than those of reference speci-
mens. In some cases, the crack in the interleaved specimens jumped to
the relatively weak fiber/matrix interface and continued to propagate
in this region. This resulted in the lower fracture toughness values when
the crack propagated almost 1/3 of the total delamination length as can
be seen in Fig. 19.

Fig. 20 shows the excessive PA 66 fiber bridging observed during
the DCB tests. Due to the good adherence between epoxy and PA 66
veils, PA 66 veils absorbed high amount of strain energy by bridging the
crack opening and tearing which contribute to the improvement of
delamination resistance. The SEM fracture surface images of the Mode-I
specimens with/without PA66 veils are shown in Fig. 21. The micro-
graphs were taken from the middle of the specimens (away from the
initial crack region) for interpreting fracture mechanisms. As seen in
Fig. 21(a), the reference specimens exhibits smooth and featureless
(indicating more brittle) failure characteristics of the composites under
Mode-I loading. Mode-I fracture toughness is controlled by processes
such as cohesive fracture of the matrix and fiber bridging as stated by
Greenhalgh et al. [1,2]. Debonding of the carbon fibers from the epoxy
matrix is visible in Fig. 21(b). On the other hand, PA 66 interleaved
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specimens exhibit a different type of failure surface as seen in
Fig. 21(c—d). A high amount of torn PA 66 fibers and minimal matrix
fracture was observed in the interleaved specimens. Also, the pulled-out
PA 66 fibers from the matrix and the imprints of PA 66 fibers on the
other side of the delamination plane can be seen in these figures. The
SEM images and the observation during the DCB tests revealed that the
main toughening mechanism was the PA 66 fiber bridging which led to
much higher interlaminar fracture toughness and more stable crack
propagation in the interleaved specimens.

Fig. 22 shows DMA test results of the reference and PA 66 inter-
leaved specimens in both longitudinal and transverse directions. The
average values of storage modulus, loss modulus, tand, tand(peak) and
glass transition temperature (Tg) of specimens were also reported in this
figure. Fig. 22(a and b) represents the effects of PA 66 interleaf material
on the storage and loss modulus of the specimens at room temperature
(25 °C). The storage modulus is the elastic response of the material and
the loss modulus measures the energy dissipated as heat. The results
showed that both storage and loss modulus decreased with the in-
corporation of PA 66 veils in the longitudinal direction. The interleaf
material gives more flexibility resulting in the low stiffness and low
storage modulus. The decrease in storage modulus was about 26.4 and
31.2% for PA66-17 and PA 66-50 gsm veils, respectively. These results
were consistent with the results of three-point bending test results. The
loss modulus of the composites also exhibited a decline with the addi-
tion of PA 66 veils. More slight decrease in the loss modulus of the
composites was observed so that the loss modulus decreased about 25.3
and 21.7% for PA 66-17 and PA 66-50 gsm veils, respectively. In the
transverse direction, the storage modulus of the specimens was not
significantly affected by the addition of PA 66 veils. It was also ob-
served that the loss modulus increased about 20.1 and 50.4% for PA 66
17 gsm and PA 65-50 gsm veils, respectively. A small rise in tand and
tand (peak) was observed which is a positive effect of adding PA66 veils
to the interlaminar region (Fig. 22c—d). It can be concluded that the
damping ability of the composites improved with the addition of PA 66
veils on the interlaminar region of composites. In Fig. 22(d), the glass
transition temperature (Tg) of the specimens were also reported. The T,
of reference, PA 66-17 and PA 66-50 gsm interleaved composite spe-
cimens was determined as 85.45, 86.37, and 86.16 °C, respectively. The
PA 66 interleaving had no significant effect on the Ty of composite
specimens. The good chemical interaction between the PA 66 fibers and
epoxy resin retained the T, of the composites. The DMA results in-
dicates that although the veils caused a decrease in the storage modulus
of the specimens, the transition temperature of the composites was not
affected due to the presence of PA 66 veils.

