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Abstract: Plasma electrolytic oxidation (PEO) of brass was carried out in aluminate electrolytes with the addition of 
NaH2PO4 (S1) and Na2SiO3 (S2), respectively, with the aim to investigate the effect of additives on the coating 
formation and corrosion resistance. For the PEO in S1 electrolyte, a mixed layer of AlPO4 and Al2O3 is formed at the 
initial stage, which leads to fast plasma discharges and formation of black coatings with the compositions of Al2O3, 
CuO, Cu2O and ZnO. However, in S2 electrolyte, plasma discharges are delayed and the coatings show a reddish color 
due to more Cu2O. Mott−Schottky tests show that the S1 coatings are p-type semiconductors; while the S2 coatings can 
be adjusted between n-type and p-type. Potentiodynamic polarization and electrochemical impedance spectroscopy  
(EIS) tests show that the PEO treatment can significantly improve the corrosion resistance of brass, with protection 
efficiency up to 91.50% and the largest charge transfer resistance of 59.95 kΩ·cm2 for the S1 coating. 
Key words: plasma electrolytic oxidation; brass; corrosion resistance; aluminate; sodium dihydrogen phosphate; 
sodium silicate 
                                                                                                             
 
 
1 Introduction 
 

Owing to good mechanical and electrical 
properties of copper and its alloys, they can be 
applied to many sectors of human life, such as 
power generation, electrical industries and military 
uses [1−3]. However, poor strength, hardness, 
tribological and corrosion properties of copper and 
its alloys restrict their practical applications [1,4]. 
Therefore, it is necessary to overcome these 
disadvantages through surface engineering or other 
methods. 

Plasma electrolytic oxidation (PEO), also 
called micro-arc oxidation (MAO), is an advanced 
surface modification technique which can be 
employed to treat valve metals and its alloys (Al, 
Mg, Ti, Zr and Ta, etc.) to improve their 
biocompatibility, decorative function, wear and 
corrosion resistances [5−10]. However, recently, 

there have also been a few reports about the PEO of 
non-valve metals such as carbon steel, brass and 
copper [11−14]. In the PEO treatment, oxides are 
generated on the metal surface by oxidation of the 
substrate and the decomposition of the electrolyte 
species due to the high temperature plasma 
discharges. Oxides of CuO, Cu2O and ZnO can be 
formed during the PEO of brass, which enhance  
the wear performance of the alloy [13]. Besides, 
these oxides are advanced materials with multi- 
functional applications [15−17]. For example, CuO 
and Cu2O are typical p-type semiconductors with  
a narrow band gap of 1.2−1.8 and 1.9−2.2 eV, 
respectively. Due to the non-toxicity, good stability 
and electrochemical activity, CuO has great 
application prospects in catalytic, conduction, gas 
sensing and electrode materials [18−20]. Cu2O 
could also be used in solar cell, antibacterial 
properties and wastewater treatment [21−23]. ZnO 
is an n-type semiconductor material with a band gap 

                       
Corresponding author: Ying-liang CHENG, Tel: +86-731-88821727, Fax: +86-731-88823554, E-mail: chengyingliang@hnu.edu.cn 
DOI: 10.1016/S1003-6326(22)66072-2 
1003-6326/© 2022 The Nonferrous Metals Society of China. Published by Elsevier Ltd & Science Press 



Yu-lin CHENG, et al/Trans. Nonferrous Met. Soc. China 32(2022) 3985−3997 3986 
of ~3.4 eV, which can be used as a gas sensing for 
the eco-friendliness and good stability [24−26]. 

In our previous work [13], we demonstrated 
that brass can be PEO-treated in silicate electrolyte 
to form wear-resistant coatings, but corrosion 
resistance of the coatings fabricated in that 
electrolyte has not been reported yet. Besides,   
the formation mechanism of PEO coatings on 
copper has been investigated in aluminate-based 
electrolytes with respective additives of Na3PO4, 
NaH2PO4 and NaH2PO2, showing that the additives 
significantly modified the coating formation 
mechanism [14]. As we all know, aqueous-based 
alkaline electrolytes, such as aluminate [10,27,28], 
phosphate [29−32], silicate [5,7] or their mixed 
electrolytes [33,34] are widely used in PEO study. 
The coating formation mechanism may be     
also modified with the application of different 
electrolytes. Hence, it is meaningful to carry out 
PEO of brass in a variety of electrolytes, with the 
aim to explore the coating formation mechanism 
and properties of the formed coatings. 

