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Abstract Solving the problems of interfacial compat-
ibility and dispersibility between filler and epoxy resin
(EP) can greatly improve the anticorrosion perfor-
mances of epoxy coatings and expand their application
field. In this work, carbon nanotubes (CNTs) were
modified by poly(sodium 4-styrene sulfonate) and
poly(3,4-ethylenedioxythiophene) to form PCNTs hy-
brids, and the cathodic electrophoretic deposition
method was used to form composite epoxy coatings
on the surface of sintered NdFeB magnets for enhanc-
ing the anticorrosion performance. The corrosion
resistance of PCNTs was evaluated by electrochemical
and static immersion corrosion tests. Results indicate
that PCNTs hybrids possess better distribution and
compatibility in epoxy resin than CNTs hybrids,
resulting in the anticorrosion performances of higher
density of composite epoxy coatings on NdFeB mag-
nets. Optimized EP/PCNTs possess a much higher
Zj j0.01 Hz of 4.41 9 107 XÆcm2 and a much lower Jcorr of

9.648 9 10� 10 AÆcm� 2 than that of EP (1.34 9 104

XÆcm2 and Jcorr 4.436 9 10� 6 AÆcm� 2), demonstrating
superior corrosion resistance.

Keywords NdFeB magnets, Epoxy coatings,
PEDOT-modified CNTs, Corrosion resistance

Introduction

Sintered NdFeB magnets are widely used in various
industrial fields due to their excellent magnetic prop-
erties.1 They have occupied a core position in the
permanent magnets market and are used in 5G
communications, high-end medical equipment, wind
power generation, and electric vehicles. However, the
multiphase structure of NdFeB magnets results in poor
corrosion resistance, which can affect the stability and
safety of the magnets during service.2

There are two main methods for improving the
corrosion resistance of NdFeB magnets: the addition of
alloying elements3–5 and surface protective coatings.
The microstructure of the Nd-rich phases can be
improved and the density of the magnet can be
increased by adding alloying elements, which reduces
the potential difference among different phases of the
magnets.6 While the addition of alloy elements can
enhance the corrosion resistance of magnets to some
extent, the effect is limited. In some cases, the
nonmagnetic alloying phases can lead to a decrease
in magnetic properties.7

By applying a protective coating to the surface of
sintered NdFeB magnets, they can be shielded from
external corrosive mediums, thus delaying their corro-
sion. Various coatings have been studied and applied
to NdFeB magnets, including metal coatings,8,9 organic
coatings,10 and ceramic coatings.11,12 Commonly used
metal coatings, such as Zn, Ni, and Al,13 are prepared
using electroless plating, electroplating, and physical
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vapor deposition methods. The ceramic coatings used
to protect NdFeB are primarily Al2O3 and SiO2. These
coatings can be prepared using physical vapor deposi-
tion, microarc oxidation, and other methods. In a study
by Ding et al.,14 Cr2O3 coatings were prepared on
NdFeB magnets using ion beam-assisted pulsed mag-
netron sputtering. This process not only improved the
magnets’ corrosion resistance but also enhanced their
mechanical properties. In recent years, research and
development of organic coating protection systems on
the surface of NdFeB magnets has been limited to
silane and epoxy resin coatings. Hu et al.15 investigated
the effect of silane treatment on the corrosion resis-
tance of NdFeB magnets. They found that the corro-
sion resistance of magnets could be significantly
improved by silane treatment after phosphate or
chromate passivation. Xu et al.16 deposited epoxy
resin/TiO2 composite coatings on NdFeB magnets
using electrophoresis. The addition of TiO2 reduces
the edge and corner effect of the coating, providing
better protection for the corners of the magnets.

Epoxy resins are thermosetting resins that cure
using a variety of curing agents through curing reac-
tions. They are easy to prepare and contain fewer
volatile organic compounds. Epoxy coatings are widely
used due to their excellent mechanical properties,
strong adhesion, electrical insulation, good heat resis-
tance, and chemical stability.17 However, the long-term
application of epoxy coatings to protect sintered
NdFeB magnets is seriously limited due to defects
inside the coating caused by the volatilization of water
during the solidification process.18 To enhance the
anticorrosion performance of epoxy coatings, one
effective approach is to incorporate fillers into the
coating to decrease defects. These fillers can include
graphene,19 metal organic framework,20 h-BN,21,22

ZnO,23,24 CeO2,
25 and carbon nanotubes (CNTs).26,27

CNTs have attracted attention due to their high
chemical and thermal stability, making them stable in
corrosive medium.

