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Mg-6 wt.%Al-1 wt.%Zn alloy powders were produced by gas atomization, and subsequently compacted and
sintered under various conditions of temperature, time, and pressure. The bulk Mg-6 wt.%Al-1 wt.%Zn
alloy was coated by the plasma electrolytic oxidation (PEO) method. The optimum condition of com-
paction and sintering for PEO coatings was established based on the investigation of microstructure,
microhardness, and corrosion properties of coatings which were compared to those of cast Mg-6 wt.%Al
alloy. The coatings on Mg-6 wt.%Al and Mg-6 wt.%Al-1 wt.%Zn alloys consisted of MgO, MgAl2O4,
and Mg2SiO4. The Mg-6 wt.%Al-1 wt.%Zn alloy compacted at room temperature for 10 min and sintered
at 893 K for 3 h showed the most porous and nonuniform coating layer because the coatings had
grown through grain boundaries that resulted from poor bonding between powder particles in the substrate.
However, the coated Mg-6 wt.%Al-1 wt.%Zn alloy hot-compacted at 593 K for 10 min had the thickest
coating layer and the highest microhardness. In addition, it demonstrated the best corrosion resistance
as verified by polarization curves in 3.5% NaCl solution.

Keywords: gas atomization, Mg-Al-Zn alloy, sintering, plasma electrolytic oxidation mechanical and corrosion
properties.

1. INTRODUCTION

Magnesium alloys are expected to be lightweight and
highly efficient materials that can overcome the problems of
environmental pollution and energy in all industrial fields
because they have excellent dent resistance, damping capacity,
and electromagnetic shielding capacity compared to plastics
and aluminum alloys [1-4]. Therefore, they are becoming
attractive, especially for the components of automobile and
electronics. However, further applications of Mg alloys, gen-
erally produced by casting, have been limited due to their
low hardness and poor corrosion and wear resistance. Appli-
cations can be expanded if these drawbacks can be overcome
by surface treatment. Among powder metallurgy methods

that produce near net shaped and complicated components in
a simple process, gas atomization, due to rapid solidifica-
tion, easily and safely allows microstructural modifications
such as grain refinement, reduced segregation, and increased
solubility [5]. In addition, the plasma electrolytic oxidation
(PEO) treatment, which is an advancement of the conven-
tional electrochemical anodizing treatment and leads to the
local formation of a plasma by a spark on the metal surface,
is expected to be a promising surface treatment [6]. Accord-
ingly, the application of PEO treatment for gas-atomized
Mg alloys is of interest to improve the mechanical and cor-
rosion properties of Mg alloys. The goal in the present
study is to investigate the characteristics, such as micro-
structure, microhardness, friction coefficient, and corrosion
property, of PEO coatings on gas-atomized Mg-6 wt.%Al-
1 wt.%Zn alloys by compaction and sintering under vari-
ous conditions.
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2. EXPERIMENTAL PROCEDURE

The Mg-6 wt.%Al-1 wt.%Zn alloy powders were prepared
by high pressure gas atomization. The details of the gas
atomization procedure have been given in a recent report [7].
Figure 1 shows representative powders and powder particle
distribution obtained by this method. The Mg-6 wt.%Al-1
wt.%Zn alloy powders have a near spherical morphology
with a smooth surface and are between approximately 2 µm
and 100 µm in diameter. The mean diameter of gas-atomized
powders used in this study is 37 µm.

The powders were compacted and sintered under various
conditions, designated as samples 2~4 and listed in Table 1.
The cast Mg-6 wt.%Al alloy, designated as sample 1, was
used as a comparison. The sintered samples were 11.4 mm in
diameter and polished to approximately 0.2 µm in surface
roughness prior to PEO coating. The Mg alloys and STS316L
stainless steel were used as the anode and the cathode,
respectively. AC power was applied with a 60 Hz modulation,
applying both a positive and negative potential pulse for 1 s
(C1 = 0.9 A), followed by a negative pulse for 0.2 s (C2 =
0.73 A) to the substrates immersed in electrolytes consisting
of 5 g/l KOH and 8 g/l water glass (2Na2·2SiO3·H2O). Power
was controlled to maintain a constant current density of 20
A/dm2 and coatings times were varied from 0 min to 50 min.
Surface morphology and the cross section of coatings were
observed with a scanning electron microscope (SEM) and
the phases present in the coatings were analyzed by X-ray
diffraction (XRD). Thickness and surface roughness were
measured using an image analyzer and a SE-1700α surface
roughness meter, respectively. Microhardness and the

coefficient of friction of coatings were measured with a
Vickers microhardness tester under a load of 50 g and a
micro-scratch tester under a load of 20 N and speed of 0.5
mm/min, respectively. The corrosion resistance was evaluated
by potentiodynamic polarization curves obtained from
electrochemical tests in a 3.5% NaCl solution.

