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of 3D para-aramid/phenolic/nano
(MWCNT) composites

K. Bilisik, *a G. Erdogana and E. Sapancıb

In this work, the flexure properties of nanostitched and nanoprepreg three dimensional (3D) para-aramid/

phenolic composites were studied. Four types of composite were developed. They were called stitched/

nano, stitched, base/nano and base. The flexure strength and modulus of the stitched/nano composites

were slightly improved compared to those of the base composites due to the addition of the stitching

yarn and multiwall carbon nanotubes (MWCNTs). The flexure failure of the base and base/nano

structures was matrix peeling and large delaminated areas, whereas the stitched and stitched/nano

composites had warp deformation and no visible matrix/fiber damage. In addition, the delaminated areas

were severely restricted. The results showed that introducing the stitching fiber and multiwall carbon

nanotubes in the base structure improved its out-of-plane failure properties as a form of restricted

delamination and they acted as delamination barriers around the regions. Therefore, stitched/nano p-

aramid/phenolic composites could be considered as damage tolerant materials.
1. Introduction

Fiber based materials are employed in the space and aerospace
industries due to their high thermo-mechanical and damage
tolerance properties.1–3However, they suffer from delamination.
In order to develop a delamination-free structure, Z-directional
preforms were developed by three dimensional (3D) weaving,4

3D braiding,5 and stitching techniques.6–8 Recently, nano-
spheres, or single-wall or multiwall tubes have been employed
in ber composites by dispersing the nanomaterials in resin.9 If
nanobers are used, they are attached, grown or graed onto
one dimensional bers or two dimensional (2D) fabrics.10 3D
composites are considered to have low plane properties due to
Z-bers in the thickness. Nanospheres, nanotubes or nano-
bers are all randomly distributed in the fabric and they do not
provide true out-of-plane reinforcement to the structure due to
their discontinuous forms. The number of fabric directional
ber ends per cm and the amount of crimp affect the exural
rigidity of the dry fabric. Multistitched layered preforms show
high bending rigidity due to stitching. Inter-layer deformations
to the thickness direction decrease and are not easily formed.11

The tensile and exural properties of the 2D fabric
composites were improved by stitching because of inter-layer
stress distribution.12,13 It was demonstrated that crack propa-
gation in the composite was suppressed by the increase of
stitching density.14 However, one of the experimental studies
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showed that the exural strength of a stitched E-glass composite
decreased due to stress concentration.15,16 The exural strength
in the unstitched E-glass/polyester composite was inuenced by
the yarn orientation, composite ber volume fraction and
preform packing density. It showed mode-I delamination as
a form of inter-layer opening.17 A ber distortion model was
proposed to overcome the heterogeneous ber volume fraction
throughout the composite due to stitching, which affected ber
misalignment during the stitching process.18 Stitching the
bers did not affect the stiffness of the stitched composite.19

However, stitching caused weak resin-rich regions near the
stitching loop section and affected the damage initiation
force.20–22 It was claimed that the exural strength and modulus
of the 3D multiaxis composite were hardly lower than those of
the 3D composite because of the bias bers.23,24

In single-wall carbon nanotubes (SWCNTs) and multiwall
carbon nanotubes (MWCNTs), sampling, size, surface area/
volume, density, crystallinity and purity are considered impor-
tant material parameters.25–30 The modulus of the nano-
composite decreases because of agglomeration during the
consolidation process.31 Therefore, MWCNTs were functional-
ized by silanization to prevent early stage clustering and it was
proven that functionalization improved the homogeneous
dispersion of the nanoparticles.32,33 Another study showed that
the thermo-mechanical properties of the nanocomposite were
enhanced by graing silane in the CNTs due to the improved
inter-layer bonding and even dispersion of the nanotubes.34,35

Amine coated SWCNTs improved the fatigue properties of the
carbon/epoxy composite.36 In addition, the inter-layer proper-
ties of the E-glass composite increased because of the coated
nanotubes.37 A carboxyl-functionalized MWCNT (0.1–0.4%)/
RSC Adv., 2018, 8, 7213–7224 | 7213
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epoxy nanocomposite was made and it was demonstrated that
its exural properties were improved compared to the epoxy
composite.38 The multiscale composites had improved exural
properties compared to the neat composites. This was because
of a better interface between the amino coated nanoparticles
and the resin, which enhanced the load transfer mechanisms.
However, the presence of minor clustering adversely inuenced
the load-carrying mechanism.39 It was claimed that a naphtha-
lene diimide and poly(dimethylsiloxane) based dispersant was
synthesized to enhance the agglomeration of the SWCNTs in
the matrix.40 It was reported that the bending modulus of the
binary nanocomposite showed an improvement of about one-
third compared to the neat composite.41 In addition, the
carbon ber surface characteristics were also found to have
a signicant effect on the bending properties of the
composite.42 It was mentioned that nano-silicon carbide
affected the material’s modulus but its homogeneous disper-
sion with the coupling agent inuenced the material’s
strength.43 However, the tensile strength of the E-glass
composite declined by increasing the amount of nano-silicon
carbide because of the interface characteristics of the nano-
resin region, which caused stress concentration.44 Another
study showed that the tensile strength modulus of E-glass/
polyester was improved with an increase of nanosilica.45,46