However, the application of epoxy coatings based
on carbon nanotubes is often hindered by the incom-
patibility of carbon nanotubes with epoxy resin systems
and the uneven dispersion caused by carbon nanotube
agglomeration. In recent years, there has been a
growing interest in conductive polymer-based organ-
ic/inorganic composites as fillers to improve the
dispersion and compatibility of nanomaterials in epoxy
coatings.21,28,29 These composites, when combined with
inorganic nanomaterials, have a synergistic effect that
can significantly enhance the anticorrosive perfor-
mance of epoxy coatings. Najmi et al.27 incorporated
Zn-doped polyaniline functionalized CNTs into epoxy
coatings, resulting in excellent barrier self-healing
corrosion protection. The active inhibition of Zn-
doped polyaniline and the improved compatibility
and homogeneousness of CNTs in the polymer matrix,
due to polyaniline grafting, contributed to the en-
hanced performance. Nayak et al.30 prepared a com-
posite of f-CNTs/polyindole as a pigment, which

exhibited excellent dispersibility in the epoxy matrix.
This composite showed a significant enhancement in
barrier protection and anticorrosion performance of
epoxy coatings. Cui and colleagues31 reported the
preparation of modified epoxy coatings with CNTs/
poly(2-butyl aniline) as reinforcement. Modifying
CNTs with poly(2-butylaniline) can improve the dis-
persion and compatibility of CNTs in the epoxy matrix,
thereby enhancing the shielding effect of CNTs/epoxy
composite coatings.

Poly(3,4-ethylenedioxythiophene) (PEDOT) is a
conductive polymer with several advantages, including
easy synthesis, nontoxicity, excellent compatibility,
environmental stability, and satisfactory stretchability.
These properties make it a promising candidate for use
in the field of corrosion protection.32–34 However, there
is still insufficient research on the use of PEDOT and
its composites as reinforcement for epoxy anticorrosive
coatings.35–38

The study aimed to improve the homogeneity and
compatibility of carbon nanotubes (CNTs) in water-
borne epoxy coatings by modifying them with
poly(sodium 4-styrene sulfonate) (PSS) and PEDOT,
forming PCNTs hybrids. The results showed that the
PCNTs hybrids can enhance the anticorrosion perfor-
mance of epoxy resin coatings on NdFeB magnets.

Experimental

Materials

Commercial sintered NdFeB magnets (unmagnetized
38SH, 12 mm 9 13 mm 9 3 mm) were purchased
from Earth-panda Advanced Magnetic Material Co.,
Ltd. Carboxylated CNTs with carboxyl content of
around 0.73 wt% were supplied by Nanjing Xianfeng
Nano Materials Co., Ltd. Poly(sodium 4-styrenesul-
fonate) (PSS, average Mw � 70000, 30 wt% in H2O),
3,4-ethylenedioxythiophene (EDOT) and sodium per-
sulfate (Na2S2O8, AR) were purchased from Aladdin
Chemical Co., Ltd. (Shanghai). Nitric acid (AR) and
absolute ethyl alcohol (AR) were supplied by Sino-
pharm Chemical Reagent Co., Ltd. Waterborne epoxy
resin (EP, HG-90 series, particle size £ 20 lm, solid
content of 36 ± 2%, pH of 7.0 ± 0.3, conductivity of
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 supplied by Brilliant Electrophoresis Co., Ltd.
(Shenzhen, China). Deionized water with a resistance
of 18.2 MXÆcm was produced by a water purification
device.

Synthesis of PCNTs hybrids

PCNTs hybrids were obtained by modifying CNTs with
PEDOT synthesized by polymerization of EDOT in
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the presence of PSS. The synthesis process of PCNT
hybrids is shown in Fig. 1a. First, 0.53 g of PSS was
dissolved in 100 mL of distilled water with vigorous
stirring. Then, 100 mg of carboxylated CNTs was
added to the mixture and sonicated for 1 h. Later,
0.8 mL of EDOT monomer was added to the solution
and fully dispersed. Subsequently, 0.96 g of Na2S2O8

was added to the mixture to initiate the polymerization
reaction. The reaction was carried out at 30�C for 24 h.
Finally, the PCNTs hybrids were collected by vacuum
drying at 60�C for 24 h after being centrifuged and
washed several times with a water–ethanol solvent (v/
v = 2:3).

