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A B S T R A C T

The carbon nanotubes/carbon fiber/poly (ether ether ketone) (CNTs/CF/PEEK) multiscale composites with
excellent properties were prepared by introducing treated CNTs (t-CNTs) into CF/PEEK composites using pre-
preg spraying method. The effect of t-CNTs content on the mechanical performance of composites such as in-
terlaminar shear strength (ILSS), flexural strength and flexural modulus were investigated. The results indicated
that the ILSS, flexural strength and flexural modulus of CNTs/CF/PEEK composites were increased by 35.8%,
25.4% and 23.7% after 0.5 wt% t-CNTs introducing. The surface of prepregs and cross-section of the composites
displayed evenly t-CNTs dispersion and strong fiber-resin adhesion by scanning electron microscope observation.
With the addition of t-CNTs, the electrical conductivity and thermal conductivity of CNTs/CF/PEEK composites
were also markedly improved, in comparison with that of CF/PEEK composites. This suggested that the prepreg
spraying method was an effective approach to coat t-CNTs on CF/PEEK prepregs and enhance the performance of
CNTs/CF/PEEK composites.

1. Introduction

Carbon fiber reinforced polymer composites (CFRPs) have been
widely used in aerospace, automotive, marine over the past few dec-
ades, due to their low weight and superior mechanical properties [1–3].
To meet the rising demand in structural damage sensing, structural
batteries and anti-lighting strike applications, CFRPs with specific types
of enhanced functionality, such as electrical conductivity and thermal
conductivity, are required [4,5]. However, the multifunctional use of
CFRPs is frequently limited by poor interfacial properties, low electrical
and thermal conductivity when they are used in above-mentioned ap-
plication. To solve these problems, multiscale composites should be
prepared by introducing nanofillers into CFRPs, which would further
improve the mechanical, electrical and thermal properties of CFRPs
[6–10].

Carbon nanotubes (CNTs) show high specific surface area and as-
pect ratio, combined with excellent mechanical, electrical and thermal
properties, so they are promising candidate nanofillers for developing
of multifunctional composites [11–14]. Generally, CNTs were in-
corporate into fiber reinforced polymer composites (FRPs) system by
dispersing it into matrix [13,14], growing or grafting on the fibers
surface [15,16] and inserting CNTs buckypaper on laminar interface
[11]. These approaches could enhance multifunctional properties of

composites, but most studies related to multiscale composites focus on
thermosetting resin. The reports on thermoplastics composites are
scarce, especially for high-performance thermoplastic composites. The
reason may be thermoplastic composites with a highly viscous matrix,
thus it is difficult to effectively manufacture CNTs-integrated thermo-
plastic laminates. For example, CNTs/glass fiber/PEEK composite was
obtained through mixing CNTs and PEEK resin, where the prepared
composite showed excellent ILSS, electrical conductivity and thermal
conductivity [13]. CNTs/glass fiber/PA-6 composite was prepared by
firstly mixing the CNTs and PA-6 resin [14]. The dispersion of CNTs
within the matrix resin will leads to an increase of matrix viscosity,
which is incompatible with manufacturing thermoplastic composites.
Besides mixing CNTs with matrix resin, directly depositing CNTs on
carbon fiber was another method to prepare CNTs-integrated thermo-
plastic laminates. CNTs/CF/PP composite was prepared by firstly
coating CNTs on fiber surface using chemical vapor deposition (CVD)
[15]. However, this method is complex and it is unfavorable for its
large-scale manufacture. Because of the drawbacks of above-mentioned
methods, it is urgent and important to find a facile approach for the
preparation of CNTs-integrated thermoplastic composites.

