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poly(ether ether ketone) composites for fused
deposition modeling: improved mechanical and
tribological performance

Cheng Yang,* Jing Xu, * Yue Xing, Sijia Hao and Zhidong Ren

This paper presents a novel method using poly(aryl ether ketone) containing pendant carboxyl groups to

covalently functionalize graphene oxide. The functionalized graphene oxide (LFG) was used to prepare

poly(ether ether ketone) (PEEK) composites through melt blending. It is found that LFG has great

interface adhesion to the PEEK matrix, and just a small amount of it can simultaneously improve the

strength and toughness of the composites, while unmodified graphene oxide could enhance strength

but cause toughness damage. The tensile and impact strength of composite with 0.1 wt% LFG are 5.7%

and 20.5% higher than that of neat PEEK, respectively. In addition, 0.5 wt% LFG composite shows great

friction and wear performance with friction coefficient and specific wear rate 27.3% and 18.3% lower

than that of PEEK. Furthermore, the composites can be used as practical high-performance additive

manufacturing materials because LFG is able to improve the mechanical performance of the fused

deposition modeling (FDM) composite samples significantly.
1. Introduction

Poly(ether ether ketone) (PEEK) is a semi-crystalline special
engineering plastic which has been widely used in aerospace,
machinery, chemical industry and biomedicine, owing to its
high performance, excellent mechanical properties, chemical
resistance, thermal stability and self-lubrication properties.1–3

To further enhance its properties, llers such as carbon bers,
carbon nanotubes, and various nanoparticles have been intro-
duced to the PEEK matrix.4–6 Graphene has been widely used as
a ller for polymer composites recently due to its excellent
mechanical, electrical and thermal properties, even a very low
addition amount can make a great signicance.7,8 According to
the literature, it is very promising to use graphene to improve
the performance of PEEK composites, such as mechanical
properties, thermal behaviour and tribological performance.
Tewatia et al.9 found that the addition of graphene to PEEK
could induce surface crystallization, increase crystallinity, and
improve thermal stability. Recent literature of Lynch-Branzoi
et al.10 demonstrated a approach to produce graphene
enhanced PEEK composites using in situ shear exfoliation of
graphite directly within molten polymer. The resultant
composite showed a nearly 400% increase in tensile modulus.
Song et al.11 showed that graphene oxide nanosheets could
eijing Institute of Aeronautical Materials,
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greatly improve the wear resistance of PEEK under boundary
lubrication attributed to their small size and extremely thin
laminated structure.

The performance of graphene/PEEK composites depends to
a large extent on whether graphene is homogeneously
dispersed in PEEK matrix and the interfacial compatibility
between graphene and PEEK. However, due to the high
melting point and large melt viscosity of PEEK, as well as the
high interfacial energy and weak interface binding force
between PEEK and graphene, graphene tends to agglomerate
in PEEK matrix and is difficult to disperse uniformly.9 By
covalent or noncovalent modication of graphene, the inter-
facial compatibility of which with the PEEK matrix can be
improved. For instance, Yang et al.12 coated the surface of
thermally reduced graphene oxide (TRG) nanosheets with
a layer of polyethersulfone (PES) to improve the interfacial
adhesion between graphene and PEEK. The modication
improved the dispersion uniformity and interfacial interaction
of modied TRG and PEEK, and the resultant composites
showed better mechanical and thermal properties. Song et al.13

covalently modied graphene oxide (GO) with g-aminopropyl
trimethoxysilane to make interfacial adhesion improvement
through silane coupling agent. They found out that the
modied GO composites had better friction and anti-wear
performance than that lled with pristine GO and MWNTs
because of the good dispersion of modied GO in PEEK.
However, in the case of physically coating a layer of polymer on
the surface of graphene or other non-covalent modication
RSC Adv., 2020, 10, 25685–25695 | 25685

http://crossmark.crossref.org/dialog/?doi=10.1039/d0ra04418k&domain=pdf&date_stamp=2020-07-06
http://orcid.org/0000-0002-6945-6415
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra04418k
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA010043


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

7 
Ju

ly
 2

02
0.

 D
ow

nl
oa

de
d 

on
 7

/2
3/

20
25

 8
:2

7:
05

 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-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
ways, the binding force between PEEK matrix and graphene is
not substantially improved. As for the covalent functionaliza-
tion of silane coupling agent, the chemical structure of most of
the silane coupling agents and PEEK structural unit are of
considerable difference, and there is decomposition risk
during high temperature processing for silane coupling agent
functionalized GO,14 so the result of this kind of modication
is also not very satisfactory. To solve this problem, we develop
a new method that use soluble poly(aryl ether ketone) con-
taining pendant carboxyl groups (PEK-L) which has similar
chemical structure and compatibility with PEEK15,16 to cova-
lently modify GO via the “gra to” method.17 By this way, we
expect to enhance the compatibility and interfacial adhesion
between PEK-L functionalized GO (LFG) and PEEK, thus
improving the performance of LFG/PEEK composites.

