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In this work, glycidyl methacrylate (GMA) was polymerised and grafted onto the surface of carbon fiber (CF)
by using electrochemical grafting to improve the interfacial properties between the fibre and epoxy resin.
The optimised conditions for electrochemical grafting and the reaction mechanism were also investigated.
Results showed that GMA was covalently grafted to the CF surface by the assistance of aluminium chloride,
which is a good electrolyte for electrochemical grafting. The GMA grafting ratio on the CF surface increased
with electrolyte concentration and reaction time, and an optimal current intensity for the
electropolymerisation was determined. On the basis of the strong correlation between the grafting ratio
and the carboxyl content in the CF, a two-step mechanism of electrochemical grafting on the CF
surface was proposed: first, the surface of CF was anodised to produce oxygen-containing functional
groups, mainly including COOH, OH and C=O0. Next, when CF was used as the anode in the electrical
grafting reaction, the COOH on the surface of CF would lose electrons and then remove carbon dioxide
to generate carbon radicals on the surface of CF. The carbon radical would attack the carbon-carbon
double bond in GMA to initiate the radical polymerisation of GMA monomers and graft polymers would
be formed on the CF surface. Compared with untreated CF, the interfacial shear strength (IFSS) test
proved the improvement of the interface adhesion of the modified carbon fibre (MCF) composites. This
work provided a controllable electrochemical approach that could simply and quickly graft poly(glycidyl
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1. Introduction

Carbon fibre (CF) is one of the most valuable reinforcements for
advanced composites due to its high specific strength, high
specific modulus, low density and excellent thermophysical
properties.”” It has been widely used in the aerospace, auto-
motive, sports and construction fields.*® It is well documented
that mechanical properties of CF composites are closely asso-
ciated with the interface between the CF and resin matrix.”
However, the interface of CF composites is usually poor at
bonding, which is caused by the strong hydrophobicity and
chemical inertness of CF.? Therefore, modifying the CF surface
is a key issue for improving the interfacial properties of CF
composites, and has been largely investigated by researchers,
and progress has been made.*™"

For example, several methods have been developed to
improve CF surfaces, including increasing the surface energy of
CF, increasing the number of chemically active functional
groups or changing the microstructure of the CF surface by
chemical grafting, plasma treatment, anodisation or electro-
chemical grafting modification. Chemical grafting is an
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methacrylate) (PGMA) on the surface of CF.

effective method to modify the interface of CF composites, but
generally, the reaction conditions have higher requirement
than those required for other modification methods; for
example, acid chloride treatment with fibre'® or longer reaction
times™ are required. Besides, the length and type of the grafted
molecular chains have a great influence on the interface
performance improvement."*”” Compared with chemical graft-
ing, the effect of plasma modification on the interface proper-
ties is unstable and the modification range is smaller.'*>® The
anodic oxidation method is affected by the process of electro-
Iytes, and the modification effect is weaker.*"** As the oxidation
result of electrolyte aqueous solution, highly reactive oxygen
species (ROS) are formed on the CF surface. The ROS will then
electrochemically oxidize and etch the surface of CF and
introduce oxygen-containing functional groups, such as COOH,
OH and C=0.?>* In the past few years, electrochemical grafting
has received great attention as a kind of surface-modification
technique for CF. By applying this technology, monomers can
be initiated to polymerise and grafted on CF surface in a elec-
trical magnetic field.** it is possible to the electrochemical
grafting has advantages of surface chemistry of CF surface
controllable, easy to transfer to industry, low cost and simple
conditions required.***” Up to date, studies of electrochemical
grafting reaction mainly in different monomers.?*>°
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Poly(glycidyl methacrylate) (PGMA) contains epoxy group that
can participate in crosslinking reactions with epoxy resins.*
Besides, the long-chain of PGMA can also form a physical
entanglement with epoxy resin molecules which improves the
bonding strength between the two components and has a tough-
ening effect on the epoxy resin.*>** However, existing process is
chemical grafting that involved separate steps of surface oxida-
tion, surface functionalisation and grafting, which may bring
complexity to the implement for practical applications.**

In this work, we developed a controllable, simple and quick
approach to have GMA polymerised and grafted onto CF surface
by using CF as anode and AICl; as electrolyte. Reaction condi-
tions including the electrolyte type and concentration, reaction
time and current intensity were investigated to control the
grafting ratio of PGMA on CF surface to find out optimal
conditions for electrochemical grafting. The correlation
between the grafting ratio and carboxyl content of CF was also
investigated, and the mechanism was discussed. By optimizing
the grafting parameters, a controlled and quick surface modi-
fication was achieved, and the relationship between the grafting
ratio and interfacial strength of CF composites were systemat-
ically investigated.

