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hancement of electrical
conductivity and interlaminar fracture toughness of
carbon fiber/epoxy composites using plasma-
treated conductive thermoplastic film interleaves†

Wei Li,a Dong Xiang,*a Lei Wang,a Eileen Harkin-Jones,b Chunxia Zhao,a Bin Wanga

and Yuntao Li*a

Multiwalled carbon nanotube (MWCNT)-doped polyamide 12 (PA12) films with various nanofiller loadings

were prepared via a solution casting method to simultaneously improve the electrical conductivity and

fracture toughness of carbon fiber/epoxy (CF/EP) composites. The films were interleaved between CF/EP

prepreg layers and melted to bond with the matrix during the curing process. To improve the interfacial

compatibility and adhesion between the conductive thermoplastic films (CTFs) and the epoxy matrix, the

CTFs were perforated and then subjected to a low temperature oxygen plasma treatment before

interleaving. Fourier transform infrared (FTIR) spectra results confirm that oxygen-containing functional

groups were introduced on the surface of the CTFs, and experimental results demonstrate that the

electrical conductivity of the laminates was significantly improved. There was a 2-fold increase in the

transverse direction electrical conductivity of the laminate with 0.7 wt% MWCNT loading and a 21-fold

increase in the through-thickness direction. Double cantilever beam (DCB) tests demonstrated that the

Mode-I fracture toughness (GIC) and resistance (GIR) of the same laminates significantly increased by 59%

and 113%, respectively. Enhancements of both interlaminar fracture toughness and electrical conductivity

are mainly attributed to the strong interfacial adhesion achieved after plasma treatment and to the

bridging effect of the carbon nanotubes.
1. Introduction

In recent years, there has been much interest in developing
composite materials for large primary structures on military
and civil aircra in order to achieve lighter structures for
signicantly reduced fuel consumption and reduced environ-
mental impact. Compared to conventional metals such as
aluminum and steel, carbon ber reinforced epoxy (CF/EP)
composites have higher specic strength and modulus,
fatigue strength, excellent environmental stability, and design
exibility. Therefore, there are increasing demands for CF/EP
composites in the aerospace eld.1 It has been reported that
the amount of composite material used in a Boeing 787
Dreamliner and Airbus A350 XWB accounts for more than 50%
of the aircra's structural weight, and this greatly reduces fuel
consumption (by 20%) as well as production and maintenance
costs.2–4
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Electrical conductivity is an important parameter for
composites used in the aerospace eld. Although carbon ber
has a high conductivity, epoxy resin is an electrically insulating
material and the electrical conductivity of carbon ber
composites does not meet the requirements of lightning
protection (LSP) and electromagnetic interference (EMI)
shielding for applications in aerospace.5,6 The conventional
method used to increase conductivity of composite materials is
to bond aluminum or copper mesh to the surface of the struc-
ture; however, using this increases the total weight of the
system, the process is relatively complicated, and there is low
maintenance efficiency. In recent years, there has been an
increasing interest in developing conductive composites via the
addition of carbon or metal nanoller to form three-
dimensional conductive network structures with particles
such as carbon nanotubes (CNTs),7–10 graphene nanoplatelets,11

carbon black,5 or silver nanowires.12 In particular, CNTs exhibit
extraordinary electrical conductivity and have mechanical
properties that make them one of the most suitable conductive
llers for preparing conductive polymer composites.13–16

However, the high aspect ratio and strong van der Waals
interactions between nanoparticles cause severe aggregation
and poor dispersion, which may lead to adverse consequences.
This journal is © The Royal Society of Chemistry 2018
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Table 1 Specifications of unidirectional CF/EP prepregs

Parameter Specication

Carbon ber model T700
Fiber mass per unit area (g m�2) 132 � 5
Resin content (wt%) 35 � 3
Monolayer prepreg thickness (mm) 0.12
Epoxy resin model B-228H
Tg of epoxy resin (�C) 260
Tensile strength in ber direction (MPa) 2500
Bending strength (MPa) 1650
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Oxidation can improve the dispersibility of carbon nanotubes
but using strong acids as oxidants can impair mechanical and
electrical properties, and this process can be dangerous.7,17

Composite structures are also susceptible to damage from
accidental impact or cyclic loading (tension, compression,
shear, bending, etc.) during service, storage, and routine
maintenance.18,19 This damage is mainly in the form of delam-
ination failure and matrix microcracking. In particular, invis-
ible delamination may occur in the interlayer resin-rich region,
which results in a drastic drop in the load-carrying capacity of
the composite structure;20,21 this is the key failure mode limiting
the service life of a composite.

The fracture toughness of carbon ber/epoxy (CF/EP)
composites is determined by the toughness of the matrix and
the interfacial strength between the reinforcement and the
matrix.22,23 In recent years, thermoplastic polymers in the forms
of particles, lms, nanober veils,19,24,25 or nanollers5,26–28 have
been introduced as interleaves in the damage-prone interlam-
inar regions to improve interlaminar fracture toughness.
Various effective mechanisms, such as ductile deformation,
void formation and crazing, and bridging and pull-out have
been identied as enhancing the energy absorption capability
of the matrix and inhibiting generation and growth of cracks
between layers.29–31 These methods improve the composite
material damage tolerance without affecting the mechanical
and thermal properties of the resin matrix itself and are
compatible with existing manufacturing processes. Arnold
et al.31 inserted different physical forms of PA12 as an inter-
laminar layer and results showed a clear improvement in Mode
I and II fracture toughness. White et al.32 also reported
improved CFRP delamination toughness using partially cured
epoxy thin lms containing PA12 particles and multi-walled
carbon nanotubes (MWCNTs). PA is an excellent thermo-
plastic engineering plastic with high fracture toughness and
fatigue resistance and incorporating it into an epoxy matrix can
increase the ability of the matrix to absorb fracture energy.