Additive manufacturing (AM), also known as 3D printing, is
a manufacturing method that is increasingly valued by the
scientic and engineering community, which has many
advantages such as customized geometry, cost effective and
time saving.18–20 Fused deposition modeling (FDM) is one of the
most commonly used printing methods due to its low cost and
great industrial application potential.21 FDM method requires
to melt lament form material and extrude through a nozzle,
then deposite it onto a buildplate layer by layer to generate
three-dimensional structure.22 One of the largest obstacles for
practical using of FDM parts is that the mechanical properties
of them are generally worse than parts processed by traditional
techniques such as injectionmolding because of more structure
defects.23,24 PEEK FDM parts are also no exception,25,26 so it is
necessary to develop printable PEEK composite materials with
higher performance to improve the limited mechanical perfor-
mance of printed PEEK parts.

In this work, graphene oxide was rstly functionalized with
diisocyanate, then reacted with PEK-L via a facile “gra to”
method to obtain LFG, which was used to prepare LFG/PEEK
composites by melt blending method. The inuences of LFG
on mechanical properties of composites and its difference with
unmodied GO were investigated. In addition, the tribological
behavior of LFG/PEEK composites was studied. Finally, the
LFG/PEEK composites were processed into laments used for
FDM, and the tensile performance of composite FDM samples
was investigated.

2. Experimental
2.1. Materials

Chemical reagents were used without further purication
unless stated otherwise. PEEK powder (550PF, dp � 48 mm, Mn

� 36 000 g mol�1), purchased from Jilin Zhongyan Polymer
Materials Co. Ltd, China, was vacuum dried at 150 �C for 3 h
before use. Toluene-2,4-diisocyanate (TDI) and phenolphtha-
lein (PPL) were supplied by Tokyo Chemical Industry Co. Ltd.
Dibutyltindilaurate (DBTDL) was purchased from J&K Scientic.
4,40-Diuorobenzophenone (DFBP) was provided by Aladdin.
Potassium carbonate, toluene, anhydrous dimethylformamide
(DMF), dimethylsulfoxide (DMSO) and acetone were supplied by
Sinopharm Chemical Reagent Co. Ltd.
25686 | RSC Adv., 2020, 10, 25685–25695
2.2. Preparation of TDI modied GO (GO-TDI)

GO was synthesized by modied Hummers method in labora-
tory.27 To prepare GO-TDI, 500 mg GO was suspended in 200 mL
anhydrous DMF, and sonicated in an ultrasonic bath for
30 min. Subsequently, 10 g TDI and 50 mL DMF were put into
a three-neck ask and ultra-sonicated for 5 minutes. The ask
equipped with constant pressure dropping funnel and N2 vessel
was put into oil bath and the temperature was kept at 30 �C.
Aer that, the GO suspension and 0.2 mL DBTDL catalyst were
added into the dropping funnel, dropped at a constant speed
with stirring in 2 hours. The reaction was nished aer another
8 hours, and the obtained mixture was ltered through a 0.45
mm polyvinylidene uoride microporous membrane lter, and
washed with anhydrous DMF three times to obtain GO-TDI. A
small amount of GO-TDI for characterization was washed with
acetone for 3 times, then dried at 80 �C for 3 h in a vacuum oven,
and immediately placed in a sealed tube and stored in the dark
environment.
2.3. Preparation of LFG

The as prepared GO-TDI was put into a 500 mL three-necked
bask immediately, and uniformly dispersed in 100 mL of
anhydrous DMF by sonicating 10 min. PEK-L was prepared by
methods described in the previous literature.15 1.5 g PEK-L was
dissolved in 150 mL anhydrous DMF, and then added to the
ask. Aer sonicating for 30 min, the ask was put into oil bath
and the reaction was carried out at 120 �C for 8 h. Aer cooling,
it was ltered and washed 3 times with DMF and then 3 times
with acetone. Aer drying in a vacuum oven at 80 �C for 3 h, LFG
was obtained.
2.4. Preparation of LFG/PEEK composites