Electrophoretic deposition of epoxy coatings

Composite epoxy coatings were prepared using a
cathodic electrophoretic deposition process in
an aqueous solution containing deionized water,
waterborne epoxy resin, and black slurry aqueous
suspension in a mass ratio of 4:3:1, as shown in Fig. 1b.
To enhance the coatings, PCNT hybrids with varying
contents of 2, 4, 6, and 8 g/L were added to the
aqueous suspension. For comparison purposes, 2 g/L of
unmodified CNTs was also included in the suspension
for subsequent electrophoretic deposition.

Electrophoretic deposition was performed using a
constant voltage method. A NdFeB magnet was used
as the working electrode, while 304 stainless steel was
used as the counter electrode. The temperature was
maintained at 28�C. All specimens were deposited at
60 V for 45 s. They were then cured for 40 min at 90�C,
followed by an additional 30 min at 180�C. The
obtained specimens were designated as EP and EP/
CNTs2, referring to pure epoxy resin specimens and
specimens modified with pristine CNTs (2 g/L). The
specimens containing PCNT hybrids were designated
as EP/PCNTs2, EP/PCNTs4, EP/PCNTs6, and EP/
PCNTs8, respectively.

Material characterizations and corrosion
resistance tests

The compositions and structures of the modified
carbon nanotubes (CNTs) were analyzed using Fourier
transform infrared (FTIR) spectra on a Nicolet 6700
spectrometer (Thermo Nicolet, US), Raman spec-
troscopy on a LabRam HR Evolution (HORIBA
Jobin Yvon, FR) with a wavelength of 532 nm from
800 to 2000 cm� 1, and X-ray diffraction (XRD) on an
X-Pert Pro MPD (PANalytical, NL) with Cu Ka
radiation from 5� to 80�, respectively. The X-ray
photoelectron spectroscopy (XPS) analysis on an
ESCLAB 250Xi (Thermo, US) with Al Ka X-ray
source detected the surface chemical states of the
PCNTs. The morphologies of composited coatings on
NdFeB magnets were observed using a field emission
scanning electron microscope (FESEM, Hitachi
SU8020, JP).

The corrosion behaviors of the specimens were
investigated through electrochemical measurement
and static full immersion corrosion test. The electro-
chemical measurement was conducted using a three-
electrode system on a Chenhua CHI-660D electro-
chemical workstation. The working electrode was EP/
PCNTs specimens with an exposed area of 1 cm2, while
a saturated calomel electrode (SCE) served as the
reference electrode and a platinum sheet as the
counter electrode. Prior to the test, all specimens were
immersed in a 3.5 wt% NaCl solution for 30 min to
obtain a stable potential. Impedance spectroscopy
(EIS) was performed in open-circuit potential (OCP)
mode using an AC amplitude of 20 mV over a
frequency range of 10� 2–105 Hz. Potentiodynamic
polarization curves were collected at a scan rate of
0.01 V/s from � 0.3 V to 0.3 V (vs. OCP). The surface
changes of the specimens soaked in a 3.5 wt% NaCl
solution for a certain time were observed through static
immersion corrosion testing.

Fig. 1: Schematic diagrams of PCNTs hybrids synthesis (a) and electrophoretic deposition of PCNTs hybrids on the
surface of NdFeB magnets (b)
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Results and discussion

Characterization of PCNTs hybrids

FTIR, Raman, and XRD were used to investigate the
composition and structure of the filler, as shown in
Fig. 2. Figure 2a displays the FTIR patterns of CNTs,
PEDOT, and PCNTs. CNTs exhibit vibrational peaks
at 2919, 2850, and 1638 cm� 1, which correlate with
–CH3, –CH2, and C=C groups,39,40 respectively. The
FTIR pattern of PEDOT reveals a typical band at
around 1520 cm� 1, which is attributed to the asym-
metric stretching vibrations of the quinoid structure of
PEDOT. A lower frequency and intensity of this band
indicate a more reduced PEDOT. The strongest and
broadest band at 1344 cm�1 is due to a superposition of
the C=C symmetric, C–C ring, and inter-ring C–C
stretching vibrations of the thiophene rings.41–43 Addi-

tionally, peaks at 982, 833, and 672 cm� 1 are derived
from the vibration of the C-S bond of the thiophene
ring.44,45 Additionally, peaks at 1181, 1037, and
1010 cm� 1 are indexed to the –SO3 group in
PSS.46,47 In the curve of PCNTs hybrids, the infrared
characteristic peaks of CNTs and PEDOT can be
observed, indicating the successful polymerization of
PEDOT on CNTs.

