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H I GH L IG H T S

self-polymerized polydopamine) (PDA) layer was deposited on aramid ﬁbers.
• The
eﬃcient route to functionalize aramid ﬁbers based on dopamine chemistry was developed.
• An
• With PDA coating and further amino GO grafting, the rougher ﬁber surface signiﬁcantly improved the IFSS.
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Dopamine modiﬁed aramid ﬁber (AF) surface was grafted with amino functionalized graphene oxide to improve
the interfacial adhesive performance. The self-polymerized polydopamine (PDA) coating and subsequent amino
GO grafting on the AF surface attributed to the increase in its surface roughness and surface-active groups. The
functional groups, chemical composition and surface topography of unmodiﬁed and modiﬁed AF was investigated by Fourier transform infrared (FTIR) spectroscopy, X-ray photoelectron spectroscopy (XPS) and
Scanning electron microscopy (SEM). The interfacial properties were analyzed by measuring interfacial shear
strength (IFSS) of unmodiﬁed and modiﬁed AF embedded epoxy matrix. Further, the properties were tuned by
optimizing the reaction temperature and concentration of ethylenediamine. The IFSS of AF/epoxy composites
was increased by 34% after grafting amino graphene oxide.

1. Introduction
With unique properties such as high strength (the single ﬁlament
strength of aramid ﬁber can reach 3850 MPa), good toughness (the
impact strength is 6 times that of graphite ﬁbers), low weight (the
density of AF is 1.44 g/cm3), low dielectric constant (the dielectric
constant of aramid ﬁber which contained 58% ﬁbers in the epoxy

composites is 3.3), and good thermal resistance (the thermal decomposition temperature is over 550 °C), aramid ﬁbers (AF) have been a
potential reinforcement material for multi-functional composites used
in automobile, aviation, space, bullets, protective garments, electromagnetic interference shielding, etc [1–7]. However, their poor interfacial adhesion with the matrix due to the smooth surface and chemical
inertness limits their applications in the composite materials. Therefore,
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by washing with a copious amount of deionized water and subsequently
dried at 40 °C under vacuum.

many research eﬀorts have been made to improve the interfacial
properties of AF based composites through the modiﬁcation of AF
surface by plasma treatment, chemical etching, ion sputtering, ultrasonic treatment, corona discharge and so on [8–10]. Unfortunately,
these techniques have drawbacks such as multi-step procedures, high
cost, toxic by-products, deterioration of the structure and the properties
of ﬁbers, thereby restricting the potential performance of the composites [11]. Furthermore, it is worth pointing out that the ﬁber coating or
sizing during composite processing prevents it from breaking and
ﬂuﬃng compared to chemical treatment [12,13].
Very recently, the treatment of ﬁbers using dopamine has attracted
research interests due to the advantages such as remarkable chemical
properties, mild reaction conditions, low cost, and easy applicability to
diﬀerent materials including non-stick surfaces of various size and
shape [14]. Usually, the catechol groups in the dopamine undergo selfoxidative polymerization under the weak alkaline condition to form
polydopamine coating on the ﬁbers [15]. Yang et al. demonstrated that
the functionalization of graphene with PDA improved their dispersibility and stress transfer between the polyurethane and the graphene [16]. In our earlier work, we modiﬁed the surface of AF using
dopamine and investigated the eﬀect of treatment time and dopamine
concentration. It was found that the AF modiﬁed with PDA exhibited an
improved interfacial shear strength (IFSS). Moreover, the catechol
groups reacted with thiol- or amine-functional groups through Schiﬀ
base reactions or Michael addition under oxidizing conditions [17,18].
This facilitated the grafting of functionalized secondary materials onto
PDA, which further improved their functionality and surface reactivity
[16,19]. Zhu et al. found that the grafting of graphene oxide on PDA
coated aramid ﬁbers increases their mechanical properties as well as
UV-resistance [20]. Sa et al. reported that grafting of epoxy functionalized silane improved the adhesion strength of PDA functionalized
meta-aramid ﬁbers in rubber matrix by 62.5% [21]. In view of these, it
is valid to expect the grafting of amino-functionalized graphene oxide
on PDA coated aramid ﬁbers to be eﬀective for improving their adhesive performance in an epoxy matrix. Herein, amino graphene oxide
was grafted onto the surface of aramid ﬁbers/modiﬁed polydopaminecapped utilizing the secondary reaction of active hydrogen in polydopamine. The physical properties of the pure AF and modiﬁed AF were
investigated by (FT-IT) spectroscopy, scanning electron microscopy
(SEM) and X-ray photoelectron spectroscopy (XPS). The interfacial
adhesive performance of modiﬁed AF was analyzed by measuring the
IFSS. It is found that the properties of the PDA modiﬁed AF varies with
varying the reaction temperature and concentration of ethylenediamine
during grafting of amino graphene oxide.

