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Micro-arc oxidation coatings were fabricated on cast aluminum alloy in electrolytes with the Nd>O3
particles addition varying from 0 to 0.4 g/L. The microstructure, phase composition, corrosion
resistance and thermal shock resistance of the coatings were characterized by Scanning Electron
Microscopy (SEM), X-ray Diffraction (XRD), Electrochemical Workstation and Chamber Electric
Furnace, respectively. It was found that the size of the micropores on the surface of the coatings
increased with the addition of the Nd.Os particles, while the number of micropores gradually
decreased. After the thermal shock tests, the holes on the coating surface decreased, and the coatings
became more compact with the addition of the Nd2Os particles; furthermore, the cracks also decreased
and even disappeared with an increase in the Nd2Os particle concentration, which proved that adding
Nd>O3 particles in the electrolytes could substantially strengthen the thermal shock resistance of the
coatings. The results of the XRD analyses indicated that the coatings mainly consisted of y-Al>Os,
SiO and Si phases. In addition, the corrosion rate of the coatings decreased slightly with the addition
of the Nd2Os particles; thus the corrosion resistance of the coatings was gradually improved.
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1. INTRODUCTION

Cast aluminum alloys are widely used in automobile engine pistons due to their excellent
properties, such as high specific strength, low density and easy processability [1-2]. However, low
thermal strength and poor high-temperature mechanical properties of cast aluminum alloys limit their
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extensive applications [3-5]. Micro-arc oxidation (MAO) technology was developed from anodic
oxidation and is widely used on the surfaces of valve metals, such as aluminum, magnesium, titanium
and their alloys, and is considered to be one of the most economical and environmentally friendly
surface modification technologies [6-7]. The thermal expansion properties of the MAO coatings are
inconsistent with the matrix material, which may cause microcracks on the coating surface, and then
the stress may expand and even the coating peeling phenomenon occurs, resulting in the failure of the
thermal barrier and corrosion resistance of the coating[8-9]. Thus, it is imperative to change the
thermal expansion properties and increase the adhesive strength of the coating. In recent years,
domestic and overseas attention had been paid to the influence of doped particles in the electrolytes on
the micro-arc oxidation coatings. The doping of particles in electrolytes, such as Al,O3 [10], MgO
[11], and TiO2 [12], has been widely studied. Neodymium oxide (Nd2QO3) is an inorganic chemical
product. It has been reported that Nd>Os can be used as a blending agent for high-temperature ceramics
in the ceramic industry [13]. However, there is no research on doping Nd2O3 particles into electrolytes
to improve the comprehensive performance of the MAO coating.

In this paper, MAO coatings were produced on cast aluminum alloy with different Nd.Os
concentrations in a silicate and phosphate mixed electrolyte system. The voltage-time curves were
recorded during the MAO experiment, and the effect of the Nd>Os concentration on the microstructure,
phase composition, corrosion resistance, coating adhesive strength and thermal shock resistance of the
MAO coatings was investigated.

2. EXPERIMENTAL

2.1. Preparation of MAO coating

In the experiment, parallel hexahedral samples of ZL108 cast aluminum alloy were used as
substrate materials. The chemical composition (mass fraction) of ZL108 aluminum alloy is 11.0%-
13.0% Si, 1.0%-2.0% Cu, 0.4%-1.0% Mg, 0.3%-0.9% Mn, <0.7% Fe,<0.3% Ni,<0.2% Zn, <0.2% Ti,
<0.05% Pb, <0.01% Sn and Al balance. The specimens, with dimensions of 20x10x3 mm, were
polished and degreased before the experiment. The base electrolyte contained 18 g/L NasPOas, 4 g/L
Na2SiOz, 0.5 g/L NaOH and 3 mL/L C3HgOz. The concentrations of the Nd>Oz particles in the base
electrolyte were 0 g/L, 0.1 g/L, 0.2 g/L, 0.3 g/L, and 0.4 g/L. Furthermore, the Nd-Oz particles were
stirred continuously during each experiment in order to maintain uniform dispersal in the electrolyte.
The MAO coatings were produced under a peak current density of 5 A/dm? for 30 min, a duty cycle of
50% and a fixed frequency of 100 Hz. The temperature of the electrolyte was kept below 25°C by a
circulatory cooling system during the MAO process. After the MAO process, the samples were rinsed
with hot water at 95°C for 10 min and then dried in warm air.