1 g LFG and 500 mL acetone were sonicated for 30 min to
achieve uniform dispersion, then mixed with proportional
PEEK powder under vigorous mechanical stirring for 15 min to
obtain LFG/PEEK composites with LFG loading amount of
0.1%, 0.3%, 0.5%, 0.7% and 1.0% (weight fraction). Themixture
was ltered and put into vacuum oven to dry at 80 �C for 2 h,
and dried for another 3 h with the temperature raised to 150 �C.
Aer that, the mixed powder was added to a twin-screw extruder
to prepare LFG/PEEK composite masterbatch using melt
blendingmethod with a processing temperature range of 360 �C
to 370 �C. The composites were denoted as 0.1LFG/PEEK,
0.3LFG/PEEK, 0.5LFG/PEEK, 0.7LFG/PEEK, 1.0LFG/PEEK,
respectively. For comparison, unmodied GO and PEEK
composites were prepared with GO content consistent with
LFG, and were denoted as 0.1GO/PEEK, 0.3GO/PEEK, 0.5GO/
PEEK, 0.7GO/PEEK and 1.0GO/PEEK. Pure PEEK powder was
also subjected to the above procedure. The test samples of LFG/
PEEK composites were prepared by injection molding.
2.5. Fabrication of LFG/PEEK laments and FDM process

The obtained LFG/PEEK powder mixture can be also extruded to
prepare laments used for FDM with a diameter of 1.75 mm.
The optimal parameters of FDM process were as follows: the
This journal is © The Royal Society of Chemistry 2020
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nozzle size was 0.4 mm, layer thickness was 0.2 mm, printing
speed was set to be 20–40 mm s�1. The nozzle temperature,
buildplate temperature and chamber temperature were 390,
150, and 70 �C, respectively.
2.6. Characterization

The morphologies were observed on scanning electron micro-
scope (SEM, FEI Nova NanoSEM 50) with an accelerating voltage
of 15 kV and eld-emission transmission electron microscopy
(TEM, FEI Tecnai G2 F30). Fourier transform infrared (FTIR)
spectra were collected using Nicolet IS10 FTIR spectrometer.
Fig. 1 Schematic representation of (a) synthesis of GO-TDI, PEK-L and

This journal is © The Royal Society of Chemistry 2020
The Raman spectra were performed on Renishaw inVia Raman
spectrometer with He–Ne laser excited at 632.8 nm. X-ray
photoelectron spectroscopy (XPS) was conducted on Thermo
ESCALAB 250Xi with Al Ka excitation radiation. X-ray diffraction
patterns were carried out using a Bruker D8 advance device with
a 1.54 �A Cu Ka radiation source. Differential scanning calo-
rimetry (DSC) was performed by a DSC Q200 instrument, and
thermogravimetric analysis (TGA) data were collected on
a NETZSCH STA 449 F3 instrument with N2 atmosphere at
a heating/cooling rate of 10 �C min�1. Tensile, exural, and
impact tests were tested on the Instron mechanical testing
machine, according to the ISO527-1, ISO178, and ISO180
LFG; (b) preparation of LFG/PEEK composites and FDM process.

RSC Adv., 2020, 10, 25685–25695 | 25687
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respectively. The friction and wear properties were evaluated on
a universal tribotester (GMP-30, Jinan Hengxu Tribological
Testing Technology Co. Ltd., China). Sliding was performed at
ambient temperature for 2 h at a sliding speed of 0.419 m s�1

with a load of 196 N. Before each test, the steel ring and samples
were all cleaned with acetone.
3. Results and discussion

The synthesis scheme of GO-TDI, PEK-L and LFG is shown in
Fig. 1a. The hydroxyl and carboxyl groups of GO can react with
one of the isocyanate groups of TDI under the catalysis of
DBTDL due to the excessive addition of TDI and the different
reactivity of two isocyanates in TDI.28 The para-isocyanate
groups of TDI preferentially reacts with the hydroxyl and
carboxyl groups of GO to form carbamate and amide structure,
respectively, leaving the ortho-isocyanate groups unreacted due
to larger steric hindrance. This allows unreacted isocyanate
groups to attach to GO for further reaction without forming
a crosslinked structure.29 The synthesis of PEK-L is carried out
through the polycondensation reaction between PPL and DFBP
in the presence of potassium carbonate.30 PEK-L is a non-
crystalline thermoplastic polymer soluble in polar solvents
such as dimethylsulfoxide (DMSO) and dimethylformamide
(DMF),31,32 which makes the subsequent reaction easier because
GO-TDI also has a good dispersion in DMF. Therefore, the
pendant carboxyl groups of PEK-L can react with the active
isocyanate groups of GO-TDI in DMF media to form a covalent
linkage to obtain LFG. The preparation and FDM process of
LFG/PEEK composites are shown in Fig. 1b. The PEEK powder
was uniformly mixed with LFG nanosheets by ultrasonic
dispersion and mechanical stirring, and then the LFG/PEEK
composite was prepared by melt blending. Since PEK-L was
covalently graed on the modied GO and its structure is
similar to that of PEEK, the interfacial adhesion between PEEK
Fig. 2 Morphology images of GO and chemically modified GO. (a–c) SE
GO-TDI, LFG, respectively.