Interfacial compatibility and adhesion between the intro-
duced interleaf and the matrix governs the efficiency of stress
transfer and is an important factor for the mechanical perfor-
mance of the composite.23,33,34 It is possible for a very strong
interphase interaction to produce high stress transfer efficiency
and to withstand large fracture loads, whereas a poor interface
can lead to debonding of the interface and promote crack
initiation. Various methods have been developed to introduce
functional groups that can participate in the epoxy curing
reaction to improve interfacial interactions through covalent
bonds or noncovalent interactions. A chemical method is to
introduce functional groups through chemical synthesis reac-
tions on a ductile toughening agent, such as reactive liquid
rubber.35,36 However, this method usually decreases the glass
transition temperature (Tg) and the strength and elastic
modulus of the epoxy resin. Moreover, the synthesis process is
complicated and harmful. In recent years, there has been
increased research activity aimed at improving interface
strength using low-temperature plasma treatment with the
introduction of various functional groups. Low-temperature
plasma treatment causes less damage to the inherent
This journal is © The Royal Society of Chemistry 2018
properties of a material and increases interfacial interactions by
improving surface activity.37–39 Compared with chemical
methods, low-temperature plasma treatment is simpler, cleaner
and scalable.

In this work, we prepared MWCNT doped conductive ther-
moplastic (PA12) lms (CTFs) using a solution casting method.
Perforations were made in the lms to facilitate resin ow
during resin infusion. The CTFs were oxygen plasma treated to
improve the interfacial interaction with the epoxy matrix and
then interleaved between prepreg layers in order to simulta-
neously improve the interlaminar fracture toughness and
conductivity of the CF/EP composites. To the best of our
knowledge, the levels of enhancement achieved simultaneously
for both electrical conductivity and fracture toughness of the
CF/EP composite have not been reported elsewhere for such low
loadings of MWCNTs in the nal laminate.
2. Materials and methods
2.1. Materials

MWCNTs (NANOCYL NC7000) were obtained from Nanocyl S.A.
(Sambreville, Belgium). The average diameter and length of the
MWCNTs were 9.5 nm and 1.5 mm, respectively. The density of
the MWCNTs was 2.0 g cm�3. High temperature CF/EP unidi-
rectional prepregs were purchased from BONATECH Advanced
Materials Company (Beijing, China), and the physical and
mechanical properties of the constituent materials are
summarized in Table 1. PA12 powder (VESTOSINT® 2161,
density of 1.02 g cm�3 and melting temperature of 184 �C) was
supplied by Evonik Industries AG (Essen, Germany). N,N-
Dimethylformamide (DMF) was sourced from Kelong Chemical
Reagent Company (Chengdu, China).
2.2. Fabrication of plasma treated porous CTFs

CTFs with different MWCNT contents (0, 0.2, 0.5, 1, 3, 5, 10,
and 15 wt%) were manufactured using a solution casting
method. Briey, MWCNTs were rst added to DMF, stirred for
15 min, and sonicated for 1 h. PA12 powder was then added to
the MWCNT/DMF suspension, and the mixture was vigorously
stirred at 160 �C for 3 h. The resulting MWCNT/PA12/DMF
mixture was poured into a glass mold (150 mm � 150 mm �
8 mm) and dried at 80 �C for 12 h. The CTFs had a thickness of
about 15 mm and were dried in a vacuum oven at 80 �C for 3 h
to remove residual solvent. Finally, the CTFs were perforated
RSC Adv., 2018, 8, 26910–26921 | 26911
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with 1 mm diameter holes using a customized needle plate.
The density of holes was 25 holes per square centimeter.

A low-temperature plasma processor (OMEGA-DT03, China)
was used to treat the lms. For the plasma treatment process,
oxygen was at a gas ow rate of 40 sccm with a plasma power of
120 W and exposure time was 6 min.
2.3. Fabrication of CF/EP composite laminates and test
specimens

To prepare the composite laminates, unidirectional CF/EP
prepregs were cut into pieces of dimension 150 mm � 150
mm. The lay-up was [0�]12 for the conductivity tests, and
modied or unmodied CTFs were interleaved between every
two adjacent prepregs (eleven CTFs and twelve prepreg layers in
total), where the top and bottom layers were prepregs. The lay-
up of laminates for Mode I interlaminar fracture toughness
tests was [0�]24. Modied or unmodied porous CTF was
interleaved between the twelh and thirteenth prepreg layers.
In addition, a PTFE lm that was 13 mm thick was coated with
a release agent on both surfaces and was implanted in close
Fig. 1 Fabrication of CTF-interleaved CF/EP composite laminates. (a) Sch
and (c) identification of the three directions of the laminate.

26912 | RSC Adv., 2018, 8, 26910–26921
proximity to the CTF to create a starter crack of length 50 mm. A
schematic diagram of the fabrication process of CTF interleaved
CF/EP composite laminates is shown in Fig. 1a.