2.2. Coating analysis

The Scanning Electron Microscope (SEM, ZEISS EVO MA15) equipped with an Energy
Dispersive Spectrometer (EDS, OXFORD 20) was used to observe the surface and cross-sectional
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morphologies of MAO coatings. Phase composition of the coatings was investigated by X-ray
Diffraction (XRD, DX-2700B). The diffraction data were acquired over scattering angles 26 from 10°
to 80° with a scanning speed of 0.1° s™1. Scratch tests, which could evaluate the adhesion between the
coating and the substrate, were executed by using a multifunctional surface performance tester (MFT-
4000) with automatic loading from 0-20 N at a loading rate of 10 N/min. In addition, chamber electric
furnace (SX-10-12) was used to evaluate the thermal shock resistance of the coatings, which was
heated to 500°C for 10 min and then cooled down in 25°C water for 50 cycles. The surface hardness
and thickness were investigated by Digital microhardness tester (HXD-2000TM/LCD) at 2 N for 15 s
and Digital Thickness Gauges (TT230), respectively. To evaluate the corrosion resistance of MAO
coatings, potentidynamic polarization was applied to acquire corrosion potential, current and corrosion
rate in 3.5% NaCl solution at room temperature by Electrochemical Workstation (PGSTAT302N,
Switzerland). The polarization curve scanning rate was 1.5 mV-s* with a potential range from -1.0 V
to-04V.

3. RESULTS AND DISCUSSION

3.1 Growth process of the coatings

The time-transient behaviors of the voltage response of the MAO coatings with different Nd2O3
particle concentrations are presented in Fig. 1. All voltage-time curves for the five different specimens
showed a rapid increase in voltage at the early MAO stage due to the breakdown of the thin insulating
barrier oxidation coating on the Al alloy substrate.
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Figure 1. Voltage-time curves of the MAO coatings prepared with different concentrations of Nd2O3
particles.

After 5 min, the oxidation voltage became gradually steady along with a very minor rise,
indicating that micro-arc oxidation stage came up. It can be seen that by adding Nd»O3 particles, the
voltage value had a distinct increase compared to coatings prepared without Nd2Os particles. In
addition, the oxidation voltage increased gradually with the addition of Nd>O3 particles from 0 to 0.3
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g/L. The surface charge of the Nd»>Os particles in electrolytes was -15.7 mV [14] and easily moved
towards the anode due to the effects of the electric field and mechanical stirring. With the continued
addition of Nd>O3 particles, the absorption of the Nd»Oz particles on the surface of the anode
strengthened the electrical resistance, which led to the increase in the voltage. At the particle
concentration of 0.4 g/L, the voltage decreased, which indicated that an excessive particle
concentration was detrimental to the growth of the coatings.