25688 | RSC Adv., 2020, 10, 25685–25695
and GO can be improved. At the same time, themixed powder of
LFG and PEEK can also be directly used to extrude into la-
ments for FDM process.

3.1. Characterization of synthesized GO, GO-TDI, PEK-L and
LFG

A variety of methods were used to characterize the synthesized
GO, GO-TDI, PEK-L, and LFG. Fig. 2 shows the morphologies of
GO, GO-TDI, and LFG observed by SEM and TEM micrographs.
Fig. 2a and d show that GO nanosheets are ultrathin and
transparent, with typical wrinkles observed. Compared to the
unmodied GO, GO-TDI has a slight increase in thickness, as
Fig. 2b and e show, whichmay be due to slight stacking or cross-
linking between the GO sheets. Aer graing PEK-L on the
surface, it can be clearly seen from Fig. 2c and e that a layer of
polymer appears on the sheets, and the thickness of the sheets
is signicantly increased. Besides, the typical wrinkle appear-
ance of GO is no longer apparent. These all indicate that the
modied GO sheets were successfully covered by a layer of PEK-
L polymer. Fig. 3a shows the FT-IR spectra of GO, GO-TDI, LFG
and PEK-L. FTIR spectrum of GO shows peaks at 1732 cm�1

(C]O stretch attributed to carboxyl and carbonyl groups),
1621 cm�1 (C]C vibration of graphitic domains), 1379 cm�1

(O–H bending vibration) and 1062 cm cm�1 (C–O stretch of
epoxy groups), which indicates that the prepared GO is rich in
oxygen-containing functional groups.32,33 In the spectrum of
GO-TDI, the carboxyl stretch peak at 1732 cm�1 disappears, and
the hydroxyl peak at 1379 cm�1 becomes less intense. Mean-
while, the C]O and C–O stretch peaks of the carbamate appear
at 1704 and 1253 cm�1, respectively, and 1644 and 1538 cm�1

are the C]O stretch peak and –NH in-plane bending vibration
peak of amide. Notably, the stretching peak of –NCO groups at
2273 cm�1 is observed,34,35 though the absorption peak is weak,
whichmay due to the reaction consumption of active –NCOwith
H2O and CO2 in the air. These facts conrm that some amount
M images of GO, GO-TDI, LFG, respectively; (d–f) TEM images of GO,

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 Characterization of GO, GO-TDI, PEK-L and LFG. (a) FTIR spectra; (b) Raman spectra; (c) XRD patterns; (d) thermogravimetric curves.
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of –OH and –COOH groups of GO were consumed by reaction
with TDI, and –NCO groups were successfully attached to GO
sheets. In the spectrum of PEK-L, the peaks at 1721 cm�1 and
1696 cm�1 are assigned to the C]O absorption of the free
carboxyl groups and the hydrogen-bonded carboxyl groups
respectively. The stretching vibration peak of the aromatic
ketone carbonyl groups is at 1652 cm�1, the C]C stretching
vibration peaks of the benzene ring are at 1591 cm�1 and
1496 cm�1, and Ar–O–Ar stretching vibration peak is at
1233 cm�1. These absorption peaks all correspond to the
structural units of PEK-L, and is consistent with the litera-
ture,15,30 indicating it's successful synthesis. The LFG spectrum
is quite similar to that of the PEK-L, which suggests that PEK-L
covered at the surface of the modied graphene oxide and
masked its peak signals. The difference between LFG and the
PEK-L in the spectra is that the carboxyl peaks of 1721 cm�1 and
1696 cm�1 are no longer obvious, which demonstrating that
partial carboxyl groups of PEK-L had been reacted with –NCO
groups, and the –C]O stretch of the amide obtained by the
reaction was overlapped by that of the aromatic ketone carbonyl
groups at 1651 cm�1.36

Fig. 3b presents the XRD patterns of GO, GO-TDI, PEK-L and
LFG. The diffraction peak of GO shows a 2q value of 9.74� cor-
responding to d spacing of 0.91 nm. No feature peak of natural
This journal is © The Royal Society of Chemistry 2020
graphite around 26� is observed at GO pattern, suggesting the
fully exfoliation of graphite.37 GO-TDI shows a diffraction peak
at 6.41�, which indicates that with the modication of TDI, the
interplanar spacing between the sheets increases. The broad
XRD peak for PEK-L is a typical amorphous polymer diffraction
peak.15 Aer the covalent graing of PEK-L on the GO-TDI
surface, its ordered stacking structure no longer exists with no
diffraction peak shown in the LFG pattern, which further proves
the successful graing of PEK-L.