A comparison of PA 66 and other various systems reported in the
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Fig. 20. Photographs of PA66 fiber failure (CE: crack extension).

literature is shown in Table 3. It is obvious that the PA is the most
effective interleaf material in terms of Mode-I fracture toughness. The
selection of nonwoven material is also critical to obtain desired me-
chanical properties. Although carbon fibers are much stronger than PA
fibers, most of these fibers are not pulled out from the matrix in the
composites (no significant fiber bridging) during the loading.

featurelessges
fracture surface

HPY [
414 pm | 10.1 mm | 1.58e-3 P

fracture surface

Therefore, the increase in Mode-I fracture toughness values was much
lower than the PA 66 interleaved composites. As can be seen in Table 3,
increasing veil density results in higher Mode-I fracture toughness. This
is due to the fact that higher amount of veil fibers provide a higher
extent of fiber bridging that occurred behind the crack fronts and
contributed to the interlaminar fracture toughness. On the contrary,
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Fig. 21. SEM of DCB test specimen fracture surfaces; (a, b) reference and (c-d) PA 66 interleaved specimens.



B. Beylergil et al.

50000 50000
450004 46502 - 45000
w© I
Q. 40000 - 40000 o
Z @
® 35000 - - 35000 3
El > o
5 34217 'y g
'g 30000 = 31995 230000 £
€ 9004 Jo00 §
o 8004 & 1800
it et 123
8 5001 6232 6544 {500 £
» 400 4400

300 —— Storage modulus 4300
200 { —e— Loss modulus 200
100 4 -4 100
0 T T T 0
Reference PA66-17 gsm PA66-50 gsm
(a)
0.040
[ Longitudinal
0.035 I Transverse
0.030 4 0.0267
0.025
© 0.0221 0.021
£0.0204 0.0179 0.0176 0.0182
£ E =
0.015
0.0104
0.005
0.000
Reference PA 66-17 gsm  PA66-50 gsm
(c)

Composite Structures 194 (2018) 21-35

15000 15000
12500 - — 12500
© g
a 10000 - 10000 o

a
= »
g 7500 4505 — 7500 g
S 5000 e s z 5000 2
° =
o E c
£ B
& 140 18y J140 =
S 1204 10516 —— 1120 o
S 100 8756 & 4100 =
» 80 ¢ 480

28 B! —4A— Storage modulus - 28
0] —e— Loss modulus 320
0 T T T 0
Reference PA66-17 gsm PA66-50 gsm
(b)
100 100
95+ [ Tg 405
I tans (peak)
907 g545 86.37 86.16 1°
85 - * -85
. 80 480 &
O 3
Q E 275 =
:m 75 g
0.8 4 Jos X
0.567 0-646 0.623 =
0.6 -406
0.4 o4
0.24 402
0.0 0.0
Reference PA 66-17 gsm  PA66-50 gsm
(d)

Fig. 22. DMA test results of the CF/EP composites; Storage and loss modulus in the (a) longitudinal and (b) transverse direction, (c) tand at room temperature (d) Tg

and tand (peak) values.

Table 3
Comparison of the effectiveness of various microfiber interleaving systems.

Reference  Composite Interleaf Areal weight  Mode-I fracture
system material density toughness

(g/m?) (% increase)

This study ~ CF/EP PA 17 171
50 718

[3] CF/EP PEEK' 11 102

[17] CF/EP PE 20 83

[18] GF/VE PA 17 90

[19] GF/VE PET 45 12

[21] GF/PE PA 17 170

[22] GF/PE PU 15 40

[36] CF/EP CF 12 28

[38] CF/EP PPS® 40 133

[39] CF/ BZ® PA 34 352

! PEEK: Polyether ether ketone.
2 PPS: Polyphenylene sulphide, BMI: bismaleimide.
3 Benzoxazine.

Armstrong-Carroll and Cochran [40] showed that there was an inverse
relationship between Mode-II fracture toughness improvement and the
areal veil density. A thinner carbon nonwoven mats (6.8 g/mz) which
they included in the laminate lay-ups, led to a higher increase in Mode-
11 fracture toughness as compared to 12 g/m? aerial weight mat. They
also showed that there was no significant change in tensile and com-
pressive strength after the incorporation of these nonwoven mats.
Therefore, it can concluded that a better consolidation of these non-
wovens is a critical issue to obtain the highest improvement in fracture
toughness with minimum loss of in-plane mechanical properties.
Table 4 shows the comparison of the effects of micro and nanofiber
nonwoven veils on the mechanical properties of the composites. It can
be seen that the Mode-I fracture toughness could be increased
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significantly by using both micro and nano nonwoven veils. The highest
improvement in Mode-I fracture toughness was reported as 718 and
340% for microfiber and nanofiber PA 66 veils; respectively. Similar to
the results of microfiber PA 66 nonwoven interleaving, Gic values
showed an increasing trend with an increase in the amount of nanofi-
bers. The most significant difference between micro and nanofiber in-
terleaving is that microfiber nonwoven PA 66 veils cause a significant
reduction in in-plane mechanical properties such as tensile, flexural and
compressive strength, while nanofiber nonwoven PA 66 veils had no
significant effect on the in-plane mechanical properties. Moreover, the
presence of PA 66 nanofibers in the interlaminar region led to an in-
crease in some of the in-plane mechanical properties such as flexural
and compressive strengths. Their presence in the interlaminar region
provides a win-win situation in which both delamination resistance and
in-plane mechanical properties are improved. On the other hand, based
on our previous experience, there are some issues that are critical for
the success of nanofiber interleaving. Local thickness variations within
the nanofiber veil may occur between the primary reinforcing plies.
This may cause an increase in the standard deviation which would
make it difficult to interpret the test results. Also, it is difficult to pro-
duce electrospun nanofibers with standard quality for a long period of
time due to variation of PA polymer flow within the nozzles which is
directly related to the nanofiber deposition. In addition to productivity
issues associated with electrospinning process, highly volatile and toxic
solvents such as formic acid and chloroform used for PA 66 polymer
may cause serious health hazards and illnesses for workers.