Also, multistitching and nanosilica in the E-glass composite led
to improved damage resistance.45,46 Multiwall carbon nano-
bers (MWCNFs) were vertically grown on the ber or fabric
surface by chemical deposition using ethyne (C2H2) and an iron
dichloride catalyst (FeCl2).47 Spun yarn of MWCNFs (1 mm
length, 50 nm diameter) was drawn from an MWCNT array by
the dry-spinning technique.48 The MWCNF spun yarn was pul-
truded as a 7-ply cord/epoxy rod. It was noted that the spun
nanocarbon ber based pultruded epoxy rod had better tensile
strength and modulus compared to the base epoxy, and the
dominant failure mode was nanober breakage.49 Hollow hal-
loysite nanotubes (HNT, nanoclays) were employed as nano-
containers for protection of the cellulosic materials.50 In
addition, a natural wax/HNT nanocomposite was introduced to
repair the archaeological cellulosic materials.51 It was also
claimed that a renewable polymer/HNTs composite lm was
made for barrier and delivery applications.52

A few studies were carried out on the nano-added stitched
structures. The research concentrated on the exural properties
of the p-aramid/phenolic composite, which was developed by
nanoparticles and multistitching. The objective of this study
was to develop nanostitched and nanoprepreg p-aramid/
phenolic carbon nanotube (MWCNT) composites and to
examine the exural properties of these structures.

2. Materials and methods
2.1 3D p-aramid/phenolic nanopreform and nanocomposite

Para-aramid Twaron® plain (1/1) fabric (CT 747, Teijin, JP) and
basket (2/2) fabric (CT736, Teijin, JP) were employed to make
the multi-stitched 3D nanopreform. The p-aramid fabric speci-
cations are provided in Table 1. The p-aramid fabric was
formed from 336 tex ber for the plain (1/1) weave and 168 tex
7214 | RSC Adv., 2018, 8, 7213–7224
ber for the basket (2/2) weave. The warp and lling densities of
the plain (1/1) and basket (2/2) p-aramid fabrics were 62.5 ends
per 10 cm and 127 ends per 10 cm, respectively. The p-aramid
fabric unit area weights and thickness were 410 g m�2 and
0.62 mm for both fabrics, respectively. The directional inter-
lacements of plain (1/1) and basket (2/2) are schematically
represented in Fig. 1. The number of interlacements of the plain
and basket fabrics were 56 and 24, respectively, and their
placements in the fabrics were homogeneously distributed. The
multiwall carbon nanotubes (MWCNTs, Nanothinx, GR) were
selected based on better thermo-mechanical properties and
commercial availability. The average size of the MWCNTs varied
from 15–35 nm in diameter, 10 mm in length and 1–2 nm for
wall thickness. The tensile strength and modulus of the
MWCNTs were 200 GPa and 1 TPa, respectively, as presented in
Table 2.

Principally, four types of p-aramid structure were developed.
These were base (TPU, TBU), in which TPU was a six-layer [(0�/
90�)]6 p-aramid plain (1/1) woven fabric, while TBU was a six-
layer p-aramid basket (2/2) woven fabric; stitched (TP–CS, TP–
TS, TB–CS, TB–TS), in which TP–CS and TP–TS were six-layer p-
aramid plain (1/1) woven fabric with one-directionally PAN
carbon and p-aramid Twaron CT stitched in warp (0�), respec-
tively, whereas TB–CS and TB–TS were six-layer basket (2/2)
woven fabric with one-directional carbon and Twaron CT
stitched in warp (0�) structures, respectively; base/nano (TPU–N,
TBU–N), in which TPU–N and TBU–N were six-layer p-aramid
plain (1/1) and basket (2/2) woven fabric, respectively, with
added MWCNTs; and stitched/nano (TP–CS–N, TP–TS–N, TB–
CS–N, TB–TS–N). When the MWCNTs were added to all the
stitched structures described above, they were considered as
stitched/nano structures. One-directional stitching was manu-
ally made on the layered woven structures using the PAN carbon
and p-aramid Twaron CT stitching yarns, as shown in Fig. 2 (a
and b). The stitching ber properties are also provided in Table
3.