Fig. 3c gives the Raman spectra of GO, GO-TDI and LFG. GO
spectrum shows the peak at 1597 cm�1 (G band) corresponds to
the in-plane vibration of sp2 carbon atoms, and the peak at
1341 cm�1 (D band) is characteristic disorder and defects
induced bands.38,39 The small frequency red shi about 6 cm�1

of G band for GO-TDI is observed compared with GO, indicating
structural change of GO during chemical functionalization,
which can be explained by the reduction of GO during the
reaction between oxygen-containing functional groups and
TDI.29,40 Aer graing with PEK-L, the G band of LFG is found to
be blue-shied slightly, combined with the peak at 1594 cm�1

in the PEK-L spectrum corresponding to the C]C vibration
peak of the benzene ring,41 which suggests the structural
change aer the modication of PEK-L. The ID/IG values of GO,
GO-TDI and LFG are calculated to be 1.13, 1.14, and 1.08,
RSC Adv., 2020, 10, 25685–25695 | 25689
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respectively, indicating similar defect number in the three
materials.32

Fig. 3d shows the thermogravimetric curves of GO, GO-TDI,
PEK-L and LFG. The 10% weight loss temperature of GO, GO-
TDI and LFG are 90.5 �C, 145.4 �C, 278.8 �C, respectively,
namely the initial decomposition temperature increased as the
sequent modication went. The thermal decomposition
behavior of GO-TDI is more similar to that of GO, but GO has an
extra fast decomposition stage at the beginning. This may be
due to GO has more absorbed water and GO-TDI has less –OH
and –COOH groups.42 LFG maintains a slower and steady
decomposition rate within the whole temperature range, and
shows much better thermal stability and residual mass (56.4%)
at 800 �C than GO (46.7%) and GO-TDI (44.3%) because of the
graing of heat-resistant PEK-L polymer.

The elemental composition and chemical structure of GO,
GO-TDI, LFG and PEK-L were analyzed by XPS, and the survey
scan patterns are shown in the Fig. 4a. Typically all the four
materials show C1s and O1s peaks at �285 and �532 eV, and
GO-TDI and LFG show additional N1s peaks at �400 eV. The
elemental composition data is summarized in Fig. 4b. The
percentages of C, O atoms in GO-TDI and GO are 70.9%, 19.2%
and 62.0%, 38.0% respectively, the increase of C and decrease of
O atom ratio of GO-TDI verify again that the oxygen-containing
functional groups in GO react successfully with TDI. The O
atomic percentage of PEK-L is 13.9%, which is very close to its
Fig. 4 XPS analysis results of GO, GO-TDI, PEK-L and LFG. (a) XPS surve

25690 | RSC Adv., 2020, 10, 25685–25695
theoretical value of 13.2%. The N atomic percentage of LFG is
4.3%, smaller than that of GO-TDI (9.9%), mainly because the
introduction of C and O atoms of PEK-L. Fig. 4c shows the C1s
spectra of the four substances. The C1s spectrum of GO is
resolved into four peaks at 284.4, 286.8, 288.6, and 289.4 eV,
corresponding to C]C/C–C, C–O, C]O, and O–C]O contri-
bution, respectively.43,44 With the modication of TDI, the peak
of the C–N and C]N at 285.8 eV is observed.45 Meanwhile, the
intensity of C–O and O–C]O decreases for the reaction of
hydroxyl and carboxyl groups. PEK-L can be also deconvoluted
into similar four peaks with GO, while LFG shows decreased
peak intensity of O–C]O and a new peak of C–N structure
compared with PEK-L. The N1s peaks of GO-TDI and LFG are
analyzed as shown in Fig. 4d. The N1s peak of GO-TDI can be
deconvoluted into NH–CO (399.9 eV, including NH–COO
structure) and O]C]N structure (401.1 eV).34 As for LFG, the
O]C]N peak disappears, only NH–CO peak remains. This also
suggests that the isocyanate groups in GO-TDI successfully
reacted with the carboxyl groups of PEK-L.

The characterization results above clearly prove that isocya-
nate groups have been attached to GO, and PEK-L has been
fabricated and reacted with the isocyanate groups of GO-TDI
successfully, so that PEK-L chemically functionalized GO was
nally obtained.
y; (b) atomic composition; (c) C1s spectra; (d) N1s spectra.

This journal is © The Royal Society of Chemistry 2020
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Fig. 5 TEM images of ultrathin slices. (a) 0.5GO/PEEK composite; (b) 0.5LFG/PEEK composite.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

7 
Ju

ly
 2

02
0.