In this work, PEO of brass was carried out   
in aluminate electrolytes with the addition of 
sodium dihydrogen phosphate (NaH2PO4) or 
sodium silicate (Na2SiO3). The coating formation 
processes were investigated by monitoring the cell 
potential− time curves. Characterization methods of 
SEM, XRD, and XPS were adopted to analyze the 
surface of the PEO coatings. Mott−Schottky test 
was used to investigate the semiconductor type of 
coatings formed in different electrolytes. The 
corrosion resistance of coatings was evaluated by 
electrochemical methods. 
 
2 Experimental 
 
2.1 Sample preparation 

A ~2 mm thick plate of brass with a nominal 
composition (mass fraction) of 56% Cu and 44% 
Zn was cut and mounted in epoxy resin to expose 
an area of 10 mm × 10 mm. The specimens were 
polished from 600# to 2000# grit SiC paper, and the 
experimental setup for PEO was the same as that 
depicted in Ref. [5]. Two kinds of electrolytes  
with the compositions of 8 g/L NaAlO2 + 2 g/L 
NaH2PO4⋅2H2O (named as “S1”) and 8 g/L NaAlO2 + 
5 g/L Na2SiO3·9H2O (named as “S2”) were used in 
this study. The electrolytes were prepared using 
distilled water and analytical grade reagents 

(Sinopharm Co., Ltd.). A 5 kW power source 
(Pulsetech Electrical Co., Ltd., Chengdu, China) 
was used for the PEO treatment. An oscilloscope 
(Tektronix TDS 1002CSC) was used to monitor the 
waveforms during the PEO processing. During the 
PEO processing, pulsed unipolar regime with a 
frequency of 2000 Hz and a duty cycle of 5% was 
employed. Average current densities of ~0.21 and 
~0.32 A/cm2 were used in the electrolytes of S1 and 
S2, respectively (higher current density is beneficial 
to the occurrence of plasma discharges in S2). 
 
2.2 Characterization 

The surface and cross-sectional morphologies 
of the coatings were examined by scanning electron 
microscopy (SEM, Nova Nano 230, FEI) equipped 
with energy-dispersive spectrometer (EDS). The 
phase composition of the PEO coatings was tested 
by X-ray diffraction (XRD, Rigaku D/MAX 2500 
diffractometer, Cu Kα radiation, scan range from 
20° to 100° in 2θ and a step of 8 (°)/min). The 
chemical states of the surface of coatings were 
examined by X-ray photoelectron spectroscopy 
(XPS, ThermoFisher-VG Scientific, USA), with 
Al Kα radiation as the excitation source. All XPS 
data were corrected to a polluted C 1s peak at 
binding energy of 285.0 eV. 

An electrochemical workstation (CHI 660B) 
equipped with a three-electrode set-up was adopted 
to conduct Mott−Schottky (M−S) and corrosion 
tests of samples. A piece of platinum and a 
saturated calomel electrode (SCE) were used as the 
auxiliary and reference electrodes, respectively, and 
the specimens (substrate and coatings) were used as 
the working electrode. Prior to electrochemical tests, 
the open circuit potential (OCP) was recorded for 
3600 s to obtain a steady-state. The M−S test was 
registered in 3.5 wt.% NaCl solution at a frequency 
of 1 kHz and a sweep rate of 20 mV/s, and a 
sweeping potential range from 0 to −0.7 V. The 
electrochemical impedance spectroscopy (EIS) 
measurement was carried out at the OCP over a 
frequency range from 100 kHz to 0.005 Hz at a 
sinusoidal amplitude potential perturbation of 
10 mV. And then the potentiodynamic polarization 
tests were conducted in 3.5 wt.% NaCl solution in 
the potential range from −0.5 to +1 V with respect 
to the OCP, at a scan rate of 1 mV/s. Each 
electrochemical experiment was repeated more than 
three times to ensure reproducibility. 
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3 Results 
 
