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Abstract In this work, tannic acid (TA) was em-
ployed to modify the surface of multiwall carbon
nanotubes (CNTs) to form TCNTs hybrids via nonco-
valent functionalization to enhance its dispersibility in
water. Then, the TCNTs enhanced epoxy coatings
were applied on sintered NdFeB magnets by cathodic
electrophoretic deposition method for corrosion test.
The corrosion resistance of prepared specimens was
assessed by electrochemical experiments. The results
show that TCNTs hybrids present a more homoge-
neous distribution in epoxy resin than pristine CNTs
and could obviously promote anticorrosion properties
of prepared specimens. Within 36-day soaking in 3.5
wt.% NaCl solution, the specimens maintain a high
value of |Z|0.01Hz (108 X cm2) when the concentration

of TCNTs is 2 g/L. When immersed in 3.5 wt.% NaCl
solution for 40 days, the Ecorr of specimens shifts to �
0.207 V and Jcorr is about 5.281 9 10�11 A cm�2,
which demonstrates superior corrosion resistance.

Keywords NdFeB magnets, Carbon nanotubes,
Tannic acid functionalization, Epoxy coatings,
Corrosion resistance

Introduction

Since sintered NdFeB magnets were firstly reported in
1980, they have been diffusely used in various indus-
trial sectors, such as electroacoustic, electronic, and
motor, due to their outstanding magnetic properties.1–3

However, the absence of corrosion resistance in
corrosive environment limits their further application
and development in numerous fields, which is mainly
related to the characteristics of preparation process
and material structure of magnets. For one thing,
NdFeB magnets fabricated by sintering process have
many defects such as sintering pores and low destiny.4

For the other, NdFeB magnets have a multiphase
structure, consisting of the matrix phase Nd2Fe14B, B-
rich, and Nd-rich phase.5 The electrochemical potential
of each phase varies greatly, which is prone to
electrochemical corrosion.

Currently, the routes for alleviating the corrosion of
NdFeB magnets mainly utilize alloying and surface
coatings. The alloying technology mainly optimizes the
magnetic structure and reduces the potential difference
of each phase by adding alloy elements represented by
Dy, Ce, Cu, Al, Co, and Ti,6–10 so as to promote the
corrosion resistance of the magnet itself. However, it
will also reduce the magnetic properties and increase
the production cost of magnets. Therefore, surface
coatings are a more effective way to alleviate the
corrosion of magnets; that is, the coating is used to
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establish a barrier film between the magnets and the
corrosive environment, so as to prevent the invasion of
external corrosive medium (such as H2O, O2, and Cl�).
Among them, epoxy coatings have captured extensive
attention for their inexpensiveness, ease of prepara-
tion, excellent mechanical properties and adhesion.11,12

Traditional solvent-base epoxy coatings normally con-
tain a large number of volatile organic compounds,
which is harmful to humans and the environment. As a
result, environment-friendly waterborne epoxy coat-
ings are gaining increasing attention.13,14 However,
owning to the evaporation of water during solidifica-
tion process, waterborne epoxy coatings are prone to
form micropores defects, resulting in the rapid invasion
of external corrosive medium and greatly limiting its
industrial application.15,16 Preparation of composite
coatings via addition of diverse nanofillers, such as g-
C3N4, a-ZrP, Fe2O3, LDHs, SiO2, h-BN, Ti3C2Tx,
graphene, and its derivatives, is an efficient way to
improve the anticorrosion properties of epoxy coatings
by filling the pores inside the coating and increasing
tortuosityof invasionpathsof aggressivemedia.13,15,17–23