Stitched/nano multilayer p-aramid woven preforms were
consolidated to make stitched/nano p-aramid composites.
Fig. 3 and 4 show the processing steps for the one-directional
stitched p-aramid/phenolic and stitched/nano p-aramid/
phenolic composites, respectively. Initially, phenolic resin
(Araldite EPN 1138, Biesterfeld Spezialchemie GmbH, DE) was
put into a vacuum chamber (Metyx composites, TR) under
0.1 MPa pressure (1 bar) for 35 minutes to remove any air
bubbles. Then, MWCNTs (0.03125, %wt) were added to the
phenolic resin. In order to conduct pre-mixing to prevent
possible heterogeneous dispersion and early agglomeration,
they were stirred by a magnetic mixer (Wisestir®, Witeg, DE) at
240 rpm for 15 minutes. Immediately aerward, the phenolic/
carbon nanotube solution was mixed in an ultrasonic bath
(200 watt, 40 kHz, DAIHAN/WiseClean®, WUC-A03H, KR) at
25 �C for 60 minutes. Therefore, a highly homogenized
phenolic/nano mixture was obtained. Again, this was stirred by
a magnetic mixer at 240 rpm for about 15 minutes to improve
the homogenization and agglomeration of the mixture. Then it
was placed into a vacuum chamber again under 0.1 MPa pres-
sure for 5 minutes to remove the remaining air bubbles. At the
This journal is © The Royal Society of Chemistry 2018
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Table 1 Specifications of the p-aramid fabric structures

Fabric label Weave type Fabric treatment

Yarn linear
density (tex)

Fabric density
(per 10 cm)

Fabric area
weight (g m�2)

Yarn crimp
(%)

Fabric thickness
(mm)Warp We Warp We Warp We

Twaron CT® 747 Plain (1/1) Water repellent 336 336 62.50 62.50 410 5.80 5.90 0.62
Twaron CT® 736 Basket (2/2) Water repellent 168 168 127 127 410 9.40 11.30 0.62
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same time, plain (1/1) and basket (2/2) p-aramid woven fabrics,
polyacrylonitrile (PAN) carbon bers (6 K, Aksaca, TR) and para-
aramid Twaron CT (3360 dtex, Teijin, JP) yarn were prepared to
make the exure test plates. We rst of all made the p-aramid/
phenolic carbon nanotube prepreg fabrics and yarns, and then
they were consolidated for the composites.

The para-aramid fabric was heated at 40 �C for 60 minutes to
evaporate the moisture. Next, the matrix was applied to the p-
aramid fabric by the hand layup method under atmospheric
conditions. It was put on the shelf of an oven (Binder, DE) to
pre-cure at 110 �C for 7 minutes in order to obtain the prepreg
nano para-aramid fabric. The same procedure was applied to
the carbon and para-aramid stitching yarns to make the prepreg
yarns. The prepreg nano p-aramid fabric was layered as a [0�/
90�]6 sequence. The six-layered prepreg nano p-aramid preform
was manually stitched by carbon or p-aramid nano stitching
yarn using an in-house developed apparatus to make the
stitched/nano composite. The density of stitching was 1 step
per cm. The space between neighboring stitching lines was
1 cm. The stitched prepreg p-aramid/phenolic carbon nanotube
preform was put in a mold, and the mold was wrapped with
Teon lm (FDM 2100, DuPont, USA) to prevent thermal shock
and easy demolding aer curing. The mold was cured using
a hot press (Climax, TR) under 0.6 MPa pressure (6 bar) at
170 �C for 120 minutes. Lastly, the mold was le in the press to
cool until the temperature was gradually decreased to 40 �C and
the stitched p-aramid/phenolic carbon nanotube composite was
removed from the mold. Some of the composites are shown in
Fig. 2 (a and b).
Fig. 1 Schematic views of interlacement placement in the p-aramid fabri
in each fabric direction.

