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a b s t r a c t

The interfacial interactions and bonding of carbon fiber (CF) reinforced poly(ether-ether-ketone) (PEEK)
composites is improved by applying polyether imide (PEI) and graphene oxide (GO) complex sizing at
different ratios at the interface. The thermally stable polyether imide (PEI) and graphene oxide (GO)
complex sizing is prepared and then coated on carbon fiber surfaces homogeneously. The sizing layer
forms on the fiber surfaces, and multiple GO sheets are introduced successfully surrounding the carbon
fibers. The surface morphologies of carbon fibers change distinctly with different GO contents. The
interfacial shear strength (IFSS) increases from 43.4 MPa for bare fiber reinforced PEEK composites to
49.4 MPa for composites reinforced by carbon fibers coated with PEI only. However, a significant
improvement is achieved when GO sheets are introduced to the CF surfaces, making the IFSS grow up to
63.4 MPa. Furthermore, the dynamic mechanical tests show that the normalized damping area results of
carbon fibers coated with complex sizing decrease remarkably by about 50%. DMA results, interlaminar
shear strength (ILSS) test and flexural test results are in agreement with each other, suggesting better
interface bonding of composites by applying PEI and GO complex sizing. Besides, the interfacial inter-
action mechanism in modified composites is proposed. The enhanced interfacial performance is caused
by the positive effect of complex interface layer.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

In recent years, due to the increasing demands for excellent
impact toughness [1,2], repeatable processing and recyclability
[3,4], continuous carbon fiber reinforced thermoplastic composites
have drawn great attention in a variety of high-performance
structural applications to replace the conventional thermoset
composites. However, the long molecular chains of thermoplastic
matrix make the interface formation with fibers different from
thermoset matrix. For thermoplastic matrix, their long and inert
chains are very difficult to form any chemical bonding with carbon
fibers. Obviously, the chemical bonding plays a crucial role in
interfacial bonding of thermoset composites [5,6]. It means that the
strong interfacial interactions and bonding may be a puzzled issue
), jennyzhaoyan@buaa.edu.cn
for fibers and thermoplastic matrix. This notable problem has
attracted great interest in developing new concepts for enhancing
the interfacial bonding of continuous fiber reinforced thermoplastic
composites, for example, the ozone or plasma treatment on fiber
surfaces [7e9], the modification of matrix [10,11], the introduction
of coupling agents [12,13] or nano particles [14], increasing the fiber
surface roughness [15,16] and other multiscale modification
methods [17]. However, not all of the above methods are effective
in improving interface bonding. Some of them could damage the
fibers or only be realized in lab, which limits the application for
industrial preparation and production.

Furthermore, for polyphenylene sulfide (PPS), poly(ether-ether-
ketone) (PEEK) and other high-temperature thermoplastic poly-
mers widely applied in aerospace, their interfacial problems are
more intractable due to the high processing and operating tem-
perature [18]. Not only do fibers have troubles in forming strong
interfacial chemical or physical bonding with thermoplastic poly-
mers, but also the surface sizing (epoxy, polyurethane etc.) of
commercial fibers may be degraded during processing [19], which
will weaken the interfacial bonding. All of these observations
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underline the importance of tailoring the intrinsical microstructure
of fiber surfaces directly or applying thermally stable sizing on fiber
surfaces to enhance the bonding of fiber and high-temperature
thermoplastic matrices. Li [20] reported the interfacial study on
the ozone and air-oxidation-modified carbon fiber reinforced PEEK
composites. The maximum interfacial shear strength (IFSS) could
grow from about 35 MPa for untreated fibers to about 55 MPa for
ozone treated fibers. However, it is difficult to be applied to the
continuous production. Wenbo et al. [21] studied the improved
interfacial bonding for CF/poly (phthalazinone ether ketone) (PPEK)
composites by coating a thin PPEK film on carbon fiber surfaces. The
results showed that the IFSS increased from 39.51 MPa for unsized
carbon fiber (T700) reinforced PPEK composites to 51.49 MPa for
resized composites. Chuang et al. [22] investigated the polyamic
acid (PAA) with different molecular structures as sizing to increase
the interfacial bonding of carbon fiber and PEEK, and Yuan et al.
[23] improved the interfacial adhesion in CF/polyether sulfone
(PES) composites through PAA sizing. The IFSS increased by about
20% to about 50 MPa. Nan et al. [24,25] had developed many
methods to introduce the sizing layer on carbon fiber surfaces to
increase the mechanical performance of high-temperature ther-
moplastic composites (Copoly(phthalazinone ether sulfone)s,
PPBES). The results showed that the chemical and physical in-
teractions had a great contribution to improving the interlaminar
shear strength (ILSS) and flexural performance. Due to the miscible
feature of PEI and PEEK [26,27], PEEK chains can diffuse into PEI
chains easily at high processing temperature and pressure. Giraud
et al. [18,28] reported a concept that the PEI sizing on the carbon
fiber surfaces could improve the interfacial adhesion of CF/PEEK
composites. The complex interface layer may be made of PEI and
PEEK. They did not further investigate the actual interfacial bonding
performance in their study.

