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Abstract

The AION-Al,0; oxide coatings were prepared on the A12021 alloy by the electrolytic plasma processing (EPP) method at room temperature in
15 min under a hybrid voltage with various nitrogen inducing agents. The nitrogen inducing effects were studied by X-ray diffractometer (XRD),
scanning electron microscopy (SEM). The corrosion behavior was evaluated by electrochemical tests in a 3.5 wt% NaCl solution under static
conditions by open circuit potential and potentiodynamic polarization. The results show that NaNO, is a suitable steady nitrogen inducing agent to
prepare a uniform and dense AION-Al,O; coating on the Al2021 alloy to protect the substrate corrosion.

© 2011 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Plasma electrolytic oxidation (PEO) has been studied widely
for its high efficiency of fabricating ceramic coatings on light
metals (Al, Mg, Ti, etc.) [1]. PEO ceramic coatings offer an
attractive combination of wear resistance, corrosion resistance,
mechanical strength, interfacial adhesion, and thermal proper-
ties [2—-6]. The PEO produced ceramic coatings are yet limited
in microhardness and anti-abrasion properties for only Al,O3
hardening phase in the ceramic coatings. Creatively, nitrogen
inducing agents were added into the PEO system to form an
AION second phase. Therefore, the new compromised PEO
reaction is called as electrolytic plasma processing (EPP) [7,8].

In the present work, the EPP process was carried out to
produce ceramic coatings on the Al2021 alloy in phosphate
alkaline electrolytes under an optimized hybrid voltage. The
effects of the nitrogen inducing agents on the corrosion
behavior of the oxide coatings were investigated by open circuit
potential and potentiodynamic polarizations. The surface
morphology, microstructures of the oxide coatings were also
characterized and related to the corrosion behavior.

* Corresponding author. Tel.: +82 55 264 5431; fax: +82 55 262 6486.
E-mail address: bhkoo@changwon.ac.kr (B.H. Koo).

2. Experimental

The Al2021 column samples (Cu, 5.8-6.8 wt%; Mg, 1.2—
1.8 wt%; Si, 0.5 wt%; Fe, 0.5 wt%, Zn, 0.1 wt%; Mn, 0.2—
0.4 wt%; Ti, 0.15 wt% and Al, balance) with a size of D
30 mm x H 16 mm and a surface finish of Ra < 0.1 pm were
used as the substrates after polished by 0.1 wm diamond paste.
An EPP coating unit designed and built by the authors has been
employed in the present study, which mainly consists of a
power supply unit, a bath container and a cooling system. The
basic electrolysis environment was an aqueous electrolyte
containing 10 g/l NazPO, and 2 g/l NaOH. The nitrogen
inducing agents were added with 0.5 g/l NaNO,, NaNO; and
NH4NOj;, respectively. The AC amplitude was slowly increased
to 200 V and then the DC value was increased gradually with
time till 260 V to obtain a steady current of 10 A. The treating
time was calculated to 15 min. Samples were rinsed with
distilled water after EPP procedures.

The different phases present in the coatings were
investigated with Philips-X’Pert system X-ray diffractometer
(XRD) (Cu Ka radiation) and the scans were performed with
0.02° @ step size in the 26 range of 20-90°. The microstructure
of surfaces and cross sections of samples by different nitrogen
inducing agents were examined by a JSM 5610 scanning
electron microscopy (SEM). Open circuit potential and
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Fig. 2. Cross sections of the oxide coatings EPP treated in (a) NaNO,, (b) NaNO; and (c¢) NH4NO; induced electrolytes.

potentiodynamic polarization tests were performed by a Gamry
Instrument (USA/CMS 1058). The test electrolyte consisted of
a 3.5 wt% (0.6 M) NaCl solution at 20 °C. A saturated calomel
electrode (SCE) was used as the reference electrode, and a
graphite rod served as the counter electrode for current
measurement. The potential was increased from —3.5 Vgcg to
4.5 Vgcg (vs. open circuit potential) with a scanning rate of
5 mV/s. All potentials are given with respect to the SCE. The
working surface of each specimen was polished to a final finish
with 1 wm diamond paste. The specimens were mounted in the
electrochemical cell so that the surface area (1.1 sz) could be
contacted with the test solution. The corrosion current density
was determined by linear extrapolation of the polarization
curves up to =50 mV from the corrosion potential.