3.1 PEO behavior of brass in S1 and S2 
3.1.1 Cell potential−time curves and optical 

pictures 
Figures 1(a) and (b) show the cell potential− 

time curves as function of time and corresponding 
optical appearances of brass samples formed at 
different potentials in S1 and S2 electrolytes, 
respectively. In S1 electrolyte (Fig. 1(a)), the curve 
can be divided into two parts: (i) rapid rise part 
(0−30 s); (ii) slow near linear growth part 
(30−600 s), which is similar to that of the potential 
behavior in valve metals [5]. Only the edge of the 
sample is covered by black coating material at 
600 V and 20 s; however, uniform coating is 
eventually formed on the whole sample surface in 
part (ii) as the cell potential goes up. The cell 
potential curve behaves differently in S2. There are 
three parts in the curve in Fig. 1(b), among which 
an intermediate transition part of ~350 s is evident.  
 

 

Fig. 1 Cell potential−time responses during PEO of brass 
for 600 s and appearances of samples formed at different 
stages: (a) In S1 electrolyte at current density of 
0.21 A/cm2; (b) In S2 electrolyte at current density of 
0.32 A/cm2 

The trend of this curve is similar to that of PEO of 
brass in pure silicate electrolyte [13], which shows 
the slow rise of cell potential and delayed 
occurrence of plasma spark discharge. In Fig. 1(b), 
it has taken a long time (~300 s) to produce the 
spark discharges at the edge of the sample under a 
potential of ~550 V. In part (iii), discharges and 
coatings gradually covered the whole surface of the 
sample. There is a common phenomenon in Fig. 1 
that the coatings is formed preferentially at the 
corners of the samples, and then gradually covers 
the centre. The difference is that a black coating is 
finally generated in S1 electrolyte, nevertheless, a 
reddish brown coating is formed in S2 electrolyte 
which is similar to the coating formed in pure 
silicate [13]. 
3.1.2 Morphologies of surface and cross-sections of 

coatings in S1 
Figures 2(a−d) display the SEM images for the 

surface of the representative samples selected from 
Fig. 1(a). The EDS analysis data of Areas 1 to 5 in 
Fig. 2 are listed in Table 1. Figure 2(a) shows the 
centre area of the sample formed at 600 V; at this 
stage, an irregularly thin film has covered on the 
surface. According to the EDS analyses, it is found 
that no P was detected in Area 1, but a large amount 
of Cu and Zn and a certain amount of O were 
detected (Table 1), which indicates that the oxide 
film has not yet been formed in Area 1. However, a 
small amount of P was detected in Area 2. This also 
proves that the formation of AlPO4 is a prerequisite 
for spark discharges [14]. Compared with Area 1, 
the contents of Cu and Zn were decreased, and the 
contents of O and Al in Area 2 were increased. The 
inset image in Fig. 2(a) is the edge morphology   
of the sample, which shows the coexistence 
morphologies of “dried-up river bed” and discharge 
channels. At 720 V, due to the same surface 
morphologies of the centre and edge of the coating, 
only the central image displays in Fig. 2(b). A 
“dried-up river bed” morphology featured by 
numerous “footprints” of discharges and cracks also 
presents on the brass surface, which is the same as 
that of PEO of carbon steel and copper [11,14]. 
When the cell potential rises to 760 V, the surface 
morphology of the edge presents a typical PEO 
feature with discharge channels (image not shown), 
while some “dried-up river bed” morphologies still 
exist in the centre region (Fig. 2(c)). As the cell 
potential rises to 795 V, the surface of the sample 
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Fig. 2 SEM images of PEO-treated samples formed in S1 electrolyte at different time: (a) 20 s, 600 V, centre; (b) 60 s, 
720 V, centre; (c) 210 s, 760 V, centre; (d) 420 s, 795 V; (e, f) 1800 s, 876 V 
 
Table 1 EDS analysis data of different areas in Fig. 2 
(at.%) 