On the other hand, introducing some nanoparticles can increase
the surface roughness and the resistance to crack propagation in
composites. Patterson et al. [29] reported that the simple addition
of ZnO nanoparticles on the surfaces can increase the roughness of
fiber, and IFSS was observed to increase by 18.9% in epoxy com-
posites. Besides, Yu et al. [30] investigated the enhancing effects of
multi-walled carbon nanotubes (MWCNTs) on the interphase be-
tween epoxy matrix and carbon fiber. An increase of 26.3% in IFSS
was achieved by incorporating 0.05 wt% MWCNTs into silane
coating on the surfaces of carbon fiber. Zhang et al. [31] adopted
graphene oxide to increase the interfacial bonding of carbon fiber
and epoxy, and the IFSS increased by 70.9%. Furthermore, Yang et al.
[14] described that the ILSS of carbon fiber reinforced PA6 com-
posites increased only by introducing GO sheets, but it was very
difficult for the GO sheets to be dispersed on the fiber surfaces
homogenously in their study. They did not further investigate the
interfacial enhancing effects. The introduction of nanoparticles at
the interface of carbon fiber and thermoplastic matrix remains to
be further developed. Besides, it is speculated that their enhancing
effects and mechanisms at the interface in fiber reinforced ther-
moplastic composites shall be different from the thermoset com-
posites. Based on the above research, it is a good choice to adopt the
polymer with excellent compatibility with matrix as an adhesive to
introduce nanoparticles. It is also speculated that the introduction
of matrix-compatible polymer and nanoparticles is beneficial to
improve the mechanical interlocking and molecular entanglement
at the interface, showing a synergistic effect.

In our work, the thermally stable PEI and GO complex sizing is
prepared and then coated on carbon fiber surfaces. The surface
morphologies of carbon fiber after sizing are examined by SEM and
AFM. The micro interfacial properties of modified carbon fiber
reinforced PEEK composites are evaluated by the microbond test.
The interfacial damping of composites has been revealed by dy-
namic mechanical method. Furthermore, the macro interfacial
performance has been investigated by three-point short beam
shear test and flexural test. Their fracture morphologies are also
observed by SEM. Finally, the interfacial interaction mechanisms
are developed, which contributes to future research on improving
the interfacial interactions. It has potential application in improving
interfacial performance during the manufacture of fiber reinforced
high-temperature thermoplastic prepregs or composites in a pro-
duction line.

2. Experimental

2.1. Materials

PEEK powders were obtained from Changchun Jilin University
Special Plastic Engineering Research Co., Ltd, China. Polyether
imide (PEI) was purchased from GE Plastics of America. Carbon fi-
bers T700SC-12K were obtained from Japan Toray and desized
totally. Fine graphene oxide (GO) was supplied by AECC Beijing
Institute of Aeronautical Material. The ratio of carbon to oxygen is
about 2 to 1. The solvent N-methyl-pyrrolidone (NMP, A.R.) was
purchased from Beijing Chemical Works. The emulsifier Triton X-
100 (C.P.) was obtained from Xilong Scientific company of China.

2.2. Preparation of sizing agent

PEI granules were dissolved in NMP with the magneton stirring
at 80 �C for several hours. A homogeneous solution (0.01 g/ml) was
obtained. GO was dispersed in PEI solutionwith GO contents of 0, 1,
2.5, 5, 7.5, 10 and 15 wt%, respectively. It can be defined as
PEI þ GO0, PEI þ GO1, PEI þ GO2.5, PEI þ GO5, PEI þ GO7.5,
PEI þ GO10 and PEI þ GO15, respectively. In this work, the sizing
agent was kept constant at about 1 wt% in the fiber sizing, and GO
varies from 0 to 15 part per hundred of PEI.

