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Effects of rotating electromagnetic on flow corrosion of copper in seawater
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Abstract: The flow corrosion of copper in seawater was investigated with the rotating electromagnetic corrosion experimental bench
for 12 d. Scanning electron microscopy equipped with EDAX and X-ray diffraction (XRD) were used for the analysis of surface
microstructure and phase composition of samples. The results indicate that the composition of Cu,O and CuO is created in corrosion
products film after drying in the air, and the flow corrosion process can be successively defined as uniform pitting corrosion,
expansion, formation of corrosion film, solution of surface products and pitting corrosion. Corrosion inhibition of copper during flow

corrosion can be significantly improved with rotating electromagnetic field in the seawater.
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1 Introduction

The effects of magnetic field on the corrosion
behaviors of metals have been attracted more attention
recently [1-2]. It was reported that magnetic field could
decrease the corrosion rate of some metals, such as
stainless steel, zinc, brass, and aluminum, while the
corrosion inhibition is improved with the increase of the
magnetic flux density [3—5]. There are also some
controversial research conclusions. KELLY [6] found
that the titanium corrosion rate increased in sulphate
solution by a magnetic field. COSTA et al [7] indicated
that magnetized Nd-Fe-B magnets exhibited larger mass
loss than non-magnetized ones. The magnetic field plays
an important role in the corrosion kinetics [8] and the
mass transport [9—13], and the composition of corrosion
products can be controlled by adjusting parameters of
magnetic field [3].

In this work, the effects of rotating electromagnetic
field on the corrosion micrographs and the corrosion
products compositions of copper samples were
investigated using scanning electron microscopy/energy
dispersive analysis system of X-ray (SEM/EDAX), and

X-ray diffraction (XRD). Meanwhile, corrosion behavior

of copper under rotating electromagnetic field was also
discussed.

2 Experimental

Figure 1 shows the cross-section structure diagram
of rotating electromagnetic device which includes the
rotating rotor and stator parts, air gap between the stator
and rotor and the outer garment etc. The rotating rotor
and stator parts are coaxial. The stator part is made up of
duct, conducting bar, short-circuit rings of ducts and
conducting bar welding circuit, which form cage type
conductive circuits. The rotor part is a solid core, and
several slots are prepared in the longitudinal direction,
where permanent magnet is laid aside. When the rotor
rotates are driven by external power, the rotating magnet
magnetic field will be chained with stator components
through the air gap, producing hysteresis, vortex in the
cage type electric circuit, and inducing potential
resistance loss of short-circuit current in the second
generation. The heat energy transformed from loss is
taken away by the sea water which is simultaneously in
the rotating magnetic field and second field of
short-circuit current, that will produce the synergy of
magnetic and electric fields. The variation of rotating
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magnetic field with time is shown in Fig. 2, and Fig. 3
presents the seawater temperature conditions.
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Fig. 1 Structure sketch of electromagnetic equipment
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Fig. 2 Rotational magnetic field with time
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Fig. 3 Temperature variation of seawater
3 Results and discussion

3.1 Analysis of corrosion morphology

Figure 4 shows the the surface micrographs of
copper sample during the flow corrosion process. It can
be observed that the flow corrosion process in copper is
pitting corrosion obviously. The copper sample corroded
for 3 d is pitting corrosion initiation, and the corrosion
products deposit on the surface. However, the corrosion
resistance film is formed on the surface of copper
samples, and the whole surface is coated with corrosion
products after being corroded for 6 d, which restrained
the development of the pitting corrosion. But the copper
is dissolved and pitting depth increases during the
corrosion process, which can be seen in Figs. 4(a) and
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(b). Fig. 5 shows the diameter augmentation and
increasing depth of pitting wholes of copper samples
during corrosion initiation. It can be seen that the
average corrosion depth of copper increases rapidly, then
decreases with prolonging the period of corrosion. As the
corrosion products film generated, some of the regional
pitting corrosion continued, leading to the depth of
pitting corrosion increased rapidly in the middle stage.
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Fig. 5 Pitting depths of copper during corrosion process

3.2 Composition of corrosion products

Figure 6 shows energy spectrum of the corrosion
products of copper sample. It can be found that the
surface corrosion products mainly contain O element and
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Cu element. Along with the flow corrosion process, the
contents of these two elements have not changed, which
can be seen in Fig. 7. Figure 8 shows the XRD patterns
of corrosion products of copper. It can be seen that the
corrosion products of copper in seawater are mainly
Cu,0 and CuO after drying in the air.

The flow corrosion mechanisms of copper in
seawater can be described as follows [14—15]:

Anode reaction

2Cu+H,0— Cu,O+2H +2¢” (1)
Cathode reaction
0,12H,0—40H" 2)

The Cu,O layer initially formed on copper sample
surface is partially oxidated into CuO, and the oxidation
layer is mainly made up of Cu,O and CuO after drying in
the air. Although the seawater contains a lot of chloride
ion, and the O” in the oxide lattice may be replaced by
Cl [16], the final corrosion product is still copper oxide,
because of rotating electromagnetic effect which changes
the seawater properties, and promotes copper oxidation
reaction.

3.3 Rotating electromagnetic effects corrosion
performance evaluation

According to the XRD pattern, the surface corrosion
products are formed by different oxidate film due to the
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Fig. 6 EDAX analysis of products of copper corroded for different time: (a) 3 d; (b) 6 d; (c) 9d; (d) 12d
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copper heat flow corrosion, and the reason can be
attributed to the different thermodynamic stability, as
seen in Fig. 9.

