
Residual Stresses in Microarc Oxidation Ceramic
Coatings on Biocompatible AZ31 Magnesium Alloys

Yanhong Gu, Wenming Xiong, Chengyun Ning, and Jing Zhang

(Submitted February 21, 2011; in revised form April 16, 2011)

Ceramic coatings have been successfully prepared on biocompatible AZ31 magnesium alloy substrates
using microarc oxidation (MAO) technique. Residual stresses attributed to the MgO constituent of the
coatings at different oxidation voltages have been evaluated by x-ray diffraction using the sin2 w method. It
is found that tensile residual stresses were present in the coatings, and they decreased from 1418 to
545 MPa as the oxidation voltages increased from 250 to 350 V. Correlations between the residual stresses
and microstructural morphology have been discussed. The residual stress characteristics are attributed to
the microcracks and the new phase formation during the MAO process.
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1. Introduction

Magnesium alloys have become a new class of degradable
biomaterials for orthopedic applications because of their
excellent biocompatibilities (Ref 1-3). Additional attractive
features of magnesium alloys include outstanding physical and
mechanical properties, such as high strength and stiffness, low
density, low elastic modulus, and good castability (Ref 1).
However, magnesium alloys have a high corrosion rate, which
is obviously a drawback with regard to biomedical applications
(Ref 4, 5). Conventional preparation methods, such as anodic
oxidation (Ref 6, 7), polymer coating (Ref 8), chemical
conversion coating (Ref 9), plasma anodization (Ref 10), and
magnetron sputtering process (Ref 11) do not produce satis-
factory coatings, because the coatings produced by these
methods have a low corrosion resistance.

Microarc oxidation (MAO) technique, also called as plasma
electrolytic oxidation (PEO) method, has been developed
recently as a promising solution to the low corrosion resistance
problems (Ref 12-15). In MAO processes, the metal or alloy
samples to be coated serve as anodes. The samples are
immersed in a stainless steel bath as the cathode which contains
the electrolyte, typically a dilute alkaline solution (Ref 16).
When the MAO process is applied on magnesium alloy,
oxidation voltage is typically about 200 V (Ref 12-15). This
voltage exceeds the local dielectric breakdown potential of
growing oxide film, and therefore discharges may occur. These

discharges result in localized plasmas, producing a high
temperature and pressure for producing dense oxide coatings.

During the MAO deposition process, residual stresses arise
due to temperature and microstructural changes. Residual
stresses have a great effect on various characteristics of the
coatings, such as corrosion, fatigue, fracture, wear, and friction
properties (Ref 17). Despite the importance of residual stress on
the biological, physical, and mechanical performances of the
MAO coatings, only a few studies have addressed this issue.
Khan et al. studied the residual stress in MAO coatings on Al
alloy (Ref 18). Their study showed that residual stresses in the
MAO coatings were formed as a result of a complex interaction
between stress-generation and stress-relaxation processes.
Huang et al. investigated the mechanical properties of titania
prepared by MAO at different voltages (Ref 19). Their study
showed that residual stress increased with applied voltages.
Previous studies were primarily focused on the microstructural
characteristics and residual stress measurements of MAO
coating on Al and Ti alloys. There is so far no study on
residual stress studies of MAO coating on Mg alloy substrates.

In the study, the residual stresses in MAO coatings produced
on AZ31 magnesium alloy substrates at various deposition
voltages are reported. The stresses are evaluated using sin2 w
x-ray diffraction technique. Both the surface and cross-section
of the coatings are examined using scanning electron micros-
copy. The effects of applied voltage on residual stresses are
discussed. Finally, the correlation between the residual stress
and microstructure is proposed.

2. Experimental

2.1 Preparation of the MAO Coatings

Square plates (20 mm9 20 mm9 1 mm) of AZ31 magne-
sium alloy with a chemical composition of 2.5-3.5 wt.% Al,
0.7-1.3 wt.% Zn, 0.2-1.0 wt.% Mn, 0.05 wt.% Si, 0.01 wt.%
Cu, and Mg balance, were used as the substrates for coating
deposition. Before MAO treatment, the substrates were
mechanically polished to achieve a surface finish of Ra� 1.6
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lm, ultrasonically cleaned in ethanol for 5 min, and then dried.
The coatings were prepared on the AZ31 magnesium alloy
surfaces with a 50-kW capacity MAO equipment (MAO20,
Chengdu PULSETECH Electrical Co., China). The equipment
has an adjustable pulsed DC source, a stainless steel container
with a sample holder as the electrolyte, and a stirring and
cooling system. The magnesium alloy substrate and the wall of
the stainless steel container were used as the anode and the
cathode, respectively. An electrolyte prepared from a solution
of 10 g/L Na3PO4 in distilled water was kept at room
temperature during the entire treatment procedure. A pulsed
current was applied at the frequency of 100 Hz, and the duty
cycle of 0.3. The duty cycle is defined as the ratio between
pulse duration and the period of a rectangular waveform. In
order to study the effect of the applied voltage, coatings were
produced at four different voltages, 250, 300, 325, and 350 V.
for a constant 5-min deposition period.