As a high-performance thermoplastic composites, carbon fiber/poly
(ether ether ketone) (CF/PEEK) composites exhibit a unique combina-
tion of superior mechanical properties, chemical and flame resistance,
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hydrothermal and dimensional stability, cost-effective processing and
recyclability [17–19]. Owing to its superior performance, CF/PEEK has
been widely applied in electronics, oil-gas, marine and aerospace in-
dustries [20–22]. However, the stronger mechanical properties and
multifunctional properties of CF/PEEK composites are needed to meet
more demanding applications. In this work, to develop its structural
and multifunctional applications, CNTs/CF/PEEK multiscale compo-
sites were prepared by directly spraying t-CNTs onto CF/PEEK pre-
pregs, which is prepreg spraying method. The resultant prepregs plies
were then stacked and consolidated by compression molding. It was
illustrated that the prepreg spraying method was well compatible with
the current continuous carbon fiber reinforced high-performance ther-
moplastic composites manufacturing process. Moreover, the effect of t-
CNTs on the interlaminar shear strength (ILSS), flexural strength and
flexural modulus as well as electrical conductivity and thermal con-
ductivity of CNTs/CF/PEEK multiscale composites were also system-
atically investigated.

2. Experimental

2.1. Materials

The unidirectional CF/PEEK semi-prepregs used in this study were
supplied by the Institute of Coal Chemistry, Chinese Academy of
Sciences, and the basic characteristics are listed in Table 1. Toray T700S
was selected to prepare CF/PEEK semi-prepregs. Multi-walled carbon
nanotubes (MWCNT, diameter of 10–20 nm, length of 10–30 μm) were
purchased from Boyu New Material Technology Co. Ltd. (China). Prior
to using, CNTs were treated by a mixture of H2SO4 and HNO3 (3:1 V/V)
under ultrasonic treatment for 8 h to form the oxygen functional group
on CNTs surfaces at room temperature, which would conducive to CNTs
dispersion. Thereafter, the treated CNTs were washed by deionized
water and vacuum-dried for use, and it was denoted as t-CNTs.

2.2. Preparation of CNTs/CF/PEEK multiscale composites

The preparation process of CNTs/CF/PEEK multiscale composites
was depicted in Scheme 1. Firstly, the CF/PEEK prepregs were cut into
70mm×70mm ply. The different content of t-CNTs (0.1 wt%, 0.3 wt
%, 0.5 wt% and 1.0 wt%) were dispersed in deionized water under

ultrasonic treatment. It should be noticed that the content of t-CNTs
was calculated on the basis of weight ratio of CF/PEEK prepregs. Then
the t-CNTs dispersion was sprayed onto the CF/PEEK prepregs by spray
gun (with an exit diameter of 0.2mm). In order to speed up the eva-
poration of water, the heating plate was used and the temperature was
set as 120 °C. 16 plies of CF/PEEK prepregs with t-CNTs were stacked by
handing lay-up. Finally, the CNTs/CF/PEEK composite panels were
manufactured by compression molding at 400 °C for 1 h at 30MPa. The
composite panels were cut into specified samples by a diamond saw
blade for characterization. For the sake of comparison, the CF/PEEK
composites without t-CNTs were also prepared by aforementioned
procedures.

2.3. Characterization

2.3.1. X-ray photoelectron spectroscopy analysis
The surface chemical composition and functional groups on un-

treated CNTs (u-CNTs) and t-CNTs were characterized by X-ray pho-
toelectron spectroscopy (AXIS ULTRA DLD, Japan) with an Al Kα X-ray
source. The test thickness of sample is 1–3 nm and the results of sample
were analyzed by XPSPeak software.

2.3.2. Morphology and dispersion state analysis
The morphology of t-CNTs on prepregs and the fracture surface of

composites after mechanical test were characterized by a field emission
scanning electron microscope (FE-SEM, JSM-7001F, Japan) at an ac-
celerating voltage of 10 kV. The specimens were coated with Au-Pd
alloy layer to avoid charge accumulation.

The dispersion state of t-CNTs on CF was characterized by energy
dispersive spectroscopy (EDS) at an accelerating voltage of 15 kV.

2.3.3. Short-beam shear tests
Short-beam shear (SBS) tests were performed to determine the ILSS

of CNTs/CF/PEEK composites according to ASTM D2344. It was con-
ducted by a Universal Testing Machine (AG-10kN, Japan) with three-
point bending (TPB) testing mode at a constant speed of 1.0 mm/min
and a span-to-thickness ratio of 4. The ILSS values (τILSS) were calcu-
lated using Eq. (1):

Table 1
Basic characteristic of unidirectional CF/PEEK semi-prepreg.