This journal is © The Royal Society of Chemistry 2018
The densities of the stitched/nano carbon composites were
found by ASTM D792-91.54 It was designed to nd the density (g
cm�3) as the sample mass in air divided by its volume, whereas
the relative density was the sample density divided by the
density of water. The composite volume fraction and void
content were obtained by ASTM D3171-99 (ref. 55) and ASTM
D2734-91,56 respectively. In the determination of the composite
ber volume fraction, once the sample mass and density were
known, the furnace was heated up to 400 �C. Then, the
composite sample was kept inside for almost 5.5 hours to
remove the burned matrix. The remaining residue, which con-
tained the p-aramid ber in the fabric, was then cooled and
weighed. The weight percent of the ber in the composite was
then calculated. In addition, the void content was also calcu-
lated from known parameters such as the matrix and composite
densities. Aer the exure test, the delaminated areas and
damaged surfaces of the composite sample were analyzed by an
optical microscope (Olympus SZ61, JP equipped with Bs200DOC
digital image analysis soware-Bs200DOC, TR).
2.2 Flexural test

The three-point exural tests of all the composites were carried
out on a Shimadzu AG-XD 50 (Japan) tester equipped with
Trapezium® soware with a 5 kN loading cell based on ASTM
D790-10.57 The bending testing speed was 1.3653 mm min�1.
The test dimensions were 12.7 (width) � 130 mm (length). The
L/d (support span length/thickness) ratio was 32/1. The exural
load applied to each sample was the warp (0�, lengthwise). Fig. 5
cs (plain 1/1 and basket 2/2 weaves) and number of yarn interlacements

RSC Adv., 2018, 8, 7213–7224 | 7215
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Table 2 Specifications of the multiwall carbon nanotubes (MWCNTs)25,53

Nanomaterial

Particle dimensions (diameter
� length � wall thickness) (nm �
micron � nm)

Surface
area
(m2 g�1)

Purity
(%)

Density
(g
cm�3)

Tensile
strength
(GPa)

Tensile
modulus
(TPa)

Melting
temperature
(�C)

Carbon nanotubes (MWCNTs,
Nanothinx, GR)

15–35 � 10$ � 1–2$ >100 $97 1.74 200 1.0 3550
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shows the bending test instrument and xture with samples.
Eqn (1)–(3) present the exural strength, modulus and strain,
respectively.57 The exural test was conducted under the stan-
dard laboratory atmosphere with a temperature of 23 �C � 2 �C
and relative humidity of 50%� 10%. Aer the bending load was
applied to the samples, they were examined by an optical
microscope (Olympus SZ61, Japan).

sf ¼ 3PL

2bd2
(1)

EB ¼ L3m

4bd3
(2)

3f ¼ 6Dd

L2
(3)

where sf is the exural strength in the outer bers at midspan
(MPa); P is the load at a given point on the load-deection curve
(N); L is the support span (mm); b is the width of the beam
tested (mm); d is the depth of the beam tested (mm); EB is the
modulus of elasticity in bending (GPa); m is the slope of the
tangent to the initial straight-line portion of the load-deection
curve; 3f is the bending strain (%); D is the maximum
displacement of the center of the beam (mm).

3. Results and discussion
3.1 Density and ber volume fraction results

The density and ber volume fraction results of base (TPU,
TBU), stitched (TP–CS, TP–TS, TB–CS, TB–TS), base/nano (TPU–
Fig. 2 (a) Para-aramid Twaron CTmultistitched 3D nanoprepreg preform
PAN carbonmultistitched 3D nanoprepreg preform (left) and p-aramid/p
aramid stitched p-aramid structure (TB–TS); (d) schematic view of carbo

7216 | RSC Adv., 2018, 8, 7213–7224
N, TBU–N) and stitched/nano (TP–CS–N, TP–TS–N, TB–CS–N,
TB–TS–N) composites were evaluated. The densities of the
developed structures varied from 1.30–1.33 g cm�3 and the
average density was 1.32 g cm�3. The density differences in the
structures were considered to be negligible (1%). The measured
total ber weight fractions (Vtfw) of all structures varied from
67.10–73.81% and the average total ber weight fraction was
69.84%. The volume fraction differences between the structures
were around 4–6% due to the stitching yarn weight fraction and
MWCNT addition as well as a minor stitching effect on the
preforms. The measured stitching ber weight fractions (Vsfw)
of all the stitched and stitched/nano structures varied from
1.47–2.13% and the average stitching ber weight fraction was
1.81%. The void content (weight base, Vc) of all the structures
varied from 0.71–1.83% (average 1.26%). These results were
obtained assuming that all the structures were made under
defect-free processing conditions from preform preparation to
consolidation.

