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Graphene oxide coating for improved corrosion resistance of NdFeB
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Abstract

Electrophoretic deposition (EPD) of graphene oxide (GO) was carried out on Neodymium iron boron (NdFeB) magnets to
study its potential as corrosion resistant coating. GO was produced from powder graphite by Hummers method. The GO was
obtained by sonicating graphite oxide/water suspension and GO coatings were deposited on NdFeB magnets by making
magnets anode in EPD process and by keeping voltage 10 V and time of deposition 1-2 min. GO and GO coating morphology
and structure were studied by atomic force microscopy and x-ray diffraction, respectively. Electrophoretically deposited GO
coatings on NdFeB were fairly uniform with some porosity. Potentiodynamic polarization and electrochemical impedance
spectroscopy were used to study corrosion behavior of the GO coatings. GO coating reduced the corrosion rate of NdFeB by
three times than the bare metal. The results show that GO coatings offer excellent corrosion resistant to NdFeB magnets in 3.5

% NaCl solution.

Keywords: NdFeB, Electrophoretic deposition, Coating, Corrosion, Graphene oxide

Introduction

Graphene is an atomic layer of sp2 bonded carbon atoms packed
in a honeycomb-like lattice. It has gained a huge interest in a
number of fields due to its fascinating properties such as high
electronic conductivity, superior chemical stability, high
thermal conductivity and excellent mechanical properties [1, 2].
Graphene and its derivatives, GO or functionalized graphene,
based coatings can provide an excellent barrier to ionic
transport without alteration of metal underneath due to their
two-dimensional morphology, and this makes them interesting
coating materials for enhancing corrosion resistant of
electrochemically active metals. Several studies demonstrated
improvement in the corrosion resistance of metals by graphene
coatings [3-5].

Neodymium iron boron (NdFeB) magnets are widely used in
several mechanical equipments due to their excellent magnetic
properties [6]. Unfortunately, NdFeB magnet exhibits poor
corrosion resistance in specific environments which limits its
use. Mostly NdFeB magnets are manufactured through powder
metallurgy route resulting in porous and multiphase
microstructure [7, 8]. NdFeB microstructure consists of three
basic phases: (i) matrix phase (Nd2Fel14B), (ii) Nd-rich phase
(Nd4Fe) and (iii) B-rich phase (NdFe4B4) [9]. The Nd-rich
phase has the highest electrochemical activity due to high rare
earth content. Anodic dissolution of the Nd-rich phase can
occur at potentials more negative than the corrosion potential of
the NdFeB magnet [10] resulting in the shorter service life of
NdFeB magnets [11, 12]. Improving corrosion resistance of the
NdFeB magnets is of great interest for researchers and
manufacturers. Currently, NdFeB magnets corrosion resistance
is enhanced by multilayered electrodeposited coatings such as
Ni-Cu-Ni coatings, which offer sufficient corrosion protection.
However, chemicals employed for electrodeposited coatings
are not environmentally friendly and there is always a room for
producing better coatings.

This work aims to deposit GO coatings on the surface of the
NdFeB magnets. GO coatings are light weight compared to
electrodeposited coatings and can have minimum effect on the
magnetic properties of NdFeB magnets, unlike Ni-based

coatings which are magnetic in nature. Most of the literature has
focused on depositing graphene on metals via chemical vapor
deposition (CVD) method. In present work Electrophoretic
deposition (EPD) is utilized to deposit GO coating on NdFeB
magnets. EPD is an alternative and environmentally friendly
method for the deposition of GO on metallic substrates. It
produces coatings at room temperature with uniform thickness,
high deposition rate, and does not deteriorate metallurgical
features of metals [13].

The main aim of this work was to deposit GO coatings on
NdFeB magnets by EPD technique. The resulting coatings were
characterized and their corrosion resistance performance was
studied by potentiodynamic polarization and electrochemical
impedance spectroscopy in 3.5 % NaCl solution.

Experimental

Materials and Chemicals

Sri Lankan grade powder (SG-graphite) was used in this study
which had an average particle size between 100-200 pm.
Sodium nitrate (NaNO3), sulphuric acid (H2S04), potassium
permanganate (KMnO4), hydrogen peroxide (H202), and
ethanol all analytical grade chemicals were used. NdFeB
magnets in the form of pellets (diameter 10 mm and thickness
5 mm) were purchased from local market. The as-purchased
magnets were nickel-copper plated. The electrodeposited metal
was removed by rough grinding to expose a fresh surface of
NdFeB for coating.