3.2 The morphologies analysis

3.2.1 Surface morphologies and element content of coatings

Fig. 2 depicts the surface morphologies and the EDS results of the MAO coatings prepared
with the different Nd.Os particle concentrations. All the MAO coatings exhibited porous
microstructures, and it can be observed that there were many micropores on the coating prepared
without Nd»Os particles (Fig. 2(a)), while the number of micropores on the coating surface decreased
gradually and the size of the micropores increased with the addition of the Nd>Os3 particles, as shown
in Fig. 2(b)-(e). In addition, the surface of the coatings gradually became uneven, resulting in an
increase in the surface roughness. The surface of the MAO coatings exhibited many sintered discs,
which were discharge channels formed by the rapid cooling of the coating during the MAO treatment
and the number of sintered discs increased with the increment of Nd>Os particles concentration. This
result indicated that a higher oxidation voltage causes stronger discharge, forming larger discharge
channels and more sintered discs. Table 1 shows the EDS results of the coatings prepared with
different Nd>Osz concentrations. Obviously, the Nd content increased with increasing Nd.Os
concentrations, while the O and Si contents gradually decreased and then increased at the highest
Nd2O3 concentration of 0.4 g/L. Due to the addition of Nd>Oz particles into the electrolytes, Nd>O3
particles were involved in the formation of the MAO coatings, which influenced the reaction between
the electric arcs and the substrate, resulting in changes in element composition of the coatings.
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Figure 2. Surface morphologies of the MAO coatings prepared with different concentrations of Nd2O3
particles:(a) 0 g/L, (b) 0.1 g/L, (c) 0.2 g/L, (d) 0.3 g/L, (e) 0.4 g/L.

Table 1. EDS results of MAO coatings prepared with different Nd>O3 concentrations

Atomic % 0g/L 0.1g/L 0.2 g/L 0.3 g/L 0.4 g/L
Nd / 0.20 0.44 1.60 1.95
Al 47.91 52.44 55.22 56.24 53.88
@) 41.78 40.64 37.67 37.24 38.94
Si 10.31 6.72 6.67 4.92 5.23

3.2.2 Cross-sectional morphologies of the coatings

Fig. 3 shows the cross-sectional microstructures of MAO coatings prepared with different
concentrations of Nd»>Os particles. It can be seen that the thickness of the coatings initially increased
and then decreased at the highest Nd>Os concentration of 0.4 g/L, which was consistent with the
variation of voltage. With the addition of Nd>Os particles (0-0.3 g/L), the voltage increased gradually,
which led to the increment of discharge intensity and the growth rate of the coatings became faster. At
the concentration of 0.4 g/L, the breakdown of the coatings became more difficult due to the thickened
coatings and the reduction of the voltage. Thus the coating growth rate slowed down and the thickness
of coating decreased at 0.4 g/L Nd»Os particles concentration. Furthermore, it can be observed that the
coatings with Nd.O3 particles addition (Fig. 3(b)-(e)) were more tightly bonded with the substrates and
were more compact and smooth compared to the coatings prepared without Nd2O3 particles (Fig. 3(a)),



Int. J. Electrochem. Sci., Vol. 14, 2019 5166

which attested that the addition of Nd>Oz particles in the electrolytes could improve the surface quality
of the coatings and was also beneficial to the bonding between the coatings and the substrates.

Figure 3. Cross-sectional images of the MAO coatings prepared with different Nd.O3 concentrations:
(@ 0g/L, (b)0.19/L, (c)0.29g/L, (d)0.3g/Land (e) 0.4 g/L.

3.3 The phase composition analysis

Fig. 4 shows the XRD spectra of the MAO coatings prepared using different Nd2Os
concentrations. It was found that the coatings mainly consisted of y-Al.O3, SiO2 and Si phase. There
was no apparent signal of Nd>O3 phase owing to the low Nd>Os content. The peak of Al coming from
the substrate was detected because the coatings were very thin and X-rays can penetrate into the
substrate through the MAO coatings [15]. As shown in equation (4)-(5), the peak of SiO, may come
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from the oxidation of Si in the substrate and the disintegration of SiOs>" in the electrolytes. Due to the
local high temperature in the MAO process, the amorphous Al>Osz would gradually transform to y-
Al>O3 [10], as shown in equation (6). The intensity patterns of y-Al.Oz and SiO: initially increased and
then slowly decreased, in accordance with the oxidation voltage. The increased oxidation voltage
caused an increase of the micro-arc discharge temperature, which increased the phase transformation
efficiency from amorphous Al,O3 to y-Al2O3, and the oxidation of Si and the disintegration of SiOz*~
also got faster. The possible reactions are as follows:
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Figure 4. XRD results of the MAO coatings prepared using different Nd,Os particles concentrations.