On the other hand, the addition and dispersion of MWCNTs
in the phenolic resin was analyzed during processing. We
started by selecting a 0.5% (weight%) ratio for the MWCNTs as
an initial condition. Aerward, a large agglomeration (about
200–300microns) of nanotubes was found in the phenolic resin.
Extensive studies were conducted to decrease the extent of
agglomeration of the nanotubes. For this reason, we decreased
the MNCNT ratio to 0.03125% and increased the stirring time
from 60 minutes to 120 minutes in ultrasonic mixing. There-
fore, the size of the agglomeration of carbon nanotubes
decreased to 30–80 microns in the phenolic resin, as shown in
(left) and p-aramid/phenolic MWCNT composite (right) (TB–TS–N); (b)
henolic MWCNT composite (right) (TB–CS–N); (c) schematic view of p-
n stitched p-aramid structure (TB–CS).

This journal is © The Royal Society of Chemistry 2018
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Table 3 Specifications of untwisted stitching yarnsa

Fiber type
Fiber diameter
(mm)

Fiber density
(g cm�3)

Tensile strength
(GPa)

Tensile modulus
(GPa)

Elongation at
break (%)

Yarn linear density
(dtex)

Twaron CT (para-aramid ber, Teijin, JP) 12 1.45 3.2 115 2.9 3360
Polyacrylonitrile (PAN) carbon (carbon
ber, Aksaca, TR)

6 1.78 4.2 240 1.8 6 K1

a K1: 1000 laments in the untwisted ber TOW.
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Fig. 6 (a). The phenolic resin with added MWCNTs was applied
to the sample stitching yarn and fabric. The MWCNTs were
evenly dispersed in the lament direction and intra-lament
regions of the stitching yarn and in the principle directions
and yarn crossing regions of the fabric, as shown in Fig. 6 (b)
and (c), respectively. Fig. 6 (d) shows the MWCNT distribution
in the laments of the fractured nanostitched yarn in the
stitched/nano composite.
3.2 Flexural results

The exure test results of the base (TPU, TBU), stitched (TP–CS,
TP–TS, TB–CS, TB–TS), base/nano (TPU–N, TBU–N) and
stitched/nano (TP–CS–N, TP–TS–N, TB–CS–N, TB–TS–N)
composites are given in Table 4. The data presented in Table 4
are the average values of exure strength, strain and modulus
for each composite. Although we claimed that all the structures
were produced without defects, they probably contain micro-
scopic nonlinearities at the stitching piercing region of the
Fig. 3 Processing steps of one-directional stitched multilayered p-aram

This journal is © The Royal Society of Chemistry 2018
nanoprepreg preforms, especially in the out-of-plane direction,
heterogeneous distributions of the MWCNTs in the preform
surface and intra-layer sections, and minor agglomerations of
the MWCNTs in the matrix and fabric interlacement regions.
Therefore, these partly affect the ability to obtain reproducible
data from the exural tests. The exural test results in Table 4
also include the standard deviation (s) and the coefficient of
variation (CV%), where the CVs of the exural strength and
modulus varied from 1.77–9.41% and 1.80–17.12%, respec-
tively. Fig. 7 shows the tensile stress–strain curves of some of
the basket (2/2) fabric based composites. In Fig. 7, the stress–
strain curve of the basket p-aramid/phenolic structure is pre-
sented together with those of its base, nano, carbon and para-
aramid stitched, and stitched/nano forms. The p-aramid
stitched and stitched/nano structures showed higher exure
strength values compared to the base and base/nano structures.
In addition, the stress–strain curves almost perfectly became
the same line, beginning at the initial state in the elastic region
to the failure points, at which there were no sharp drops.
id/phenolic woven prepreg preforms and composites (TB–TS).
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Fig. 4 Processing steps of one-directional stitchedmultilayered p-aramid/phenolic/carbon nanotube woven prepreg preforms and composites
(TB–TS–N).
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3.3 Flexural strength

Fig. 8 shows the average exure strength values of all the
developed p-aramid/phenolic MWCNT composites. As shown in
Fig. 8 and Table 4, the exure strength of the base (TBU and
TPU) composites varied between 39.01–40.51 MPa, whereas the
exure strength of the base/nano (TBU–N and TPU–N)
composites varied between 45.37–46.12 MPa. The exure
strength of the stitched (TP–CS, TP–TS, TB–CS and TB–TS)
composites varied between 38.91–57.73 MPa, whereas the
exure strength of the stitched/nano (TP–CS–N, TP–TS–N, TB–
Fig. 5 (a) Tensile tester with flexural fixture with a sample at the initial s
(TBU–N); (c) stitched/nano sample during the application of the bendi
sample (TB–TS–N); (e) tension side of the failed stitched/nano sample (T
digital image).