3. RESULTS AND DISCUSSION

Figure 2 shows microstructures of the starting Mg-6 wt.%Al
and Mg-6 wt.%Al-1 wt.%Zn alloys before PEO treatment.
The microstructure of sample 2 shows porosity between smaller
grains, which results in small grains despite the higher sinter-
ing temperature, while samples 1, 3, and 4 exhibit no poros-
ity at grain boundaries. Sample 4 has a larger grain size than
sample 3, which results from grain growth during sintering
in the case of sample 4. In the case of cast Mg-6 wt.%Al alloy
(sample 1), the eutectic compound β-Mg17Al12 is homoge-
neously distributed in the Mg matrix from the homogenizing
treatment [8,9], and the microstructure reveals the largest
grain size compared to the gas-atomized Mg-6 wt.%Al-1
wt.%Zn alloy after compaction and sintering (samples 2~4).

Typical surface morphologies of coatings are shown in
Fig. 3. All coatings have a porous surface microstructure
with some volcano top-like pores randomly distributed and
cracks in the area between the pores, which morphology is
compatible with recently reported results [9-13]. However,
there are differences in the size, shape and distribution of
pores according to compaction and sintering conditions.
Sample 1, the cast Mg-6 wt.%Al alloy, has the largest grain
size and has relatively large pores and cracks, but the number

Fig. 1. SEM micrograph of the Mg-6 wt.%Al-1 wt.%Zn powders prepared by gas atomization (a) and powder particles distribution (b).

Table 1. Compaction and sintering conditions employed in this study
Sample Compaction Sintering

1 Mg-6 wt.%Al (cast) - 16 h at 693 K (Homogeneous treatment)
2 Mg-6 wt.%Al-1 wt.%Zn (powder) 700 MPa for 10 min at R.T. 3 h at 893 K
3 Mg-6 wt.%Al-1 wt.%Zn (powder) 700 MPa for 10 min at 593 K -
4 Mg-6 wt.%Al-1 wt.%Zn (powder) 700 MPa for 10 min at 593 K 24 h at 693 K
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of pores appears to be lower than that of other samples. For
samples 2~4, which have small grains compared to sample
1, the pores and cracks on the surface are smaller. In particular,
sample 2, with the smallest grain size and high porosity at
the grain boundaries, has many small pores relatively well
distributed on the surface. These results indicate that the
formation of pores and cracks on the surface of coatings has
a close relation to the microstructure of the substrate.
Additionally, the volume fraction of the surface occupied by
the pores and cracks was quantified by image analysis
software. Sample 1 has the highest volume fraction of pores
compared to samples 2~4, which were compacted and
sintered. Among samples 2~4, sample 3, compacted by 700
MPa for 10 min at 593 K, has the lowest volume fraction of
pores and cracks.

Figure 4 shows typical cross-sections of the PEO coatings
on Mg-6 wt.%Al-1 wt.%Zn alloys. Increasing the coating
time increases the thickness of the coated layer, which was
characterized by a dense and porous structure. The porous
microstructure near the surface is common in the PEO coat-
ings [6,10]. The surface and interface between the oxide
layer and the substrate are non-uniform, resulting in non-uni-
form coating thickness. The coating on sample 2 was the most
porous and non-uniform. The coating layer grew through
grain boundaries in the substrate with increasing coating
time, most likely because of the presence of intergranular
porosity in the substrate.

Figure 5 shows the XRD patterns for coatings grown for
50 min on cast Mg-6 wt.%Al (sample 1) and hot-compacted
Mg-6 wt.%Al-1 wt.%Zn (sample 3) alloys. It is seen that the

Fig. 2. Microstructures of Mg-6 wt.%Al and Mg-6 wt.%Al-1 wt.%Zn alloys. 

Fig. 3. Surface morphologies of PEO coatings and porosity fraction: (a) sample 1, (b) sample 2, (c) sample 3 and (d) sample 4.
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coatings contain MgO, MgAl2O4 and Mg2SiO4 in both of the
samples. The formation of MgAl2O4 is consistent with recent
results on AM60B Mg alloy coated by the PEO method [6].
It is reasonably well known that the formation of Mg2SiO4 is
contributed to by Si decomposed from the water glass used
in this study, as reported in a work on PEO coated AZ31B

Mg alloy [14]. There is no difference in the phases present in
the PEO coatings for all of the samples.

The surface roughness and thickness of the coatings are
plotted in Fig. 6. The surface roughness increases gradually
with increasing coating time except for sample 2, for which
surface roughness increases until 20 min and then decreases.
The thickness also increases as the coating time increases.
All samples have a coating thickness of approximately 60
µm after coating for 50 min. However, the coatings of sample
2 are markedly thicker than those of the other samples because
of rapid, discontinuous growth of the coatings through the
grain boundary as shown in Fig. 4.