2.3. Preparation of amino GO/dopamine modiﬁed aramid ﬁbers
Firstly, the as-received AF were extracted with acetone for 24 h to
eliminate the commercial sizing and subsequently dried at 40 °C for 6 h
under vacuum. To functionalize the surface of AF, the 2 mm long desized-AF were immersed in a buﬀer solution (pH = 8.5), and then dopamine was added. The above mixture was sonicated for 10 min and
kept under constant stirring for 24 h at room temperature. PDA coating
was formed on the desized-AF surface by self-oxidative polymerization
of dopamine. The PDA-coated AF was washed and ﬁltered with deionized water to remove residual dopamine and PDA. The ﬁltrate was
then dried at 40 °C for 5 h in vacuum. To obtain amino GO/dopamine
modiﬁed aramid ﬁbers, PDA-aramid ﬁbers were added into amino GO
solution to react through amine-catechol adduct formation at 15–50 °C
for 12–24 h, the amino GO-grafted dopamine modiﬁed aramid ﬁbers
were obtained and dried at 50 °C for 24 h under a vacuum.
The mixture of epoxy resin E−51 and m-xylylenediamine in the
weight ratio of 100:18.32 was applied on a single aramid ﬁber to form
resin microdroplet. The resin microdroplet was then cured at 60 °C for
1 h and at 100 °C for 2 h. The prepared resin microdroplets were used to
test the interfacial properties of the modiﬁed ﬁbers.
2.4. Characterizations
The molecular elucidation of the GO, amino GO, pure AF and surface modiﬁed AF was carried out by Fourier transform infrared (FTIR)
spectroscopy (Nicolet spectrometer) in the wavenumber range between
400 and 4000 cm−1 at a resolution of 4 cm−1. The morphologies of GO
and amino GO were investigated using transmission electron microscopy (Libra 120). The functional groups and chemical composition of
the amino GO and surface modiﬁed AF surface were characterized by Xray photoelectron spectroscopy (ESCALAB 220i-XL) with Al-Kα radiation. The signals were collected at the 45° of incidence angle. The
surface topography of the pure AF, PDA-AF and amino GO/PDA-AF was
observed by using a scanning electron microscope (SEM, Quanta 200
FEG).
The micro-debonding test for the prepared resin droplets was carried out on an XQ-1 ﬁber tensile testing machine to investigate the
interfacial properties at a displacement rate of 0.1 mm/min. The IFSS
(τ) was calculated using Equation (1) [23]:
τ=Fmax/(πDf Le)

2. Experimental

(1)

where Fmax is maximum pullout force, Df is the diameter of AF, and Le is
the length of AF embedded in the epoxy matrix. The experiment was
repeated for 30 times and the average value was calculated for each
sample.

2.1. Materials
3,4-dihydroxyphenethylamine hydrochloride (DOPA, 98%), and tris
(hydroxymethyl)aminomethane (TRIS, 99%) were purchased from J&K
Chemicals Ltd. Ethylenediamine (EDA) and graphite powders were
obtained from Aladdin Reagent Corp. (Shanghai, China). KEVLAR49
was obtained from J&K Chemicals (DuPont Company, America). The
matrix, epoxy resin (E51) and curing agent, m-Xylylenediamine were
procured from Shanghai Resin, China. All the chemical reagents and
solvents were of analytical grade and used as received without any
further treatment.

3. Results and discussion
3.1. Characterization of GO and amino GO
The preparation process of the Amino GO-PDA-AF/EP is illustrated
in Scheme 1. At ﬁrst, the PDA was attached to the surface of AF via the
strong adhesion of dopamine. This is because the PDA was coated on
the AF surface through an intermolecular cross-linking of 5, 6-dihydroxyindole resulted from the oxidative conversion of the catechol
groups in dopamine under basic conditions [24–26]. Moreover, this
reaction introduced polar hydroxyl and imine groups to the PDA.
Subsequently, the Michael addition reaction between amines and oxidized quinone structures resulted in the grafting of amino GO on PDAAF, which was beneﬁcial to improve the surface activity of the ﬁber and
its interfacial bonding with the epoxy resin.