7218 | RSC Adv., 2018, 8, 7213–7224
CS–N and TB–TS–N) composites varied between 35.45–
60.45 MPa. The bending strength of the p-aramid stitched/nano
basket 2/2 (TB–TS–N) composite was 4.50% higher for the
stitched (TB–TS) and 35.47% for the base (TBU), whereas the
exure strength of the PAN carbon stitched/nano basket 2/2
(TB–CS–N) was 20.86% lower for the stitched (TB–CS) and
13.89% higher for the base (TBU). The p-aramid nanostitched
composite (TB–TS–N) showed better performance (25.06%)
compared to the PAN carbon nanostitched composite (CT–CS–
N), whereas the p-aramid stitched structure (CT–TS)
tate; (b) base/nano sample during the application of the bending load
ng load (TB–TS–N); (d) compression side of the failed stitched/nano
B–TS–N); (f) failed stitched/nano sample at cross-sections (TB–TS–N,

This journal is © The Royal Society of Chemistry 2018
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Fig. 6 (a) MWCNT dispersion in phenolic resin; (b) phenolic/MWCNT treated uncured nanoyarn; (c) phenolic/MWCNT treated uncured
nanofabric surface; (d) fractured nanostitched yarn in stitched/nano composite (TB–TS–N) (optical photos, magnification �40, �40 and �10,
respectively; SEM, magnification �2000).58
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demonstrated very slightly better performance (0.90%)
compared to the stitched (CT–CS) composite. In addition, the
exure strength of the base/nano (TBU–N) was 14.02% higher
than that of the base (TBU). It was realized that stitching and
MWCNTs slightly increased the bending strength of all the
stitched and stitched/nano composites. The stitching ber type
also slightly affected the exural strength of the stitched and
stitched/nano composites. We also obtained similar results for
the p-aramid plain 1/1 composites.
Table 4 Average flexural test results of various developed p-aramid/phe

Label
Flexural load
(max.) (N)

Flexural displacement
(mm)

Flexural strai
(%)

TPU 64.43 8.73 2.09
TBU 57.90 7.81 1.84
TP–CS 56.18 6.81 1.59
TP–TS 53.87 7.73 1.75
TB–CS 79.59 9.04 2.01
TB–TS 61.57 8.36 1.80
TPU–N 64.11 9.43 2.13
TBU–N 61.69 9.92 2.23
TP–CS–N 56.59 7.78 1.78
TP–TS–N 55.65 8.44 2.03
TB–CS–N 66.40 8.28 1.94
TB–TS–N 75.54 9.29 2.02

a “s” represents the standard deviation and “CV%” represents the coeffici

This journal is © The Royal Society of Chemistry 2018
3.4 Flexural strain

Fig. 9 shows the average exure strain of all the developed p-
aramid/phenolic MWCNT structures. In Fig. 9 and Table 4,
the exure strain of the base (TBU and TPU) composites varied
between 1.84–2.09%, whereas the exure strain of the base/
nano (TBU–N and TPU–N) composites varied between 2.13–
2.23%. The exure strain of the stitched (TP–CS, TP–TS, TB–CS
and TB–TS) composites varied between 1.59–2.01%, whereas
the exure strain of the stitched/nano (TP–CS–N, TP–TS–N, TB–
nolic MWCNT compositesa

n
Flexural strength (MPa) Flexural modulus (GPa)

40.51, (s ¼ 1.98, CV% ¼ 4.89) 3.64, (s ¼ 0.07, CV% ¼ 1.80)
39.01, (s ¼ 0.69, CV% ¼ 1.77) 3.44, (s ¼ 0.18, CV% ¼ 5.11)
38.91, (s ¼ 3.28, CV% ¼ 8.42) 4.21, (s ¼ 0.36, CV% ¼ 8.58)
42.78, (s ¼ 3.15, CV% ¼ 7.35) 4.16, (s ¼ 0.71, CV% ¼ 17.12)
57.24, (s ¼ 3.77, CV% ¼ 6.58) 4.90, (s ¼ 0.44, CV% ¼ 8.92)
57.73, (s ¼ 2.53, CV% ¼ 4.38) 5.25, (s ¼ 0.83, CV% ¼ 15.89)
46.12, (s ¼ 1.62, CV% ¼ 3.51) 3.86, (s ¼ 0.34, CV% ¼ 8.70)
45.37, (s ¼ 2.83, CV% ¼ 6.24) 3.72, (s ¼ 0.11, CV% ¼ 2.98)
40.59, (s ¼ 3.82, CV% ¼ 9.41) 3.79, (s ¼ 0.15, CV% ¼ 3.95)
35.45, (s ¼ 3.11, CV% ¼ 8.76) 2.85, (s ¼ 0.42, CV% ¼ 14.69)
45.30, (s ¼ 2.82, CV% ¼ 6.21) 3.65, (s ¼ 0.52, CV% ¼ 14.35)
60.45, (s ¼ 2.78, CV% ¼ 4.60) 4.87, (s ¼ 0.38, CV% ¼ 7.85)

