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A B S T R A C T

Al2O3 coatings with large specific surface were prepared on cast nickel-based superalloy K418 by cathode plasma
electrolytic deposition (CPED) in aqueous solutions at different concentrations. The significance of energy
consumption and a simple calculation method during CPED were proposed, and the influence of electrolyte
concentration on current density-voltage curve, energy consumption, and microstructure of coatings were stu-
died. It was found that increasing the concentration of electrolyte can effectively reduce the current density at
the initial stage while prolonging the deposition time and stepping up the energy consumption of whole coating
preparation. The morphology observation results showed that the pore size of Al2O3 coatings enlarges with the
increase of the concentration, and the optimum electrolyte concentration is 0.5–1 mol L−1. Under this condition,
the new method of oxidation pretreatment at 950 ℃ on samples for 30 min can efficiently decrease the current
density during the early stage of preparation, which is beneficial to the deposition of complex-shaped samples
with large size.

1. Introduction

Cathode plasma electrolytic deposition (CPED), as a new hybrid of
traditional electrolysis and atmospheric plasma process, is a promising
coating preparation technique. A variety of coatings have been suc-
cessfully prepared on different kinds of substrates by using this method,
such as metal coating [1,2], ceramic coating [3,4], carbon nanotubes
and diamond-like films [5]. Because this method has advantages as
simple equipment, high efficiency and has no limitation on the shape of
the sample, it has attracted more and more attention in the surface and
coating field in recent years. CPED technology is usually divided into
aqueous solution [6,7] and non-aqueous solution [1–5] system ac-
cording to the solvent. Although the current density in non-aqueous
systems is low during its deposition, it faces the problem of low de-
position efficiency. Furthermore, toxic gases may be produced during
deposition in non-aqueous solution, which show that CPED in aqueous
solutions is regarded as the greener and safer choice by comparison.
However, CPED method for preparing coatings in aqueous solution is
also facing a serious problem. The trouble of high energy consumption
caused by high current density in the deposition process not only affects
uniformity of the coating, but also causes a high cost. How to reduce the
current density in the preparation process so as to achieve high quality
deposition on the large-sized sample with complex shapes consuming

minimum energy is the issue that the CPED technology must consider
and solve at this stage.

Furthermore, there are few researches paying attention to the point
that how to quantitatively measure and compare the energy con-
sumption among different systems and devices. Liu et al. [8] have
compared the energy consumption per unit area between diverse
groups in same preparation time according to the Joule's law. But the
areas of the coating which has covered the sample are un-identical and
hard to calculate in the same deposition time. More specifically, under
different conditions, the time required to prepare coatings is different
and easier to measure. It follows that calculating the energy con-
sumption with the same deposition area may be a more credible
scheme.

In this study, Al2O3 coatings were deposited on cast nickel-based
superalloy K418 in aqueous solutions by CPED. The energy consump-
tion was calculated by a simple definite integral area method using
integral principle, so that different systems can be compared quanti-
tatively. The effects of electrolyte concentration on current density-
voltage curve, energy consumption required for the deposition process,
and morphologies of the coatings were studied. Finally, a method of
oxidation pretreatment of the sample at 950 ℃ for 30 min was put
forward, which solved the problem of high energy consumption due to
high current density. This research work brings about a specific
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calculation method of energy consumption and provides reference va-
lues for the development of CPED technology.

2. Materials and methods

2.1. Coatings preparation

The schematic diagram of CPED device for preparing Al2O3 coatings
is shown in Fig. 1. The power supply (TN-KGZ01) is high-frequency
switching pulse source, which the maximum output voltage and current
is 500 V and 30 A, the frequency range is 50–2000 Hz, the duty ratio
varies from 0% to 90%. Samples of cast nickel-based superalloy K418
(20 mm * 10 mm * 3 mm, chemical composition shown in Table 1)
were used as cathode and ground with SiC papers to a grit of #400,
ultrasonically cleaned in deionized water and ethanol for 20 min re-
spectively. In order to control the exposed area of the specimen, Teflon
is often used to wrap the sample and the wire. A platinum electrode
(50 mm * 100 mm) was used as anode. The electrolytes consisted of Al
(NO3)3·9H2O(99.0%, analytically pure), polyethylene glycol [9] (PEG,
analytically pure) and deionized water. The computer can record the
voltage and current density changes over time during the automatic
boosting process. In this paper, applied voltage was computer-con-
trolled, frequency 2000 Hz, duty ratio 80%. The method of pretreat-
ment is that samples were placed into the muffle furnace (SX-G04133)
when the temperature reached 950℃, stayed for 30 min then quickly
removed from the furnace and cooled in air.