3. Results and discussion

Fig. 1 illustrates the surface features of the oxide coatings on
the Al2021 alloys EPP-treated in different nitrogen inducing
electrolytes. The center holes are the plasma discharge
channels, which caused the pancake-like cavities on the
surface. The molten alumina flew out of the discharge channels
into the cool electrolytes, and then quickly solidificated to form
the dark circles around the discharge channels. The same
morphologies and phenomenon were also observed in Refs.
[1,6]. Both the coatings present uniformly distributed pancake
like cavities resulted by the plasma discharge channels in
NaNO, and NaNOj; induced electrolytes (Fig. 1(a) and (b)),
while the pan-cake like structures shattered into pieces in the
NH4NO; induced electrolyte (Fig. 1(c)). It might be the reason
that nitrogen from the NH," cation side would interrupt the
solidification of the molten alumina. Therefore, the whole
circle structure scattered into particles, and uniformly

distributed around the discharge channels. The size of discharge
channels are the largest of the NaNO, induced sample, as
proved that inducing NaNO, is good for the growth of the oxide
coatings.

The cross-sectional SEM images of coatings EPP-treated in
various nitrogen inducing electrolytes are shown in Fig. 2.
From Fig. 2(a), a dense oxide coating grew on the Al12021 alloy
in the NaNO; induced electrolytes, as is benefit for the growth
of the coatings. The oxide coatings turned to the porous
structures while the EPP treatments were carried out in the
NaNOj; and induced NH4NO5 electrolytes (Fig. 2(b) and (c)). It
can be concluded that the EPP reactions are stable to occur in
the nitrite induced electrolytes compared to the reactions in the
nitrate induced electrolytes, as the transformation of the nitrite
to the nitrate could not be ignored. It was found by Koike and
Hattori [9] that the reduction of nitrate to nitrite, nitrite to
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Fig. 3. XRD spectra of the oxide coatings on the Al2021 alloy in various
nitrogen inducing electrolytes.
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Fig. 4. Open circuit potential vs. exposure time of the oxide coatings treated in
various nitrogen inducing electrolytes in a 3.5 wt% NaCl solution.

nitrous oxide and nitrous oxide to nitrogen. Moreover, nitrogen
from the NH," cation side would also aggravate the EPP
reaction [10]. Because of the drastic plasma reactions in the
electrolytes induced with NH,* and NO;~, excess plasmas
work for the molten of the alumina as to make it difficult to
solidificate, which resulted in the formation of the porous oxide
coatings. Hence, for the high bonding energy of NaNO, [9], a
stable EPP reaction in NaNO, induced electrolyte resulted in a
dense oxide layer.

The phase analysis of the oxide coatings by XRD on Al2021
alloys produced in different nitrogen inducing electrolytes is
presented in Fig. 3. The typical phase composition of EPP
coatings consists of a-Al,O3, y-Al,O5 and AION according to
the XRD spectra of coatings EPP-treated in NaNO3;, NaNO,
and NH4NOj; inducing electrolytes. From the XRD patterns,
weak peaks of AION and a-Al,O3; phases were found in the
coatings prepared in NaNO; containing electrolyte, as
indicated weak transformation of AION and «-Al,O3 phases.
While strong peaks of AION and a-Al,O; phases were detected
in the coatings prepared in both NaNO, and NH4NOj; inducing
electrolytes. Molten aluminum flew outwards through the
discharging channels, as to oxide to form vy-Al,O; [1,6]. With
the participation of nitrogen from the electrolytes, then the ~y-
Al,0O; reacted with nitrogen to form AION phase [11]. At the
same time, y-Al,03 would transform to a-Al,O3 at a sharp
temperature gradient. The formation of AION and phase
transformation of Al,Oj resulted in the growth of the layers
when being ejected from the channels and rapidly quenched at
the interface between electrolyte and substrates. More AION
phase formed in NaNO, induced electrolyte to form a dense
oxide coating.