ent of variation.
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Fig. 7 Stress–strain curves from the flexure test for some of themultistitched carbon/epoxyMWCNT composites (base TBU; base/nano TBU–N;
stitched TB–TS; stitched/nano TB–TS–N).
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CS–N and TB–TS–N) composites varied between 1.78–2.03%.
The exure strain of the p-aramid stitched/nano basket 2/2 (TB–
TS–N) composite was 10.90% higher for the stitched (TB–TS)
and 8.91% higher for the base (TBU), whereas the exure strain
of the PAN carbon stitched/nano basket 2/2 (TB–CS–N) was
3.48% lower for the stitched (TB–CS) and 5.15% higher for the
base (TBU). The p-aramid nanostitched structure (TB–TS–N)
Fig. 8 Flexure strength of various developed p-aramid/phenolic MWCN

7220 | RSC Adv., 2018, 8, 7213–7224
showed better performance (3.96%) compared to the PAN
carbon nanostitched composite (TB–CS–N), whereas the p-
aramid stitched structure (TB–CS) demonstrated better perfor-
mance (10.44%) compared to the stitched (TB–TS). In addition,
the exure strain of the base/nano (TBU–N) was 17.49% higher
than that of the base (TBU). It was realized that stitching and
MWCNTs hardly increased the bending strain of all the stitched
T composites.

This journal is © The Royal Society of Chemistry 2018
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Fig. 9 Flexure strain of various developed p-aramid/phenolic MWCNT composites.
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and stitched/nano composites. The stitching ber type also
slightly affected the bending strain of the stitched and stitched/
nano composites. On the other hand, we did not obtain
consistent results for all the p-aramid plain 1/1 composites.
3.5 Flexural modulus

Fig. 10 shows the average exure modulus values of all the
developed p-aramid/phenolic MWCNT structures. In Fig. 10 and
Table 4, the exure modulus of the base (TBU and TPU)
composites varied between 3.44–3.64 GPa, whereas the exure
modulus of the base/nano (TBU–N and TPU–N) composites
varied between 3.72–3.86 GPa. The exure modulus of the
stitched (TP–CS, TP–TS, TB–CS and TB–TS) composites varied
between 4.16–5.25 GPa, whereas the exure modulus of the
stitched/nano (TP–CS–N, TP–TS–N, TB–CS–N and TB–TS–N)
composites varied between 2.85–4.87 GPa. The exure modulus
of the p-aramid stitched/nano basket 2/2 (TB–TS–N) composite
was slightly (7.24%) lower for the stitched (TB–TS) and 29.36%
higher for the base (TBU), whereas the exure modulus of the
PAN carbon stitched/nano basket 2/2 (TB–CS–N) was 25.51%
lower for the stitched (TB–CS) and 5.75% higher for the base
Fig. 10 Flexure modulus of various developed p-aramid/phenolic MWC

This journal is © The Royal Society of Chemistry 2018
(TBU). The p-aramid nanostitched structure (TB–TS–N) showed
better performance (25.05%) compared to the PAN carbon
nanostitched composite (CT–CS–N), whereas the p-aramid
stitched structure (TB–TS) demonstrated slightly better perfor-
mance (6.67%) compared to the stitched (TB–CS) composite. In
addition, the exure modulus of the base/nano (TBU–N) was
7.53% higher than that of the base (TBU). It was found that
stitching and MWCNTs slightly affected the bending modulus
of all the stitched and stitched/nano composites. The bending
modulus was also somewhat affected by the stitching yarn type.
However, we did not obtain consistent results for all the p-
aramid plain 1/1 structures.
3.6 Failure aer exural test results