Aer the layup, the preform was cured using a hot-press to
manufacture the laminates in accordance with the curing
process provided by the supplier and shown in Fig. 1b. A release
agent was sprayed on the surface of the steel mold so that the
cured laminates could be easily demolded. Finally, the
composite laminate was cooled to room temperature under
10 MPa of pressure. For the interlaminar fracture toughness
tests, the average thickness of the samples was about 4 mm. For
the conductivity test, the average thickness of the specimens
was about 2 mmwith and without conductive lm. Inserting the
multilayer lm into the laminate does not signicantly increase
the thickness of the laminate. The ber volume fraction (VF)
was calculated using

VF ¼ ðmC=VC � rMÞ
ðrF � rMÞ

(1)

where mC and VC represent the mass and volume of composite,
respectively; rM and rF are the density of the matrix and ber,
ematic diagram of the fabrication process, (b) prepreg curing process,

This journal is © The Royal Society of Chemistry 2018
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Table 2 Summary of the different composite laminate sample codes

Sample code

Interleaf Fiber volume fraction (vol%)
MWCNTs mass
fraction (wt%)

Without plasma
treatment Plasma treatment

CS — — 63 � 5 —
PC0 PC0-M 0 wt% MWCNTs/PA12 62 � 5 —
PC5 PC5-M 5 wt% MWCNTs/PA12 62 � 5 0.35
PC10 PC10-M 10 wt% MWCNTs/PA12 62 � 5 0.7
PC15 PC15-M 15 wt% MWCNTs/PA12 62 � 5 1.05
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respectively. A CF/EP laminate without interleaves was also
prepared and labeled as a control sample (CS). Test specimens
were cut from the cured laminates using a water jet cutter.
Conductivity test samples had dimensions of 10 mm � 10 mm
� 2 mm. Fig. 1c shows the identication of the three directions
of the laminate. For the interlaminar fracture toughness test,
the specimens had dimensions of 140 mm � 20 mm � 4 mm.
Note that before the laminate was cut, the end of the PTFE lm
was exactly located and marked. Variations in the width and
thickness of all of the test specimens did not exceed 0.5 mm and
5% of the mean value, respectively. Table 2 shows a summary of
the different composite laminate samples.
2.4. Characterization

2.4.1 Ultraviolet-visible (UV-vis) spectroscopy. Dispersion
quality and stability of the MWCNT/DMF suspension was
demonstrated using UV-vis spectroscopy (UV-2600, Shimadzu,
Japan). This was used to measure light absorption of the
suspension to quantify individual MWCNTs or dispersion
properties of their agglomerates.40,41

2.4.2 Microscopy. Conductive networks below the CTF
surface and the fracture surface morphology of DCB samples
were observed using a JSM 7500F eld emission scanning
electron microscope (FE-SEM) under an accelerating voltage 20
kV. The fracture surface of composite laminates was sputtered
with gold before observation. To make the conductive network
under the polymer matrix visible by emitting enriched
secondary electrons aer charging, CTFs were not sputtered
with gold. Part of the PA phase was chemically etched with DMF
under ultrasound before cross-section observation was made of
the conductivity test specimens.

2.4.3 FTIR spectroscopy. Surface chemical analysis of lms
aer plasma treatment were characterized using FTIR (Nicolet
6700, Thermo Scientic, USA). The FTIR test was performed
immediately aer the plasma treatment.

2.4.4 Conductivity testing. Volume conductivities of CTFs
were measured at ambient temperature using a two-point probe
method picoammeter (Keithley 6485) and a DC voltage source
(Tektronix PWS4323) at a constant voltage of 1 V. The CTF lm
were cut into strip-shaped samples with dimensions of 50 mm
� 10 mm, and the distance between the electrodes was 30 mm.
Conductivities of the prepared CF/EP laminates were measured
at ambient temperature using a four-wire method with
a KEITHLEY 2000 multimeter. Conductivities of the composite
This journal is © The Royal Society of Chemistry 2018
laminate samples with a dimensions of 10 mm � 10 mm �
2 mm were also measured. Because of the anisotropy of the
bers, conductivity in three directions (ber, transverse, and
through-thickness directions) was measured. All conductivity
tests were performed on at least three specimens. Specimen
surfaces were rst polished with abrasive paper, cleaned with
acetone, and then dried. Finally, the test surface was coated
with a layer of conductive silver paste to minimize contact
resistance. Conductivities (s) of the CTFs and CF/EP laminates
were calculated according to eqn (2)

s ¼ L

RA
(2)

here, A is the cross-sectional area, R is the volume resistance,
and L is the length of the specimen. A and L represent different
geometrical dimensions of the specimen for the three-direction
measurements.

2.4.5 Mode I interlaminar fracture toughness test. Mode I
interlaminar fracture toughness of the laminate was measured
using double-cantilever-beams (DCB) at ambient conditions on
a universal testing machine (SANS CMT4104) according to
ASTM D5528. Two hinges were adhered to the pre-cracked end
of the specimen. At least ve specimens were tested, and, to
visually detect the onset and propagation of cracks, the edges of
each specimen were coated with a thin layer of water-based
white paint and marked with thin vertical lines every 1 mm. A
digital microscope with a maximum magnication of 500 was
positioned to observe crack growth at the delamination front.
Fig. 2 shows the set-up of the Mode I test. Total crack length (a)
is the sum of the distance from the loading line to the end of the
inserted PTFE lm plus the increment of growth, which is
determined from the tick marks. Tests were conducted at
a speed of 1 mm min�1 in the displacement control mode.
Mode I interlaminar fracture toughness was calculated
according to the modied compliance calibration (MCC)
method, as expressed in eqn (3)

GIC ¼ 3P2C2=3

2A1bh
(3)

where P is the load corresponding to the dened crack length
(a). Compliance (C) is the ratio of the load point displacement to
the load that corresponds to a dened crack length. A1 is the
slope of the line on the least-squares plot of the crack length
normalized by specimen thickness (a/h) as a function of the
cube root of compliance (C1/3). b and h are the width and
RSC Adv., 2018, 8, 26910–26921 | 26913
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Fig. 2 Mode I test set-up with a digital microscope.
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thickness, respectively, of the specimen. The calculated value of
GIC increased 5% in compliance with the original linear region
of the force–displacement curve.
3. Results and discussion
3.1. Conductivity of CTFs

Firstly, the electrical properties of the CTFs were investigated.
Fig. 3 shows the experimental data and the tted curve of CTF
conductivities as a function of MWCNT loading. Pure PA12
lm is completely insulating and conductivity gradually
increases with the addition of CNTs, which exhibit a clear
percolation behavior. At 1 wt% MWCNT loading, the electrical
conductivity increases sharply from 10�8 S m�1 to 11.2 S m�1,
which is an increase of eight orders of magnitude. Conduc-
tivity of the CTFs with 5 wt%, 10 wt%, and 15 wt% loadings are
162.6 S m�1, 533.3 S m�1, and 775.2 S m�1, respectively.
According to classical statistical percolation theory,42 the
percolation threshold for the CTFs can be calculated. The
relationship is given by the scaling law shown in eqn (4)
Fig. 3 Electrical conductivity of CTFs with various loadings of
MWCNTs (inset: log–log plot of the conductivity versus F � FC).