2.3. Preparation of CF/PEEK composites

The bare carbon fibers were pulled through the PEI and GO com-
plex sizing at a low extraction speed. And then, they were dried in IR
heater at about 300 �C. They were pulled through the PEEK suspen-
sion (a well-dispersed mixture of PEEK, Triton X-100 and deionized
water). The carbon fibers capsulated by PEEK powders were put into
oven to remove residual solvents and consolidated to obtain CF/PEEK
prepregs under pressure. After these prepregs had been cut into
designed sizes, they were laid up in the unidirectional fiber orienta-
tion on a steel mold to prepare well-impregnated composites. Com-
posite laminates were obtained with the final fiber volume fraction
about 50%-53%. This process was illustrated in Fig. 1.

2.4. Microbond test for micro-interface behavior

Microbond test was carried out to determine the interfacial
shear strength (IFSS) of themodified carbon fiber and PEEK. It could
clearly reveal the effects of carbon fiber interface microstructure on
bonding properties [32,33]. However, it was difficult for PEEK with
high melting temperature to prepare microbond test samples. The
method employed in this work was different from those have
adopted in other work [34,35]. At first, PEEK resin was melt and
extruded into film (thickness about 40 mm) by an extruder. PEEK
film was cut into specific shape and then knotted around carbon
fiber monofilament as shown in Fig. A.1 (Appendix A). Next, the



Fig. 1. Schematic illustration of the preparation of modified carbon fiber reinforced PEEK composites.

Fig. 2. Morphologies and IR spectrum of graphene oxide sheets: (a) SEM image of dry
powder, AFM images of GO dispersed in water in the top left corner, (b) IR spectrum of
GO.
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sample was put into a small nitrogen oven at a temperature of
400 �C for a few minutes. After that, the sample was removed from
the oven and cooled down. In order to investigate the effects of
hygrothermal conditions on interface bonding of modified carbon
fiber and PEEK, the samples were soaked in the water (70 �C) for
72 h [23,36].

The sample was loaded at a speed of 0.05 mm/min. The IFSS, t,
was calculated based on the following equation.

t ¼ Fmax

pdl
(1)

where Fmax is the maximum pull-out force, d is the fiber diameter
and l is the embedded length of PEEK droplet.

2.5. Static and dynamic mechanical performance of composites

CF/PEEK laminates were employed to investigate their me-
chanical performance. The three-point short beam shear test was
carried out according to ASTM D2344 standards (size: 12*4*2 mm)
to determine the effects of PEI and GO complex sizing on the
interlaminar and interfacial properties. The flexural test of CF/PEEK
composites were performed according to the standard ASTM
D7264. Dynamic mechanical measurements were done on a Met-
tler DMA system, at three-point bendmode at a heating rate of 5 �C/
min at 1 Hz.

2.6. Other relevant characterization

Scanning electron microscopy (SEM, JEOL 7500F) was employed
to investigate the microscopic surface and interface morphologies.
Atomic force microscope (AFM) images of GO sheets and modified
carbon fibers were obtained by a Multimode Nano4 in tapping
mode. Thermal stability was recorded on a Thermogravimetric
Analyzer (SHIMADZU TGA-50) at a heating rate of 10 �C/min in
nitrogen.

3. Results and discussion

3.1. Basic features of GO

The SEM images of fine GO sheets are shown in Fig. 2a. They are
easy to be dispersed in such polar solvents as water, NMP and DMF.
A representative AFM image of GO can be seen in Fig. 2a, which
reveals the presence of irregularly shaped sheets with thickness of
about 1e1.5 nm. Some GO sheets are stacked during the actual
sample preparation process. The size of GO mainly covers
0.5e3 mm. In Fig. 2b, the spectrum of GO confirms the presence of
C-O (at 1073 cm�1), O-C-O (at 1231 and 806 cm�1), ketene C¼O (at
1628 cm�1) and carboxyl C¼O (at 1720 cm�1), O-H (the peak at
3419 cm�1). A broad peak can be observed from 3700 to 2000 cm�1,
which is a clear feature of the presence of GO [37e39].



Fig. 3. Surface aspects of sizing films by SEM: (a) PEI þ GO0, (b) PEI þ GO1, (c) PEI þ GO5, (d) PEI þ GO10, (e) PEI þ GO15.
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3.2. Sizing film formulation

For sizing, the coating, and consequently the formation of a film,
is very important. As shown in Fig. 1, the dispersions in bottles are
basically yellow in appearance, from left to right, the contents of GO
increase. The color of dispersions changes from light yellow to dark
khaki, that is, the more GO exists, the darker it appears. All
Fig. 4. Further EDS analysis of sizing film
prepared dispersions are able to form perfect films after NMP
evaporation. To further investigate the quality of films, their surface
aspects are observed by SEM. As shown in Fig. 3. The surface aspects
present more and more wrinkles and bulges with the increase of
GO in PEI. The addition of GO can change the surface aspects of the
films, thus affecting the interfacial microstructure of carbon fibers
after sizing. However, excess addition will make GO agglomeration
(PEI þ GO15) at different positions.