The exure failures of some base (TBU), base/nano (TBU–N),
stitched (TB–TS), and stitched/nano (TB–TS–N and TB–CS–N)
composites are presented in Fig. 11–13. The damaged areas
created by the bending load for each sample were barely visible.
Therefore, we did not measure the damaged areas. Some of the
bending failures of the base (TBU) and base/nano (TBU–N)
composites are shown in Fig. 11 (a–f). The tension side of the
NT composites.
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Fig. 11 Warp directional flexure failure in various multistitched 3D p-aramid/phenolic MWCNT composites. (a) Base top face (TBU); (b) base
cross-section (TBU); (c) base bottom face (TBU); (d) base/nano top face (TBU–N); (e) base/nano cross-section (TBU–N) and (f) base/nano
bottom face (TBU–N) (optical microscope, magnification �6.7).
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base (TBU) and base/nano (TBU–N) structures had outwardly
lateral multiple warp directional bending and local matrix
peeling, and no visible ber breakages were found (Fig. 11 (c
and f)). The compression side of the base (TBU) and base/nano
(TBU–N) structure had inwardly warp directional bending and
Fig. 12 Warp directional flexure failure in various multistitched 3D p-ar
stitched cross-section (TB–TS); (c) stitched bottom face (TB–TS); (d) stit
TS–N) and (f) stitched/nano bottom face (TB–TS–N) (optical microscop

7222 | RSC Adv., 2018, 8, 7213–7224
lateral matrix peeling, and no visible ber failures were ob-
tained (Fig. 11 (a and d)). In the cross-section of the TBU,
a delaminated layer near the top surface was observed, whereas
various local angular delaminated areas were found near to the
mid-surface line (Fig. 11 (b and e)).
amid/phenolic MWCNT composites. (a) Stitched top face (TB–TS); (b)
ched/nano top face (TB–TS–N); (e) stitched/nano cross-section (TB–
e, magnification �6.7).

This journal is © The Royal Society of Chemistry 2018
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Fig. 13 Warp directional flexure failure in PAN carbon nanostitched p-aramid/phenolic MWCNT composites. (a) Stitched/nano top face (TB–
CS–N); (b) stitched/nano cross-section (TB–CS–N); (c) stitched/nano bottom face (TB–CS–N) (optical microscope, magnification �6.7).
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Some of the bending failures of the stitched (TB–TS) and
stitched/nano (TB–TS–N) composites are shown in Fig. 12 (a–f).
The tension side of the stitched (TB–TS) and stitched/nano (TB–
TS–N) structures had outwardly lateral deformation on warp
and no visible matrix/ber damages were found (Fig. 12 (c and
f)). The compression side of the stitched (TB–TS) and stitched/
nano (TB–TS–N) structures had inwardly dented areas around
the stitching lines and no matrix/ber damages were identied
(Fig. 12 (a and d)). In the cross-section of the TB–TS, minor
delaminated layers were observed around the mid-plane of the
structure. Some local angular delaminated areas between the
mid-plane line and the top surface were found (Fig. 12 (b and
e)). The results of bending failure showed that all the developed
p-aramid/phenolic structures were exible and did not suffer
brittle ber breakages. The addition of stitching and MWCNTs
to the base structures made them delamination-restricted
materials.

One of the bending failures of the PAN carbon stitched/nano
(TB–CS–N) composite is shown in Fig. 13 (a–c). The tension side
of the stitched/nano structure had a deformed area around the
strained stitching line (Fig. 13 (c)). However, the compression
side of the TB–CS–N had a dented area around the stitching step
(Fig. 13 (a)). In the cross-section, the minor delaminated area
was restricted by stitching, where the stitched ber acted as
a delamination barrier around the region (Fig. 13 (b)).

4. Conclusions

Stitched/nano p-aramid/phenolic composites were developed
and their bending properties were studied. The exure failure of
the developed composites was also analyzed. The addition of
stitching andmultiwall carbon nanotubes to the base structures
slightly increased the exure strength, modulus and strain of all
the stitched and stitched/nano composites. However, we did not
generally obtain consistent results in all the stitched, nano and
stitched/nano composites, in particular the plain 1/1 pattern
fabric composites. It was also found that the type of stitching
ber slightly affected the exural properties of the p-aramid/
phenolic composites.

The exure failure in the tension side of the base and base/
nano structures was matrix peeling and no visible ber break-
ages and large delaminated areas were found near the top
This journal is © The Royal Society of Chemistry 2018
surface and mid-plane line, whereas the stitched and stitched/
nano composites had warp deformation but no visible matrix/
ber damage and the delaminated areas were severely
restricted and small crack propagation was obtained. The
exure failure in the compression side of the base and base/
nano structures was lateral warp bending; lateral matrix
peeling but almost no visible ber damage was observed,
whereas the stitched and stitched/nano composites had lateral
small dented regions and no visible matrix/ber breakages. The
results showed that the addition of the stitching bers and
multiwall carbon nanotubes in the base structure improved the
out-of-plane failure properties by restricting delamination and
they acted as delamination barriers around the regions.
Stitched or stitched/nano p-aramid/phenolic composites could
be considered as damage tolerant materials.
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