26914 | RSC Adv., 2018, 8, 26910–26921
s ¼ s0 � ðF � FCÞt (4)

where s is the conductivity of the system, s0 is the conductivity
of the nanoller, F is the mass fraction of the llers, FC is the
ller concentration at the percolation threshold, and t is the
critical exponent; the critical exponent depends on the dimen-
sionality of the conductivity network. The values of s are
approximately 1.6–2 in a 3D system and 1–1.3 in a 2D system.FC

and t were determined via a least square tting of the experi-
mental data; F is an independent variable, and s is a dependent
variable. The inset of Fig. 3 shows the experimental values of
conductivity plotted as log s versus log(F � FC), and the values
of FC and t were varied until the best linear t with minimum
error was obtained for the plot. The tting results show that the
CTF composite system has a low critical concentration (FC ¼
0.2 wt%). The critical exponent (t) is 1.26, and this low critical
exponent indicates that a complete conductive path was formed
in the lm and generally follows a 2D model because of
restricted electron hopping between MWCNTs in the transverse
direction.

Fig. 4 shows SEM images of the 10 wt% MWCNTs lm aer
perforation. Holes (each about 1 mm in diameter) are
arranged in an orderly manner with spacing of about 2 mm.
The high porosity enables epoxy penetration through the
laminate structure. As can be seen in higher magnication
images, the CNTs embedded in the matrix are curved and wavy
(due to high loading). Several authors have found that wavi-
ness has a negative effect on percolation, the percolation
threshold having been found to increase with increasing CNT
waviness.43–46 A large number of interlaced, individual
MWCNTs and loose aggregates are uniformly distributed in
the matrix and form a dendritic conductive network structure.
Researchers have reported that a dendritic network formed by
uniformly dispersed MWCNT aggregates may be more
conducive to electron transfer.47,48 Therefore, it may be more
effective to increase the conductivity of the CF/EP composite
laminates by introducing uniformly dispersed micro-sized
MWCNT aggregate CTF between the layers. Fig. S1† shows
the UV-vis spectra of the prepared CNT suspensions (15 wt%);
the spectra were recorded aer the suspensions were stored
for different lengths of time (one hour, one week, and one
month). There is no signicant change in peak absorption
(263 nm). Over time, there is only a small change in peak
absorption, and there is no obvious sediment aer one month,
indicating that the suspension was stable.
Fig. 4 SEM images of CTF with 10 wt% MWCNTs loading: (a) at low
magnification and (b) local high magnification image.

This journal is © The Royal Society of Chemistry 2018
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3.2. Electrical conductivity of CF/EP composite laminates

Control samples and composite laminates interleaved with
unmodied andmodied CTFs with different MWCNT loadings
were prepared at the same conditions for this conductivity
study. Fig. 5 shows average values of volume electrical
conductivity changes in the ber direction (X-direction), trans-
verse direction (Y-direction), and through-thickness direction
(Z-direction). We can observe from the experimental results
there were no signicant changes in conductivity along the ber
direction (X-direction) for all of the test samples. The values are
all about 20 000 S m�1; indicating, as expected, that the inter-
leaving does not affect the electrical properties in the ber
direction. The laminate interleaved with a pure PA lm is
nonconductive in the Z-direction; the volume electrical
conductivity is lower than 10�6 S m�1, and the conductivity in
the Y-direction also decreases. These observations are attrib-
uted to the insulating PA lm hindering ber contact in the
thickness direction so that a conductive path is not formed.6

However, for the samples interleaved with CTFs, conductivities
in the Y and Z-directions both increase as the MWCNT loading
increases in the lm. The trend then plateaus when the weight
fraction of CNTs in the lm reaches 5 wt%. The increase is
obviously attributed to the excellent electrical conductivity of
the MWCNTs and to reduced electrical resistance of the inter-
laminar resin-rich region. When the mass fraction of MWCNTs
in the lm is greater than 10%, the electrical conductivity of the
composite laminate does not increase signicantly. As can be
seen from Fig. 5, the conductivity of the laminate interleaved
with the plasma treated CTFs shows a slight improvement
compared to that of the laminate interleaved with unmodied
CTFs. Conductivities of the composite laminate PC10-M in the
Y- and Z-directions are 36.8 S m�1 and 0.18 S m�1, respectively,
which are 2-fold and 21-fold improvements compared to the
control sample. In this case, the weight fraction of MWCNTs is
equal to only 0.7 wt% of the entire composite laminate.
Fig. 5 Conductivities of composite samples and the control sample.
Conductivities in the fiber direction (X-direction), transverse direction
(Y-direction), and through-thickness direction (Z-direction) of the
composite interleaved with unmodified and modified interleaves with
various MWCNT loading.