Prepreg type Resin content
(wt%)

Density (g/cm3) Thickness (mm) Width (mm)

CF/PEEK 30 ± 3 1.61 ± 0.02 0.125 ± 0.01 70 ± 0.5

Scheme 1. The preparation process of CNTs/CF/PEEK composites. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this
article.)

Scheme 2. Schematic of electrical conductivity test.
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where b is the width of specimen and h is the thickness of specimen. The
Pm was the maximum load during measuring. At least five samples were
recorded for each specimen in above tests.

2.3.4. Flexural properties test
The 0° flexural tests of CF/PEEK and CNTs/CF/PEEK were also

conducted by a Universal Testing Machine (AG-10kN, Japan) with TPB
testing mode at a constant speed of 1.0mm/min and a span-to-thickness
ratio of 25 in accordance with ASTM D7264. The specimen width was
13mm and the specimen length was at least 20% longer than the
support span. The flexural strength (σf) and flexural modulus (Ef) were
calculated using Eqs. (2) and (3):

=σ P L
bh

3
2

m
f 2 (2)

=E L m
bh4f
3

3 (3)

where L is the support span; b is the specimen width; h is the specimen
thickness; Pm is the maximum load and m is the slop of the secant of the
force-deflection curve. Also, at least five samples were recorded for
each specimen in above tests.

2.3.5. Electrical conductivity measurements
Electrical conductivity (σ) was calculated using Eq. (4):

=σ
ρ
1

(4)

And electrical resistivity (ρ) was calculated using Eq. (5):

=ρ R S
L (5)

where R is the electrical resistance of composites. The S and L are the
cross-sectional area and the length along the direction of materials re-
sistance, respectively. R was measured in two directions (fiber axial
directions and through-thickness) by DC low resistance tester (GF
2516A, China). In the test, conductive foam was used to eliminate
contact resistance (Rfoam < 80mΩ). Before test, specimens were not
polished based on the practical application of composites, thus the CF

Fig. 1. The XPS wide-scan spectra of (a) u-CNTs and (b) t-CNTs. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Table 2
Surface elemental composition of u-CNTs and t-CNTs (%).

C1s O1s N1s O/C

CNTs BE/eV AC/at.% BE/eV AC/at.% BE/eV AC/at.% (%)

u-CNTs 284.45 94.29 532.55 5.25 400.20 0.46 5.57
t-CNTs 284.40 89.74 532.65 9.72 400.10 0.53 10.83

Fig. 2. C1s peak-fitting results: (a) u-CNTs and (b) t-CNTs. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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was not revealed. The schematic of electrical conductivity test was
depicted in Scheme 2.

2.3.6. Thermal conductivity measurements
The thermal conductivity (κ) of composites was calculated using Eq.

(6):

=κ αC ρp (6)

where thermal diffusion coefficient (α) was measured using a laser flash
thermal analyzer (LFA 447/2-2lnsb NanoFlash). The specific heat (Cp)
was measured by using a differential scanning calorimeter (DSC, 200
F3). The density (ρ) of composites was calculated using Eq. (7):

=ρ m
V (7)

where m is the mass of composites and V is the volume of composites.

3. Results and discussion

3.1. The X-ray photoelectron spectroscopy of CNTs

XPS was used to characterize the elemental compositions of u-CNTs
and t-CNTs surface. The wide-scan XPS spectra of CNTs are given in Fig. 1.
The peaks at around 284.45 eV and 532.55 eV could be attributed to C1s
and O1s, respectively. The binding energies (BE) of each peak and the
corresponding atomic concentration (AC) of u-CNTs and t-CNTs were
listed in Table 2. The oxygen content was increased from 5.25% to 9.72%
and the ratio of oxygen to carbon (O/C) of CNTs was increased from
5.57% to 10.83% after acid treatment, indicating that the acid treatment
introduced the oxygen functional groups on the surface of CNTs.

As shown in Fig. 2, the spectra of C1s could be fitted into five peaks,
including graphitic C (284.60 eV), phenolic or ether alcohol group
(286.10–286.30 eV), carbonyl group (287.30–287.60 eV), ester or car-
boxyl group (288.40–288.90 eV) and π–π∗ (290.40–290.80 eV) [23].
The binding energies (BE) and percent contribution (PC) of various
functional groups were listed in Table 3. It could be apparently found

Table 3
Fitting results of C1s peaks (%).