Area No. Cu Zn O Al P 

1 44.92 25.19 24.93 4.96 − 

2 14.93 8.30 55.21 19.64 1.92 

3 0.70 0.44 58.83 31.94 8.09 

4 4.87 2.10 52.11 34.38 6.54 

5 5.22 3.01 55.50 29.27 7.00 
 
has been completely covered by the coating 
(Fig. 1(a)), showing a PEO appearance caused by 
spark discharges (Fig. 2(d)), with the morphology 
similar to the coating formed at 760 V. When the 
cell potential increases from 720 to 795 V, the 
contents of Cu, Zn, O and P in the discharge 

channels (Areas 4 and 5) have increased (Table 1). 
It can be observed that a lots of small discharge 
holes are attached around the large holes in the inset 
image of Fig. 2(e), which has confirmed the A-type 
or C-type discharges [35]. An ~80 μm thick coating 
with large discharge channels is formed after 1800 s 
PEO processing (Fig. 2(f)). 
3.1.3 Morphologies of surface and cross-sections of 

coatings in S2 
The SEM images for the surface of the 

representative samples selected from Fig. 1(b) are 
shown in Figs. 3(a−c). The EDS analysis data from 
Areas A to D in Fig. 3 are listed in Table 2. At 550 V, 
there are a few “dried-up river bed” morphologies 
and large patches of coating with numerous small 
pores of spark discharge channels in the centre 
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Fig. 3 SEM images (a−c) and elemental scanning mapping (d) of PEO-treated samples formed in S2 electrolyte at 
different time: (a) 300 s, 550 V, centre; (b) 420 s, 640 V, centre; (c, d) 1800 s, 870 V 
 
Table 2 EDS analysis data of different areas in Fig. 3 
(at.%) 
Area No. Cu Zn O Al Si Na 

A 1.42 0.81 64.03 28.78 4.96 − 

B 2.60 1.47 51.67 33.42 10.77 0.07

C 10.31 6.23 43.78 32.41 7.27 − 

D 2.40 0.84 49.45 38.04 7.88 1.39
 
region of the sample surface (Fig. 3(a)), while the 
“dried-up river bed” morphology disappears and the 
size of the discharge channels become larger at the 
edge of coatings (the inset image in Fig. 3(a)). As 
shown in Table 2, it can be found that the contents 
of Cu, Zn, Al and Si in the “dried-up river bed” 
morphology are less than those of the morphology 
with fine discharges, which illustrates that the 
“dried-up river bed” morphology is mainly due to 
the material deposition. In Fig. 3(b), the central 
region of the coating formed at 640 V has a similar 
morphology to the edge area at 550 V (the inset 
image in Fig. 3(a)), showing the coexistence of 
small and large discharge channels. The EDS 
analysis data in Table 2 show that the element 
contents of the small discharge channels (Area B) 

are similar to those of large discharge channels 
(Area D). When the cell potential increases to 660 V, 
the coating covers the entire brass surface 
(Fig. 1(b)), and the morphology has no obvious 
difference from the edge region of 640 V. Further, 
with the PEO time increasing, the surface 
morphology of the coating formed at 1800 s in S2 
(Fig. 3(c)) basically presents the same as the 
coatings formed in S1 (Fig. 2(e)). While as shown 
in the inset picture of Fig. 3(c), the thickness of the 
coating is ~65 μm after 1800 s PEO treatment, 
which indicates that the coating growth rate in S2 is 
slower than that in S1 (~80 μm). The result of EDS 
line scan across the coating shows that the Cu, Zn, 
Al, Si, O and P elements are distributed uniformly 
in the cross-section (Fig. 3(d)). 
 
3.2 XRD patterns 

In Fig. 4, the phase compositions of the 
coatings formed at 1200 s in S1 and S2 have been 
investigated by XRD. The peaks of Cu and 
(Cu13Zn17)0.2 are detected in both curves, which 
come from the substrate. The CuO, Cu2O and ZnO 
phases are also detected in Fig. 4, which is 
consistent with the EDS results. Further, the 
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coatings contain γ-Al2O3 and a little α-Al2O3, which 
origin from the electrolyte. Judging from the 
number and relative intensity of corresponding 
peaks in the XRD spectra, the contents of CuO, 
α-Al2O3 and γ-Al2O3 in coatings formed in S1 may 
be higher than those of coatings formed in S2. It is 
worth noting that a broad peak between 20° and 40° 
is observed in the S2 curve, which may be 
attributed to the amorphous material of SiO2, since 
a great content of Si is detected by EDS (Table 2) 
and also some studies have reported the presence of 
amorphous SiO2 [13,36,37]. 
 