Whether the surface corrosion product is a
protective film or not, the most important factor is
decided to the integrity of the film. Usually, the volume
of the metal oxide film Vox is greater than that of the
metal V), which can be called r.
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Fig. 7 Elements content of corrosion products of copper
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Fig. 9 Sketch of corrosion products

where M is metal oxide relative molecular mass; A4 is
metal molecular atomic mass; # is the metal in the metal
oxide valences; M is formation of metal oxide film
quality consumed, m =nd; py and pox are metals and
metal oxide density, respectively.

Generally, the oxidation film is considered to be
complete when 7>1. If r<I, the whole metal surface
cannot be completely covered by the generated oxidation
film, and the oxidation film will be porous, which cannot
effectively segregate the metal and medium isolation,
and makes the protectiveness of the oxidation film
becoming weak. Cu,O film is a protective oxide films
due to its =1.68.

4 Conclusions

1) Through the surface microstructure observation,
the corrosion characteristics of copper under the action
of rotating electromagnetic effect on sea water are pitting
corrosion, the flow corrosion process contains uniform
pitting corrosion, pitting corrosion expansion, corrosion
products film, solution of surface products and pitting
corrosive.

2) The compositions analysis shows that copper
surface corrosion products contain mainly Cu and O, and
the phases of corrosion products mainly include Cu,O
and CuO. Rotating electromagnetic field can improve
corrosion resistance of copper in seawater corrode.

References

[1]  ZHANG P, GUO B, JIN Y P, CHENG S K. Corrosion characteristics
of copper in magnetized sea water [J]. Trans Nonferrous Met Soc
China, 2007, 17: s189—s193.

2] GUO B, ZHANG P, JIN Y P, CHENG S K. Effects of alternating
magnetic field on the corrosion rate and corrosion products of copper
[J]. Rare Metals, 2008, 27(3): 324—328.

[3] CHIBA A, KAWAZU K, NAKANO O, TAMURA T, YOSHIHARA
S, SATO E. The effects of magnetic fields on the corrosion of
aluminum foil in sodium chloride solutions [J]. Corrosion Sci, 1994,
36(3): 539-543.

[4] RUCINSKIENE A, BIKULCIUS G, GUDAVICIOTE L,
JUZELIUNAS E. Magnetic field effect on stainless steel corrosion in
FeCl; solution [J]. Electrochemistry C, 2002, 4(1): 86-91.

[S]  BIKULCIUS G. Change of mechanical properties of Fe-Cr-Ni steel
after corrosion of steel in chlorine medium without and with
magnetic field [J]. Compos Inte, 2002, 9(4): 355-364.

[6] KELLY E J. Magnetic field effects on electrochemical reactions
occurring at metal/flowing-electrolyte interfaces [J]. J Elchem So,
1977, 124: 987-994.

[77 COSTA I, OLIVEIRA M C L, MELO H G DE, FARIA R N. The
effect of the magnetic field on the corrosion behavior of Nd-Fe-B
permanent magents [J]. ] Magn Magn Mater, 2004, 278: 348—358.

[8] CHOPART P, DOUGLADE J, FRICOTEAUX P, OLIVIER A.
Electrodeposition and electrodissolution of copper with a magnetic
field: dynamic and stationary investigations [J]. Electr Act, 1991, 36:
459-463.

[9] LEE C C, CHOU T C. Effect of magnetic field on the research



(10]

(11]

[12]

[13]

LI Ji-nan, et al/Trans. Nonferrous Met. Soc. China 21(2011) s489—s493

kinetics of electroless nickel deposition [J]. Electr Act, 1995, 40:
965-970.

SHINOHARA K, AOGAKI R. Magnetic field effect on copper
corrosion in nitric acid [J]. Electroch, 1999, 67(2): 126—131.
AABOUBI O, CHOPART J P, DOUGLADE J, OLIVIER A,
GABRIELLI C, TRIBOLET B. Magnetic field effects on mass
transport [J]. J Elchem So, 1990, 137(6): 1796—1803.

LEE J, RAGSDALE S, GAO X, WHITE H S. Magnetic field control
of the potential, distribution and current at microdisk electrodes [J]. J
Electroanal Chem, 1997, 422(1-2): 169—177.

MORI S, SATOH K, TANIMOTO A. The influence of static

[14]

[13]

[16]

5493

magnetic fields on mass transport [J]. Electr Act, 1994, 39:
2789-2794.

TUTHILL H. Guidelines for the use of copper alloys in sea water [J].
Mater Performance, 1987, 26(9): 12—16.

PINI G, WEBER J. Materials for pumping sea water and media with
high chloride content [J]. Pumps, 1979, 158(11): 530—539.

WANG Ju-lin, XU Chun-chun, LU Guo-cheng. Formation process
of CuCl and regenerated Cu crystals on bronze surfaces in neutral
and acidic media [J]. Applied Surface Science 2006, 252(18):
6294-6303 .

HESE 3% 7K F R 2R R BY 2 Mo

L&, koM, 38 K

MR MV RS MR S TR

BE, WAIRIE 150001

B F. WASKEET 12 d R RRE SR, TR K TS e M SR RS X S RE R L
IrHT R GE(SEM/EDAX) A X I L AT S A (XRD) 73 A4 1 O 2 T AL 8 K R 2L 1k, A5 22 1 I k™ e
Cu,O 1 CuO M4, SRR M Euud FEE. ¥R, YRR = s, o 2yuil. Ted

R A T B A R BN I e
KRR A SRR, e E

(Edited by ZHAO Jun)