As a kind of one-dimensional nanomaterial with
hollow tubular structure, multi-wall carbon nanotubes
(CNTs) have many outstanding properties, such as
high mechanical and heat stability, large specific
surface area, and electrical and chemical inertness,
which make it an ideal candidate for organic anticor-
rosive coatings.24–27 However, CNTs have poor disper-
sion in waterborne epoxy coatings owning to their high
hydrophobicity as well as high surface energy, which
limits their application in waterborne anticorrosion
coatings. As a result, a covalent or noncovalent surface
modification of CNTs is required to solve this problem.
The covalent methods are carried out so as to provide
useful functional groups onto the CNTs surface but
tend to induce defects on the CNTs sidewalls.28,29

Compared with covalent modification, noncovalent
functionalization is a more appropriate choice due to
its less impact on the structure, high efficiency and the
convenience of preparation process. For instance, Cui
et al.30 used the p–p interaction of poly(2-butylaniline)
and CNTs to achieve the efficient dispersion of CNTs
in aqueous solution, which further promoted the
barrier performance and tribological properties of
CNTs/epoxy composite coatings.

In this work, tannic acid (TA), as an eco-friendly
plant extract with wide range of sources, was chosen as
dispersant to disperse the CNTs for its abundant
phenyl and hydroxyl groups. When it mixed with
CNTs, the benzene rings of TA could anchor to CNTs’
graphite structure via p–p interaction so as to lessen
their self-aggregation.31–33 Besides, the hydrophilic
hydroxyl groups could be introduced on the surface
of CNTs at the same time, which is beneficial to
improve the dispersibility of CNTs in water. Then
TCNTs hybrids were added into waterborne epoxy
coatings to promote the resistance of specimens to
corrosion.

Experiment

Materials

Commercial sintered NdFeB magnets (unmagnetized
38SH, 12 mm 9 13 mm 9 3 mm) were provided by
Earth-panda Advanced Magnetic Material Co., Ltd.
The CNTs with purity of around 95% were supported
by Nanjing Xianfeng nanomaterials Co., Ltd. Tannic
acid (TA, AR) was provided by Aladdin Chemical Co.,
Ltd (Shanghai). Nitric acid (AR) and absolute ethyl
alcohol (AR) were acquired from Sinopharm Chemical
Reagent Co., Ltd. Two components waterborne epoxy
resin (EP, HG-90 series, particle size £ 20 lm, solid
content is 36 ± 2%, pH = 7.0 ± 0.3, conductivity is
1100 ± 300 ls/cm) and black slurry (48–52% distilled
water, 8–12% 2-butoxyethanol, 5% carbon black, 15%
kaolin, 18–22% water-soluble solid) used for coloring
were purchased from Brilliant Electrophoresis Co., Ltd
(Shenzhen, China). Deionized water with a resistance
of 18.2 MX cm was obtained from a water purification
machine.

Experimental method

Preparation of NdFeB substrate

Commercial sintered NdFeB magnets were used as
testing substrate in this study. The magnets were
immersed in 3 vol.% HNO3 for about 40 s, and then
sonicated in deionized water to remove surface impu-
rities. Then, they were rinsed with absolute ethyl
alcohol, dried with cold air and used for electrodepo-
sition.

Preparation of TCNTs hybrids

The synthesis process of TCNTs hybrids is shown in
Fig. 1a. First, 200 mg TA was dissolved in 50 mL
distilled water with constant agitation to get TA
aqueous solution. Then, 50 mg CNTs were added into
the TA aqueous solution followed by sonication at 40
KHz for 2 h. The product was collected by vacuum
filtration with 0.1 lm polyvinylidene fluoride mem-
brane and then rinsed with deionized water and
alcohol three times to eliminate residual TA. Finally,
the collected product was vacuum-dried at 80�C for 10
h to get TCNTs hybrids.

Electrodeposition of epoxy coatings

The cathodic electrophoretic deposition process is
shown in Fig. 1b. The aqueous EP electrolytes were
prepared from the deionized water, waterborne epoxy
resin and black slurry at the mass ratio of 4:3:1. Then
TCNTs hybrids were introduced into electrolytes with
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the concentration of 2, 5, and 10 g/L, respectively.
Furthermore, pristine CNTs were also introduced into
electrolytes with the concentration of 2 g/L for com-
parison.