2. Experimental

2.1. Materials

CF tow (T800-6K) and anodised carbon fibre (ECF) tow (T800-
6K) were all made by Key Laboratory of Carbon Fibre and
Functional Polymer Ministry of Education, Beijing University of
Chemical Technology, without sizing agent on the surface.
Glycidyl methacrylate (GMA) (99%) was purchased from Ada-
mas Reagent Co., Ltd. Aluminium trichloride (AICl;) was
purchased from Tianjin Fuchen Chemical Reagent Factory.
Anhydrous ethanol (>99%) was purchased from Beijing Chem-
ical Plant. Tetrahydrofuran (THF) (>99%) and diiodomethane
(>99%) was purchased from Beijing Tongguang Fine Chemical
Company.

2.2. Electrochemical grafting of GMA on CF surface

The reaction solution was prepared using a suitable concen-
tration (10% mass fraction) of GMA, a certain concentration
(0.05-0.20 mol L") of electrolyte and a solvent containing
ethanol and deionised water at a volume rate of 1 : 1. The CF
was wound on a glass frame as an anode. The cathode (a
graphite plate) and the glass frame were fixed in the solution
system. The solution system was immersed in a water bath at
a constant temperature of 5 °C and started to react at a certain
current intensity. After a certain period of time (20-80 min), the
reaction was finished, and the fibre filaments were taken out for
post-treatment. The modified carbon fibre (mCF) was first
ultrasonically heated (60 °C) with deionised water and shaken
for 10 min (this was repeated eight times) and the solvent
remaining in the fibre can be washed away. The same washing
procedure was followed using tetrahydrofuran (THF is a good
solvent for PGMA). After that, the mCF were placed in an oven
for drying (100 °C, 6 h). The same procedure was followed for
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the other CF samples, and the modified fibre were finally
characterised.

Calculation of the grafting of the polymer on the CF surface
by thermogravimetric analysis (TGA):

Grafting (%) = (W, — W)I(1 — (W, — Wy)) x 100%

W,: weight loss rate of the mCF. W;: weight loss rate of the
untreated CF.

2.3. Characterisation of the fibre

An $S4700 (Hitachi, Japan) type scanning electron microscope
(SEM) was used to investigate the surface morphology of CF
samples under an acceleration voltage of 5 kV. To analyse the
surface structure of CF samples, Fourier transform infrared (FT-
IR) spectra of the CF samples were taken using a Nicolet 5700
FT-IR spectrometer from Thermo Electron Scientific Instru-
ments Corp. The FT-IR spectra were acquired by scanning the
specimens for 64 times in the wavenumber range of 400-
4000 cm~' with the resolution of 2 em™'. The thermal-
decomposition behaviour of CF samples was studied using
a thermogravimetric analyser (Q600, TA, USA) in the range of
20-600 °C at a heating rate of 10 °C min~" and a nitrogen flow
rate of 100 mL min~"'. Besides, X-ray photoelectron spectros-
copy (Kratos, a subsidiary of the Shimadzu Group, Japan) was
applied to analyse the chemical composition and surface
functional groups on the CF surface. The test parameters were
a single-colour X-ray source of aluminium target (Al Ko, hv =
1486.7 eV), the energy resolution was 0.48 eV and the XPS
imaging space was 200-800 mm. A dynamic contact angle meter
(DCAT21, Data Physics Instruments, Germany) was carried out
to test dynamic contact angles and surface energy. Two kinds of
test liquids were deionized water and diiodomethane. The
interfacial shear strength (IFSS) was used to characterize the
interfacial adhesion between CF and resin matrix. The interfa-
cial evaluation equipment (MODEL HM410, Japan) was applied
to measure the interfacial shear strength of composites by
microdroplet test. The sample preparation, test methods and
standards in the microdroplet debonding test were followed the
procedures in the previous work of Peng et al.*® The epoxy resin
(E51), curing agent (MTHPA) and accelerant (aminoethyl
piperazine) were mixed in a mass rate of 100 : 83.5 : 1 to prepare
microdroplets. Then the tip of a pin was used to dip a small
amount of the mixed resin and the resin was slowly spread
evenly on the CF. The resin formed droplets on the surface of CF
under the action of surface tension. The sample was cured at
130 °C for 2 h. Under the optical microscopy, the microdroplets
(diameter was around 50 um) was chosen and debonded by
fixture where the debonding load F could be recorded. The value
of IFSS were calculated according to eqn (1), which was averaged
from the 20 valid data for each sample.