PA 66 nonwoven veils have the highest potential among the other
interleaf materials. As reported by Nash et al. [43], they provide an
effective way to improve delamination and impact resistance for la-
minated composite materials and offer various advantages from the
manufacturing point-of-view. These nonwovens can be easily in-
tegrated into existing autoclave and out-of-autoclave composites by
placing them between primary reinforcing fabrics/prepregs prior to
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Reference Macro/nano Areal weight density Mechanical property (% increase or decrease)
(g/m?)

This study Macro 17 Mode-I fracture toughness +171
Tensile modulus/strength -10.9/-19.7
Flexural modulus/strength —20.7/-12.62
Compressive modulus/strength -2/-3
Impact strength +14.7
ILSS +22.5

This study Macro 50 Mode-I fracture toughness +718
Tensile modulus/strength —33.5/-41.2
Flexural modulus/strength —27.5/-24
Compressive modulus/strength -12.6/-13.1
Impact strength +1.8
ILSS +25.1

[27] Nano 1.5 Mode-I fracture toughness +55

Nano 4.5 Mode-I fracture toughness +156
Nano 9.0 Mode-I fracture toughness +173

[28] Nano 1.0 Mode-I fracture toughness +49
Tensile modulus/strength NSC**/—9.8
Flexural modulus/strength +15.6/12.8
Compressive modulus/strength NSC/15
Impact strength +18
ILSS +9.6

[41] Nano 1.5 Mode-I fracture toughness +45

[42] Nano 12.0 Mode-I fracture toughness +340

* In the longitudinal direction, NSC: no significant change.

resin infusion/transfer or the simultaneous application of heat and
pressure. There are a large number of nonwoven suppliers in the market
and therefore one can easily access to the suppliers and distributors of
these low-cost materials. Unlike the stitching and weaving processes,
the initial investment and maintenance cost of industrial textile ma-
chines are not critical which leads to a significant financial savings.
Also, there is no risk of contact with hazardous solvents unlike the
electrospun nanofiber interleaving.

Although PA 66 nonwovens caused reduction in some in-plane
mechanical properties of the composites, this interleaving system can
be used in engineering applications subjected to out-of-plane loading in
service. Also, instead of using in the whole composite structure, critical
areas with high stress concentrations such as near holes, notches and
sharp corners can be interleaved by PA66 nonwoven veils for better
impact and delamination resistance.

4. Concluding remarks

In this study, PA 66 nonwoven veils were used as an interleaf ma-
terial to improve Mode-I delamination resistance of CF/EP composites.
A series of mechanical tests were carried to investigate the effects of PA
66 interleaving systems on the mechanical performance of CF/EP
composites. The results showed that the Mode-I fracture toughness
could be improved about 350 and 720% in both initiation and propa-
gation stages of the fracture, respectively, using PA 66 veils. The results
also revealed that the ILSS and Charpy impact strength could be in-
creased about 25% and 15% respectively by the incorporation of PA 66
veils in the interlaminar region. However, they resulted in an un-
avoidable compromise in tensile, flexural and compression properties at
the expense of reduced carbon fiber volume fraction and increased
thickness. The denser PA 66 veils caused a higher reduction in in-plane
mechanical properties. T; was not affected with the addition of PA 66
veils. The damping ability of the composites improved with the addi-
tion of PA66 veils on the interlaminar region of composites.
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