A constant voltage method was used for electrode-
position at applied voltage of 60 V for 45 s under
stirring condition. The temperature of the electrolytes
was maintained at 28�C. The working electrode was
sintered NdFeB magnets and counter electrode was
304 stainless steel. After deposition, the specimens
were withdrawn from the electrolytes then rinsed with
deionized water. Subsequently, all specimens were
cured in oven at 90�C for 40 min and 180�C for 30 min.
The obtained specimens were named as EP and EP/
CNTs2 for pure epoxy resin specimens and specimens
with pristine CNTs added. And for specimens with
TCNTs hybrids added, they were named as EP/
TCNTs2, EP/TCNTs5, and EP/TCNTs10, respectively.

Material characterization and corrosion resistance
test

Zeta potential of TCNTs hybrids in water was recorded
by a Nano ZS90 (Malvern Instruments, UK). X-ray
photoelectron spectroscopy (XPS) analysis was com-
pleted on an Escalab 250Xi (Thermo, US) with Al Ka
X-ray source to examine the surface chemical state of
TCNTs hybrids. Thermogravimetric analysis (TGA)
was recorded on a TGA8000 (PerkinElmer, USA)
under an N2 atmosphere from 20 to 800�C. The crystal
structure of TCNTs hybrids was obtained by X-ray
diffraction (XRD) on a X-Pert Pro MPD (PANalytical,
NL) with Cu Ka radiation from 10� to 80� and Raman
spectroscopy on a LabRam HR Evolution (HORIBA
Jobin Yvon, FR) with k = 532 nm from 800 to
2000 cm�1. The morphology of TCNTs hybrids was
observed by transmission electron microscopy (TEM)
on a JEM-1400 flash (JEOL, JP). The cross section of
prepared specimens was observed by field emission
scanning electron microscopy (FESEM) on a SU8020
(Hitachi, JP), where the specimens were coated by Au
sputtering for 30 s.

The corrosion properties of prepared specimens was
assessed by an electrochemical workstation (CHI-
660D, Chenhua, Shanghai) in 3.5 wt.% NaCl solution
at ambient temperature. A conventional three elec-

trode systems which consisted of a counter electrode
(platinum sheet), a working electrode (coated NdFeB
magnets with an exposed area of 1 cm2) and a
reference electrode (saturated calomel electrode) were
used in the measurement process. The impedance
spectroscopy (EIS) was executed at open circuit
potential (OCP) with an AC amplitude of 20 mV over
a frequency ranging from 10 mHz to 100 kHz.
Potentiodynamic polarization curves were collected
from � 0.3 to 0.3 V (vs. OCP) at a scan rate of 0.01 V/s.
The surface changes of specimens soaked in 3.5 wt.%
NaCl solution for a certain time were observed by
static immersion corrosion test.

Results and discussion

Characterization of TCNTs hybrids

The sedimentation test of CNTs and TCNTs hybrids in
water (0.5 mg/mL) is shown in Fig. 2a, which presents
the dispersion capacity of CNTs and TCNTs in water.
It could be seen that the most of CNTs sink to the
bottom of the bottle after 1 h of sonication while
TCNTs hybrids present a homogeneous black solution.
With increasing storage time to 1 h, CNTs have settled
to the bottom of the bottle completely, but there is no
obvious precipitation for the TCNTs/water solution
after 16 h of storage, indicating that the dispersibility of
CNTs in water is significantly improved after the
functionalization with TA. The degree of dispersion of
CNTs and TCNTs in water is clearly shown in Fig. 2b.
It could be observed that CNTs are aggregated
severely while there is no similar vison for TCNTs.
This is because the lack of hydrophilic groups on the
surface of CNTs, coupled with their high specific
surface area as well as strong van der Waals forces
between the tubes, easily causes aggregation or wind-
ing.34 After the modification of TA, hydrophilic
hydroxyl groups were introduced on the surface of
CNTs and improved their dispersibility in water, which
also proves the successful decoration of CNTs by TA.
The zeta potential is an important index for charac-
terizing the stability of a dispersed system and system
could be steady when absolute value of potential was
greater than 30 mV.35 The average potential value of
TCNTs is about � 36.2 mV (Fig. 2c), which demon-