This journal is © The Royal Society of Chemistry 2018
Compared with the experimental results reported in the litera-
ture, the improved electrical conductivity observed in our
investigation is signicant. For example, in a previous study
SWCNTs were sprayed onto the surface of prepregs to prepare
a laminate, and the conductivity in the thickness direction
improved by 144% for 2 wt% SWCNT compared to without
SWCNTs.49 The electrical conductivity of a CF/EP composite
laminate that incorporated copper chloride and 3 wt% carbon
black increased by 54% and 45% in the transverse and through-
thickness directions, respectively.5 Out-of-plane electrical
conductivity of a laminate with 2 vol% GNPs improved by more
than 200% compared with that of a laminate without GNPs.50

Another study reported that carbon ber-based laminates that
included a 0.1 wt% MWCNT-doped resin led to a 30% increase
in through-thickness electrical conductivity.51 The conductivity
enhancements achieved in this study are important and bring
the composite into the lightning strike protection (LSP) and
electromagnetic interference (EMI) shielding range of
conductivities.

Fig. 6 shows SEM images of the cross-section of the inter-
leaved sample PC10-M. The cross-section of the nonsputtered
sample is shown in Fig. 6a. The periodic stack structure is
obvious, and the bright zone represents the CTF interlayers,
which indicate lower resistivity than the dark zone.12 Fig. 6b–f
show a close observation of the cross-section of the interleaved
specimen with plasma-treated 10 wt% CTF. Part of the PA phase
was chemically etched with DMF under ultrasound before SEM
observation, and this shows that a more interconnected
conductive network formed through a bridging of the carbon
nanotubes between CTF and CF/EP and between the carbon
bers. These observations can be clearly seen in local magnied
images (Fig. 6d–f). Therefore, improved conductivity is mainly
attributed to the presence of a large number of conductive
networks that reduce the electrical resistance of the resin-rich
region.
3.3. Mode I interlaminar fracture toughness

Interlaminar fracture toughness of composite laminates inter-
leaved with the CTFs that had MWCNT loadings of 0, 5, 10, and
15 wt% was also investigated. Fig. 7 shows typical load-crack
opening displacement (COD) curves obtained using average
values from DCB tests of ve specimens for each type of lami-
nate interleaved with unmodied (PC0, PC5, PC10, and PC15)
and modied interlayer lms (PC0-M, PC5-M, PC10-M, and
PC15-M) and for CS of laminates. As can be observed in Fig. 7,
the load increases rapidly in the initial loading stage. The crit-
ical loads at the peak of the curve for the unmodied inter-
leaved samples show a decrease compared to control samples,
and the load drops rapidly aer the peak. With an increase in
the MWCNT loading in the lm, the decrease is more signi-
cant, and a shorter crack opening displacement is observed.
These indicate a rapid failure mode during loading. However,
critical loads of the modied CTF-interleaved laminates (PC5-
M, PC10-M, and PC15-M) are higher than those of the CS and
are maintained at a high load plateau. However, there is a slight
decrease in the critical load of sample PC0-M compared to that
RSC Adv., 2018, 8, 26910–26921 | 26915
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Fig. 6 SEM images of DMF etched cross-section of PC10-M. (a) The surface was not sputtered with gold, and (b–f) conductive networks formed
via MWCNTs between the CTF and CF/EP.

Fig. 7 Comparison of typical DCB load–displacement curves for
composites with different interlayers: (a) CS, PC0, and PC0-M, (b) PC5
and PC5-M, (c) PC10 and PC10-M, and (d) PC15 and PC15-M.
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of the CS. The load–displacement curves of modied CTF-
interleaved laminates uctuate more obviously with crack
growth. This indicates a ductile fracture mode behavior. As the
MWCNT content increases in the lm, the highest loads occur
in the case of PC10-M, which is about 44% higher than that of
26916 | RSC Adv., 2018, 8, 26910–26921
the CS. However, as the MWCNT loading increases further
(PC15-M), there is a slight decrease in the critical load
compared to that of PC10-M.

Fig. 8 shows comparisons of calculated mode I interlaminar
fracture toughness as a function of crack length (R-curves).
Fig. 9 shows the corresponding values of GIC and GIR with added
error bars to represent Mode-I initial fracture toughness and
fracture resistance, respectively. The value of GIC was obtained
from the initial point of cracking for R-curves (50 mm), and the
value of GIR is the average value of fracture toughness within the
range of crack lengths from 60 mm to 80 mm in the R-curves.
The results show that the trend in R-curves is similar to the
load–displacement curve (Fig. 7). The unmodied lm inter-
layer had a negative effect on the interlaminar fracture tough-
ness, and this effect increases with an increase in CNT loading.
Fracture toughness is signicantly lower than that of the control
sample and was almost invariant with crack propagation. This
may be mainly attributed to the weak interfacial interaction
between the CTF and CF/EP. This test result for the unmodied
interleaved samples is similar to the results reported in other
research that also used PA12 modied with nanoparticles as the
interleaf material.52 In this work, although the fracture tough-
ness values of sample PC0-M did not show a signicant
improvement, the test results of laminates interleaved with
This journal is © The Royal Society of Chemistry 2018
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Fig. 8 Mode-I fracture toughness-crack length curves for composites with different interlayers: (a) CS, PC0, and PC0-M, (b) PC5 and PC5-M, (c)
PC10 and PC10-M, and (d) PC15 and PC15-M.