3.4 The thickness and microhardness analysis

Microhardness and thickness tests were carried out on the specimens prepared using different
Nd»Os particle concentrations, and the results are shown in Fig. 5. With the addition of the Nd>O3
particles, the microhardness of the coatings increased, while the thickness of the coatings gradually
increased and then decreased at the highest Nd>Os concentration of 0.4 g/L. The substrate hardness of
Z1.108 cast aluminum alloy is only 156.1 HV, while the hardness of the MAO coating prepared
without Nd2Os3 particles is approximately 459.3 HV, approximately three times greater than that of the
substrate. The hardness values of all the MAO coatings prepared with Nd2Osz particles were much
greater than those prepared without Nd,O3 particles. The increment of hardness was ascribed to the
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increase of oxidation voltage after adding Nd2Os particles, which led to the transition from amorphous
Al>O3 to crystalline Al,Oz. In addition, the increase in the voltage increased the growth rate of the
coatings; therefore, the thickness of the coatings increased with the addition of Nd2O3 particles.

700

—a— Thickness
—e— Microhardness

[o2]

a1

o
T

Microhardness (HV)
3
o
=
Thickness (pm)

1 1 1 1 1 0
-0.1 0.0 0.1 0.2 0.3 0.4 0.5

Nd,O, concentration (g/L)

Figure 5. The microhardness and thickness of the MAO coatings prepared using different
concentrations of Nd>Oz particles.

3.5 The corrosion resistance of the coatings

The potentiodynamic polarization curves of ZL108 cast aluminum alloy samples in 3.5wt.%
NaCl solution are shown in Fig. 6. Based on the approximately linear polarization behavior near the
open-circuit potential (OCP), the polarization resistance (R p) values were determined from the Stern—

Geary equation [16]:
— babc
P 2.303ic0rr (Pa+be) ()

where ba and be are the anodic/cathodic Tafel constants, icorr IS the corrosion current density,
and Ecorr is the corrosion potential.

Table 2 reports the results of the polarization curves analyzed by Tafel fitting. All the MAO-
coated Al alloys showed a more positive Ecorr and a much lower icorr compared to the substrate Al
alloy, which illustrates that the corrosion resistance was improved drastically through MAO treatment.
With the addition of Nd2Os particles, the corrosion rate of the coatings slightly decreased, indicating
that the corrosion resistance of the coatings was improved. On the one hand, the thickening of the
coatings impeded the movement of eroding CI™ ions to the substrate so that the corrosion rate of the
coatings decreased. On the other hand, after adding the Nd>Os particles, the coatings became more
compact and the number of micropores decreased, which were also beneficial to the improvement of
the corrosion resistance of the coatings.
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Figure 6. Polarization curves of the MAO coatings prepared using different concentration of Nd2O3
particles (3.5% NaCl)

Table 2. Results of polarization curves analysis

Concentration Ecorr(V) lcorr(A/Cm?) Corrosion rate

(g/L) (mm/a)
Substrate -0.87 6.58x10° 0.72381

0 -0.70 4.83x107 5.61x10°

0.1 -0.72 4.58x1077 4.72x107

0.2 -0.75 3.52x107 4.01x1073

0.3 -0.69 4.09x10® 5.75x10*

0.4 -0.68 3.72x10°8 4.74x10™*

3.6 The Crack resistance analysis

3.6.1 The adhesive strength of the coatings

Scratch tests are usually used to evaluate the adhesion strength between the coating and the
substrate, and results of the scratch tests are depicted in Fig. 6. It can be observed that the adhesion
strength of the coatings increased gradually with the addition of Nd>Oz particles, in accordance with
the cross-sectional analysis, demonstrating that adding Nd>Osz particles was beneficial to the
improvement of adhesion strength between the coatings and the substrates, which reduced the risk of
coating shedding. With an increase in the concentration of Nd>Oz particles, the oxidation voltage
increased comparatively, resulting that the substrate aluminum was directly transformed into
crystalline alumina without large voids at the interface between the coatings and the substrate, and had
better lattice matching [17]. In addition, the adhesive strength is related to the thickness and
compactness of the coatings [18]. The coatings prepared with Nd2Os particles had higher thickness and
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better compactness, thus the adhesive strength of the coatings was enhanced with the addition of
Nd2Os particles.
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Figure 7. The adhesive strength of the MAO coatings prepared with different Nd2Osz particle
concentrations.