CNTs TA

80 °C,  10 h

Ultrasonication

(a) (b)

Filtration

EP electrolytes

304 Steel NdFeB

TCNTs
TCNTs

Fig. 1: Schematic illustration of (a) the TCNTs hybrids synthesis procedure and (b) electrodeposition of epoxy coatings
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strates that TCNTs could exist stably in water. The
above results show that the TCNTs dispersion system is
a physically stable system.

The XPS spectra of CNTs and TCNTs hybrids are
displayed in Fig. 3. As shown in Fig. 3a, wide spectra
reveal that carbon and oxygen are the dominant
elements on the surface of the CNTs and TCNTs
hybrids. Compared with CNTs, the relative intensity of
O of TCNTs has a remarkable increase and the
elemental ratio of oxygen to carbon for the TCNTs
hybrids is six times higher than that of the CNTs (from
0.019 to 0.120, Table 1). In the high-resolution C1s XPS

spectra of CNTs and TCNTs hybrids (Fig. 3b, c), CNTs
exhibit two peaks at 284.6 eV and 285.2 eV, corre-
sponding to the C–C/C=C, C–O, respectively.36,37 For
the TCNTs hybrids, however, a new peak occurs at
288.8 eV, which is related with O–C=O.36 The O–C=O
bond is derived from TA molecules via p–p interaction.
The results show the successful modification of TA.

The TGA was employed to get more information for
the decoration of CNTs. Figure 4a shows the TG
curves of CNTs and TCNTs in the temperature range
from 20 to 800�C. The weight loss percentage of CNTs
is observed to be 5% when the temperature is up to
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Fig. 3: XPS spectra of CNTs and TCNTs hybrids. (a) XPS survey patterns, (b) C1s XPS spectra of CNTs, (c) C1s XPS spectra
of TCNTs hybrids

Table 1: Surface chemical composition of CNTs and TCNTs hybrids

[O]/at% [C]/at% [O]/[C]

CNTs 1.90% 98.10% 0.019
TCNTs 10.74% 89.26% 0.120

After 1 h

(a)

(b) (c)

CNTs TCNTs

After 16 h

Test 1
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Fig. 2: (a) the sedimentation tests of CNTs and TCNTs in water, (b) dispersibility of CNTs and TCNTs in water, (c) zeta
potential of TCNTs water dispersion
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800�C. However, the mass loss of TCNTs hybrids is
calculated to be 11% in the range of 20�C to 800�C.
The DTG curves also indicate that the temperature of
maximum mass loss for TCNTs hybrids is 280�C, which
is attributed to the decomposition of TA molecules.14

The above analysis also confirms the successful func-
tionalization of CNTs with TA and the mass percent-
age of TA absorbed on the surface of CNTs is
calculated to be 6% for TCNTs hybrids.

Figure 5a shows the crystal phase of CNTs and
TCNTs hybrids. It is seen that the characteristic peaks
of CNTs are at 2h = 25.9� and 43.0�, which are
associated with the reflections of the in-plane regular-
ity and interlayer spacing of graphite-like structure
corresponding to (0 0 2) and (1 0 0) lattice planes.38,39

The TCNTs hybrids also display same peaks, which

may indicate that the decoration of TA has no effect on
the crystal structure of CNTs.