 
Fig. 4 XRD patterns of oxide coatings formed at 1200 s 
for PEO in S1 and S2 
 
3.3 XPS spectra 

As shown in Fig. 5, X-ray photoelectron 
spectroscopy (XPS) was applied to characterizing 
the valence states of Cu, Zn, Al, O and Si for the 
coatings formed in the S1 and S2 electrolytes after 
1200 s PEO processing, respectively. In Fig. 5(a), 
the Cu 2p spectrum of the sample formed in S1  
can be attributed to Cu2O and CuO. A doublet 
separation of CuO peaks located at 934.48 and 
954.58 eV, and another doublet separation of Cu2O 
peaks located at 932.55 and 952.49 eV can be found 
for the Cu 2p scan in S1 [13,14]. The satellite peaks 
of Cu2+ [14] are also be found in the spectrum of  
S1. In the spectrum of the coating formed in S2 
electrolyte, the CuO peaks and its satellite peaks are 
not observed, only showing the peaks from Cu2O. 
The result shows that content of CuO must be very 
low on the surface of S2 coating, although it was 
detected in the XRD pattern (Fig. 4). This is also 
consistent with reddish color of the coating, since 
Cu2O is a material with bright red color. In Fig. 5(b), 

the high resolution Zn 2p spectrum shows a doublet 
separation of ZnO peaks at 1021.74 and 1044.84 eV, 
which can be assigned to Zn 2p1/2 and Zn 2p3/2 [13], 
respectively. The gap of binding energy between the 
two peaks is 23.10 eV. As shown in Fig. 5(c), the Al 
2p spectra in S1 can be deconvoluted into three 
peaks at 74.16, 76.55 and 78.51 eV, respectively. 
The peaks at 74.16 and 76.55 eV correspond     
to α-Al2O3 (74.16 eV in Ref. [5]) and γ-Al2O3 
(76.44 eV in Ref. [5]), respectively. The deconvoluted 
peak at 78.51 eV may correspond to the unknown 
species with the peak binding energy of 78.97 eV as 
found in Ref. [38]. Whereas, only the peaks of 
α-Al2O3 and γ-Al2O3 are found in the coating 
formed in S2 electrolyte. Figure 5(d) shows the 
O 1s spectra of the coatings formed in the two 
electrolytes. The spectra can be deconvoluted into 
four peaks at 530.12, 530.85, 531.59 and 532.60 eV 
in S1, corresponding to CuO (530.20 eV in 
Ref. [39]), ZnO (530.80 eV in Ref. [40]), Al2O3 
(531.24 eV in Ref. [38]) and Cu2O (532.51 eV in 
Ref. [41]), respectively. However, an additional 
peak of SiO2 is matched at 532.89 eV (533.00 eV in 
Ref. [42]) in S2 electrolyte, which is consistent with 
the EDS and XRD results. Also, the Si 2p spectrum 
(Fig. 5(e)) shows the binding energy of 101.86 eV, 
which is close to 102.08 eV in Ref. [13]. The above 
results further demonstrate that substrate elements 
(i.e. Cu and Zn) and also electrolyte species have 
participated in the coating formation process, 
resulting in copper/zinc-containing oxide coatings 
on the surface of brass. 
 
3.4 M−S test results 

In general, Mott−Schottky theory (M−S) is a 
simple method which can obtain a great amount of 
information about semiconductive materials, such 
as the type of charge carriers, the value of the 
flat-band potential (φfb) and the charge carrier 
density [43−45]. Electrons as the dominative charge 
carriers within the space charge region are n-type 
semiconductors, while holes more than electrons 
are p-type materials [46]. In M−S plots, the slope is 
negative for p-type semiconductors and positive for 
n-type semiconductors [45], and the φfb value is the 
intersection of the slope and the ordinate ( 2C − =0,  
C is the space-charge capacitance) [47]. 

The M−S plots of coatings formed in S1 and 
S2 at 1200 s are shown in Fig. 6. In the sweeping 
potential range from 0 to −0.7 V, the M−S curve of 
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Fig. 5 High-resolution XPS spectra for samples after 1200 s PEO treatment in S1 and S2: (a) Cu 2p; (b) Zn 2p;       
(c) Al 2p; (d) O 1s; (e) Si 2p 
 
the oxide coating formed in S1 shows p-type 
characteristics from −0.33 to 0 V (Fig. 6(a)). The 
p-type behavior may be due to a higher CuO 
content in the coating. The φfb value is −0.01 V 

which is extracted from Fig. 6(a). However, in 
Fig. 6(b), the M−S plot of the coatings formed in  
S2 electrolyte shows both n-type (< −0.28 V) and 
p-type characteristics (> −0.28 V). The φfb values 
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are −0.78 and −0.01 V which are derived from the 
n-type and p-type branches, respectively. The curve 
in Fig. 6(b) shows the n-type characteristics, which 
may be caused by the combination of a certain 
amount of ZnO in the coating and electron 
enrichment on the coating surface due to the 
reduction of applied potential [14,48]. When the 
applied potential is higher than −0.28 V, it seems to 
show p-type semiconductor behavior probably 
because the coating contains some p-type oxides, 
such as CuO and Cu2O. 
 