The Raman spectra of CNTs, PEDOT, and PCNTs
are shown in Fig. 2b, where the D band and G band are
observed at 1348 and 1580 cm� 1, respectively, for
CNTs. The Raman spectrum of PEDOT shows peaks
at 988, 1263, and 1365 cm� 1, which correspond to the
oxyethylene ring deformation, Ca-Ca inter-ring stretch-
ing, and single Cb-Cb stretching, respectively.48 The
peak at 1435 cm� 1 corresponds to the symmetrical
vibration of Ca = Cb, while the antisymmetric stretch-
ing mode of Ca = Cb, which corresponds to the
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Fig. 2: FTIR spectra (a), Raman spectra (b), and XRD patterns (c) of CNTs, PEDOT, and PCNTs
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Fig. 4: Cross-sectional and surface SEM morphologies of EP (a), EP/CNTs2 (b), EP/PCNTs2 (c), EP/PCNTs4 (d), EP/PCNTs6
(e) and EP/PCNTs8 (f)
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thiophene rings in the middle and at the end of the
polymer chain, appears at 1504 and 1561 cm� 1.48,49 It
is worth noting that the peaks of PCNTs are slightly
shifted compared to those of PEDOT. Specifically, the
peaks of the oxyethylene ring deformation, Ca-Ca

inter-ring stretching, and single Cb-Cb stretching move
to 991, 1266, and 1363 cm� 1, respectively. This con-
firms the presence of strong interfacial interactions
between PEDOT and CNTs, including p-p interaction
and van der Waals forces.39

Figure 2c shows the XRD patterns of CNTs,
PEDOT, and PCNTs. The XRD spectrum of CNTs
shows peaks at 26.0� and 42.9�, which are assigned to
(002) and (100) crystal planes of a graphite-like
structure.27,50 In contrast, PEDOT does not exhibit
any characteristic diffraction peak in its XRD spec-

trum, indicating its amorphous structure. However,
after modification with PEDOT, the characteristic
diffraction peaks of the (002) and (100) crystal planes
are still present with lower intensity due to the
sheltering effect of PEDOT.

The surface chemical states of the CNTs, PEDOT,
and PCNTs were analyzed using XPS, as illustrated in
Fig. 3. The survey patterns in Fig. 3a indicate that, in
addition to carbon and oxygen, PEDOT and PCNTs
contain mainly sulfury and sodium elements. The
sodium is derived from the residues of PSS or Na2S2O8

in the synthesis process. The C1s spectra of CNTs
(Fig. 3b) show three peaks centered at 284.6, 285.3, and
290.8 eV, corresponding to C–C/C=C, C–O, and p–p*
bonds, respectively.51–53 The C1s spectra of PEDOT
(Fig. 3c) show a new peak at 286.5 eV corresponding
to C–S from thiophene rings. The S2p spectra of
PEDOT show four peaks centered around 164.0, 165.2,
168.0, and 169.3 eV, ascribing to C–S of PEDOT and
–SO3 group of PSS.54,55 The presence of PSS and
PEDOT peaks in PCNTs confirms the successful
modification of CNTs with PEDOT and PSS, which
is further supported by the FTIR analysis in Fig. 2a.

bFig. 5: Nyquist and Bode plots of different specimens after
being immersed in 3.5 wt% NaCl solution for different
times: (a) EP, (b) EP/CNTs2, (c) EP/PCNTs2, (d) EP/PCNTs4,
(e) EP/PCNTs6, (f) EP/PCNTs8
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Fig. 5: continued
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Characterization of composite epoxy coatings
on NdFeB

Figure 4 displays the cross-sectional morphologies of
composite epoxy coatings on NdFeB substrate ob-
tained under different conditions. As demonstrated in
Figs. 4a1 to 4f1, the thickness of the composite coating
increases continuously with the filling amount of
PCNTs. Additionally, the thickness change of the
specimens is nonlinear with the filling amount of
PCNTs. Increasing the PCNTs loading from 2 g/L to
4 g/L results in a minimal increase in coating thickness,
as shown in Figs. 4a1 to 4d1, from 16 lm to 16.5 lm
and 17 lm, respectively. However, increasing the
loading from 4 g/L to 6 g/L results in a much greater
growth of the coating thickness, as shown in Figs. 4d1
to 4f1, from 17 lm to 20 lm and 24 lm, respectively.