The Raman spectra of CNTs and TCNTs hybrids are
displayed in Fig. 5b. The CNTs show two characteristic
peaks at 1349 and 1578 cm�1, which are ascribed to D
and G band, respectively. Among them, the D band
corresponded to the A1g vibrational mode of sp3 C
atoms related to surface defects and disorder present in
the CNTs,40,41 the G band associated with the E2g

vibrational mode of sp2 C atoms which reflects the
symmetry of graphite layers in CNTs.42,43 The G band
of CNTs is displaced from 1578 to 1582 cm�1 following
TA treatment, confirming the existence of p–p inter-
action between CNTs and TA. Usually, the intensity
ratio of D-band to G-band (ID/IG) could be employed
to assess the degree of defects existing on the CNTs.
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Here, the ID/IG value is 0.695 and 0.702 for CNTs and
TCNTs hybrids, respectively; their similar ratios may
indicate that the decoration process is moderate and
noncovalent, without damaging the original graphene
structures of CNTs.

TEM was employed to monitor the morphology and
microstructure of CNTs and TCNTs hybrids. As shown
in Fig. 6a, 6b, the diameter of CNTs is about 30–50 nm
and the length is about 0.5–2 lm. As shown in Fig. 6c,
d, there are no obvious changes on the morphology of

(a) (b)

(c) (d)
200 nm

200 nm

50 nm

50 nm

Fig. 6: TEM images of (a, b) CNTs and (c, d) TCNTs hybrids
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agglomeration

CNTs

(a1) (a2) (b1) (b2)

(c1) (c2)
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Fig. 7: SEM images of (a) EP, (b) EP/CNTs2, (c) EP/TCNTs2, (d) EP/TCNTs5, and (e) EP/TCNTs10
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CNTs after being treated by TA. This also suggests
that TA molecules envelope on the CNTs surface in a
single layer, which is consistent with the literature
reported.31

Characterization of specimens

Cross section morphologies of coatings

The cross section morphologies of the EP, EP/CNTs
and EP/TCNTs were observed by SEM (Fig. 7), which
revealed the coating thickness and dispersion of CNTs
and TCNTs hybrids in epoxy coatings. The coating
thickness of EP, EP/CNTs and EP/TCNTs is observed
to be 13–16 lm as shown in Fig. 7a1–e1, which
illustrates that the addition of CNTs has no obvious
effect on the thickness of the epoxy coatings on NdFeB
magnets within the concentration of 10 g/L. Moreover,
there is no evident disruption between the coatings and
magnets, suggesting that all coatings have good inter-
facial linkage with NdFeB magnets.

Figure 7a2–e2 shows the detailed morphologies of
the coatings. As shown in Fig. 7a2, pure epoxy coatings
present a relatively smooth cross section morphology.
But there are abundant micropores in the coating with
size of 0.04–0.35 lm because of the high-speed evap-
oration of water in solidification process. Therefore, it
is necessary to incorporate nanomaterials to fill in the
micropores and extend the invasion channel of corro-
sive media inside the coatings. Compared with the pure
epoxy coatings, the cross section of the EP/CNTs and
EP/TCNTs system exhibits completely different mor-
phologies, which have an irregular cross-sectional
morphology due to the presence of CNTs. As shown
in Fig. 7b2, the serious agglomerated CNTs are
observed, which is ascribed to the poor dispersion of
pristine CNTs in epoxy coatings and will bring about
side effects on anticorrosion performance of coatings.
Compared with pristine CNTs, the TCNTs hybrids
display more uniform dispersal in the epoxy coatings at
the same concentration (Fig. 7c2), which will endow the
coatings a better barrier property to corrosive media.
However, with the increasing content of TCNTs
hybrids (Fig. 7d2, e2), the agglomeration can be clearly
seen in the coatings again. Especially in EP/TCNTs10
system, there are many serious agglomerations and
result in a large number of micropore defects, which
may indicate that the coating has poor resistance to
corrosive media.