 
Fig. 6 Mott−Schottky plots of coatings formed at 1200 s 
in S1 (a) and S2 (b) electrolytes, respectively 
 
3.5 Corrosion resistance 
3.5.1 Polarization curve 

The polarization curves of brass and the 
coatings prepared in S1 and S2 electrolytes have 
been obtained in 3.5% NaCl solution (Fig. 7). The 
anodic current density of the brass increases sharply 
at the potential of −0.1 V, which indicates the 
occurrence of pitting corrosion. However, the 
pitting corrosion occurs at a higher potential of 0 V 
for the coating formed in S2 electrolyte, and there is 
no obvious pitting behavior for the coating formed 
in coating formed in S1. Furthermore, the anodic 

polarization curve of S1 displays a region       
of passivation between 0.1 and 0.35 V. The Tafel 
extrapolation was employed to obtain the free 
corrosion current density from the polarization 
curves [47]. The data are recorded in Table 3. The 
protection efficiency (η, %) of the oxide coatings 
on the substrate is further calculated from     
Eq. (1) [49,50]:  

corr(o) corr(i)

corr(o)
100%

J J
J

η
−

= ×                   (1) 

 
where Jcorr(o) and Jcorr(i) are the respective corrosion 
current densities of the uncoated brass and coatings 
formed in S1 and S2 electrolytes. 
 

 
Fig. 7 Potentiodynamic polarization curves in 3.5 wt.% 
NaCl solution for uncoated brass and coatings obtained 
by PEO treatment in S1 and S2 for 1200 s, respectively 
 
Table 3 Comparison of corrosion resistance data of 
potentiodynamic polarization curves of uncoated brass 
and coatings formed in S1 and S2 electrolytes 

Sample Jcorr/(A·cm−2) φcorr(vs SCE)/V η/%

Brass 7.68×10−6 −0.17 − 

S1 coating 6.53×10−7 −0.15 91.50

S2 coating 6.97×10−7 −0.19 90.92
 

According to Table 3, the free corrosion 
current densities (Jcorr) and corrosion potentials 
(φcorr) are respectively 7.68×10−6 A/cm2 and 
−0.17 V for the uncoated brass, and 
6.53×10−7 A/cm2 and −0.15 V for S1 coating, and 
6.97×10−7 A/cm2 and −0.19 V for S2 coating. It can 
be seen that the corrosion current densities of the 
coatings prepared in S1 and S2 electrolytes are an 
order of magnitude lower than that of the uncoated 
brass, and the corrosion protection effect of coatings 
formed in S1 and S2 electrolytes are 91.50% and 
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90.92%, respectively. The data indicate that these 
two coatings can offer good protection to the 
substrate. However, the corrosion resistance of the 
S1 coating may be better since the coating does not 
show pitting corrosion and owns a passive region in 
the anodic polarization curve. 
3.5.2 EIS data 

EIS test was also carried out to evaluate the 
corrosion resistance of samples, with the aim     
to reveal more details during the corrosion 
processing [49]. Figure 8 shows the EIS test results 
of uncoated brass and coatings formed in S1 and S2 
electrolytes. It can be seen from the Nyquist plots 
(Fig. 8(a)) that the capacitive arc diameter of the S1 
coating is the largest and that of the substrate     
is the smallest. A larger diameter of the capacitive 
arc normally means better corrosion protection 
performance [2,51]. Therefore, it can be concluded 
that the coatings prepared in S1 and S2 electrolytes 
have good protection to the substrate, with S1 
coating being the best. 