Fig. 9 Comparison of Mode-I fracture toughness and resistance for
composites interleaved with modified films with various MWCNT
loadings.
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modied CTFs have signicantly improved fracture toughness
values compared with those of the control samples and
unmodied lm counterparts. This indicates the toughening
effect of the CNTs. Fig. 9 clearly shows a slight increase in the
GIC value of the PC0-M laminate, whereas the fracture resistance
(GIR) slightly decreases compared with that of the control
sample. As the carbon nanotube content in the lm increase,
both GIC and GIR increase up to maximum value for the PC10-M
sample. The maximum values of GIC and GIR are 0.51 kJ m�2

and 0.83 kJ m�2, respectively, equivalent to increases of 59.3%
and 112.8% compared to the control sample values of 0.3 kJ
This journal is © The Royal Society of Chemistry 2018
m�2 and 0.45 kJ m�2, respectively. The values of GIC and GIR

then decrease slightly with a further increase to 15 wt% of
added MWCNTs. This may be due the presence of agglomerates
which would provide stress concentration sites.
3.4. Fracture toughness mechanism

3.4.1 FTIR analysis. FTIR spectra for pure PA12, oxygen
plasma-treated pure PA12 lm, CTF with 10 wt% MWCNT
loading, and oxygen plasma-treated CTF with 10 wt% MWCNT
loadings are shown in Fig. 10. The peak at 3480 cm�1 corre-
sponds to the O–H stretching vibration and was detected in
spectra of plasma-treated pure and doped lms. The peak at
3415 cm�1 corresponds to the N–H stretching vibration and is
observed in all four spectra; this is attributed to the PA amide
group (–CONH–). However, the shape of the peak at 3415 cm�1

is sharper in the plasma-treated sample. This may be because of
residual nitrogen in the discharge chamber during plasma
processing. Similarly, the peak at 1640 cm�1 corresponds to the
C]O stretching vibration, and this peak is sharper aer oxygen
plasma treatment. The spectra of the oxygen plasma-treated
doped lm exhibit other peaks at 1380 cm�1 and 1070 cm�1,
and these may correspond to the –COO symmetrical stretching
vibration and the C–O stretching vibration.38

The FTIR results demonstrate that reactive functional groups
have been incorporated onto the surfaces of both the unlled
PA12 lm and CTF aer oxygen plasma treatment. Increased
functional groups enhance the surface compatibility and reac-
tivity of CTF so that it can chemically bond to the epoxy matrix,
which leads to improved interfacial compatibility.53,54 Chemical
bonding at the interface seems to be closely related to ring-
opening reactions between epoxide groups of the epoxy matrix
RSC Adv., 2018, 8, 26910–26921 | 26917
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Fig. 10 FTIR spectra of (a) pure PA12 film, (b) oxygen plasma-treated
pure PA12 film, (c) CTF with 10 wt% MWCNT loading, and (d) oxygen
plasma-treated CTF with 10 wt% MWCNT loading.
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and active hydrogen-containing functional groups of the
modied CTF. Fig. 11 shows possible ring-opening reactions
between the epoxy and introduced active hydrogen-containing
functional groups on the surface of the CTF. Creation of
a chemically bonded interface is likely to be of great benet for
stress transfer in the interlaminar region of CF/EP composites.

3.4.2 Fracture morphology. Fracture surfaces were care-
fully analyzed to explore the enhancement mechanism of CTF
aer plasma treatment. Fig. 12 shows fracture surface
morphologies of composite laminates aer the DCB test. As
shown in Fig. 12a, the fracture surface of the control sample
laminates exhibits a typical brittle fracture characteristic with
exposed clean ber bundles. Fracture surfaces of the PC0 and
PC0-M laminates are shown in Fig. 12b and c, respectively. The
fracture surface of PC0 is relatively smooth and at (Fig. 12b),
and this indicates weak resistance to crack propagation. In
contrast, a protruding shape (indicated by the black dashed
arrow) on the fracture surface of the laminate interleaved with
modied pure PA12 lm can be observed in Fig. 12c. It is likely
that toughening was caused by good interfacial adhesion
between the lm and CF/EP, and this is proved by a high
magnication image of the rough rupturemorphology shown in
Fig. 11 Possible interfacial reactions between modified films and the ep

26918 | RSC Adv., 2018, 8, 26910–26921
the inset of Fig. 12c. A phase separation structure can be
observed. Plasma treatment can introduce active hydrogen-
containing functional groups into the polymer chains on the
surface of the lm, and this is shown in the FTIR analysis. Active
hydrogen-containing functional groups can participate in the
curing reaction of the epoxy resin and make it possible to
enhance the interfacial adhesion through chemical covalent
bonds. This provides an explanation for the improved value of
GIC for PC0-M compared to that of PC0. Fig. 12d and e show the
fracture surfaces of PC10 and PC10-M samples, and there is
a distinct difference between these surfaces. For PC10
(Fig. 12d), the fracture surface is at, and at higher magnica-
tion, it can be seen that many MWCNT bundles were pulled out
(inset in Fig. 12d). This may be because of the chemically inert
surface of the CTF, which leads to poor adhesion with the epoxy.
Fig. 12e shows that the fracture surface of the PC10-M is
rougher. The vertical fracture surfaces (red solid arrow) indicate
that the crack deects into the interior of the CTF, which might
occur at carbon nanotube aggregates; this shows a zigzag crack
propagation path. Also, we can observe grooves le from ber
debonding between the CTF and CF/EP in Fig. 12f, and this
indicates a good combination. In addition, Fig. S2† shows cross-
sections of PC10 and PC10-M in the ber direction at low
magnication. In Fig. S2a,† the interface between the inserted
lm and the CF/EP phase is clearly visible. However, the inter-
face becomes obscured aer plasma treatment (Fig. S2b†), and
this is because plasma treatment increased interfacial
compatibility. Also, in a higher magnication image (Fig. 12g),
it can be observed that a large number of carbon nanotubes
were pulled out (indicated by the black dot oval) in the vertical
fracture surfaces, and these hindered the growth of cracks via
a bridging effect. The crack propagates with a large amount of
such crack deections; combined with carbon nanotube
bridging, this indicates that a large amount of fracture energy
can be dissipated and absorbed.

Fig. 12h shows the interfacial morphology of the CTF and the
epoxy matrix, and this provides additional useful evidence for
strong interfacial adhesion and conrms the cohesive failure
mode. The fracture surface between the CTF and the epoxy
matrix exhibits irregular morphology and nanoscale phase
separation at the two-phase interface. This may indicate that the
surface of the CTF aer plasma treatment is activated via the
introduction of hydrogen-containing functional groups to
improve interfacial compatibility. Phase separation formed
oxy matrix.