Electrochemical corrosion properties of specimens

As shown in Fig. 8, the EIS plots of the sintered NdFeB
magnets covered by epoxy coatings in 3.5 wt.% NaCl
solution for certain time are presented. As shown in
Fig. 8a1–e1, all specimens display two arcs during initial
immersion process except EP/TCNTs2. Generally, the
time constant in the high frequency zone is associated

with the coating response, and the time constant in the
low and medium frequency areas corresponds to the
corrosion response of metal matrix.44 When the second
time constant appears, it indicates that the corrosion
media has reached the coating/substrate interface. For
EP/TCNTs2, the second time constant appears after
soaking for 26 days, which shows excellent barrier
properties to corrosive media. It is known that a higher
radius of the capacitive impedance arc in the Nyquist
plot suggests a better barrier properties of coating.45

At the beginning of immersion, the arc radius of all
composite specimens is larger than that of pristine EP
specimen, suggesting that the addition of CNTs
increases the coating impedance. It is noteworthy that
with the prolong of soaking time, the arc radius of EP/
CNTs2 and EP/TCNTs10 specimens is gradually smaller
than EP specimen. While for EP/TCNTs2 and EP/
TCNTs5, the arc radius is always higher than other
specimens, which demonstrates that the specimens
possess better resistance to corrosion.

Usually, the low-frequency impedance modulus
(|Z|0.01Hz) in the Bode plot is a semiquantitative index
to evaluate coating’s shielding performance, and the
higher |Z|0.01Hz value at low-frequency zone represent
the more outstanding anticorrosion properties of
specimens.11,46 Figure 8a2–e2 shows the Bode plots of
prepared specimens and |Z|0.01Hz of the specimens after
different times exposure to 3.5 wt.% NaCl solution are
listed in Table 2. As can be seen, the impedance
modulus are 8.60 9 105 X cm2, 3.29 9 106 X cm2,
4.41 9 108 X cm2, 6.53 9 106 X cm2, and 3.22 9 106 X
cm2, respectively, for EP, EP/CNTs2, EP/TCNTs2, EP/
TCNTs5, and EP/TCNTs10 specimens soaked in 3.5
wt.% NaCl solution for 6 days, suggesting the com-
posite specimens’ superior barrier properties than that
of pure EP specimen during initial stage. However, the
|Z|0.01Hz decrease to 1.19 9 104 X cm2 for EP/TCNTs10
after exposure to 3.5 wt.% NaCl solution for 16 days,
which is even lower than that of EP after immersing for
36 days (1.34 9 104 X cm2). For EP/CNTs2 system, the
|Z|0.01Hz displays a drastic reduction from 1.76 9 106 to
2.27 9 104 X cm2 (from 16 days to 26 days) and is
lower than that of the EP at 26 days. What is delightful
is that the EP/TCNTs2 system’s |Z|0.01Hz has been kept
at � 108 X cm2 within 36 days, which means it has
more excellent barrier properties. And for EP/TCNTs5
system, its |Z|0.01Hz gradually decreases from
6.53 9 106 to 7.92 9 105 X cm2 within 36 days, which
is better than other systems except EP/TCNTs2. To
sum up, EP/TCNTs2 and EP/TCNTs5 specimens have
better resistance to corrosive media than other spec-
imens as optimized specimen.

Figure 9 shows the potentiodynamic polarization
curves of different specimens after 40 days soaking in
3.5 wt.% NaCl (The |Z|0.01Hz of EP/TCNTs10 immersed
in 3.5 wt.% NaCl for 16 days is lower than EP for 36
days, so no further test is required for EP/TCNTs10.),
and corresponding polarization parameters are pre-
sented in Table 3. Furthermore, the potentiodynamic
polarization curve of pristine NdFeB magnet immersed
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in 3.5 wt.% NaCl for 1 h is also shown for comparison.
Generally, Ecorr represents a sample’s susceptibility to
corrosion, while the anodic dissolution of meatal ions
and intensity of the cathodic oxygen reduction is
usually expressed by Jcorr, and more positive Ecorr