CNTs Peak assignment

Graphitic C eCeOH
eCeOR

eC]O eCOOH
eCOOR

π–π* Oxygen-containing functional group (%)

u-CNTs BE/eV 284.48 286.10 287.60 288.66 290.80 24.34
PC/% 75.66 14.88 0.29 3.40 5.77

t-CNTs BE/eV 284.49 286.10 287.60 288.79 290.80 33.64
PC/% 66.36 18.65 0.72 7.36 6.91

Fig. 3. The digital photos of CNTs dispersion: (a) u-CNTs (within 1min) and (b) t-CNTs
(after 10months).

Fig. 4. SEM images of CF/PEEK prepregs with different t-CNTs content: (a, b) 0, (c, d)
0.1 wt%, (e, f) 0.3 wt%, (g, h) 0.5 wt% and (i, j) 1.0 wt%. (The inset was SEM images with
higher magnification). (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)
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that the peaks of phenolic or ether alcohol group, carbonyl group and
ester or carboxyl group were enhanced after the acid treatment, leading
to the increment of the oxygen-containing functional groups from
24.34% to 33.64%. Therefore, the results of XPS demonstrated that the
acid treatment assisted with ultrasonic was an effective way to enhance
activated carbon atoms on CNTs surface.

Fig. 3 illustrated the digital photos of CNTs dispersion. It indicated
that u-CNTs presented poor dispersion in water and it was easily ac-
cumulated within 1min (Fig. 3a). After acid treatment, t-CNTs were
well dispersed in water after 10months (Fig. 3b), which was mainly
ascribed to the electrostatic force of oxygen functional groups on its
surfaces. The excellent dispersion of t-CNTs in water could maintain the
uniform concentration during the whole spraying process.

3.2. The morphology of prepregs

The surface morphologies of prepregs without or with t-CNTs were
shown in Fig. 4. As depicted in Fig. 4a and b, the surface of CF/PEEK
prepregs was relatively neat and the resin was spread among CF. After
spraying, the t-CNTs were evenly dispersed in CF surfaces, as well as in
resin surfaces (marked in dashed circle), as shown in Fig. 4c–j. Heating
in spraying process could well scatter the t-CNTs and prevented the
formation of agglomerates probably for the rapid evaporation of water
[24,25]. However, some agglomerates appeared when the t-CNTs
content reached 1.0 wt%, as shown in Fig. 4i–j.

Energy dispersive spectroscopy (EDS) was performed to determine
the atomic content of C, N and O, as well as the dispersion state of t-
CNTs on CF. The atomic content and the EDS mapping were listed in
Table S1 and Fig. S1, respectively. After acid treatment, the surface
oxygen content of CNTs was increased by the result of XPS. Thus, the
increased oxygen content on the surface of CF after spraying can be
attributed to the incorporating of t-CNTs. As present in Table S1, the
surface oxygen content of CF was increased with t-CNTs content in-
crement. Also, the uniform increased oxygen on CF suggested the uni-
form distribution of t-CNTs on the surface of CF (Fig. S1).

3.3. Interlaminar shear strength of composites

The SBS test is an effective technique to evaluate the ILSS, which
can reflect the combination of fiber and resin [26]. The typical load-
displacement curves of CNTs/CF/PEEK composites were presented in
Fig. 5a. The maximum load during SBS test was needed after in-
corporating t-CNTs, illustrating t-CNTs could improve the ILSS of
composite. As shown in Fig. 5b, the ILSS of CF/PEEK was 57.3 MPa,

Fig. 5. The ILSS of CNTs/CF/PEEK composites with different t-CNTs content: (a) Typical load-displacement curve and (b) interlaminar shear strength of composites. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 6. SEM images of ILSS failure surface of CNTs/CF/PEEK composites with different t-
CNT content: (a, b) 0, (c, d) 0.1 wt%, (e, f) 0.3 wt%, (g, h) 0.5 wt% and (i, j) 1.0 wt%. (For
interpretation of the references to color in this figure legend, the reader is referred to the
web version of this article.)
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while it reached to 68.8 MPa, 71.8MPa, 77.8 MPa and 76.0MPa when
0.1 wt%, 0.3 wt%, 0.5 wt% and 1.0 wt% t-CNTs were introduced into
CF/PEEK composites. The ILSS of composites with 1.0 wt% t-CNTs
slightly decreased compared with that of the composites with 0.5 wt%
t-CNTs, because high t-CNTs content was unfavorable for the impreg-
nation of CF by resin and the existence of t-CNTs aggregates (Fig. 4i and
j) also produced stress concentration region [14].