Electrophoretic deposition is a process where
cationic epoxy resin particles migrate to the cathode
and deposit on the surface of the substrate under the
action of external direct current. When PCNT hybrids
are added to the epoxy suspension, some of the hybrids
are deposited on the substrate surface along with the
epoxy resin particles. As the concentration of PCNTs
in the electrophoretic suspension increases, more
PCNTs are deposited in the coating, resulting in an
increase in coating thickness. Additionally, coating
thickness is affected by the compactness of the coating.
The aggregation of PCNTs causes a loose structure,
which increases the coating thickness under the same
electrophoretic deposition parameters. A low loading
of PCNTs only increases the coating thickness due to
the filling effect, where the thickness increment should
be linear to the loading. On the other hand, a high
loading of PCNTs increases the coating thickness due
to the composite effects of PCNTs filling and density
decrease.

The surface morphologies of various specimens can
reveal the density changes of composite epoxy coat-
ings, as demonstrated in Figs. 4a2–4f2. Figure 4a2
illustrates the surface morphology of pure EP coatings
on NdFeB magnets, which displays numerous micro-
pores that are clearly visible due to the rapid
volatilization of water during solidification. Incorpo-

rating 2 g/L CNTs into the coating results in a more
irregular cross section and poor dispersion of CNTs in
the polymer matrix, leading to significant agglomera-
tion and numerous defects (Fig. 4b2). Furthermore,
the interface between CNTs and epoxy resin is clearly
visible, indicating poor compatibility between CNTs
and the epoxy matrix. At the same filling amount
(Fig. 4c2), many pores are still visible in the coating for
EP/PCNTs2 specimens. However, the combination
between CNTs and resin has improved significantly.
As the concentration of PCNTs increases to 4 g/L
(Fig. 4d2), the number of pores decreases significantly.
In EP/PCNTs6 (Fig. 4e2) and EP/PCNTs8 (Fig. 4f2)
systems, there are no visible pores, indicating the
excellent filling effects of PCNTs in the coating.
However, the surface flatness of EP/PCNTs8 is reduced
compared to that of EP/PCNTs4 and EP/PCNTs6. This
reduction may be due to the aggregation of PCNTs at
high loading. In other words, the filling effect of
PCNTs is beneficial for eliminating pores and increas-
ing coating thickness. However, PCNTs’ aggregation
with high loading may decrease the compactness of
coatings, resulting in an additional increase in coating
thickness.

Anticorrosion performance of composite epoxy
coatings on NdFeB

Electrochemical impedance spectroscopy (EIS) mea-
surements were conducted to evaluate the anticorro-
sion performance of composite epoxy coatings on
NdFeB magnets. The measurements were carried out
in an electrolyte containing 3.5 wt% NaCl for varying
durations. The Nyquist and Bode plots obtained are
presented in Fig. 5. The electrical equivalent circuits
are shown as inset in the Nyquist patterns, in which the
parameters of Rs, Rc, CPEc, CPEdl, and Rct in the
electrical equivalent circuits correspond to solution
resistance, coating resistance and coating capacitance,
double-layer capacitance and a charge transfer resis-
tance, respectively. The Warburg element (W) indi-
cates the diffusion process of the coating.