and lower Jcorr indicates better corrosion resistance.47

For pristine NdFeB magnets, the Ecorr is � 0.929 V and
the highest Jcorr is 2.302 9 10�5 A cm�2 after 1 h
immersion, illustrating that the intrinsic corrosion
resistance of magnets is poor. In contrast, the EP
exhibits lower Jcorr = 4.436 9 10�6 A cm�2 and posi-
tive shifts of Ecorr to � 0.816 V after 40 days of soaking
in 3.5 wt.% NaCl, indicating the better anticorrosion
performance. When the CNTs with a concentration of
2 g/L were directly introduced into the coating, the
polarization results are similar to EP with Ecorr = �
0.815 V and Jcorr = 3.846 9 10�6 A cm�2, which
demonstrates that the introduction of original CNTs
cannot promote the anticorrosion properties of spec-
imens due to the bad coating quality. By addition of
TCNTs hybrids, the Ecorr shifts to a more positive
position, which is � 0.314 V for EP/TCNTs5 and �
0.207 V for EP/TCNTs2. In the meantime, Jcorr
decreases to 2.792 9 10�8 A cm�2 and 5.281 9 10�11

A cm�2, respectively. Obviously, the composite spec-
imens prepared by adding TCNTs hybrids could
effectively improve the corrosion resistance. Then,
EP/TCNTs2 specimens exhibit the lowest corrosion
current density, thus it can be concluded that it
possesses the best corrosion performance.

The improved corrosion resistance of the specimens
is mainly ascribed to the good water dispersibility of
TCNTs, which can achieve good dispersion in polymer
matrix. But this can also be achieved by chemical
oxidation of CNTs. Here, we compared the corrosion
protection data of chemical oxidized CNTs enhanced
epoxy coatings with this work. As shown in Table 4,
corrosion resistance of our specimens is better than
that of the specimens in most references48–51 except
Ref. 38. But considering the difference in coatings’
thickness and the noncovalent method is easier, more
eco-friendly and does no damage on the original

structure of CNTs, our work still has its potential
advantages.

Static immersion corrosion test was employed to
assess the optimized specimens’ resistance to corro-
sion. As shown in Fig. 10a1–c1, the EP is seriously
corroded and bulged after immersed in 3.5 wt.% NaCl
solution for 40 days. The surface of EP/TCNTs5
appears dense bulge while there is no change on the
surface of EP/TCNTs2. When the soaking time is
prolonged to 50 days (shown in Fig. 10a2–c2), the
corrosion area of EP continues to expand, a small
bulge appears in the corner of EP/TCNTs2, and
corrosion products appear on the surface of EP/
TCNTs5.

The above results are consistent with the electro-
chemical experiments that EP/TCNTs2 and EP/
TCNTs5 possess better corrosion resistance of pre-
pared specimens.

Corrosion protection mechanism

According to the above discussion, we can deduce that
the corrosion-resisting performance of specimens can
be improved by incorporating TCNTs hybrids in epoxy
coatings and the possible protective mechanism is

Table 2: |Z|0.01Hz of specimens after being immersed in 3.5 wt.% NaCl solution for different times

Time EP EP/CNTs2 EP/TCNTs2 EP/TCNTs5 EP/TCNTs10

6d 8.60 9 105 3.29 9 106 4.41 9 108 6.53 9 106 3.22 9 106

16d 8.19 9 104 1.76 9 106 3.16 9 108 2.30 9 106 1.19 9 104

26d 4.96 9 104 2.27 9 104 2.77 9 108 1.74 9 106 –
36d 1.34 9 104 7.42 9 103 1.88 9 108 7.92 9 105 –
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Fig. 9: Potentiodynamic polarization curves of different
specimens after being immersed in 3.5 wt.% NaCl for 40
days