Figures 8(b) and (c) show the Bode modulus 
and phase angle plots, respectively. In the Bode 
modulus plots, the modulus value at low frequency 

can directly represent the corrosion resistance of 
samples, that is, the larger the modulus, the stronger 
the corrosion resistance [49]. Although the moduli 
of the substrate and coating in the low frequency 
region are of the same order of magnitude (~104), 
the modulus value of the coating generated in S1 
electrolyte is the largest, and modulus value of 
uncoated brass is the lowest, which are consistent 
with Nyquist plots (Fig. 8(a)). In Fig. 8(c), the plots 
of phase angle show two humps in the middle-high 
frequency range and the low frequency range, 
respectively, which indicates two-time constants in 
the system. For the brass with PEO coatings, the 
time constant in the middle-high frequency region 
represents the relaxation process of the coating, 
while the time constant in low frequency region is 
correlated with the charge transfer at interface of 
the metal and the coating pores which are filled 
with electrolyte [49,52]. 

The EIS data were fitted by a two-time 
constant equivalent circuit in Fig. 8(d) for bare 
brass and also the coated samples. Although the 
surface of the brass is not covered with a PEO 
coating, there is also a very thin oxide film on the 

 

 
Fig. 8 EIS test results in 3.5 wt.% NaCl solution for uncoated brass and coatings obtained by PEO treatment in S1 and 
S2 electrolytes for 1200 s: (a) Nyquist plots; (b, c) Bode plots; (d) Equivalent circuit 
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surface. Therefore, the fitted model is also suitable 
for the uncoated brass. In Fig. 8(d), the circuit 
model consists of the solution resistance (Rs) 
between the working electrode and the reference 
electrode, the coating resistance also known as the 
pore resistance (Rpo), and Rct, which is the Faradaic 
charge transfer resistance of the metal surface 
exposed to the solution in the inner pores [2,50,53]. 
As well, CPE1 and CPE2 are the constant phase 
elements of the oxide and the interface of 
metal/inner pores, respectively. Due to roughness 
and defects of surface, CPE reveals the 
heterogeneous nature of the solid electrode interface 
and it is also viewed as a non-ideal frequency- 
independent capacitor [50,54]. The CPE impedance 
(ZCPE) can be depicted as [2,50]  

CPE
0

1
( j )nZ

Y ω
=                           (2) 

 
where Y0 is the admittance constant, n is the CPE 
power-law (0 ≤ n ≤ 1), j is imaginary part (j2=−1), 
and ω is the angular frequency (ω=2πf ) of AC 
potential. 

All the physical parameters in the modeled 
circuits are well fitted with the experimental data, 
and the fitted results are presented in Table 4. The 
coating obtained in S1 electrolyte possesses the 
largest Rpo (6.70 kΩ∙cm2) and Rct (59.95 kΩ∙cm2) 
values, as compared to the uncoated brass and the 
S2 coating. The results also illustrate that the 
coating formed in S1 has the best corrosion 
resistance. 
 
4 Discussion 
 

Previous reports [11,14] revealed that the 
formation of AlPO4 and Al2O3∙AlPO4 (AAP) layer 
on the sample surface in the initial stage is a 
prerequisite for the occurrence of PEO spark 
discharges on non-valve metals such as carbon steel 
and copper in phosphate-containing electrolyte. 
Also, P element has been detected in Area 2 in the 

initial stage in Fig. 2 (Table 1). Therefore, plasma 
discharges occur quickly in S1 electrolyte 
(Fig. 1(a)), which is due to the formation of dense 
insulating layer (AAP layer) on brass. However, it 
takes a long time to generate spark discharge in S2 
(Part (ii) in Fig. 1(b)). In the case of S2, the AAP 
layer is absent. However, it is possible that a 
deposited layer with the component of SiO2 may be 
formed [13]. It is possible that the SiO2 layer does 
not possess insulating property as good as that of 
AAP layer. Hence, plasma discharges are delayed in 
S2 electrolyte. It is also noted in Fig. 1 that the cell 
potential surges rapidly to high values in S1, but   
it exhibits a slowly rising process in S2. This 
phenomenon also reflects different insulating 
properties of the formed layers at the initial PEO 
stage. As known in Ref. [11], AlPO4 is electrically 
neutral and highly covalent, and it is also 
chemically inert and has high thermal stability. It 
may be that the initial SiO2 layer in S2 is not as 
dense as the AAP layer in S1 and is formed 
gradually, which causes the potential to rise slowly 
in Fig. 1(b). 