IFSS = Fou(dL) (1)

where F,., is the maximum tensile force, d is the diameter of
the examined fibre, and L is the length of the fibre part
embedded in the matrix.

This journal is © The Royal Society of Chemistry 2020
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3. Results and discussion

3.1. Electrochemical graft reaction of CF and GMA

To examine the conjugation between the CF and PGMA,
a washing step was conducted by using THF that is a good
solvent for PGMA washing,* thus the PGMA coated on the
surface of CF would be dissolved in THF. The samples of mCF
were washed by THF for multiple times, the unwashed PGMA
was analysed by FT-IR, TGA and SEM. Fig. 1 showed the FT-IR
spectra for an mCF sample with different washing times.
Characteristic peaks of PGMA appeared on the mCF surface,
which included a signal for the C=0 bond at 1733 cm ™" and
others corresponding to the epoxy group (C-O) at 1260, 912 and
843 cm ™", It can be clearly seen that these characteristic peaks
did not appear on the CF surface. Besides, it can be seen from
Fig. 1 that with increasing number of washing cycles, the
characteristic FT-IR peaks of PGMA on the mCF surface were
gradually weakened and reached unchanged after 8 times of the
washing. The purpose of the TGA test was to determine the
amount of polymer grafted on the CF surface. As shown in
Fig. 2, the naive CF had a good thermal stability with only 3.54%
heat loss. The thermal weight loss of mCF changed signifi-
cantly, and the weight loss was decreased with the washing
times increased. Fig. 2(b) summarized the quantification results
of TGA, from which the grafting ratio of PGMA on CF surface
was determined as 11.66%. Taken above together, it could be
seen that the CF samples washed eight times with THF
following the electrochemical grafting reaction reached the
constant weight. It is reasonable to consider that the non-
bounded polymer molecules have been dissolved and washed
off, and the polymer molecules remaining on the CF are grafted
on the CF surface by chemical bind. To further confirm the
presence of PGMA on the CF surface, the samples were sub-
jected to SEM observation. It was shown that the surface of
naive CF was smooth and clean, whereas that of unwashed mCF
was rough with polymer deposits scattering and disorderly
distributed throughout the mCF surface. After washed eight
times with THF, the mCF surface was coated with PGMA evenly
distributing with a network structure (Fig. 3).
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Fig. 1 FT-IR spectra for CF and mCF at different washing times
(electrolyte: AlCls, electrolyte concentration: 0.10 mol L™% current
intensity: 0.02 A, reaction time: 60 min, mCFn, n: washing times).
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Fig.2 TGA curves and grafting ratio of mCF at different washing times
(electrolyte: AlCls, electrolyte concentration: 0.10 mol L™, current
intensity: 0.02 A, reaction time: 60 min).

3.2. Selection of electrochemical grafting electrolyte

Next, the electrochemical grafting of the CF surface under
different electrolyte conditions was investigated. The effects of
using different electrolytes, such as AlCl;, LiCl and NaOH, on
the electrochemical grafting were investigated experimentally.
Fig. 4 showed FT-IR spectra for CF and mCF prepared by using
different electrolytes. It was shown that characteristic peaks of
PGMA, with a C=0 signal at 1733 cm ™" and epoxy groups (C-O)
signal at 1260, 912 and 843 cm ™', appeared on the surface of CF
when the AICl; was used in the graft reaction. When LiCl or
NaOH was used as electrolyte, there were no obvious charac-
teristic FT-IR peaks of PGMA in the spectra. Fig. 5 showed that
mCF prepared using AlCl; at 0.1 M exhibited higher thermal
weight loss, suggesting a higher grafting ratio compared to that
of mCF that was prepared using LiCl at 0.1 M or NaOH at 0.1 M
as electrolyte. To further elucidate the role of AICl;, we also
prepared a sample using LiCl at 0.3 M (mCF(L3)) to make the
reaction solution contain the same number of charges as AlCl;
at 0.1 M. Although the thermal weight loss and grafting ratio of
mCF(L3) was higher than that of mCF(LiCl), but still lower than
that of mCF (AICl;). Therefore, the FT-IR and TGA results
demonstrated that AICl; was the optimal electrolyte for the
electrochemical grafting of PGMA on CF. In the electrochemical
process, AlCl; played a role of improving the conductivity of
solution and promoting the generation of high active oxygen.