Fig. 5. Thermal stability analysis of PEI and GO complex films: (a) thermogravimetric
curves in nitrogen, (b) 5 wt% loss temperatures.
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easily, considering that the closely adjacent GO sheets are reduced
and then reunited at the high processing temperature during the
film formation [40e43] seen in the top right corner image of Fig. 3e
(magnified image in Fig. 4).

In Fig. 4, energy dispersive spectrometer (EDS) analysis is
adopted to investigate the composition of different regions [44].
The carbon and oxygen atom ratio of PEI is theoretically 83 to 17 by
weight percentage. The flat regions (A and B) have similar carbon
and oxygen atom ratio, which is close to theoretical ratio of PEI.
However, the agglomerated region C and bulge region D have more
low carbon and oxygen atom ratio, suggesting that the two regions
have more GO introduced. In other words, it can be speculated that
there exists more GO in the wrinkle or bulge regions in Fig. 3. SEM
and EDS results prove that high contents of GO (15 wt% in PEI) can
produce agglomeration, which may affect the interfacial perfor-
mance of CF/PEEK composites after sizing.

The sizing agents are designed to increase the interfacial in-
teractions and bonding of CF/PEEK composites or other high-
temperature thermoplastic composites, so the thermal stability of
PEI and GO complex films is a very important property at high
processing temperature [45]. As shown in Fig. 5, they present high
loss temperatures. The 5 wt% loss temperatures are more than
500 �C, which are far higher than the processing temperature of
PEEK.

3.3. Surface morphologies of modified carbon fibers

The surface morphologies of carbon fibers are changed after
sizing at different ratios of PEI and GO, as shown in Fig. 6. As for the
surfacemorphologies of carbon fibers treated by the complex sizing
with varied contents of GO, more wrinkles and bulges can be
observed corresponding to the results of Fig. 3. The sizing thickness
of modified carbon fibers is about 0.1e0.2 mm, which is obtained
from SEM images.

Furthermore, detailed surface topography images are obtained
by AFM to further analyze the effect of the sizing on the surfaces of
carbon fibers, as shown in the upper right corner of Fig. 6. Some
significant changes of carbon fiber surfaces are observed after the
sizing treatment. Compared to bare fibers, the shallow grooves
have been filled up for carbon fibers sized by PEI þ GO0 seen in
Fig. 6b. After the introduction of GO sheets, the randomly dispersed
GO sheets can be identified in Fig. 6c-f. The results indicate that
more GO sheets are presented on the fiber surfaces, thus increasing
the surface roughness. In Fig. 6c, some uneven distribution of GO
sheets on the surfaces can be observed. With the increase of GO
contents from 1 wt% to 10 wt%, GO sheets can cover the entire
carbon fiber surfaces homogeneously, as seen in Fig. 6d and e.
However, some big bulges can be observed in Fig. 6f, mainly due to
GO agglomeration during the film formation, corresponding to the
phenomena in Figs. 3 and 4. The interface microstructure can affect
the interfacial damping and the improvement of interfacial
strength in CF/PEEK composites.

3.4. Micro-interfacial performance

Interfacial shear strength (IFSS) results of modified carbon fiber
reinforced PEEK composites have been presented in Fig. 7, and the
data are listed in Table A.1 (Appendix A). Based on the morphology
analysis of the SEM and AFM images, it can be concluded that GO
sheets surrounding the carbon fibers with the help of PEI
contribute to the improvement of IFSS. It can be seen that the IFSS
increases by 13.8% from 43.4 MPa for the bare carbon fibers to
49.5 MPa for the carbon fibers coated with PEI þ GO0 sizing, which
has been demonstrated a similar contribution in the literature
shown in Table 1. More importantly, due to the introduction of GO,
the IFSS increases by 40% and 44% for the carbon fibers coated with
PEI þ GO7.5 and PEI þ GO10 sizing, respectively. The distinct
enhancement effects of GO sheets are observed. Because excess
addition of GO in sizing may agglomerate in the interfacial regions.
It can bring about the local stress concentration [23,31] and in-
crease the chances for crack initiation and propagation. It explains
the reason that the IFSS only increase by about 25.3% for PEEK and
carbon fibers coated with PEI þ GO15 sizing.