2.2. Preparation of amino graphene oxide sample
The graphene oxide (GO) nanosheets were prepared by the modiﬁed
Hummer's method [22]. Brieﬂy, 0.1 g GO was dispersed into 100 mL
deionized water via ultrasonication for 15 min, conﬁgured as 1 g/L GO
solution. Then, a certain amount of EDA was added to the GO solution
at 60 °C and later on stirred for 12 h. The solid products were collected
132
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Scheme 1. Illustration of the manufacturing process of Amino GO-PDA-AF/EP.
Fig. 2. FTIR spectra of graphene, GO and amino GO, respectively.

Fig. 1. (a) AFM image of GO and the digital photograph of GO solution is
shown in the inset. (b) TEM image of GO. SEM images of (c) GO and (d) amino
GO.

Fig. 3. Raman spectra of graphene GO and amino GO, respectively.

with the crystalline grain size and impurity defects of graphite is insigniﬁcant because of its crystal symmetries [30]. Interestingly, the GO
and amino GO exhibit strong G and D bands. This can be explained
through the following reasons. The chemical method adopted for the
preparation of GO involved the exfoliation and introduction of oxygen
within the graphite layers, which increased the defects of crystals and
reduced the number of layers [31,32]. The GO was then reduced with
EDA to produce amino GO; however, the reduction reaction caused the
fracture of carbon bond and made the crystal sizes smaller [33].
FTIR spectra of amino GO obtained at diﬀerent temperatures are
shown in Fig. 4a. It depicts that the representative peaks of amino GO
between 1465 and 1255 cm−1 and at around 3430 cm−1 (ref. Fig. 2)
become intense and wider with the increase in the preparation temperature. These results indicate that the amount of amino-functional
group grafted on GO increases with increasing the temperature. Further, the disappearance of the peaks at 1713 and 1070 cm−1 corresponding to C]O and CeO, respectively, indicates that the degree of
reduction of GO was increased gradually with increasing temperature
[34]. Also, the intensity of their characteristic peaks increases with
increasing the concentration of EDA as seen in Fig. 4b, which indicates
that increasing the concentration of EDA was helpful to improve the
functionalization in GO.
The results of the GO XPS spectrum show that the pristine GO was

The morphologies of the as-obtained graphene oxide (GO) and
amino GO are shown in Fig. 1. The cross-sectional view of the atomic
force microscopy (AFM) image demonstrates that the average thickness
of GO is about 1 nm, and a large lateral size exceeds several micrometer
(Fig. 1a). It is important to note that a Tyndall eﬀect can be clearly
observed in the inset of Fig. 1a, indicating its superior dispersity and
hydrophilicity. A typical TEM image of GO reveals a thin gauze and
wrinkled morphology (Fig. 1b), demonstrating its excellent ﬂexibility
and machinability. In addition, the SEM image of GO also shows similar
results to its TEM (Fig. 1c). Interestingly, the morphology of amino GO
is basically the same as that of GO, indicating that the amination
modiﬁcation had little eﬀect on the morphology of GO.
The FTIR spectra of GO and amino GO are shown in Fig. 2. It can be
seen that the amino GO exhibits the variation in the range between
1465 and 1255 cm−1 that is ascribed to the stretching of CeN and
bending of NH2 and eNHe groups. In addition, the observed widening
of the peak at 3430 cm−1 represents the combination of OeH and NeH
stretching.
Raman spectra of graphite, GO, and amino GO with their characteristic G- and D-bands are shown in Fig. 3. The characteristics G
band representing the in-plane vibration of sp2 bonded carbon atoms is
observed for graphite [27–29]. The intensity of the D band associated
133
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Table 2
Structure and compositions analysis of C1s Peaks of amino GO/dopamine
modiﬁed aramid ﬁbers.
Chemical bond

Peak position

Peak area

Content (%)

CeC
CeO
CeN
CeOeC
C=O

284.6
285.6
286.2
286.9
288.1

28070.87
8312.58
13490.92
5520.67
6975.14

45.00
13.33
21.63
8.85
11.18

Fig. 4. FTIR spectra of (a) amino GO at diﬀerent preparation temperatures and
(b) amino GO at diﬀerent preparation concentrations of EDA.