Table 1: Zj j0.01 Hz (XÆcm2) and Rct (36 d) (XÆcm2) of specimens after being immersed in 3.5 wt% NaCl solution for
different times

Specimens Time

6 d 16 d 26 d 36 d Rct (36 d)

EP 8.60 9 105 8.19 9 104 4.96 9 104 1.34 9 104 1.16 9 104

EP/CNTs2 5.39 9 106 8.43 9 105 5.44 9 104 3.90 9 103 5.07 9 103

EP/PCNTs2 8.84 9 106 3.12 9 106 1.35 9 105 8.16 9 103 1.03 9 104

EP/PCNTs4 6.45 9 106 7.96 9 106 5.64 9 106 4.76 9 106 3.94 9 105

EP/PCNTs6 6.18 9 107 7.16 9 107 5.55 9 107 4.41 9 107 2.22 9 107

EP/PCNTs8 1.48 9 107 1.44 9 107 1.32 9 107 1.45 9 107 1.10 9 107
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Figures 5a1–5c1 shows that all three specimens, EP,
EP/CNTs2, and EP/PCNTs2, exhibit two arcs at the
initial test stage. This demonstrates that the corrosive
medium penetrates the coating and reaches the coat-
ing/magnet interface. However, it is important to note
that over a period of 26 days, the high-frequency
capacitive arc radius of EP/CNTs2 and EP/PCNTs2 is
greater than that of EP specimens, indicating that the
addition of CNTs and PCNTs improves the impedance
of the specimens, which in turn enhances the corrosion
resistance of the epoxy coatings. EP/PCNTs4, EP/
PCNTs6, and EP/PCNTs8 specimens exhibit distinct
Nyquist plots (Figs. 5d1–5f1) with a high frequency
capacitive arc and a slash, indicating the diffusion-
controlled corrosion reaction. PCNTs have contributed
to the electron exchange behavior of corrosion as an
electrochemically active substance.56,57 The test exten-
sion maintains the arc radiuses of specimens at a high
level and the attenuation of the radiuses at a low level,
demonstrating excellent corrosion resistance and sta-
bility.

The low-frequency impedance modulus ( Zj j0.01 Hz)
observed in the Bode plot indicates the coating’s
protective capacity, with higher Zj j0.01 Hz representing
better anticorrosion performance.58 The Bode plots for

the prepared specimens are shown in Figs. 5a1–5f1,
and Table 1 provides the extracted Zj j0.01 Hz values
from the plots. During the initial testing period, the
Zj j0.01 Hz of the EP specimens is as low as 8.60 9 105

XÆcm2, indicating poor corrosion resistance. As the test
continued, the Zj j0.01 Hz value decreases by an order of
magnitude to 1.34 9 104 XÆcm2 after 36 days of soak-
ing. The coating of EP specimens contains numerous
pores and defects, resulting in poor anticorrosion
performance. The addition of 2 g/L CNTs and PCNTs
to the coating results in an increase in Zj j0.01 Hz of EP/
CNTs2 and EP/PCNTs2 specimens to 5.39 9 106 and
8.84 9 106 XÆcm2, respectively. This demonstrates that
the anticorrosion performance of the specimens is
better than that of EP in the short term. However, after
26 days, Zj j0.01 Hz of EP/CNTs2 decreases to the same
order of magnitude as that of EP, while Zj j0.01 Hz of
EP/PCNTs2 remains higher than that of EP. It is
important to note that the Zj j0.01 Hz of EP/CNTs2 and
EP/PCNTs2 specimens decrease to 3.90 9 103 and
8.16 9 103 XÆcm2, respectively, after being immersed
for 36 days, which is lower than that of EP, indicating
that the composite specimens have poorer anticorro-
sion performance than EP over a longer period of time.
The decrease in Zj j0.01 Hz for EP/PCNTs4, EP/PCNTs6
and EP/PCNTs8 specimens with prolonged soaking
time may be attributed to microgalvanic corrosion
resulting from the disordered connection of CNTs/
NdFeB or PCNTs/NdFeB substrate after the corrosion
medium reaches the coating/magnet interface,59 which
leads to more serious corrosion. For EP/PCNTs4, EP/
PCNTs6, and EP/PCNTs8 specimens, their Zj j0.01 Hz

decreases with prolonged soaking time but remains at a
high level of approximately 106 XÆcm2, 107 XÆcm2, and
107 XÆcm2 within 36 days, respectively. After being
immersed for 36 days, the Rct value of EP/PCNTs6 is
still greater than that of other specimens, and Rct of
different specimens shows the same tendency as
Zj j0.01 Hz. To summarize, the addition of appropriate
concentrations of PCNTs can significantly improve the
corrosion resistance of specimens, which is particularly
true when the concentration is 4, 6, or 8 g/L.