2.2. Characterization

The morphologies of the samples were characterized by scanning
electron microscope (SEM, JSM-6510). The values of voltage and cur-
rent density in CPED process were measured by a computer. The energy
consumption can be calculated by the following equation according to
the Joule's law of energy:

=W U·I·t (1)

In Eq. (1), W is the energy consumption, U and I are the voltage and
current between the two poles respectively, and t is the deposition time.
Then solved by the finite integration method shown as Eq. (2)：

∫= t I t dtW u( ) ( )
0

t

(2)

The calculation process is complicated according to the above-
mentioned calculus method. Besides, the collected points are not con-
tinuous, instead of collecting one datum per second. This research
presents a simple calculation method of energy consumption by the

integral area method using integral principle. First, bath voltage was
increased from 0 to the deposition voltage at the rate of 1 V s−1 and
held for some time. At the same time, the computer will record the
current and voltage per second. Then, the total time required to com-
plete deposition was noted judging by the current density. The effective
time can be calculated by the relationship of the measured time and the
duty ratio in the pulse power supply. When the duty ratio is set at 80%,
tvalid = 1 s * 80% = 0.8 s. The energy consumption of the entire CPED
process is finally calculated according to (3):

= + + + …+W U ·I ·t U ·I ·t U ·I ·t U ·I ·t1 1 valid 2 2 valid 3 3 valid t t valid (3)

3. Results and discussion

3.1. Effect of electrolyte concentration on current density-voltage curve

The cathode plasma electrolytic deposition process mainly includes
the following stages: First, H+ in the solution near the cathode will get
electrons to generate hydrogen when voltage is applied between the
poles. The hydrogen bubble size grows over time and, once the critical
dimension is reached, will be released from the electrode surface due to
buoyancy. Under the condition of low voltage, the current density-
voltage curve is linear, which accords with Faraday's law and Ohm's law
[10]. With the increase of the voltage, the current is directly propor-
tional to the rise. When the amount of hydrogen bubbles is sufficient, a
lot of bubbles are concentrated on the electrode surface due to com-
pression effect, resulting in resistance of the electrode surface to be-
coming larger. Meanwhile, a large amount of joule heat is emerged in
the vicinity of the electrode, which causes the electrolyte to evaporate
or local boil, and start to produce vapor bubbles [11]. As the voltage is
high enough, the number of nucleation points will increase and bubbles
will cover the entire sample, forming a continuous gas film as in Fig. 2b,
which makes the current drop sharply. Since the bath voltage has not
reached the breakdown voltage of the gas film at this time, the con-
tinuous gas film layer is constantly thickened, so that the current
density-voltage curve appears in a small platform stage. At the same
time, there are many OH- near the sample because a great quantity of
H+ are becoming H2. The OH- and Al3+ in the electrolyte combine to
form Al (OH)3 adhering to the surface of cathode. When the two con-
ditions of forming a continuous gas sheath and reaching the breakdown
voltage are satisfied simultaneously, plasma discharge begins and
bright sparks and micro-arcs on the surface of cathode can be observed
though eyes as in Fig. 2c. As the voltage continues to rise, the phe-
nomenon of plasma discharge becomes more obvious, then Al(OH)3
deposited can be pyrolyzed into Al2O3 by the energy of plasma [9]. This
stage is suitable for coating preparation because of continuous plasma
arc. In the region d–e, arc discharges throughout the film penetrate
through to the substrate and transform into powerful and high-energy
ignition which may damage the deposited coating or even destroy the
alloy substrate.

It should be noted that in the later stage of the coating preparation,
step-by-step method of raising voltage can be used to avoid high current
density if necessary. The first peak in the current density-voltage curves
represents the formation of a continuous film which is the premise of
the generation of plasma. That is to say, the current density corre-
sponding to the first peak will determine whether the power supply can
prepare coatings on the sample or not. Therefore, how to cut down the
first peak of current density-voltage curves is of great significance in the
actual deposition process.

Fig. 1. Schematic diagram of the CPED device.

Table 1
Chemical composition of cast nickel-based superalloy K418 (mass fraction wt%).

Element C B Cr Mo Ti Al Fe Nb Zr Ni

Content 0.08–0.16 0.008–0.02 11.5–13.5 3.8–4.8 0.5–1.0 5.5–6.4 ≤ 1 1.8–2.5 0.06–0.15 Other
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