bFig. 8: Nyquist and Bode plots of different coating systems
in 3.5 wt.% NaCl solution. (a) EP, (b) EP/CNTs2, (c) EP/
TCNTs2, (d) EP/TCNTs5, (e) EP/TCNTs10
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discussed as follows. In the case of EP system
(Fig. 11a), the internal defects, including micropores
inevitably formed due to the water evaporation during
the solidification process of coating, will become the
invasion channel of corrosive media. A series of
electrochemical and redox reactions happens when
corrosive media such as H2O, O2, and Cl� reach to the
coating/substrate interface, and result in the failure of
specimens. For EP/CNTs specimen (Fig. 11b), the
addition of nano-fillers should have filled the defects of
coating to promote its barrier ability to the corrosion
medium, but the anticorrosion performance of the
composite specimens did not improve due to the poor
dispersion of CNTs in epoxy resin. However, in terms
of EP/TCNTs specimen (Fig. 11c), with the hydrophilic
TA absorbed on the surface, the dispersion of TCNTs
in epoxy coating is greatly improved compared with
pristine CNTs. Thus, the corrosion resistance of EP/
TCNTs specimen has been obviously improved due to
the less defects in the coating and increased invasion
channel of corrosive media produced by TCNTs
hybrids.

Conclusions

In the present work, TCNTs hybrids are obtained
through p–p noncovalent modification, which exhibit
better water dispersibility than pure CNTs due to the
absorption of hydrophilic TA. The TCNTs enhanced
epoxy composite coatings are prepared by cathodic
electrophoretic deposition method and applied on
NdFeB magnets. Electrochemical tests demonstrate
that the corrosion resistance of EP/TCNTs specimens
are improved obviously compared with the pure EP

(a1) (a2)

(b1) (b2)

(c1)

40 d

40 d

40 d

50 d

50 d

50 d

(c2)

Fig. 10: The surface images of (a) EP, (b) EP/TCNTs2, (c)
EP/TCNTs5 immersed in 3.5 wt.% NaCl solution

Table 4: Comparation of corrosion protection data of chemical oxidized CNTs enhanced epoxy coatings with this
work

Electrolyte Thickness of coating (lm) |Z|0.01Hz (X cm2) Ecorr (V) Jcorr (A cm�2) Reference

3.5 wt.% NaCl 200 ± 35 – � 0.31 (7d) 5.9 9 10�10 (7d) Ref. 48
3.5 wt.% NaCl 25 105–106 (unknown) � 0.148 (unknown) 6.030 9 10�6

(unknown)
Ref. 49

0.5 M NaCl 20 105–106 (1d) – – Ref. 50
3.5 wt.% NaCl 110 ± 10 1.2 9 104 (7d) � 0.508 (1h) 1.393 9 10�7 (1h) Ref. 51
3.5 wt.% NaCl 70 2.51 9 1010 (35d) – – Ref. 38
3.5 wt.% NaCl 13–16 1.88 9 108 (36d) � 0.207 (40d) 5.281 9 10�11 (40d) This work

Table 3: Electrochemical polarization parameters of different specimens

Sample Jcorr (A cm�2) Ecorr (V) � bc (V/dec) ba (V/dec)

NdFeB-1h 2.302 9 10�5 � 0.929 0.162 0.197
EP-40d 4.436 9 10�6 � 0.816 0.173 0.166
EP/CNTs2-40d 3.846 9 10�6 � 0.815 0.157 0.109
EP/TCNTs2-40d 5.281 9 10�11 � 0.207 0.116 0.195
EP/TCNTs5-40d 2.792 9 10�8 � 0.314 0.182 0.237
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and EP/CNTs specimens. Under optimized conditions,
the EP/TCNTs2 achieve a Jcorr = 5.281 9 10�11 A
cm�2 after 40 days soaking in 3.5 wt.% NaCl solution.
The significant improvement in anticorrosion proper-
ties of EP/TCNTs2 specimens is probably due to the
homogenous dispersion of TCNTs hybrids in epoxy
matrix, which can availably fill the defects in epoxy
matrix and extend the invasion channel of corrosive
media, thus delaying the failure of specimens.
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