Synthesis of Graphite Oxide

Graphite oxide (GO) was synthesized from graphite powder
(SG-graphite) by using Hummers method [13]. Briefly,
concentrated H2SO4 was added to a mixture of graphite powder
(2 g) and NaNO3 (1 g) with continuous magnetic stirring in
three neck flask kept at a temperature less than 5 °C. After 2
hours, KMnO4 (6 g) was slowly added to the above solution to
prevent the sudden rise of temperature. After 30 min of stirring
92 ml of warm water was added gradually to the mixture, then
further 280 ml water was added. At the end of the reaction, 3
ml of (30 %) H202 solution was added drop-wise to remove
excess KMnO4. Finally, the solution was filtered and washed
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with deionized water to obtain neutral pH. The retrieved
graphite oxide powder was dried at 50 °C in a vacuum oven.
Deposition of Coating

NdFeB pallets were ground on silicon carbide papers (180 to
1200 grit sizes). After surface preparation, samples were
sonicated in ethanol for 15 min to remove any surface
contaminants. Graphite oxide powder 3 mg ml-1 was dispersed
in deionized water by sonication for 3 hours at 40 °C to obtain
a stable suspension of GO. The ultrasonication exfoliates
graphite oxide to GO. For EPD, NdFeB samples were made as
anode and platinum was used as a cathode in the EPD cell.
Optimization of EPD process was achieved and it was found
that a uniform coating of GO can be obtained at 10 V for 2 min
using DC voltage source. All coatings studied in this work were
produced under similar conditions.

Characterization

X-ray diffraction (XRD) analysis of the graphite oxide powder
(produced via Hummers method) was conducted by
diffractometer (Bruker). Atomic force microscopy (AFM)
images of GO were obtained after depositing a GO-water
suspension on a mica substrate using tapping mode AFM
(Solver Nano, NT-MDT, Russia). GO coatings on NdFeB were
also investigated using contact mode AFM to determine
uniformity and thickness of the coating. Coating thickness was
measured by scanning that area of the coating where some pores
were seen.

Electrochemical studies were conducted in the three-electrode
cell using potentiostat/galvanostat/ZRA (Reference 3000,
Gamry Instruments, Inc., USA). NdFeB pellets and GO-coated
pellets were made as working electrode, a platinum wire as a
counter and a saturated calomel electrode as a reference
electrode which was immersed in 3.5 % NaCl electrolyte
solution. Potentiodynamic polarization scan was performed to
determine coating response to DC voltage. Potentiodynamic
polarization overvoltage in the range of  -0.5V to 1.5V (vs
open circuit potential (OCP)) at a scan rate of 5 mV/sec was
used. Electrochemical impedance spectroscopy (EIS) was
conducted at an amplitude of £10 mV (rms) within a frequency
range of 10 mHz to 100 kHz. All tests were performed after
stabilizing OCP.

Results and Discussion

Characterization

XRD pattern of graphite oxide and GO coated NdFeB magnet
is shown in Fig.1. Graphite shows a sharp peak at 26.84°
corresponding to the (002) crystal plane. After oxidation of
graphite by Hummers method, the intensity of (002) diffraction
peaks is weakened and a broad peak at 8.5° was observed which
correspond to the (001) crystal plane of graphite oxide. The
interplanar spacing of (001) was increased to ~1.039 nm which
is considerably larger than (002) crystal plane spacing. The
significant increase in the layer spacing confirms successful
oxidation of graphite, which is the source for the production of
GO by ultrasonication in solvents. The graphite oxidation is due
to intercalation of sulfate ions and hydroxyl ions in the galleries
of graphite. Hummer's process also excessively produce
epoxide groups on the basal planes of graphite and carboxylate
and hydroxyl groups on the peripheries of basal planes [14].
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XRD pattern of GO-coated NdFeB magnet (Fig. 1) shows only
the peaks due to NdFeB magnet, indexed in Fig. 1 according to
[15], and no (002) or (001) peaks of graphite or graphite oxide.
It can be vaguely said that that graphene coating has been
deposited on the NdFeB magnet. However, to confirm this
XRD thin film analysis of coating should have been done,
because conventional XRD has a limitation in getting
diffraction from very thin films.

Graphite oxide

(001)

(002)

——GO coated NdFeB

Intensity (a.u)
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Fig. 1: XRD of graphite oxide and GO coated NdFeB
magnet. Indexing of GO and GO coated NdFeB magnets is
also labeled

Coating Morphology

The AFM image obtained in tapping mode (Fig.2 (a)) and
lateral force microscopy (Fig.2 (b)) shows that GO has a
thickness in the range of 1-2 nm and average lateral size of 70-
400 nm.