Fig. 4 shows the open circuit potential (OCP) vs. time curves
for the oxide coatings on the Al2021 alloy in various nitrogen
inducing electrolytes immersed in a 3.5 wt% NaCl solution.
The amount of time taken to achieve the stabilization of the
OCP is related to both the activation energy and the oxide
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Fig. 5. Potentiodynamic polarization curves of the oxide coatings treated in
various nitrogen inducing electrolytes in a 3.5 wt% NaCl solution.

coatings on the alloy surface. The exact time is dependent on
the type of alloy and the electrolyte chemical composition. In
this study, the OCP changes from the more negative potentials
of the NaNO; and NH4NO; induced samples to the more
positive potentials of the NaNO, induced sample. A potential
shift to a more anodic direction of NaNO, induced sample,
whose value maintained at 0.29 Vgcg, as is associated with the
formation of a dense protective passive oxide coating upon the
alloy surface. While the potentials shift to cathode directions of
NaNO; and NH4NOj; induced samples, whose values stayed
around —0.14 Vgcg, as is due to that the NaCl corrosion
solutions would easily penetrate through the porous coatings to
reach the Al2021 alloy substrate.

Polarizations in both the cathodic and anodic directions were
observed in the open circuit potential after 21,000 s during the
OCP tests in a 3.5 wt% NaCl solution. The polarization curves
of the tested samples were plotted in Fig. 5. The Tafel lines are
characterized by the slope of the linear part of the polarization
curve and by their intercept when extrapolated to the
equilibrium potential. The intercept is proportional to the
logarithm of the exchange current density, and the value of the
current at their intersection is the rate of corrosion “i..;”’
expressed in current density. The corrosion potentials,
corrosion rates and anodic/cathodic Tafel slopes (84 and B¢)
are calculated from Fig. 5. The polarization resistance (R,)
values were determined by the following relationship [12,13]:

Ba X Bc

R, =
! 23 x iCOﬂ'(ﬂA + :BC)

(D

where i.. 1S the corrosion current density. This equation is
based on the approximate linear polarization at the pitting
corrosion potential (Ep;). A summary of the results of the
potentiodynamic corrosion tests is given in Table 1.

The value of Ep; can reach to 0.9387 Vgcg in the NaNO,
electrolyte and it decreased to 0.0245 Vgcg and —0.4011 Vgcg
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Table 1

Corrosion potential and corrosion current density of the oxide coatings in various nitrogen electrolytes.

Nitrogen types Eyie (Vscr) Lo (p,A/cmz) Anodic Tafel slope B, Cathode Tafel slope B¢ R,
NaNO, 0.9387 0.0122 2.6813 0.6096 17.67
NaNO; 0.0245 0.0274 2.2517 1.2911 12.98
NH4NO; —0.4011 0.0244 3.9389 0.8322 12.19
in the NaNO; and NH4NO; electrolytes, respectively. The References

corrosion current density of the coated Al alloys was lower than
that of the aluminum alloy substrates. The EPP oxide
coatings are difficult to passivate. The corrosion resistance of
the samples EPP treated in the NaNO; and NH4NO;
electrolytes, decreased considerably because the corrosive
solution would easily penetrate into porous protective oxide
coatings, and reach the substrate. The results of polarization
resistance show that the porous oxide coatings formed in the
NaNO; and NH4NO; electrolytes keeps at a same level
around 12. As a dense oxide coating grew in the NaNO,
electrolyte due to the formation of more AION phase, the
polarization resistance of NaNO, induced sample can
achieve a higher value of 17.

4. Conclusions

The EPP treatments were carried out on the AI2021 alloy
substrate in a solution of phosphate electrolytes with various
nitrogen inducing agents in 15 min under a hybrid voltage
(260 V DC and 200 V AC). The oxide coatings with pancake-
like structures formed on the Al2021 alloy with the inducing
of NaNO, and NaNOs, and it began to scatter when induced
with NH4NO;. The oxide coatings were consisted of AION,
v-Al,O3 and a-Al,03. NaNO, is proved to be the suitable
steady nitrogen inducing agent to prepare a uniform
and dense AION-AIl,0O3 coating on the Al2021 alloy, which
has good corrosion resistance to protect the substrate
corrosion.
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