Figure 7 shows the microhardness of the PEO coatings,
together with that of the uncoated substrates. In this study,
the microhardness was measured from a dense layer in the
cross-section shown in Fig. 4. The uncoated samples have a
hardness of approximately 70 Hv. After coating, however,
the microhardness of the coatings is much higher than that of
the uncoated samples, and it increases with increasing coat-
ing time. In particular, the samples coated for 50 min, except
for sample 2, which shows a porous coating layer, have a
hardness of approximately 500 Hv in the dense layer region,
which is superb compared to the conventional anodic oxide
coatings on AZ91 magnesium alloy [15]. Among these

Fig. 4. Typical microstructures showing the cross-section of PEO coatings on Mg-6 wt.%Al and Mg-6 wt.%Al-1 wt.%Zn alloys with increasing
coating time.

Fig. 5. XRD patterns of PEO coatings on Mg-6 wt.%Al and Mg-6
wt.%Al-1 wt.%Zn alloys coated for 50 min.
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samples, sample 3 exhibits the highest hardness after coating
for 50 min.

Figure 8 shows the friction coefficients of coatings on
samples after coating for 50 min, along with the friction
coefficient for the Mg substrate. Before coating, sample 1
has a slightly higher friction coefficient compared to samples

2~4. However, all coatings on samples 1~4 exhibit higher
friction coefficients than that of the Mg substrates. The coat-
ings on sample 3 have the highest friction coefficient, in par-
ticular, while the other samples have nearly the same friction
coefficient. The values of friction coefficient correspond to
the results of surface roughness, thickness and microhard-
ness for all coatings except those on sample 2. It is reason-
ably well understood why the coatings on sample 2, with its
thick porous layer and low microhardness, show friction
coefficients similar to those on samples 1 and 4. The reason
is that the friction coefficient as measured by the micros-
cratch test used in this study reflect the bonding of oxides
without relation to the micro-porous structure shown in Fig.
4, unlike microhardness, which includes the effect of porous
structure.

The corrosion properties of the coatings in a 3.5% NaCl
solution for samples coated for 50 min are shown in Fig. 9.
Samples 2~4, produced by powder metallurgy, have higher
rest potentials and lower corrosion rates than sample 1 does.
In particular, the hot-compacted Mg-6 wt.%Al-1 wt.%Zn
alloy (sample 3) demonstrated the best corrosion resistance.
This could be understood by the fact that the corrosion
resistance corresponds to the measured volume fraction of
pores and cracks on the surface, as represented in Fig. 3,
because the pores and cracks could act as a path for penetra-
tion of the corrosion solution. In other words, the coatings on
sample 3, which sample has the lowest volume fraction of
pores and cracks, are strongest against corrosion, while the
coating on sample 1 shows the worst corrosion resistance
due to the many large pores and cracks on the surface of the
coating despite the fact that it has a hardness and friction
coefficient that is comparable to those of samples 2 and 4.
Consequently, it is suggested from the above results that bet-
ter corrosion resistance can be obtained in the coatings on
Mg alloys produced by powder metallurgy than can be
obtained by casting. Based on the results of microstructual
characteristics, microhardness, and corrosion properties, it is
apparent that the relatively homogeneous microstructure

Fig. 6. Surface roughness (a) and thickness (b) of coatings on Mg-6 wt.%Al and Mg-6 wt.%Al-1 wt.%Zn alloys with increasing coating time.

Fig. 7. Microhardness of coatings on Mg-6 wt.%Al and Mg-6 wt.%Al-1
wt.%Zn alloys with increasing coating time.

Fig. 8. Friction coefficient of coatings on Mg-6 wt.%Al and Mg-6
wt.%Al-1 wt.%Zn alloys after coating for 50 min.
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attained by only hot compaction is effective for obtaining
coatings by the PEO method.

4. CONCLUSIONS

The coatings on gas-atomized Mg-6 wt.%Al-1 wt.%Zn
alloy consisted of MgO, MgAl2O4, and Mg2SiO4, which
were independent of compaction and sintering conditions.
The surface roughness and thickness increased gradually
with increasing coating time except for the gas-atomized
Mg-6 wt.%Al-1 wt.%Zn alloy compacted by 700 MPa for
10 min at room temperature and sintered at 893 K for 3 h.
The coatings on gas-atomized Mg-6 wt.%Al-1 wt.%Zn
alloy showed an increase of microhardness as the coating
time increased. In particular, the coatings on gas-atomized
Mg-6 wt.%Al-1 wt.%Zn alloy only hot-compacted under
700 MPa for 10 min at 593 K exhibited the highest thick-
ness and microhardness and rest potential in a 3.5% NaCl
solution. In addition, the Mg-6 wt.%Al-1 wt.%Zn alloy
prepared by powder metallurgy revealed better characteristics
of PEO coatings than those of the cast Mg-6 wt.%Al alloy.
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