2.2 Characterizations

2.2.1 Residual Stress Measurement. A x-ray diffractom-
eter (X�Pert PRO MRD, PANalytical B.V., The Netherlands)
with Cu Ka radiation (45 kVand 40 mA) was used for a detailed
study of surface phase composition of the coatings. The samples
were scanned at normal h/2h geometry in the 2h range from 20�
to 60� with 0.0125� size step.

Residual stresses in the MgO constituent of the coating were
measured by the sin2 w method (Ref 20):

r/ ¼ �
E

2ð1þ mÞ ctg h0
p
180

@ð2hÞ
@ðsin2 wÞ

ðEq 1Þ

where h0 is the Bragg�s angle at diffraction peak in the sam-
ples without residual stress, h is the Bragg�s angle at diffrac-
tion peak in the samples with residual stress, E is Young�s
modulus, and m is Poisson�s ratio of the thin film. In this
study, the elastic constants of MgO used were E = 248 GPa
(Ref 21); and m = 0.187 (Ref 21). In this study, the diffracted
peak (200) at 2h = 42.909� was used (h0 = 21.4545�). The
measurements were carried out at four different w angles (0�,
15�, 30�, and 45�) in the 2h range from 41� to 45� with a
scan step of 0.0031� (2h).

The change in the lattice spacing d at different w angles
resulted in a corresponding peak shift (Fig. 1), the measured 2h
is plotted as a function of sin2 w. The residual stress in the
coating can be determined from Eq 1 and the linear slope of the
fitted curve.

2.2.2 Microstructural Analyses. SEM (Quanta200
SEM, FEI, The Netherlands) was employed to observe the
microstructures of the coatings. For sample preparation, the
MgO coatings were sputter-coated with a thin layer of gold to
minimize surface charging.

3. Results and Discussion

3.1 Phase Analyses

The XRD patterns of the MAO films formed at 250, 300,
325, and 350 V are shown in Fig. 2. It is indicated that the
phase is mainly composed of Mg, MgO, MgAl2O4, and
Mg3(PO4)2. The Mg phase is from the AZ31 Mg alloy
substrate.

At a low applied voltage (250 V), diffraction peak of MgO
is very weak (Fig. 2a). Above this voltage, MgO peaks were
identified clearly by XRD in each applied voltage. It is
suggested that a cubic MgO can be obtained via regulating the
applied voltage in the present electrolyte.

In addition, diffraction peaks of MgAl2O4 (spinel) were
observed at all the applied voltages. The diffraction peak of
MgAl2O4 is very strong at 250 V, and its intensity decreased
when the applied voltage was increased. The presence of
Mg3(PO4)2 compounds suggested that the electrolyte ions
participated in the growth process of the coating (Ref 22).

3.2 Microstructural Analyses

3.2.1 Surface Morphology. In Fig. 3, SEM observations
revealed four types of surface morphology for the coatings
produced at different voltages. As seen in Fig. 3(a), at the
low voltage of 250 V, the oxidation coatings showed dense
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Fig. 1 An example of XRD spectrum shift at different w values for
MAO-coated sample treated at voltage = 325 V for 5 min
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Fig. 2 XRD spectra of the MAO films at different voltages: (a)
250 V, (b) 300 V, (c) 325 V, and (d) 350 V (phase composition: 1,
Mg3(PO4)2; 2, MgO; 3, MgAl2O4; 4, Mg)
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crater-like microstructures with some round-shaped shrinkage
pores in the crater centers for all the samples. Meanwhile, it was
also noticed that a well-developed melt network was produced
at 250 V.

As seen in Fig. 3(b), at a medium voltage 300 V, the s of the
pores have increased. The large round- or elliptical-shaped
pores imply the merger of small pores. In addition, many small
cracks were evident in the coating.

At a voltage of 325 V (Fig. 3c), the number of larger and
irregularly shaped micropores increased. Round- and elliptical-
shaped pores and many small cracks were evident in the
coating.

Finally, as shown in Fig. 3(d), a loose-grained, porous
surface morphology with MgAl2O4 spinel crystals was
observed for the coatings produced at the high voltage of
350 V. The sizes of the pores and cracks were dramatically
bigger than those at 300 and 325 V, suggesting that the
smaller pores were consumed and that large cracks were
formed.

3.2.2 Cross-Sectional Morphology. Figure 4 shows the
cross-sectional images of coatings coated with different volt-
ages for 5 min. As seen in Fig. 4, micropores and microcracks
were observed in the MAO-coated layers. These pores and
cracks did not penetrate the entire coating layer. Yerokhin et al.

(Ref 23) proposed that pores in the coating layer were produced
from the gas bubbles thrown out of microarc discharge
channels, while cracks were formed by thermal stress due to
rapid solidification of the molten oxide in the relatively cold
electrolyte.