Furthermore, the IFSS after hygrothermal treatment is also
investigated for modified carbon fibers/PEEK composites, as shown
in Fig. 7b. After hygrothermal treatment, an obvious decrease in
IFSS by 10%-20% is observed for bare fibers from 43.4 MPa to
38.4 MPa and for fibers coated with PEI þ GO10 sizing from
62.5 MPa to 53.2 MPa, respectively. Since water can act as a lubri-
cant and plasticizer, when water diffuses into the interface, the
interfacial debonding of CF/PEEK composites will occur [23,46].
However, the introduction of GO sheets can keep good mechanical
interlocking, thus the IFSS for carbon fiber coated with complex
sizing is still higher than that of bare fiber or carbon fibers only
coated with PEI sizing after hygrothermal treatment. The me-
chanical interlocking of GO sheets can be confirmed by this and
shows a positive effect on the interface of carbon fiber and PEEK.



Fig. 6. SEM and AFM images of carbon fiber surfaces after sizing: (a) bare fiber without sizing, (b) PEI þ GO0, (c) PEI þ GO1, (d) PEI þ GO5, (e) PEI þ GO10, (f) PEI þ GO15.

Fig. 7. Micro interfacial shear strength results of CF/PEEK composites with different carbon fiber treatments: (a) IFSS tested in dry state, (b) comparison of IFSS results tested in dry
state and after hygrothermal treat.

Table 1
IFSS comparison of carbon fiber reinforced high-temperature thermoplastic composites in this study to others previous work.

Materials Interface modification method IFSS/MPa References

CF(T700)/PEEK UntreateddSizing:PEI þ GO/NMP 43.4dMax: 62.5 Our study
CF/PEEK UntreateddAir oxidationdOzone 35d47d56 [20]
CF(T700)/PPEK UntreateddSizing: PPEK/NMP 39.51d51.49 [21]
CF/PEEK UntreateddSizing: different polyimide 38dMax: 50 [22]
CF/PEEK AS4 (high strengthdHMS (high modulus) 38.9d24.7 [48]
CF/PES UntreateddSizing: polyamic acid 34d50 [23]
CF/PA6 UntreateddOzone 35d56 [7]
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Fig. 8. SEM images of microbond test after debonding: (a) bare fiber without sizing, (b) PEI þ GO0, (c) PEI þ GO5, (d) PEI þ GO10.
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It is difficult to form stable chemical bonding by modifying
carbon fibers directly due to the high processing temperature and
inert feature of polymer. However, many other special surface
treatment methods [7,20e23,47] are adopted to increase the
interfacial bonding as shown in Table 1. In our study, the significant
improvement in IFSS of CF/PEEK composites is mainly attributed to
the PEI and GO complex sizing layer on the surfaces of carbon fi-
bers. PEEK chains can diffuse into the sizing layer at high processing
temperature and pressure (the sizing layer is very filmy). Actually,
the complex interface layer may be made of PEI, PEEK and GO. The
fully integrated interface region can effectively present the syner-
gistic effects of sizing polymer and nano particles and enhance the
interfacial interactions. As shown in Fig. 8, the failure morphologies
of microbond test are observed by SEM. It can be seen in Fig. 8a that
the debonding failure surfaces of bare carbon fiber and PEEK
microdroplet present a smooth topography without any residual
resin. A little resin remains on the failure surfaces of carbon fibers
only coated with PEI in Fig. 8b. It is noted that with further adding
GO in PEI sizing, the debonding failure surfaces are no longer
smooth, and many bulges (resin and graphene) remain as seen in
Fig. 8c and d. Obviously, the nano sheets are highly effective in
increasing the mechanical interlocking and suppressing the crack
propagation at the interface [48]. Based on the above analysis, the
micro-bonding mechanism of modified carbon fibers and PEEK is
illustrated in Fig. A.3 (Appendix A). It can be concluded that the five
factors to affect the interfacial bonding of CF/PEEK composites are
the miscible feature (PEEK and PEI), diffusion and entanglement
(PEEK and PEI), mechanical interlocking (graphene and fiber, PEI
and fiber, PEEK and fiber), adsorption (PEI and fiber, PEEK and fi-
ber), and molecular interaction force (PEI and fiber, PEEK and fiber,
PEI and graphene, PEEK and graphene, PEI and PEEK), respectively.
3.5. Dynamic mechanical behavior