It is worth noting that EP/PCNTs8 exhibit slightly
worse Zj j0.01 Hz than that of EP/PCNTs6, despite the
former having a higher coating thickness (as shown in
Figs. 4e and 5f). This can be attributed to the decrease
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Fig. 6: Potentiodynamic polarization curves of different
specimens after being immersed in 3.5 wt% NaCl for
40 days

Table 2: Electrochemical polarization parameters of different specimens

Jcorr/(AÆcm
� 2) Ecorr/V � bc(V/dec) ba(V/dec) g (%)

NdFeB-1 h 2.302 9 10� 5 � 0.929 0.162 0.197
EP-40d 4.436 9 10� 6 � 0.816 0.173 0.166 80.23
EP/CNTs2-40d 1.602 9 10� 5 � 0.921 0.166 0.259 30.41
EP/PCNTs2-40d 8.107 9 10� 6 � 0.881 0.164 0.262 64.78
EP/PCNTs4-40d 9.404 9 10� 9 � 0.357 0.171 0.254 95.91
EP/PCNTs6-40d 9.648 9 10� 10 � 0.146 0.180 0.215 99.58
EP/PCNTs8-40d 3.290 9 10� 9 � 0.031 0.197 0.196 98.57
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in compactness of EP/PCNTs8 due to the aggregation
of PCNTs at high loading.

Figure 6 displays the potentiodynamic polarization
curves of various specimens after immersion in a 3.5
wt% NaCl solution for 40 days, and Table 2 lists the
corresponding polarization parameters. To provide a
comparison, the polarization curve of NdFeB magnets
immersed for 1 h is also included. For uncoated
NdFeB, the values of Ecorr and Jcorr are � 0.929 V
and 2.302 9 10� 5 AÆcm� 2, respectively, indicating
poor intrinsic corrosion resistance. After being soaked
for 40 days, epoxy resin-coated NdFeB magnets
exhibit improved anticorrosion performance with a
lower Jcorr and a positive shift of Ecorr compared to
uncoated NdFeB. The addition of 2 g/L CNTs into the
coating does not improve the corrosion resistance and
even results in a negative effect in a long-term
corrosion process. The polarization result of EP/CNTs2
is similar to that of uncoated NdFeB with an Ecorr of
� 0.921 V and a Jcorr of 1.602 9 10� 5 AÆcm� 2. When

the same concentration of PCNT hybrids is added, EP/
PCNT2 specimens exhibit an Ecorr of � 0.881 V and a
Jcorr of 8.107 9 10� 6 AÆcm� 2, respectively. This is
much better than that of EP/CNT2 but worse than that
of EP specimens. In summary, the introduction of 2 g/
L CNTs or PCNTs has no positive effect and may even
have a negative effect on the long-term corrosion
resistance of specimens. This finding is consistent with
the change tendency of Zj j0.01 Hz data.

As the concentration of PCNTs increases, the
corrosion tendency of EP/PCNTs4, EP/PCNTs6, and
EP/PCNTs8 specimens gradually decreases with Ecorr

positively shifting to � 0.357, � 0.146, and � 0.031 V,
respectively. And their Jcorr decreases to 9.404 9 10� 9,
9.648 9 10� 10 and 3.290 9 10� 9 AÆcm� 2, which
shows an extremely low corrosion rate even after
soaking for 40 days. Based on the results of EIS and
polarization curves, it can be concluded that the
addition of PCNTs hybrids with appropriate content
to the epoxy resin coating can effectively enhance the

Fig. 7: Optical photographs of EP (a), EP/CNTs2 (b), EP/PCNTs2 (c), EP/PCNTs4 (d), EP/PCNTs6 (e) and EP/PCNTs8 (f) after
being immersed in 3.5 wt% NaCl solution for 40 d and 50 d

Fig. 8: Corrosion protection mechanism of EP (a), EP/CNTs (b), and EP/PCNTs (c) specimens
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corrosion resistance of the specimens, such as EP/
PCNTs4, EP/PCNTs6, and EP/PCNTs8.