In the general operating conditions, the coating formed on
the AZ31 magnesium alloy was composed of three layers (Ref
12, 24): a 5-10 lm outer porous layer, a dense inner layer, and
a thin contact layer between inner dense layer and metal
substrate. The contact layer is relatively thin with a thickness of
100-300 nm. In our studies, as shown in Fig. 4(c), the inner
layer of the MAO coating was relatively compact, while the
outer layer had pores and tiny shrinkage holes. Figure 4(a)
exhibited the smallest thickness because of the lowest voltage
of 250 V, which resulted in an unobvious boundary between
the substrate and the MAO coating. It can be noted that in the
sample coated at 300 V (Fig. 4b), some larger microcracks and
thicker layer were present than those observed in the sample
coated at 250 V. The sample coated at 325 V showed relative
uniform structure, compared with the other conditions
(Fig. 4c). The sample coated at 325 V showed relatively
uniform structure, compared with the other conditions
(Fig. 4c). The coating thickness increased from 5 to 20 lm
with increasing voltages from 250 to 350 V.

Fig. 3 Surface morphologies of the coatings at different applied voltages for 5 min: (a) 250 V, (b) 300 V, (c) 325 V, and (d) 350 V
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3.3 Residual Stresses

The diffraction spectra for different w angles of MgO (200)
are shown in Fig. 1. The sample tilt angle w is adopted as 0�,
15�, 30�, and 45�. Taking 2h and sin2 w as y-axis and x-axis,
respectively, the XRD data are plotted in Fig. 5 from which the
slope of the straight line is obtained by the least square fitting.

The relationship between sin2 w and the corresponding 2h uses
a linear fitting model (Eq 1).

Table 1 shows the related diffraction angle 2h with different
w angles for the MgO phase at different applied voltages. Based
on Table 1 and Eq 1, residual stresses are calculated, the stress
values obtained are shown in Table 2, and the curve of the
residual stresses versus the applied voltages is plotted in Fig. 6.

As shown in Fig. 6 andTable 2, residual stresses evaluated for
the samples at different applied voltages were found to be tensile
and exhibited variance with voltages. With the increase of the
applied voltages, stress values decreased. The highest residual
stress was found to be 1418 MPa at the applied voltage of 250 V.

The decrease of residual stresses with increasing voltages is
caused by the related microstructural change. The micropores
produced by microarc discharge (see Fig. 3) could contribute to
eliminating the residual stress. In this study, the pore size
increases with increasing applied voltage. Large pores are
formed at the expense of small ones, thereby reducing the
residual stress. Additional reduction of stress is probably due to
the formation of cubic MgO with the increase of the reaction
energy, i.e., applied voltage. At lower applied voltage, the new
generated phase structure (Fig. 2a, b) induces a mismatch with
the alloy substrate (Ref 19), resulting in very high residual stress
(Fig. 3a) during fast solidification of melts, when the film surface
comes into contact with the solution. At higher voltage, the
formation of cracks (Fig. 3b, c) could release residual stresses.

Fig. 4 Cross-sectional images of the coatings at different applied voltages for 5 min: (a) 250 V, (b) 300 V, (c) 325 V, and (d) 350 V
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Fig. 5 An example of the plot 2h vs. sin2 w for the MAO-coated
sample treated at voltage = 325 V for 5 min
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4. Conclusions

The residual stresses in MAO ceramic coatings on biocom-
patible AZ31 magnesium alloy were investigated using XRD as
functions of applied voltages. The following results were
obtained:

(1) The stresses measured by sin2 w XRD method in the
MgO constituent of MAO coatings formed in diluted
Na3PO4 have been found to be tensile in nature.

(2) The residual stresses decreased with the increase of the
applied voltage. A MAO coating with uniform surface
morphology and smaller residual stress was produced at
325 V. This condition can be considered as optimal for
the range of process parameters studied in the present
study.

(3) The micropores and cracks produced by microarc dis-
charge could contribute to releasing the residual stresses.

Acknowledgments

The authors are grateful to Prof. Tom Trainor (the Department
of Chemistry and Biochemistry of the University of Alaska
Fairbanks) for providing the facilities for the x-ray diffraction
analysis. JZ acknowledges the support of the NSF grant (award

number 0723244). The study is supported by the UAF Graduate
School Fellowship.

References

1. N.T. Kirkland et al., A Survey of Bio-Corrosion Rates of Magnesium
Alloys, Corros. Sci., 2010, 52(2), p 287–291

2. M.P. Staiger, A.M. Pietak, J. Huadmai, and G. Dias, Magnesium and Its
Alloys as Orthopedic Biomaterials: A Review, Biomaterials, 2006,
27(9), p 1728–1734

3. R. Zeng, W. Dietzel, F. Witte, N. Hort, and C. Blawert, Progress and
Challenge for Magnesium Alloys as Biomaterials, Adv. Eng. Mater.,
2008, 10, p B3–B14
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