The DMA test is employed to investigate the elastic stiffness and
a damping (energy dissipation) term of CF/PEEK composites as a
response to a low-strain periodic deformation. Typical results,
including variation of storage modulus, G0, and tand as a function of
temperature at 1 Hz are shown in Fig. 9. Keusch et al. [49] have
revealed that the storage modulus is proportional and tand is
inversely proportional to the interfacial bonding. It can be seen that
the initial storage modulus increases for modified carbon fiber
composites in Fig. 9a, suggesting improved interfacial bonding of
carbon fibers and PEEK after fiber modification. However, we
cannot further obtain the anticipated storage modulus changes of
different modified fibers reinforced PEEK composites. Because the
fiber-dominated dynamic properties (G0) is easy to be influenced by
the slight change of fiber content in each small sample.

Since the damping term tand is a genuine indicator of all mo-
lecular motions in a given material, its estimation will enable us to
quantify the interfacial bonding of modified carbon fibers and PEEK
[50,51]. The glass transition temperatures, Tg (defined as the peak
temperature of tand) for composites are listed in Table 2. It can be
seen that all material systems exhibit similar glass transition tem-
peratures, which does not change remarkably. However, damping
at the glass transition temperature of bare fiber composites is much
higher than that of modified carbon fiber composites. The differ-
ence can be attributed to the poor bonding. The tan dmax at the
temperature point Tg decrease by 3.1% from 4.775 for bare fiber
composites to 4.628 for composites with PEI þ GO0 sizing. The
value of tan dmax further decreases to 10%-20% due to the intro-
duction of GO sheets. In a composite, the molecular motions at the
interface contribute to the damping of the material. The strong
interactions of carbon fibers and PEEK tend to decrease the
damping tan dmax and the area under the tan d curve [50]. As shown
in Table 2, compared to carbon fibers without coating, the
normalized damping area results of carbon fibers coated with
PEI þ GO0, PEI þ GO1, PEI þ GO2.5, PEI þ GO5, PEI þ GO7.5,
PEI þ GO10 and PEI þ GO15 decrease by 21%, 42%, 41%, 49%, 46%,
45%, and 36%, respectively. The introduction of PEI and GO complex
sizing has more benefits in improving the interfacial bonding than
only introducing PEI sizing. Furthermore, we can confirm that PEEK



Fig. 9. Dynamic mechanical performance of macro CF/PEEK composites with different
carbon fiber treatments: (a) the storage modulus, (b) the damping term.

Table 2
Detailed damping term tand analysis of CF/PEEK composites with different carbon
fiber treatments.

Composites Tg / �C Tan dmax � 10^2 Normalized area of Tan d b

Bare fiber 161 4.775 100 1.516
PEI þ GO0 161 4.628 79 1.531
PEI þ GO1 163 4.223 58 1.572
PEI þ GO2.5 164 4.164 59 1.578
PEI þ GO5 160 3.845 51 1.611
PEI þ GO7.5 160 3.911 54 1.604
PEI þ GO10 163 4.044 55 1.590
PEI þ GO15 164 4.550 64 1.539

Fig. 10. Interlaminar shear strength results: (a) the ILSS data of CF/PEEK composite with d
curves before and after sizing.
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reinforced by carbon fibers coated with PEIþ GO5, PEIþGO7.5, and
PEI þ GO10 sizing show strong interfacial bonding in the whole
damping process (about from 100 �C to 220 �C).

It is assumed that at ambient temperature the damping of car-
bon fibers is negligible and energy dissipation in CF/PEEK com-
posites is attributed to the matrix PEEK and fiber/matrix
interactions at the interface regions, thus the interfacial strength
indicator b has been given by Sarasua et al. [52].

b ¼
�
1� tandc

tandm

��
Vf (2)

where tan dc and tan dm refer to the tan dmax of composites and
matrix in the damping process (the glass transition), respectively,
and Vf is the fiber volume fraction. Input data are obtained by actual
determination, Vf ¼ 50% and tan dm ¼ 0.197 (see the Fig. A.4 in
Appendix A). The results are listed in Table 2. The stronger the
interfacial interactions are, the higher the value of parameter bwill
be. It can be observed that under the dynamic loading, PEEK rein-
forced by carbon fibers coated with PEI and GO complex sizing (GO
addition 5-10 wt%) still show good interfacial bonding, confirming
the excellent synergistic effects at the interface.
3.6. Interlaminar shear performance