Fig. 7. (a) C1s and (b) N1s XPS spectra of amino GO/dopamine modiﬁed
aramid ﬁbers.
Fig. 5. (a) C1s and (b) N1s XPS spectra of amino GO.
Table 1
Structure and compositions analysis of C1s Peaks of amino GO.
Chemical bond

Peak position

Peak area

Content (%)

CeC
CeO
CeN
CeOeC
C=O

284.5
285.5
286.2
286.9
288.1

63402.77
7586.01
28819.44
12972.63
4894.75

53.88
6.45
24.49
11.02
4.16

Fig. 8. TGA curves of AF, amined AF, Dopamine/AF and GO.

reduction eﬀect on the GO. The C1s spectra of amino GO were deconvoluted into ﬁve peaks corresponding to CeC at 284.5 eV, CeO at
285.5 eV, CeN at 286.2 eV, CeOeC at 286.9 eV, and C]O at 288.1 eV
[35]. The results are summarized in Table 1. Compared with the C1s
spectra of GO, a CeN peak appeared, the content was 24.49%. The
CeOeC peak became smaller signiﬁcantly, the content decreased from
42.35% to 11.02%. The content of CeO and C]O also slightly declined.
These indicate the chemical reaction between EDA and GO. Meanwhile,
at the time of reaction, the O atoms, which contained in the CeOeC,
disappeared. In addition, the content of CeC increased from 34.71% to
53.88% compared with GO, indicating that EDA repaired the damaged
CeC sp2 hybrid structure and reduced the GO indeed to some extent.
The N1s spectra of amino GO were ﬁtted into two peaks at 399 and
400.5 eV attributed to the eNHe and eNH2e groups, respectively [36].
The eNHe was distributed at one end of the combination of EDA and
GO, while the NH2 was at the other end of the EDA. It can be clearly
seen from the diagram that the eNH-peak area was obviously larger
than that of the eNH2 peak area. This was because that a part of EDA
was connected between two GO layers, making the content of eNHe
more than that of the eNH2e. However, due to excess EDA, there was a
considerable portion of the eNH2 available, these eNH2 group

Fig. 6. SEM images of the surfaces of (a) pure desized-AF, (b) PDA-AF, (c)
amino GO-PDA-AF prepared at 40 °C, and (d) amino GO-PDA-AFs prepared at
60 °C.

comprised of carbon (C) and oxygen (O) species with the oxygen to
carbon signal ratio (O/C) of 0.683. This means that the graphene was
well oxidized. However, the results of the amino GO XPS spectrum in
Fig. 5 show that the amino GO was composed of carbon (C), oxygen (O)
and nitrogen (N) elements. Compared with GO, N element content increased from 0 to 7.02%. In addition, the O element content decreased
from 40.58% to 24.98%, which indicated that EDA had a certain
134

Polymer 168 (2019) 131–137

X. Gong, et al.

Table 3
IFSS test results of AF/epoxy composites modiﬁed at diﬀerent condition.
Content

unmodiﬁed

dopamine modiﬁed

amino GO/dopamine modiﬁed at 40 °C

amino GO/dopamine modiﬁed at 60 °C

IFSS(MPa)

26.31 ± 1.3

34.73 ± 2.2

31.52 ± 1.6

35.21 ± 0.9

prepared at diﬀerent treatment conditions are presented in Table 3.
Evidently, the IFSS of the modiﬁed aramid/epoxy composites was signiﬁcantly higher than that of the unmodiﬁed aramid/epoxy composites.
The IFSS of AF/epoxy composites was signiﬁcantly improved with the
modiﬁcation in AF surface due to the increased surface roughness of AF
with the treatment of dopamine and amino GO. This is mainly because
that the increase of AF surface roughness can improve the surface activity of ﬁbers and the interaction with resins. It is important to note
that the IFSS of composites comprising amino GO/PDA-AF is slightly
lower than that of the composites comprising the PDA-AFs at a lower
reaction temperature of 40 °C. Although the roughness of the ﬁber
surface increased relatively, the bonding strength between dopamine
and aramid ﬁber was not too high, and the interface between dopamine
and aramid ﬁber was preferred to be separated from the composite
material when it was pulled away. Interestingly, the IFSS of composites
comprising amino GO/PDA-AF was higher than that of the composites
comprising PDA-AFs at a higher reaction temperature of 60 °C. The
amino GO improved the polarity and surface reactivity of PDA-AF by
introducing the reactive functional groups, thereby improving the
wettability and interfacial properties of AF/epoxy interface [39].
Moreover, the inherent high speciﬁc surface area of amino GO contributed to the IFSS by consuming the destructive energy [23].