To investigate changes to specimen surfaces over
time, a static immersion corrosion test was conducted
by immersing them in a 3.5 wt% NaCl solution.
Figures 7a1 and 7a2 shows that after 40 days of
soaking, the EP has bulged and corroded. Additionally,
with a soaking period of 50 days, the corrosion area of
the EP specimens continues to enlarge. The addition of
2 g/L CNTs into the coating (Figs. 7b1 and 7b2)
exacerbates the surface state of the specimens, result-
ing in more severe surface bulging and corrosion.
Similarly, at the same dropping amount (Figs. 7c1 and
7c2), the surface of EP/PCNTs2 exhibits bulging and
corrosion in a large area. The cross-sectional mor-
phologies of coatings in Fig. 4 reveal numerous
micropores in all three specimens. The shielding
performance of the EP/CNTs2 coating is poor due to
inadequate dispersion and compatibility of CNTs
within the coating. Although the dispersion and com-
patibility of PCNTs with the coating have improved,
they are unable to effectively fill the coating’s pores.
As a result, all three specimens exhibit poor corrosion
resistance, leading to noticeable corrosion. A contin-
uous increase in PCNTs’ concentration to 4 g/L
(Figs. 7d1 and 7d2), 6 g/L (Figs. 7e1 and 7e2), and
8 g/L (Figs. 7f1 and 7f2) results in effective pore filling
and improves structural integrity of the coatings. As a
result, all three specimens exhibit excellent corrosion
resistance with no visible corrosion on the surface even
after 50 days of immersion. These results are consistent
with the findings of the electrochemical tests.

Mechanism of corrosion protection

Based on the previously presented data, the introduc-
tion of suitable PCNT hybrids into the epoxy coatings
results in a significant improvement in the specimens’
corrosion resistance. The potential protective mecha-
nisms are discussed below. In EP systems (as shown in
Fig. 8a), defects resulting from water volatilization
during the solidification process can create a diffusion
channel for corrosive species to penetrate the interface
between the coating and magnet. This is detrimental to
the long-term service of specimens in corrosive envi-
ronments. For EP/CNTs specimens (as shown in
Fig. 8b), the addition of CNTs to the coating does
not effectively shield the corrosive medium. In fact, it
can even decrease the anticorrosion capability of the
specimens due to the poor dispersion of CNTs in the
epoxy matrix. In addition, modifying CNTs with
PEDOT (as shown in Fig. 8c) enhances the compati-
bility between CNTs and epoxy resin. Furthermore,
PSS enables the PCNTs hybrids to achieve a desirable
dispersion in the resin, improving the integrity and
compactness of the coating and enhancing its resis-
tance to corrosive medium. As a result, the EP/PCNTs
specimens exhibit significantly enhanced corrosion
resistance.

The concentration of PCNTs hybrids has an impact
on both the coating structure and the final corrosion
resistance. Low loading, such as EP/PCNTs2, can even
decrease the long-term corrosion resistance due to the
microgalvanic corrosion that forms as a result of the
disordered connection between the PCNTs and NdFeB
substrate after the corrosion medium reaches the
coating/magnet interface. High loadings, on the other
hand, can produce a good filling effect, but can also
lead to reduced densification due to the aggregation of
the complex. The specimens’ corrosion resistance
reaches its optimal value at a loading of 6 g/L.
However, when the loading of PCNTs increases to
8 g/L, the corrosion resistance slightly decreases.

Conclusions

PCNT hybrids were prepared by modifying CNTs with
PSS and PEDOT. These hybrids were then used as
fillers in the preparation of EP/PCNT composite
coatings on NdFeB magnets using the cathodic elec-
trophoretic deposition technique. The coating shows
no visible pores as the concentration of PCNTs
increases, indicating excellent filling effects of PCNTs.
However, a high loading of PCNTs results in their
aggregation and low compactness, which is reflected in
a rougher surface and higher thickness. The Zj j0.01 Hz

of the optimized EP/PCNTs6 increases from 1.34 9 104

to 4.41 9 107 XÆcm2, while Jcorr decreases from
4.436 9 10� 6 AÆcm� 2 to 5.281 9 10� 11 AÆcm� 2 when
compared to pristine EP specimens. The enhanced
anticorrosion performance of EP/PCNTs specimens is
attributed to the suitable compatibility and dispersity
of PCNTs within the epoxy coating, which can enhance
the coating’s integrity and compactness, thereby delay-
ing damage and failure of the specimens. However,
increasing the PCNTs content to 8 g/L deteriorates the
corrosion resistance due to the aggregation of PCNTs.
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