It is well known that CNTs could be incorporate into fiber reinforced
polymer composites (FRPs) by various methods, such as dispersing
CNTs in matrix, growing or grafting on the fibers surface and inserting
CNTs buckypaper into laminar interface. The PEI/MWCNT/CF com-
posites were prepared by firstly dispersing CNTs in PI film. The ILSS of
these composites were decreased after adding MWCNT compared to
their reference specimen due to CNT agglomerate effect in resin [27]. It
was worth to mention that the improvement of ILSS of 21.6% and
31.6% were obtained for the CF-CNTs composites and CF-CNTs-POSS
composites using grafting, respectively, compared with desized carbon
fiber reinforced composites [28]. However, the preparation of multi-
scale thermoplastics composites is scarce in documents, especially for
high-performance thermoplastic composites. In here, the ILSS of com-
posites was increased by 35.8% after incorporating 0.5 wt% t-CNTs by
prepreg spraying method, which was a facile approach for preparation
of the multiscale composites. Moreover, it avoids the viscosity increase
in high thermoplastic composites. Some comparison in mechanical
properties of FRPs was listed in Table S2 [7,10,27–29].

For CFRPs, the interlaminar shear failure involves several modes,
such as adhesive failure, mixed failure and cohesive failure [30]. Poor
fiber-resin interfacial adhesion will result in adhesive failure or mixed
failure, whereas strong interfacial adhesion is beneficial to stress
transfer and make the cohesive failure becomes the dominate mode.
The SEM images of composites failure surface after SBS test were dis-
played in Fig. 6. For CF/PEEK composites, part of fibers was exposed
and there were fewer resin fragments remain on CF surface (Fig. 6a and
b), illustrating the poor fiber-resin interfacial adhesion. The poor in-
terfacial adhesion restrained the load transfer between fiber and resin,
leading to the crack initiation and propagation in interface and low-
ering the ILSS. Compared with CF/PEEK composites, some resin

fragments were remained on CF surface after incorporating t-CNTs into
composites (Fig. 6c-6j), indicating the good fiber-resin interfacial ad-
hesion of CNTs/CF/PEEK composites.

To better understand the effect of incorporated t-CNTs on the in-
terfacial adhesion of CNTs/CF/PEEK composites, the crack propagation
region of composites without and with t-CNTs was depicted in Figs. 7
and 8, respectively. For CF/PEEK composites, the fracture region was
smooth (Fig. 7a and b). After incorporating 0.5 wt% t-CNTs, there was
still partial connection between CF and resin after failure for CNTs/CF/
PEEK (Fig. 8a and b). And the presence of t-CNTs (Fig. 8c and d) could
be observed at the fracture surface, extending into resin region. The
images provided direct evidence of interlocking.

Besides the interfacial adhesion, the fracture of CFRPs is also de-
termined by resin [31]. For CF/PEEK composites, the resin showed less
deformation (Fig. 7c and d), suggesting the poor resistance to crack
propagation. However, for composites with 0.5 wt% t-CNTs, the addi-
tion of t-CNTs improved the ductility of resin, making the fracture
surface become rougher and the resin show larger deformation (Fig. 8e
and f). And t-CNTs could hinder the crack growing by bridge effect,
which could release of stress and absorb higher energy [13,32].
Meanwhile, the diameter of pulled-out t-CNTs was longer than the raw
one indicating good wetting of t-CNTs by resin. Moreover, the t-CNTs
pulling out (Fig. 8g and h) instead of t-CNTs breaking was also con-
tributed to the improvement of ILSS due to the energy dissipation by
pulling force of t-CNTs [33]. Such deflections illustrated that the t-CNTs
with high elastic modulus in resin region could improve the ductile
properties of resin and restrain the propagation of crack by bridge ef-
fect, which absorbed energy and improved ILSS as Scheme 3.