 D
ow

nl
oa

de
d 

on
 7

/2
3/

20
25

 8
:2

7:
05

 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-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
3.2. Performance of LFG/PEEK composites

Fig. 5a and b show TEM ultrathin slice micrographs of 0.5GO/
PEEK and 0.5LFG/PEEK composites respectively. It can be
seen from Fig. 5a that GO is slightly aggregated in PEEK matrix,
and the interface boundary of GO sheets and PEEK matrix is
sharper than that of LFG and PEEK matrix in Fig. 5b, where very
close interface is formed between the PEEK matrix and LFG
nanosheet. It is shown that on the surface of the LFG sheet there
is PEEK polymer, which is integrated with the polymer matrix,
so that the interface is very obscure. During the cutting process
of ultra-thin slices preparation, generally the llers in
composite material can be easily peeled off, but there is not
Fig. 6 Mechanical properties of GO/PEEK and LFG/PEEK composites, (a)
PEEK composites, (c) flexural strength and modulus, (d) notched Izod im

This journal is © The Royal Society of Chemistry 2020
even slight gap between LFG and PEEK matrix observed. These
all indicate that LFG and PEEK matrix have great interfacial
adhesion.

Fig. 6 shows the mechanical properties of pure PEEK, GO/
PEEK and LFG/PEEK composites. The tensile strength, tensile
modulus and breaking elongation of GO/PEEK and LFG/PEEK
composites are demonstrated at Fig. 6a and b. Fig. 6a shows
that GO can improve the tensile strength and modulus of PEEK
when the addition content is more than 0.3 wt%. However, the
breaking elongation decreases with the addition amount of GO
increases, which means the tensile toughness of GO/PEEK
composites becomes worse. The result of Fig. 6b shows that
the tensile strength, tensile modulus and elongation at break of
tensile properties of GO/PEEK composites, (b) tensile properties of LFG/
pact strength.
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LFG/PEEK composites are all improved aer the addition of
LFG, even a small amount of 0.1 wt% has obvious effect. There
is little difference in tensile performance when LFG is added
more than 0.5 wt%. For 0.5LFG/PEEK composite, the tensile
strength, modulus and breaking elongation are 6.8%, 7.0%, and
31.6% higher than those of pure PEEK, respectively. The results
indicate that LFG is capable of enhancing both tensile strength
and toughness of PEEK matrix while GO has reinforcing effect
but damages tensile toughness. Fig. 6c shows the exural
strength and modulus data of GO/PEEK and LFG/PEEK
composites. The exural strength and modulus of both
composites are higher than that of neat PEEK. The composite
1.0LFG/PEEK presents exural strength and modulus increased
by 7.1% and 5.0% compared to neat PEEK. Fig. 6d shows the
cantilever beam notched impact strength data of composites
with different GO and LFG content. It is clearly shown that the
impact strength results of GO/PEEK composites are all notably
lower than that of neat PEEK, with a overall declining trend as
GO amount rises. For LFG/PEEK composites, as the LFG
amount increases, the impact strength is shown to increase at
the beginning and then decrease. Composites with low LFG
content like 0.1LFG/PEEK and 0.3LFG/PEEK, the impact
strength increases by 20.5% and 19.0%, respectively. When LFG
amount reaches 0.5%, it is quite close to that of pure PEEK. As
the additive amount rises further (0.7 wt% and 1.0 wt%), the
impact strength is shown to decrease. Note that for 0.1LFG/
Fig. 7 Sliding friction andwear performance of LFG/PEEK composites: (a)
specific wear rate.

25692 | RSC Adv., 2020, 10, 25685–25695
PEEK, the tensile strength and exural strength rise by 5.7%
and 5.4% compared to PEEK, so the mechanical results
demonstrate that small amount of LFG would lead to great
reinforcement and toughening effect simultaneously. In
previous literature, it is frequently observed that the strength
and stiffness of polymers were enhanced by graphene, but
nearly always accompanying reduced toughness and
ductility.9,46 In practical structural applications, strength and
toughness are both very important to the structural engineering
materials, so it is of great signicance to accomplish simulta-
neous strengthening and toughening. The reason that GO and
LFG can improve the composite strength may attribute to their
conning of the motion of PEEK chains or segments, and the
stress can be transferred to GO or LFG. However, due to the poor
adhesion between GO and PEEK matrix, it is easy to have stress
concentration around GO, resulting in poor toughness. In the
case of LFG/PEEK composites, PEK-L macromolecular chains
may play a role of “exible connection” at the interface, make
the concentrated stress dissipate during debonding process.47,48

Therefore, the graed PEK-L has played a signicant role in the
enhanced strength and toughness of resultant composites.
However, when large amount of LFG is added, it may restrict the
molecular chain movement of polymer matrix and limit the
polymer yielding, which is not benecial to toughness
improvement of the composites.49
friction coefficient-sliding time curves; (b) mean friction coefficient; (c)