provided the active sites of the reaction when the amino GO was grafted
to the AF for the next step.
3.2. Research on amino GO/dopamine modiﬁed aramid ﬁbers
SEM images depicting the surface morphology of pure desized-AF,
PDA-AF and amino GO/PDA-AF prepared at diﬀerent reaction temperatures are shown in Fig. 6. It can be observed that the pure AF
possess clean and smooth surface, and contain some shallow and
narrow micro-grooves along the axial direction (Fig. 6a). After treatment with dopamine, the PDA-AF displayed a high roughness surface
with signiﬁcant protuberances, indicating the coating of dopamine on
the AF surface by self-oxidative polymerization (Fig. 6b). Fig. 6c and d
shows that the amino GO/PDA-AF are covered with ﬂakes of amino GO.
It can be clearly seen that the obtained surface of amino GO/PDA-AF
becomes more uneven and much rougher, which is beneﬁcial to improve the surface activity of the ﬁber and its interfacial bonding with
the resini. Moreover, it was also observed that the surface roughness of
PDA-AF and the density of amino GO on their surface increased with
the increase of the reaction temperature from 40 to 60 °C, and the results are consistent with those of the FTIR spectrum analysis. All above
results indicate that AF were successfully modiﬁed by dopamine
treatment and further grafted with amino GO by reaction with EDA,
which gave them the potential to strengthen the epoxy resins.
The surface chemical compositions of amino GO/dopamine modiﬁed aramid ﬁbers were further analyzed by using XPS. The results are
presented in Table 2. It can be seen that after grafting, N element
content of the modiﬁed ﬁbers surface was 9.6%, which was greater than
that of the amino GO and less than PDA. The content of C element was
68.56%, more than 67.37% of PDA. In addition, the content of O element was 21.84%, less than the content of O in PDA. All these indicate
that the amino GO had been grafted on the AF.
For amino GO/dopamine modiﬁed aramid ﬁbers, the C1s spectra
were ﬁtted into ﬁve peaks at 284.6 (CeC), 285.6 (CeO), 286.2 (CeN),
286.9 (CeO), and 288.1 eV (C]O), respectively (Fig. 7a), consistent
with the previous report [37]. Compared with the C1s spectra of amino
GO, the CeC and CeN bond contents decreased, however, CeO and
CeN contents increased, all functional group ratios were close to the
value of pure PDA. The results indicated that the grafting process incorporated the nitrogen atoms into the AF surfaces. The amino GO had
been successfully grafted on the AF, but it had not completely covered
the AF, or the thickness was less than the detection depth of XPS.
Fig. 7b shows that the N1s spectra of amino GO/dopamine modiﬁed AF
can be ﬁtted into only two peaks with BEs at about 399.5 (−NH) and
401.4 eV (NH2) [38]. Compared with the N1s ﬁtted results of PDA- AF,
the = NeH peak in PDA coating disappeared, and the intensity of the
eNH2 peak in the amino GO increased. This indicated that the amino
GO had completely covered the AF, but the thickness of the amino GO
coating has not yet exceeded the detection depth of XPS. The exact
contents of PDA coating on AF and amino GO on the surface modiﬁed
AF can be determined by using thermogravimetric analysis (TGA). As
known from the calculation (Fig. 8), the content of the PDA coating on
AF is 9.2％, and the amino GO on the AF surface modiﬁed at temperature of 40 °C and 60 °C is 0.7％ and 2.1％, respectively.
The nature of interface/interfacial adhesion is a crucial factor that
determines the stress transfer between the reinforcing ﬁbers and the
matrix and thereby the mechanical properties of the corresponding
composites. The IFSS is the parameter that signiﬁes the interfacial
property of the composites and their values for AF/epoxy composites

4. Conclusions
Aramid ﬁbers were modiﬁed by self-oxidative polymerization of
dopamine and amino GO grafting. XPS and SEM results conﬁrmed that
aramid ﬁbers were coated with PDA and amino GO. The amino GO
grafting improved the surface roughness, polarity and reactivity of the
PDA-AF. The amount of amino GO grafting was altered by changing the
reaction temperature and concentration of ethylenediamine. At a
higher reaction temperature of 60 °C, amino GO/PDA-AF/epoxy composites exhibited IFSS of 35.21 MPa, which was 34% higher than that of
pure-AF/epoxy composites (26.31 MPa). The improved IFSS demonstrated the satisfactory reinforcing was achieved by modiﬁcation of
aramid ﬁbers. This study delivers the facile route for the surface modiﬁcation of high-performance ﬁbers for their potential applications in
multifunctional polymer composites especially with functional nanoparticles [40–49] and functional polymers [50–55] for various applications such as electromagnetic interface shielding [56–59], environmental remediation [60–64] and sensing [65–69].
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