3.4. Flexural properties of composites

The 0° flexural strength and flexural modulus were measured to
evaluate the bending resistance of composites. The typical load-dis-
placement curves of CNTs/CF/PEEK composites were shown in Fig. 9a.
The maximum load in flexural test was increased after introducing t-
CNTs in composites, and bending resistance was improved. As shown in
Fig. 9b, the flexural strength and flexural modulus of CF/PEEK were

Fig. 7. SEM images of crack propagation region of CF/PEEK: (a, b) interface region and (c, d) resin region. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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1226.0MPa and 64.5 GPa, respectively. After spraying t-CNTs with the
content of 0.1 wt%, 0.3 wt%, 0.5 wt% and 1.0 wt%, the flexural
strength of composites increased to 1308.3MPa, 1457.7MPa,
1537.3MPa and 1316.2MPa, respectively; and flexural modulus of
composites increased to 65.3 GPa, 65.6 GPa, 79.8 GPa and 70.7 GPa,
respectively. The flexural strength and flexural modulus of composite
with 1.0 wt% t-CNTs were slightly decreased compared with those of
composite with 0.5 wt% t-CNTs due to CNTs aggregation.

In present work, the flexural strength and flexural modulus of
CNTs/CF/PEEK composites were increased by 25.4% and 23.7% after
incorporating 0.5 wt% t-CNTs by prepreg spraying method. An

increment of 11.6% and 18.0 wt% on flexural strength and modulus
was obtained for CNT/CF/epoxy composites by mixing CNT in resin
after 10min ultrasonic; and 8.6% and 8.4% on flexural strength and
modulus was obtained after 3 h ultrasonic [10]. The CNT might well
disperse in resin by prolonging ultrasonic, but it also led to the incre-
ment of resin viscosity which was detrimental to the infusion process. In
this work, the significant improvement in flexural properties was re-
lated to the good ductility of resin. According to the results of ILSS, the
addition of t-CNTs could improve the ductility of resin, which wasted a
lot of energy and elevated the flexural properties [34]. Meanwhile, the
flexural properties of composites were also determined by the fiber-

Fig. 8. SEM images of crack propagation region of CNTs (0.5 wt%)/CF/PEEK: (a–d) interface region and (e–h) resin region. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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resin interfacial adhesion. As shown in Fig. 10, few resin fragments
were remained on the surface of CF after flexural failure for the CF/
PEEK composites, whereas the amount of resin fragments was increased
on the surface of CF with the addition of t-CNTs due to the strong fiber-
resin adhesion.

3.5. Electrical conductivity

The low electrical conductivity of CFRPs limited their widely ap-
plication in aerospace industries and electronics field, when they were
used as lightning strike protection materials, electromagnetic shielding
materials, etc. It is well known that CNTs in composites could act as
conductive fillers to improve the electrical conductivity [35–37]. The
anisotropic behavior of electrical conductivity has been verified in
many CFRPs. Therefore, 0° and through-thickness electrical con-
ductivity were calculated at room temperature to evaluate the influence
of the t-CNTs on the electrical conductivity of the composites.

The 0° electrical conductivity of CF/PEEK was 0.39 S/cm, indicating
that CF play a conductivity role in composites, as the pure PEEK was an
insulating polymer (σ < 10−13 S/cm) [34] . As shown in Fig. 11a, the
0° electrical conductivity of t-CNTS/CF/PEEK composites was increased
by 131% after incorporating 1.0 wt% t-CNTs, compared with CF/PEEK
composites. Such a markedly enhancement of 176% was reported by
adding 4.95 wt% CNT backypapers (BP) in CF/epoxy prepreg compared
with neat CF/epoxy composites. The enhancement of electrical con-
ductivity in references resulted from the superior electrical conductivity
of CNT network formed by BP, which were measured as approximately
855 S/cm [38]. In this work, t-CNTs were evenly sprayed in prepreg

Scheme 3. Schematic of reinforcement. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)

Fig. 9. The flexural properties of CNTs/CF/PEEK composites with different t-CNTs content: (a) Typical load-displacement curve and (b) flexural strength and flexural modulus of
composites. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 10. SEM images of flexural failure surface of CNTs/CF/PEEK composites with dif-
ferent t-CNTs content: (a, b) 0, (c, d) 0.1 wt%, (e, f) 0.3 wt%, (g, h) 0.5 wt% and (i, j)
1.0 wt%. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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(Fig. 4) and showed the similar structure as BP in references. Among
them, the t-CNTs could form an effective conductive pathway in resin
rich region between two prepreg plies, facilitating the electron “pass-
through” the composites.