The contact mode AFM images of NdFeB magnet is presented
in Fig. 3. The surface of the NdFeB sample was very smooth as
can be seen with Ra value of 4.3 nm. All samples of magnets
on which GO was deposited had a similar level of roughness.
On the other hand, the surface of GO-coated NdFeB sample was
found much rougher (Ra = 162 nm) than the bare NdFeB
magnet as can be seen from the contact mode AFM image of
GO coated NdFeB samples (Fig. 4). The increased roughness
of coated magnet suggests random deposition of GO coatings.
The wrinkled morphology of GO might also be responsible for
increased roughness of coating. Fig. 4(a) of GO-coated NdFeB
magnet shows coating thickness around 1-1.5 pm with
particulate morphology. This suggests that the particles
deposited on one another to build a thick film of ~1 pm and this
has happened in just less than 2 min of deposition. Some pores
in the coatings can also be seen. The SEM image of the GO
coated NdFeB magnet is shown in Fig 4(b). The GO coatings
are uniformly deposited on the metal surface, however, some
defects (pore) in the coating can also be seen. It is not clear
whether there is a film of GO at the base of the pore or not.
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Fig. 2: (a) Tapping mode AFM image of GO (b) Lateral
force AFM image of GO
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Fig. 3: Contact mode AFM image of bare NdFeB magnet
on which GO was deposited by EPD process. Surface
roughness parameters and height profile are also shown.
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Fig. 4: (a) Contact mode AFM image of bare NdFeB
magnet on which GO was deposited by EPD process and
(b) SEM image of the GO coating.

Corrosion Study

Potentiodynamic polarization curves are shown in Fig. 5.
Anodic and cathodic current densities are reduced showing a
decrease in corrosion current. Icorr is decreased from 1240
pAcm—2 for bare NdFeB to 326 pAcm—2 for GO-coated
NdFeB magnet with a positive shift in Ecorr (58 mV) which
clearly demonstrates increased corrosion resistance of NdFeB.
The results obtained using Echem analyst software (Gamry
Instruments) are shown in Table 1. These results are in
agreement with the findings of Liu et al. [16].

In an aggressive environment like NaCl, dissolution of NdFeB
magnets occurs by the anodic reactions (I) and (I1). The Nd-rich
phase is anodic then other phases, so certainly dissolution of
magnet initiates from this. This reaction forms passive
hydroxide film on the magnet to protect it from environment
further. However, aggressive Cl- can penetrate through the
interface which damage passive film and expedite dissolution
of NdFeB magnet. GO-coated NdFeB magnet showed less
anodic current density as compared to the bare magnet which
proves that GO coating improved the corrosion resistance of
NdFeB.

Nd - Nd3* + 3e™ (I)

Nd3* + 30H — Nd (OH)s (1)

EIS was performed to further evaluate the electrochemical
response of GO coating. Fig. 6 shows Nyquist and Bode curves
for coated and bare NdFeB pellets. In Nyquist plot (Fig. 6(a))
area of curve reflects the resistance to electron transfer i.e,
corrosion resistance. Higher the electron charge transfer, higher
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Table 1: Kinetic parameters obtained from potentiodynamic polarization curves.

Samples Beta A (V/decade) Beta C (V/decade)

Ecor (MV) leor (WA/cM?)  Corrosion Rate (mpy)

Bare 0.368 0.166

EPD-GO 1.262 2.293

-1050 1240.0 4478

-992.0 326.0 1177
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g. 5: Potentiodynamic polarization curves of bare NdFeB
and GO-coated NdFeB magnets
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will be the corrosion resistance of the metal. Bare NdFeB had a
charge transfer resistance of 42 ohmemz2, whereas the GO-
coated NdFeB had higher than 100 ohmcmz2, suggesting a very
high corrosion resistance of the latter. In Bode plot (Fig.6 (b)),
the impedance in the low-frequency region indicates the
corrosion resistance of a metal. Fig.6 (b) shows higher
impedance value for GO-coated NdFeB (110 ohm.cm2) than
bare NdFeB (50 ohm.cm2) confirming potentiodynamic data
that GO-coated NdFeB offers higher corrosion resistance. The
EIS results are consistent with polarization results of the same
samples. It can be seen from Fig.6 (b) that middle-frequency
impedance of both bare NdFeB and GO-coated NdFeB
resembles, which suggests double layer capacitance phenomena
of both bare NdFeB and GO-coated NdFeB magnets, and hence
both favored charge collection in a similar way. However, at
higher frequency impedance of GO-coated NdFeB is higher
than bare NdFeB (Fig.6 (b)), suggesting that GO-coating had
completely covered NdFeB
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Fig. 6: EIS results (a) Nyquist curve (b) Bode plot of bare NdFeB and GO-coated NdFeB magnets performed in 3.5 %
NacCl solution.

Conclusions

GO coating of almost 1 um on NdFeB magnet was successfully
deposited from ultrasonicated graphite oxide/water suspension
using EPD process. GO thickness was found in the range of 1-
2 nm. The thicknesses of graphene coatings were found ~1-2
pum by AFM microscopy. The coatings’ morphology was found
to be particulate-like and coated films were found much rougher

than bare NdFeB magnet due to the crumbly nature of GO as
observed by AFM. The corrosion testing in 3.5 % NaCl solution
revealed ~3x lower corrosion rates of GO-coated NdFeB
magnets than bare metal. The GO coatings developed in this
work are therefore promising in enhancing corrosion resistance
of NdFeB magnets.
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