3.3. Electrochemical grafting system on CF surface

To determine optimal conditions for electrochemical grafting,
grafting ratio at different electrolyte concentrations was inves-
tigated. Electrolyte concentration of 0.05, 0.10, 0.15 and 0.20 M,
was applied to figure out the relationship between the PGMA
grafting ratio and the electrolyte concentration, as shown in

Fig. 3 SEM images of: (a) a CF, (b) an mCF (unwashed) and (c) an mCF
washed eight times (electrolyte: AlCls, electrolyte concentration:
0.10 mol L%, current intensity: 0.02 A, reaction time: 60 min).

RSC Adv, 2020, 10, 10599-10605 | 10601
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Fig. 4 FT-IR spectra of mCF analysed using different electrolytes
(electrolyte concentration: 0.10 mol L™, current intensity: 0.04 A,
reaction time: 60 min).
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Fig. 5 TGA curves and grafting ratio of mCF analysed using different
electrolytes (electrolyte concentration: 0.10 mol L%, current intensity:
0.04 A, reaction time: 60 min).

Fig. 6. The amount of polymer and the grafting ratio on the CF
surface was increased first and then reached a plateau. From the
results, it was inferred that the number of grafting reaction sites
was proportional to the electrolyte concentration. Therefore,
higher concentration of electrolyte would lead to higher grafting
ratio” suggests. When the electrolyte concentration reached
a certain level, the degree of anodisation and the number of
oxygen-containing functional groups would not change
anymore, which resulted in the final grafting ratio.

40
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Fig. 6 TGA curves and weight loss for mCF at different electrolyte
concentrations (electrolyte: AlCls, current intensity: 0.04 A, reaction
time: 60 min).
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Fig. 7 TGA curves and weight loss for mCF at different reaction times
(electrolyte concentration: 0.10 mol L™, current intensity: 0.04 A,
electrolyte: AlClz).

The correlation between grafting ratio and reaction time was
also investigated. Fig. 7 showed the TGA curves and grafting
ratio for mCF at different reaction times, including 20, 40, 60
and 80 min. Similarly, there is a proportional relationship
between reaction time and grafting ratio, which indicated that
an increase in the reaction time led to an increase in the
number of reaction sites, which ultimately enhanced the
grafting ratio, however, the increase rate of the grafting ratio
will decrease when the reaction time reached to a certain point;
in this case, the degree of anodisation and the number of
oxygen-containing functional groups was not changed anymore,
which resulted in the final grafting ratio.

The relationship between grafting ratio and current intensity
was also investigated. Fig. 8 showed the TGA curves and grafting
ratio for mCF at different current intensities, including 0.02,
0.04, 0.06, 0.08 and 0.10 A. Different from the electrolyte
concentration and reaction time, the grafting ratio first
increased and then decreased with the current intensity
increased. The reason for the grafting ratio reduction was
attributable to the occurrence of peroxidation when the current
intensity reached to a certain degree.

3.4. Electrochemical grafting of CF with different carboxyl
contents

It is reported that the carboxyl-group content was related to
current intensity in the anodic oxidation on CF surface.*® Hence
CF with different amounts of carboxyl functional groups on
surface was prepared and used to investigate the relationship
between grafting ratio and carboxyl contents.

XPS was applied to examine the element content and func-
tional groups on the fibre surfaces, results were given in Table 1

26. 26

Weight (%)

|— cF 11.66 11.01
f nCF (0. 02A)

f mCF (0. 04A)
I nCF (0. 06A)
|—— mCF (0. 08A)
75— mCF (0. 10A) of

Grafting (%)

0 100 200 300 400 500 600 0.02 0.04 0.06 0.08 0.10
Temperature (‘C) Current intensity(A)

Fig. 8 TGA curves and weight loss for mCF at different current
intensities (electrolyte: AlCls, electrolyte concentration: 0.10 mol L™,
reaction time: 60 min).
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Fig. 9 XPS spectra of CF, ECF1, ECF2 and ECF3.

and Fig. 9. The C1s curve of the XPS was fitted to further analyse
the changes in the chemical functional groups on the CF
surface, as shown in Fig. 10. C1s was divided into five charac-
teristic peaks, including C-C (284.80 eV), C-OH/C-O-C (286.26
V), C=0 (287 065 eV), COOH (288.40 eV) and O-C=0 (289.17
eV). ECF1, ECF2, and ECF3 represented anodized CF with
different COOH contents, and CF was the control for electro-
chemical grafting. Fig. 11 presented the TGA curves and graft-
ing ratio for different fibre. It was shown that as the carboxyl
content was increased, the thermal weight loss and grafting
ratio of the CF surface increased continuously. Compared with
naive CF, the carboxyl content on the surface of ECF1, ECF2 and
ECF3 was 3.83%, 9.12% and 13.96%, respectively, and the cor-
responding grafting ratios were also increased from 11.66% to
18.67%, 28.57% and 37.27%, respectively. Therefore, electro-
chemical grafting on CF surfaces was proportional to the
carboxyl content.