This journal is © The Royal Society of Chemistry 2018
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Fig. 12 Comparison of SEM images of fracture surfaces of the composites with different interlayers: (a) CS, (b) PC0, (c) PC0-M, (d) PC10, and (e–
h) PC10-M.
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with the help of the curing dynamics of the epoxy resin.29 This
nanoscale phase separation structure contributes to the greater
energy absorption abilities of the matrix while maintaining its
mechanical and thermal properties.19 A lot of shear band
structures (indicated by the blue dashed arrow) can be observed
in a higher magnication image of the fracture surface. In
contrast, this phenomenon is not observed in PC0-M (Fig. 12c),
and this may be because debonding and pull-out of CNTs
promote plastic deformation of the surrounding matrix, dissi-
pating more fracture energy.55 All of these observations
contribute to the increased interlaminar fracture toughness of
the CF/EP laminates interleaved with plasma-treated CTF.
This journal is © The Royal Society of Chemistry 2018
3.4.3 Stress transfer model. Fig. 13 shows a schematic
model of stress transfer in the interlaminar region of the CF/EP
composites with different interlayer lms. As shown in Fig. 13a,
the unmodied pure PA12 lm interlayer did not improve
toughness, and there was weak resistance against delamination
at the interface. Fig. 13b shows the crack propagation behavior
of the composites with the modied pure PA12 interlayer lm.
The presence of chemical bonds between the interfaces led to
effective stress transfer from the resin matrix to the PA polymer
chains. Ductile deformation of the PA chain dissipates more
fracture energy. In addition, cracks are deected or pinned at
the interfacial layer of the plasma-treated pure PA12 lm
RSC Adv., 2018, 8, 26910–26921 | 26919
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Fig. 13 Schematic model of stress transfer in the interlaminar region of composites with different interlayers: (a) PC0, (b) PC0-M, (c) PC10, and
(d) PC10-M.
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interlayered composite. Fig. 13c shows the crack propagation
behavior of the unmodied CTF interlayer composites. Because
of poor interfacial adhesion, MWCNT agglomerates are
considered to be points of stress concentration that can accel-
erate crack propagation. Fig. 13d shows the crack propagation
behavior of the composites with the modied CTF. Strong
interfacial bonding and bridging of MWCNT-EP at the interface
result in crack deection andmore effective stress transfer from
the resin matrix and carbon ber to the CTF system. A network
of MWCNT aggregates facilitates stress redistribution in the
layer, and combined with the bridging effect of the MWCNTs,
this network effectively mitigates the advance of the crack front
and inhibits propagation of cracks.

4. Conclusions

In this work, the effect of MWCNT-doped PA12 lm interleaves
on the electrical conductivity and interlaminar toughness of CF/
EP laminates was systematically investigated. Interleaving the
MWCNT-doped lm signicantly increased electrical conduc-
tivity of the CF/EP composite laminates and the conductivity of
laminates interleaved with oxygen plasma-treated MWCNT-
doped lm was signicantly improved compared to that
without plasma treatment. Experimental results show that
electrical conductivities in the Y and Z-directions of laminates
interleaved with 10 wt% MWCNT-doped lm aer plasma
treatment increased 2-fold and 21-fold, respectively, compared
to the control sample. This is attributed to the increased dis-
persibility of CNTs in the resin matrix because of better
26920 | RSC Adv., 2018, 8, 26910–26921
dissolution of the doped lm in the composite system, and this
further reduced the resistance of the resin-rich region. Inter-
laminar toughening of CF/EP composite laminates was also
achieved via interleaving of plasma-treated, porous MWCNT-
doped lms. DCB test results demonstrated that Mode-I frac-
ture toughness (GIC) and resistance (GIR) of the plasma treated
10 wt% MWCNT-doped lm laminates increased by 59.3% and
112.8%, respectively. Enhanced interlaminar toughening was
mainly attributed to chemical bonds formed at the interface of
the doped system and CF/EP composite; chemical bonding
improved interfacial adhesion and resulted in good stress
transferability from the brittle epoxy matrix to the ductile PA
phase. This combined with CNT pull-out and CNT bridging
resulted in tougher laminates. This research is important for
simultaneously improving the interlaminar facture toughness,
and the LSP and EMI properties of CFRP used in the aerospace
industry.
Conflicts of interest

There are no conicts to declare.
Acknowledgements

This work is supported by Sichuan Science and Technology
Program (2017HH0086, 2017JY0152), Education Department of
Sichuan Province (17ZB0462), Innovative Research Team of
Southwest Petroleum University (2017CXTD01).
This journal is © The Royal Society of Chemistry 2018

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c8ra05366a


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 3

0 
Ju

ly
 2

01
8.

 D
ow

nl
oa

de
d 

on
 7

/1
8/

20
25

 3
:2

2:
25

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
References

1 C. Soutis, Mater. Sci. Eng., A, 2005, 412, 171–176.
2 G. Marsh, Reinf. Plast., 2010, 54, 20–24.
3 S. Kotha, D. G. Olesen, R. Nolan, P. M. Condit, Harvard
Business School Case Study, 2005, 9-305.