This journal is © The Royal Society of Chemistry 2020
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The friction and wear properties under dry sliding condition
of LFG/PEEK composites are shown in Fig. 7a–c. It is shown that
the friction coefficient of LFG/PEEK composites are all lower
than that of neat PEEK, whereas the coefficient is generally at
when adding amount is 0.5 wt% and further. The behavior of
the specic wear rate performance shows a trend of decrease
rst and then slightly increase, all results are lower than pure
PEEK except for the case of 0.1LFG/PEEK, whose specic wear
rate is close to that of pure PEEK. The lowest ction coefficient
and specic wear rate is given by 0.5LFG/PEEK, 27.3% and
18.3% smaller than those of neat PEEK, which is a remarkable
improvement. Fig. 8a–c show SEM images of the worn surfaces
of neat PEEK and LFG/PEEK composites. The worn surface of
the unlled PEEK is rough, showing adhesive wear and plowing
marks (Fig. 8a), which corresponds to relatively poorer friction
and wear resistance performance of the neat PEEK. As small
amount of LFG is added into the PEEK matrix, the friction
surface of the composite is smoother than PEEK sample and
shows very shallow wear track (Fig. 8b). A part of LFG is pro-
jecting from the friction surface, showing that it has tight
adhesion with PEEK matrix. However, when the amount of LFG
increases, some of LFG would be wore off, forming some small
pits on the friction counterface, which would aggravate the
abrasion (Fig. 8c). The decrease in friction coefficient may be
due to the higher strength of the LFG/PEEK composite. LFG
restricts the transfer of large quantities of PEEK macromole-
cules to the friction pair during adhesive wear process, but only
a small amount of PEEK molecules transfer to the friction pair
to form a thin and uniform transfer lm, thereby reducing the
Fig. 8 (a–c) SEM images of worn surfaces of LFG/PEEK composites: (a)

This journal is © The Royal Society of Chemistry 2020
surface roughness and reducing the friction coefficient.50,51 For
the same reason, when the LFG addition content is low, less
PEEK polymer can be taken away during adhesive wear process,
so the specic wear rate declines. But when more LFG is added,
some of the LFG could be wore off as abrasive grain, intensi-
fying the abrasive wear, so the specic wear rate increases.52
3.3. The additive manufacturing of LFG/PEEK composites

Filaments of neat PEEK and LFG/PEEK composite with different
LFG ratio are successfully prepared, one of that is shown in
Fig. 9a. Once the lament is obtained, it can be printed by
employing a high temperature FDM 3D printer (Fig. 9b). PEEK
is a semi-crystalline polymer with high melting temperature, so
the process of crystallization behavior with temperature
changes during printing increases the complexity of the
printing process. During the printing process, rapid changes in
the temperature eld can result in uneven thermal stress
distribution, causing defects such as warping and deformation
in printed parts.25 The main printing parameters such as nozzle
temperature, substrate temperature, chamber temperature,
printing speed, and layer thickness should be considered in the
printing process. The chamber temperature and printing speed
are the main factors affecting the temperature eld of the 3D
printed sample. Therefore, under the condition of ensuring
smooth 3D printing, increasing the chamber temperature and
speeding up the printing speed can make the temperature eld
distribution of the sample more uniform, and improve the
adhesive quality between layer and layer.53 Aer continuous
PEEK; (b) 0.5LFG/PEEK; (c) 1.0LFG/PEEK.
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Fig. 10 Representative tensile stress–strain curves of FDM LFG/PEEK
composites.

Fig. 9 (a) Printing filament of 0.1LFG/PEEK composite material; (b)
high temperature FDM printing process; (c) typical 3D printed models
using 1.0LFG/PEEK (left) and 0.1LFG/PEEK (right) composite filament.
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exploration and optimization of process conditions, the optimal
printing parameters of LFG/PEEK composites are found: nozzle
temperature 390 �C, template temperature 150 �C, chamber
temperature 90 �C, and print speed between 20–40 mm s�1.
Smooth printing can be achieved under this condition, and the
printed parts are free from warping. Fig. 9c shows some typical
3D printed models using LFG/PEEK composite laments.