A black coating is formed in S1 electrolyte and 
a reddish coating is formed in S2 electrolyte. This is 
because the Cu species in coating prepared in S1 
electrolyte exist mostly in the form of CuO, while 
Cu2O is dominant in the coating prepared in S2. 
The XPS data also corroborate this result. In 
Fig. 5(a), we only find the Cu2O peak, but no CuO 
and its satellite peaks are found, indicating that 
there is no or very little CuO on the surface of the 
coating prepared in the S2 electrolyte. Besides, the 
PEO coatings of brass formed in pure silicate   
also show a reddish color, which may be the 
characteristic of PEO coatings of brass in silicate 
electrolyte [13]. Also, it is beneficial to converting 
CuO to Cu2O at high temperatures, as shown in the 
following reaction:  
4CuO→2Cu2O+O2↑                      (3)  

As we know, the plasma electron temperature 
 
Table 4 EIS fitted parameters of uncoated brass and coatings formed in S1 and S2 electrolytes 

Sample 
Rs/ 

(Ω∙cm2) 
Y0 for CPE1 

(Ω−1·s−n·cm−2) 
n for CPE1

Rpo/ 
(kΩ∙cm2)

Y0 for CPE2/ 
(Ω−1·s−n·cm−2) 

n for CPE2 
Rct/ 

(kΩ∙cm2)
Brass 9.84 2.66×10−5 0.84 0.092 8.67×10−5 0.37 35.34 

S1 coating 213.30 4.04×10−6 0.58 6.70 1.45×10−5 0.49 59.95 

S2 coating 21.96 1.28×10−5 0.63 2.77 1.98×10−5 0.50 34.78 
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during the PEO processing can be as high as 
7000 K [13,14], which may favor the formation   
of Cu2O. However, the same high temperature 
condition exists during the PEO in S1 solution, and 
the difference in the relative contents of CuO and 
Cu2O in the two electrolytes may deserve further 
study. 
 
5 Conclusions 
 

(1) In S1 electrolyte, a mixed layer of AlPO4 
and Al2O3 is formed at the initial PEO stage on the 
brass, which leads to fast establishment of plasma 
discharges and formation of black coatings with the 
compositions of Al2O3, CuO, Cu2O and ZnO. In S2 
electrolyte, it takes much longer time for the 
occurrence of plasma discharges and the coatings 
show a reddish color which is due to the Cu2O 
formation on the coating surface. 

(2) The Mott−Schottky tests found that in S1 
electrolyte, the coatings are mainly p-type 
semiconductor; while in S2 electrolyte, the semi- 
conductor type of the coatings can be adjusted 
between n-type and p-type as potential changes. 

(3) The potentiodynamic polarization and 
electrochemical impedance spectroscopy (EIS) tests 
show that the PEO treatment can significantly 
improve the corrosion resistance of the brass,   
with corrosion protection efficiency of 91.50% (S1 
coatings) and 90.92 % (S2 coatings). 
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黄铜在含磷酸二氢钠或硅酸钠的铝酸盐电解液中的 
等离子电解氧化行为和耐腐蚀性能 
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摘  要：采用等离子电解氧化(PEO)技术对黄铜进行表面处理，研究其在铝酸盐电解液中分别加入 NaH2PO4 (S1)

和 Na2SiO3 (S2)添加剂对涂层形成和耐腐蚀性能的影响。在 S1 电解液中进行 PEO 处理的初始阶段，黄铜表面形

成 AlPO4 和 Al2O3的混合涂层，导致快速产生等离子体火花放电现象并形成由 Al2O3、CuO、Cu2O 和 ZnO 组成的

黑色涂层。然而，在 S2 电解液中，等离子体火花放电行为延迟产生。由于产生较多的 Cu2O，S2 涂层显示为深红

棕色。Mott−Schottky 测试表明，S1 涂层为 p 型半导体；S2 涂层具有 n 型和 p 型半导体可调性。动电位极化和电

化学阻抗谱(EIS)测试表明，PEO 处理能显著提高黄铜的耐腐蚀性，腐蚀防护效率可达 91.50%，S1 涂层电荷转移

电阻最大可达 59.95 kΩ·cm2。 

关键词：等离子体电解氧化；黄铜；耐腐蚀性能；铝酸盐；磷酸二氢钠；硅酸钠 
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