4 W. G. Roeseler, B. Sarh and M. U. Kismarton, in 16th
International conference on composite materials, 2007, pp. 1–
41.

5 D. Zhang, L. Ye, S. Deng, J. Zhang, Y. Tang and Y. Chen,
Compos. Sci. Technol., 2012, 72, 412–420.

6 M. Guo, X. Yi, G. Liu and L. Liu, Compos. Sci. Technol., 2014,
97, 27–33.

7 Y. J. Kim, T. S. Shin, H. D. Choi, J. H. Kwon, Y. C. Chung and
H. G. Yoon, Carbon, 2005, 43, 23–30.

8 E. J. Garcia, B. L. Wardle, A. J. Hart and N. Yamamoto,
Compos. Sci. Technol., 2008, 68, 2034–2041.

9 D. Xiang, E. Harkin-Jones, J. Guo, Z. Chen, Q. Zhang,
A. Kumar and B. Chen, Mater. Test., 2017, 59, 136–147.

10 D. Xiang, L. Wang, Y. Tang, C. J. Hill, B. Chen and E. Harkin-
Jones, Int. J. Mater. Res., 2017, 108, 322–334.

11 Y. Li, H. Zhang, Z. Huang, E. Bilotti and T. Peijs, J.
Nanomater., 2017, 2017, 1–10.

12 M. Guo and X. Yi, Carbon, 2013, 58, 241–244.
13 J. N. Coleman, U. Khan, W. J. Blau and Y. K. Gun’Ko, Carbon,

2006, 44, 1624–1652.
14 M. F. De Volder, S. H. Tawck, R. H. Baughman and

A. J. Hart, Science, 2013, 339, 535–539.
15 L. Zhu, Y. Sun, D. W. Hess and C. P. Wong, Nano Lett., 2006,

6, 243–247.
16 D. Xiang, L. Wang, Y. Tang, E. Harkin-Jones, C. Zhao and

Y. Li, Mater. Lett., 2017, 209, 551–554.
17 C. Mattevi, G. Eda, S. Agnoli, S. Miller, K. A. Mkhoyan,

O. Celik, D. Mastrogiovanni, G. Granozzi, E. Garfunkel and
M. Chhowalla, Adv. Funct. Mater., 2009, 19, 2577–2583.

18 B. Ahmadi-Moghadam and F. Taheri, Eng. Fract. Mech., 2015,
143, 97–107.

19 D. W. Y. Wong, L. Lin, P. T. McGrail, T. Peijs and P. J. Hogg,
Composites, Part A, 2010, 41, 759–767.

20 V. Kostopoulos, A. Baltopoulos, P. Karapappas,
A. Vavouliotis and A. Paipetis, Compos. Sci. Technol., 2010,
70, 553–563.

21 N. Sela and O. Ishai, Composites, 1989, 20, 423–435.
22 H. Ning, J. Li, N. Hu, C. Yan, Y. Liu, L. Wu, F. Liu and

J. Zhang, Carbon, 2015, 91, 224–233.
23 F. Liu, N. Hu, J. Zhang, S. Atobe, S. Weng, H. Ning, Y. Liu,

L. Wu, Y. Zhao and F. Mo, RSC Adv., 2016, 6, 66658–66664.
24 X. Zhang, G. Liu, G. Dang, W. Li, J. Zhang, H. Zhou, C. Chen

and J. Bao, High Perform. Polym., 2016, 29, 533–543.
25 P. J. Hogg, Mater. Sci. Eng., A, 2005, 412, 97–103.
26 N. A. Siddiqui, R. S. C. Woo, J. K. Kim, C. C. K. Leung and

A. Munir, Composites, Part A, 2007, 38, 449–460.
27 X. Zhang, X. Fan, C. Yan, H. Li, Y. Zhu, X. Li and L. Yu, ACS

Appl. Mater. Interfaces, 2012, 4, 1543–1552.
This journal is © The Royal Society of Chemistry 2018
28 Y. Zhu, C. E. Bakis and J. H. Adair, Carbon, 2012, 50, 1316–
1331.

29 H. E. Romeo, I. A. Zucchi, M. Rico, C. E. Hoppe and
R. J. J. Williams, Macromolecules, 2013, 46, 4854–4861.

30 C. B. Bucknall and I. K. Partridge, Polym. Int., 2010, 15, 71–
75.

31 M. Arnold, M. Henne, K. Bender and K. Drechsler, Polym.
Compos., 2015, 36, 1249–1257.

32 K. L. White and H. J. Sue, Polymer, 2012, 53, 37–42.
33 M. C. Wang, Z. B. Lai, D. Galpaya, C. Yan, N. Hu and

L. M. Zhou, J. Appl. Phys., 2014, 115, 223103–223890.
34 Y. Zare, Polym. Test., 2016, 51, 69–73.
35 C. Dispenza, G. Spadaro, J. T. Carter and P. T. McGrail,

Polym. Eng. Sci., 2001, 41, 1486–1496.
36 J. S. Park, S. S. Park and S. Lee, Macromol. Symp., 2007, 249–

250, 568–572.
37 Y. Y. Ju, J. Jun and S. Kwak, Appl. Surf. Sci., 2010, 256, 6941–

6944.
38 W. Qi, X. Wang, Z. Chai andW. Hu, Chem. Soc. Rev., 2013, 42,

8821–8834.
39 X. Wang, Q. Fan, Z. Chen, Q. Wang, J. Li, A. Hobiny,

A. Alsaedi and X. Wang, Chem. Rec., 2016, 16, 295–318.
40 J. Workman Jr and A. W. Springsteen, Applied Spectroscopy,

Academic Press, 1998.
41 L. Jiang, L. Gao and J. Sun, J. Colloid Interface Sci., 2003, 260,

89–94.
42 D. Xiang, L. Wang, Y. Tang, C. Zhao, E. Harkin-Jones and

Y. Li, Polym. Int., 2018, 67, 227–235.
43 L. Berhan and A. M. Sastry, Phys. Rev. E: Stat., Nonlinear, So

Matter Phys., 2007, 75, 041121.
44 J. Z. Kovacs, K. Andresen, J. R. Pauls, C. P. Garcia,

M. Schossig, K. Schulte and W. Bauhofer, Carbon, 2007, 45,
1279–1288.

45 F. Dalmas, R. Dendievel, L. Chazeau, J. Y. Cavaillé and
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