3.6.2 The thermal shock resistance of the coatings

The surface morphologies of coatings prepared using different Nd.Os particle concentrations
after the thermal shock tests under different magnifications are shown in Fig. 8 and Fig. 9. The thermal
shock resistance can directly reflect the anti-stripping capacity of the surface coatings with the
alternative variation of temperature during the process [19]. In Fig. 8, it can be seen that no denting and
peeling phenomenon occurred on the coating surface of the samples subjected to a temperature of
500°C for 50 cycles, which indicated that the coatings possessed a good thermal shock resistance. At
the particle concentration of 0 g/L, the surface of the coatings distributed many miniscule holes, while
the number of holes decreased, and the coatings became denser with the addition of Nd>Os particles.
At 200x magnification, it is obvious that cracks appeared on the surface of the coatings prepared
without Nd>Os particles. Moreover, cracks on the coating surface decreased and even gradually
vanished with an increase in the Nd2Os particle concentration, which demonstrated that adding Nd2>O3
particles in electrolytes could reduce cracks on the coatings and improve the thermal shock resistance
of the coatings.

Zhang [20] had proposed the following formula for thermal shock resistance:

R=pl/Ea (8)

where R is the thermal shock resistance factor, p is the intensity, A is the heat conductivity
coefficient, E is the elasticity modulus, and a is the coefficient of thermal expansion of the coatings.
The larger the R value is, the better is the thermal shock resistance. As mentioned above, with the
addition of the Nd>Os particles, the compactness of the coatings was improved and the strength
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increased accordingly [21]; therefore, the ability to resist thermal stress was enhanced, and the thermal
shock resistance of the coatings increased. On the other hand, the thermal shock resistance of the
coatings was also related to the interfacial adhesion strength between the coatings and the substrates.
The increase in adhesion strength was beneficial to the improvement of the thermal shock resistance of
the coatings.

Figure 8. The morphology of the MAO coatings after thermal shock tests for 50 cycles at 200 times
magnification:(a) 0 g/L, (b) 0.1 g/L, (c) 0.2 g/L, (d) 0.3 g/L, (e) 0.4 g/L.
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Figure 9. The morphology of the MAO coatings after thermal shock tests for 50 cycles at 2000 times
magnification:(a) 0 g/L, (b) 0.1 g/L, (c) 0.2 g/L, (d) 0.3 g/L, (e) 0.4 g/L.

Adding Nd2Os particles raised the adhesion strength of the coatings, giving rise to the
enhancement of the thermal shock resistance of the coatings. In short, the addition of Nd2O3 particles
can reduce the number of microcracks and decreased the possibility of coating peeling due to stress
expansion, thereby improving the overall performance of the coatings.

4. CONCLUSIONS

MAO coatings were fabricated on ZL108 cast aluminum alloy at different concentrations of
Nd2Os particles. The addition of Nd.Oz particles had apparent effects on the qualities of the coatings.
With the addition of Nd>Ogz particles, the hardness of the coatings increased, and the thickness of the
coatings initially increased and then decreased at a Nd>Os concentration of 0.4 g/L, in accordance with
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the regularity of the voltage. Although the size of micropores increased with the addition of the Nd2>O3
particles, the number of micropores decreased and the coatings became more compact, as confirmed
by the cross-sectional microstructures, thus the corrosion resistance was improved. The MAO coatings
were mainly composed of y-Al,O3, SiO, and Si, and the intensity patterns of y-Al>O3 and SiO; initially
increased and then slowly decreased as the particle concentration increased. In addition, the thermal
shock resistance was tremendously enhanced with the addition of Nd2Os particles, and the service life
of the coatings was dramatically prolonged.
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