The through-thickness electrical conductivity (Fig. 11b) of CF/PEEK
composites was quite low (0.85×10−4 S/cm), which was mainly at-
tributed to the long distances between adjacent fibers of CF/PEEK
composites, and electron was difficult to transport. After the addition of
t-CNTs, the existence of t-CNTs network in resin rich region could
connect adjacent fibers and it was benefit to the electron transport, thus
increased the through-thickness electrical conductivity of composites.
Moreover, some isolated t-CNTs could also promote electron trans-
porting through “tunneling effect” under the electronic filed [39]. The
schematic of electrical transporting was illustrated in Scheme 4.

It could be seen that the electrical conductivity of composite was
several orders of magnitude less than that of the pure CNTs because the
electron transferring in composites was restrained by the interfacial
electrical resistance between t-CNTs and resin as well as t-CNTs itself.

3.6. Thermal conductivity

Due to the thermal conductivity of CFRPs is an important property
for many applications, CNTs with high thermal conductivity can be
used as nanofillers to improve the thermal conductivity of composites.
The through-thickness thermal conductivities of CNTs/CF/PEEK com-
posites with different t-CNTs content were listed in Table 4. The
thermal conductivity of the CF/PEEK composites was 0.97W/(m·K),
while the introduction of t-CNTs to composites could increase the
thermal conductivity as the formation of effective thermal conductive
pathway, which will connect adjacent CF and increase the chance for
phonons transporting in through-thickness direction [34].

It could be seen that the improvement of thermal conductivity was
lower than our expectation, probably related to the fact that the
thermal transferring was restrained by the interfacial thermal resistance
between t-CNTs and resin as well as t-CNTs itself [40]. As a result, the
quantity for forming the effective phonon transporting network was less
than t-CNTs content.

Fig. 11. The electrical conductivity of CNTs/CF/PEEK composites: (a) 0° direction and (b) through thickness direction.

Scheme 4. The schematic of electrical transporting: (a) composites without t-CNTs; (b) composites with t-CNTs; (c) tunnel effect (E represents the barriers during electron transporting).
(i:electron transport along 0° direction; ii: electron transport along through-thickness direction). (For interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)

Table 4
Through-thickness thermal conductivity results of composites.

t-CNTs (0) t-CNTs (0.1 wt%) t-CNTs (0.3 wt%) t-CNTs (0.5 wt%) t-CNTs (1.0 wt%)

Through-thickness thermal conductivity (W/(m·K)) 0.97 1.06 1.07 1.14 1.15
Increase (%) 0 9.3 10.3 17.5 18.6
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4. Conclusion

In this work, CNTs/CF/PEEK multiscale composites with different t-
CNTs content were prepared by prepreg spraying method. The obtained
composites showed excellent mechanical properties. Compared with
CF/PEEK, the ILSS of CNTs/CF/PEEK composite with 0.5 wt% t-CNTs
was increased by 35.8% from 57.3MPa to 77.8MPa. Meanwhile, the
flexural strength and flexural modulus of composites with 0.5 wt% t-
CNTs was increased by 25.4% and 23.7%, respectively. This enhance-
ment of the mechanical properties was mainly attributed to the me-
chanical interlocking effect of t-CNTs, which improved the combination
of fiber and matrix. Furthermore, the addition of t-CNTs in resin region
acted as bridge to restrain the crack propagation. Moreover, the addi-
tion of t-CNTs could improve the electrical conductivity and thermal
conductivity of composites by forming an effective conductive pathway.
Therefore, spraying the t-CNTs dispersions on the CF/PEEK prepregs is
a facile method to effectively improve the mechanical, electrical and
thermal properties of composites.
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