From above analysis, we would suggest that carboxyl func-
tional groups are involved in the electrochemical grafting
reaction by a two-step mechanism. The first step is the forma-
tion of oxygen-containing functional groups, mainly including
-COOH, -OH and C=O0. The generation of oxygen-containing
functional groups on the CF surface is the result of anodic
oxidation of CF, the mechanism is described in detail by Qian
et al.”® For the reaction of GMA monomer graft polymerisation
initiated by COOH, the mechanism can be speculated that is
related to the Kolbe reaction.”**” When CF is used as the anode

View Article Online
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Fig. 10 XPS Cls spectra fitted curves for (a) CF, (b) ECF1, (c) ECF2 and
(d) ECF3.

for the electrical grafting reaction, the COOH on the surface of
the CF will first lose electrons and then remove carbon dioxide
to generate carbon radicals on the surface of the CF. The carbon
radical will attack the carbon-carbon double bond in GMA to
initiate the radical polymerisation of GMA monomer, the
mechanism is shown in Fig. 12.

3.5. Interfacial properties of CF composites with different
grafting ratios

The contact angle test and IFSS test were performed on mCF1,
mCF2, and mCF3, the sample information was given in Table 2
to investigate the interfacial properties of CF with different
grafting ratios. The contact angle of mCF with ratio was shown
in Fig. 13. It was shown that the contact angle decreased from
97.44° to 68.85°, 67.54° and 62.58° for water and from 79.32° to
57.74°, 54.13° and 52.43° for diiodomethane when the grafting
ratio was 9.27%, 11.66% and 17.94%. The total surface free
energy of the untreated CF was 19.66 mJ m~ >, and its dispersion
component and polar component was 17.84 and 1.81 mJ m ™2
respectively. When the grafting ratio was 9.27%, the dispersion
and polar components of surface energy was increased to 29.86
mJ m~? and 9.2 mJ m~? respectively, whereas the total surface
free energy was increased to 39.07 mJ m~>. The highest surface
free energy of mCF3 was 44.21 mJ m~> with the dispersion
components (32.93 mJ m™?) and polar components (11.29 m]

Table 1 Surface element and functional group compositions for CF, ECF1, ECF2 and ECF3

Element composition (%)

Functional group composition (%)

Samples Cis O1s Nis O1s/C1s C-C C-OH/C-0-C C=0 COOH 0-C=0
CF 96.53 1.68 1.79 1.74 89.60 7.72 2.68 — —

ECF1 92.18 6.89 0.65 7.47 75.28 13.07 7.82 3.83 —
ECF2 74.99 22.42 2.47 29.90 61.72 13.72 12.87 9.12 2.57
ECF3 68.74 25.35 5.79 36.88 56.60 16.94 10.21 13.96 2.29

This journal is © The Royal Society of Chemistry 2020
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Table 2 IFSS of CF, mCF1, mCF2 and mCF3
Grafting of Improvements

Samples PGMA (%) IFSS (MPa) (%)

CF 0 39.1+£1.3 0.00

mCF1 9.27 68.34 = 1.1 74.65

mCF2 11.66 72.72 £ 2.0 85.84

mCF3 17.94 78.84 £ 2.3 101.48
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Fig. 13 Contact angles and surface free energy of untreated CF and
mCF with different grafting ratios (grafting ratio of mCF1: 9.27%,
grafting ratio of mCF2: 11.66%, grafting ratio of mCF3: 17.94%).

m ). The increased surface energy would be beneficial to the
wettability between the CF and matrix, promoting the compre-
hensive performance of CF reinforced resin composite. IFSS is
one of the most important performances to characterize inter-
face adhesion between CF and epoxy resin, which was obtained
from the droplet test and showed in Table 2. The IFSS value of
CF, mCF1, mCF2 and mCF3 composites was 39.13 MPa,
68.34 MPa, 72.72 MPa and 78.84 MPa, respectively. Compared
with naive CF, mCF1, mCF2 and mCF3 increased IFSS of the
composites by 74.65%, 85.84% and 101.48%. Taken above
together, the interfacial properties of mCF composites was
improved by the PGMA modification.
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4. Conclusion

In summary, we developed a simple and controllable electro-
chemical graft polymerisation approach that was able to have
GMA polymerised and grafted on CF surface effectively by using
AlCl; as electrolyte and CF as anode. The reaction is possibly
involved with a two-step mechanism. The surface modification
improved the interfacial properties of CF epoxy composites.
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