Interlaminar shear strength (ILSS) test has been employed to
evaluate the interfacial bonding of macro composites. The ILSS will
further demonstrate the effects of PEI and GO complex sizing on
ifferent carbon fiber treatments, (b) further analysis about interlaminar shear testing



Fig. 11. SEM images of CF/PEEK composites with different carbon fiber treatments after ILSS fracture: (a) bare fiber without sizing, (b) PEI þ GO0, (c) PEI þ GO1, (d) PEI þ GO5, (e)
PEI þ GO10 (f) PEI þ GO15.
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interfacial interactions in CF/PEEK composites. As shown in Fig. 10a,
the ILSS of CF/PEEK composites increases by 12% from 92.5 MPa for
bare carbon fibers without sizing to 103.5 MPa (a maximum ILSS)
for carbon fibers with PEI þ GO7.5 sizing. Compared to carbon fi-
bers only sized by PEI, the introduction of GO sheets makes greater
contribution on ILSS. It can be concluded that the homogenously
dispersed GO sheets surrounding carbon fiber surfaces can greatly
increase the interfacial bonding [53e55], as revealed by IFSS and
DMA results.Themaximum ILSS is obtained in GO loading from 5 to
7.5 wt%. Excessive addition of nano sheets will influence the
transfer of interfacial stress [56,57]. For macro composites, more or
less deviation of manufacturing and testing of different specimen
will exist. Based on above informations, a suitable addition of GO in
PEI about 5e10 wt% is obtained.
The typical interlaminar shear testing curves are observed,
which reveal a different damagemechanism from that of thermoset
composites [58]. There does not exist a sudden break of ILSS
specimen, as shown in Fig. 10b, which means that the disaster
failure does not take place due to the excellent toughness of PEEK
[59]. Besides, four typical failure stages of ILSS testing can be seen
for CF/PEEK composites. For the first stage, the initial failure is
produced with the increase of load. For the second stage, more and
more cracks are further induced, and then propagate along the
interface. A slight decrease of load is observed in this stage. The
maximum stress in the first and second stage is defined as the ILSS.
The third stage can no longer reveal the interlaminar or interfacial
failure due to the distinct deformation and delamination. For the
last stage, the specimen will be further compressed until broken



Fig. 12. Schematic illustration of bonding mechanism in macro CF/PEEK composites
before and after failure.

Fig. 13. Flexural performance results of CF/PEEK composites with different carbon fi-
ber treatments.
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under the pressure. Obviously, due to the introduction of PEI and
GO complex sizing on carbon fiber surfaces, the fluctuant curves in
the second stage can be observed with higher load than the initial
failure load sometimes. However, for bare fiber without sizing, their
ILSS curves present a smooth state in the second stage, showing
lower load. It means that in the course of crack initiation and
propagation, the PEI and GO complex sizing layer can increase
interfacial bonding effectively [60], and act as a barrier for crack
propagation, thus this course can increase the fracture energy and
lead to the fluctuation of Load-Displacement curves.

In order to understand the interfacial behavior and interaction
mechanism of modified carbon fiber reinforced PEEK composites,
the fracture surfaces of ILSS specimen is investigated as shown in
Fig. 11. Some smooth surfaces of carbon fibers can be observed due
to the poor bonding in Fig. 11a. Although some PEEK resin still re-
mains on the fiber, their interactions at the interface are clearly
weak. With the addition of PEI on carbon fibers in Fig. 11b, more
resin can be seen adhering to carbon fiber surfaces after fracture,
which still shows weak interactions. The same phenomena can be
also found in Fig. 11c, even despite a small amount of GO sheets
introduced into the interface regions. It indicates that more addi-
tion of GO sheets into PEI for sizing is necessary. Obviously, the
different interface microstructure is observed in Fig. 11c and
d mainly due to the increasing introduction of GO sheets. The
jagged surface morphologies are further investigated, indicating
that the strong interactions take place at the interface [61]. PEEK
chain can diffuse into the sizing layer at high processing tempera-
ture and pressure. Actually, the complex interface layer may be
made of PEI, PEEK and GO. When the cracks are induced under the
shearing load, these stiff and tough sheets can block the initial
cracks, reducing the stress intensity factors at the crack tips [62],
thus the local intensive energy is absorbed. On the other hand,
increasing the barrier for cracks propagation in the ongoing di-
rection can make these cracks change the propagation direction,
increasing the energy dissipation [63], so the jagged morphologies
can be seen. Some of these estimations have been approved by AFM
images, IFSS and DMA test results as mentioned above. Further, as
shown in Fig. 12, the interfacial interactions and crack propagation
between fibers and PEEK matrix have been illustrated.