The tensile performance of PEEK and low addition LFG/
PEEK composites FDM samples were tested and shown in
Fig. 10. The tensile strips were printed at 45�/45� raster angle in
the XY plane with 100% lling ratio. Fig. 10 shows the repre-
sentative tensile stress–strain curves. The tensile strength,
modulus and breaking elongation of neat PEEK are 79.2 MPa,
3110 MPa, and 6.5% respectively, decreased by 14.9%, 13.4%
and 63.2% compared to injection molded PEEK samples,
namely a reduction of tensile mechanical property is presented
when FDM method is used, consistent with previous literature
results.25,26 This phenomenon can be greatly improved when
a small amount of LFG is introduced. As shown from the gure,
both 0.1LFG/PEEK and 0.3LFG/PEEK FDM samples show much
better tensile performance than neat PEEK, and the tensile
strength, modulus and breaking elongation of 0.3LFG/PEEK
increase by 16.7%, 9.5% and 44.6% to 92.4 MPa, 3405 MPa,
9.4%. Nevertheless, when LFG content comes to 0.5 wt%, the
tensile strength and breaking elongation begin to decrease. In
summary, small amount of LFG can improve both the tensile
strength and toughness of PEEK FDM parts, and the tensile
strength of 0.3LFG/PEEK is even close to that of neat PEEK
injectionmolding samples (93.1 MPa), compensating the loss of
mechanical properties caused by FDMmethod. This has a great
signicance in broadening the practical engineering applica-
tion of FDM parts, and the LFG/PEEK composite FDM parts are
25694 | RSC Adv., 2020, 10, 25685–25695
expected to be directly applied as end-use parts in elds like
aerospace, automobile and machinery.
4. Conclusions

A series of LFG/PEEK composites with different ller contents
were fabricated, and can be manufactured with fused deposi-
tion modeling method. The LFG ller, which has very good
compatibility with PEEK matrix, was successfully prepared by
covalently functionalizing GO through a facile “gra to”
method. Just a small amount of LFG addition can strengthen
and toughen the PEEK matrix simultaneously, while unmodi-
ed GO can improve the strength but reduce the toughness. The
tensile, exural and impact strength of 0.1LFG/PEEK are 5.7%,
5.4% and 20.5% higher than those of unlled PEEK. In addi-
tion, LFG can reduce the friction coefficient and specic wear
rate of the composites. For the 0.5LFG/PEEK, the friction coef-
cient and specic wear rate decrease by 27.3% and 18.3% than
PEEK. The LFG/PEEK composites can be used as 3D printing
materials for FDM, and parts with complex structure and
excellent mechanical performance can be easily manufactured.
The tensile strength and breaking elongation of 0.3LFG/PEEK
FDM samples are 16.7% and 44.6% higher than those of
PEEK, which can signicantly broaden the application potential
of FDM parts with intrinsically limited mechanical properties in
a variety of engineering elds.
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23 R. D. Farahani, M. Dubé and D. Therriault, Adv. Mater., 2016,
28, 5794–5821.

24 X. Wang, M. Jiang, Z. Zhou, J. Gou and D. Hui, Composites,
Part B, 2017, 110, 442–458.

25 C. Yang, X. Tian, D. Li, Y. Cao, F. Zhao and C. Shi, J. Mater.
Process. Technol., 2017, 248, 1–7.

26 W. Wu, P. Geng, G. Li, D. Zhao, H. Zhang and J. Zhao,
Materials, 2015, 8, 5834–5846.
This journal is © The Royal Society of Chemistry 2020
27 C. Yang, S. Hao, S. Dai and X. Zhang, Carbon, 2017, 117, 301–
312.

28 M. Xiang, C. Li and L. Ye, J. Ind. Eng. Chem., 2018, 62, 84–95.
29 P. Lin, L. Meng, Y. Huang, L. Liu and D. Fan, Appl. Surf. Sci.,

2015, 324, 784–790.
30 Z. Wang, T. Chen and J. Xu, J. Appl. Polym. Sci., 1997, 63,

1127–1135.
31 M. G. Zolotukhin, H. M. Colquhoun and L. G. Sestiaa,

Macromolecules, 2003, 36, 4766–4771.
32 S. Kumar, S. Raj, E. Kolanthai, A. K. Sood, S. Sampath and

K. Chatterjee, ACS Appl. Mater. Interfaces, 2015, 7, 3237–3252.
33 H. P. Mungse and O. P. Khatri, J. Phys. Chem. C, 2014, 118,

14394–14402.
34 S. Stankovich, R. D. Piner, S. T. Nguyen and R. S. Ruoff,

Carbon, 2006, 44, 3342–3347.
35 C. Xu, X. Wu, J. Zhu and X. Wang, Carbon, 2008, 46, 386–389.
36 U. Saha, R. Jaiswal, J. P. Singh and T. H. Goswami, J.

Nanopart. Res., 2014, 16, 2404–2425.
37 A. K. Pathak, M. Borah, A. Gupta, T. Yokozeki and

S. R. Dhakate, Compos. Sci. Technol., 2016, 135, 28–38.
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