3.7. Flexural performance

In order to further investigate the comprehensive effects of PEI
and GO complex sizing on CF/PEEK composites, the flexural be-
haviors are evaluated, which actually reflect the structural char-
acteristics of the modified laminates in response to complex stress
states (bending stress and shearing stress) [64]. The results of
flexural tests are shown in Fig. 13. It can be observed that the
flexural strength of modified carbon fiber reinforced PEEK com-
posites is higher than that of the bare fiber composites without any
modification. With the increase of GO contents (about 5e10 wt%),
the flexural strength grows up to about 1730 MPa. A slight decrease
in flexural strength is seen when the GO content increases to 15 wt
% in sizing. As for flexural modulus in Fig. 13, there are small fluc-
tuation around 110 GPa without increasing greatly, but a slight
increase of flexural modulus by 5% can be achieved by the addition
of 2.5e7.5 wt% GO in PEI as the sizing in comparison with that of
bare fiber reinforced composites. Generally, this slight change in
modulus can be engineering errors and be also ignored in the actual
production. But the increase of flexural strength is remarkable.
However, excess addition of GO sheets in sizing is not beneficial to
forming the homogeneous interface, and impeding further
enhancement of flexural performance. The results demonstrate
that the flexural performance of composites can be improved by
optimizing the interface composition [65]. It can be concluded that
the strong interfacial interaction and bonding can increase the
resistance to failure.

To better understand the enhancing mechanism of introducing
GO and PEI complex sizing at the interface of CF/PEEK composites,
the lower surfaces of specimen subjected to the tensile load in the
flexural test are presented in Fig. 14. For bare fiber reinforced PEEK
composites, their fracture morphologies reveal the interfacial
debonding and fiber pullout [66]. The flat fracture surfaces can be
also observed in Fig. 14a, which reflects the poor load transfer be-
tween fiber andmatrix. In contrast, after the introduction of PEI and
GO complex sizing, the excellent adhesion at the interface of CF/



Fig. 14. SEM images of flexural test of CF/PEEK composites with different carbon fiber treatments after fracture: (a) bare fiber without sizing, (b) PEI þ GO1, (c) PEI þ GO10.
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PEEK composites can be observed. With further increase in GO
contents, the failure modes change, as seen in Fig. 14b and c. This
phenomenon is probably attributed to the fact that a suitable
addition of GO sheets in sizing can achieve tight adhesion and
strong interfacial interactions, enhancing the load transfer, as
shown in Fig. 12. Besides, the same as ILSS, further increasing GO
contents in the sizing will cause local stress concentration due to
GO agglomeration in the interfacial region.
4. Conclusions

In summary, an effective method to increase the interface in-
teractions and bonding of CF/PEEK composites by introducing PEI
and GO complex sizing to the CF surfaces is presented, showing
potential application in improving interfacial performance during
the manufacture of fiber reinforced high-temperature thermo-
plastic prepregs or composites in production line. It is observed that
sizing layer forms on the fiber homogeneously and GO sheets are
introduced successfully on carbon fiber surfaces after sizing. The
IFSS increases by 44% from 43.4 MPa to 62.5 MPa for the carbon
fibers coatedwith PEIþGO10 sizing. After hygrothermal treatment,
the existence of GO sheets can keep good mechanical interlocking
between carbon fibers and PEEK, thus the IFSS for carbon fibers
coated with PEI and GO complex sizing are still higher than that of
bare fibers or carbon fibers only coated with PEI sizing.

Furthermore, compared to the bare carbon fibers, the normal-
ized damping area results of carbon fibers coated with PEI and GO
complex sizing decrease remarkably (maximum reduction about
50%), suggesting better interfacial bonding. DMA results also show
that the introduction of PEI and GO complex sizing has more
benefits than only introducing PEI sizing. The interfacial strength
indicator calculated from the peak data of damping term shows
good agreement with damping areas. The ILSS value of CF/PEEK
composites increases by 12% from 92.5 MPa to 103.5 MPa. DMA
results, ILSS test and flexural test results are in agreement with each
other, suggesting better interface bonding of composites by
applying PEI and GO complex sizing. Finally, the interfacial inter-
action mechanisms are proposed. Improving the interfacial misci-
bility and mechanical interlocking proves to be a strategy to
increase the interfacial interactions and bonding in high-
temperature thermoplastic composites.
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