
Kovove Mater. 61 2023 81–90
DOI: 10.31577/km.2023.2.81

81

High-cycle fatigue and tensile strength of AZ91 Mg alloy
with MAO-epoxy duplex coating

Filiz Karabudak*

Department of Mechanical Engineering, Faculty of Engineering and Natural Sciences, Gümüşhane University,
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Abstract

In this study, an epoxy layer was formed by the immersion process, on the oxide layer
grown by the micro-arc oxidation (MAO) treatment of the AZ91 magnesium alloy, using
the thin film sealing technology, and its effect on fatigue and tensile stress under high cycle
conditions was investigated. The microstructures of the AZ91 base material, MAO/AZ91 and
MAO-epoxy/AZ91 samples, which were subjected to high-cycle fatigue tests and uniaxial
static tensile tests, were assessed through the scanning electron microscope (SEM), X-ray
diffraction (XRD) mechanical tests, and fatigue and tensile tests. As a result, the MAO-epoxy
duplex coating, which has a homogeneous and compact structure, was observed to improve the
fatigue limit value/life, yield strength, ultimate tensile strength, and percentage elongation
values of the base material significantly.
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1. Introduction

The AZ91 magnesium alloy, which is used in indus-
tries and whose mechanical and corrosion behavior has
been extensively researched before, is the most popu-
lar magnesium alloy within the AZ group. Magnesium
alloys are widely used in aerospace, electronics, com-
munication, and automotive industries since they have
good mechanical properties such as good corrosion re-
sistance (for the high-purity version of the alloy), ex-
cellent pourability, low density, high specific strength
and good thermal conductivity, along with low pro-
duction costs. In addition to advantages, the alloy also
has some disadvantages, such as poor formability, lim-
ited ductility, and weak mechanical properties [1–3].
The structural components of the magnesium alloy,
which are used in automobiles, aeroplanes, and trains
and subjected to cyclic loading, can inevitably lead to
destructive fatigue failure. Therefore, the fatigue be-
havior of magnesium alloys needs to be investigated
inclusively [4, 5].
Studies on improving the fatigue behavior of light

metals such as Mg have recently focused on surface
coating methods [6, 7]. Micro-arc oxidation (MAO) is
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one of the most popular methods [6, 8]. The electro-
chemical MAO process, which can increase the film
thickness with variable process parameters, provides
high wear resistance and corrosion protection [6, 9–
11]. In their study, Němcová et al. (2014) concluded
that the effect of the MAO treatment of AZ61 on fa-
tigue limit resulted in a 38% reduction in air and 56%
in a 3.5 % NaCl solution [12]. It is thought that defects
in surface coatings can easily lead to the onset of fa-
tigue cracks in existing surface treatments [7]. There-
fore, it is assumed that a surface with low roughness
should be created to significantly improve the fatigue
resistance of Mg alloys.
Srinivasan et al. (2009) evaluated the cracking of

the layer formed by MAO treatment with the tensile
test under the slow strain rate testing (SSRT) of the
AM60 alloy, a cast magnesium alloy. As a result of
the slow strain rate testing conditions, they concluded
that the stress corrosion cracking (SCC) behavior of
the MAO-coated samples caused the base material to
crack due to the existence and development of micro-
cracks in the coating [13]. The high porosity content in
the MAO coating and large pores were held respon-
sible for the significant reduction in the mechanical
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Ta b l e 1. Chemical composition and physical properties of AZ91 alloy

AZ91 Chemical composition (wt.%) Physical properties

Al 8.84 Density 1.80 g cm−3

Zn 0.61 Hardness 63 HB
Mn 0.18 Melting point 615◦C
Si 0.02 Tensile strength 230 MPa
Cu 0.005 Yield strength 150 MPa
Mg Balance

properties of magnesium. Sun (2019) investigated the
effect of micro-arc oxidation coating on tensile proper-
ties in the die-cast AZ91 Mg alloy. The tensile test re-
sults indicated that MAO coating decreased the UTS
and YS of 2- and 6-mm samples but slightly increased
the tensile properties of the 10-mm sample. SEM anal-
ysis revealed that differences in the size and content
of the pores between the base and the ceramic coating
should be responsible for the change in tensile prop-
erties [14]. In light of this information, it can be men-
tioned that there are few studies on increasing the ten-
sile strength of Mg alloys by improving their surface
properties with the MAO technique.
In this sense, to improve tensile and fatigue resis-

tance, it is necessary to change/damp the direction of
the tip of the growing crack or prevent the growth of
the cracks originating from predictable sources. It is
possible to improve tensile strength by applying sur-
face coating processes, such as MAO, which form an
oxide coating with high strength, to ductile materials
that are tougher than brittle materials, and obtain-
ing tougher surfaces resistant to plastic deformation.
However, since the porous structure of MAO quickens
the onset of the first crack, it is thought that this prob-
lem can be solved by filling pores with high-strength
epoxy with a second coating (duplex) and ensuring
mechanical interlocking with the base material.
This study aimed to increase the fatigue crack ini-

tiation time of the base material by decreasing the
surface porosity with a second coating on the porous
MAO coating grown on the base material. To this end,
samples with MAO-epoxy duplex coating were sub-
jected to fatigue and tensile tests, and the limit values
were discussed.

2. Experimental procedures

The AZ91 magnesium alloy, whose chemical com-
position and physical properties are presented in Ta-
ble 1, was used in this study. The surface of the fa-
tigue and tensile samples prepared in the dimensions
given in Fig. 1 was sanded with 800–1200 SiC sandpa-
per, cleaned with alcohol, and made ready for MAO
coating. The DC power supply produced by Fara-
day Electronics was used in the MAO coating grow-

Fig. 1. A sample for (a) fatigue tests and (b) tensile tests
(dimensions in mm).

Ta b l e 2. Electrolyte composition used for MAO coating

Chemical compound Weight (g)

K2SnO3 1
KOH 1

Na2HPO4 3
Na2SiO3 4

ing process on the base material. In the coating pro-
cess, a stainless-steel chamber was treated as a cath-
ode, and the AZ91 alloy was treated as an anode.
The treatment took 15min at a constant current den-
sity of 100mA cm−2 and a frequency of 300 Hz. Ta-
ble 2 shows the electrolyte used in the coating pro-
cess. At the end of the process, MAO-coated samples
were washed with distilled water and dried in dry, hot
air. To apply the second layer, a two-component DTE
1200 epoxy resin /DTS 1151 hardener epoxy resin sys-
tem with 100/27% by weight, provided by Duratek
Protective Materials Ltd. Şti. (Turkey), [15] was used
[16]. MAO-coated base materials were immersed in
the epoxy solution for 10 s, removed for 2–3 s, and re-
immersed in the epoxy solution. This process was re-
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Fig. 2. Surface morphology of the MAO sample at different magnifications: (a) 100 µm and (b) 20 µm.

Fig. 3. SEM image of the MAO-epoxy sample at different magnifications: (a) 500 µm, (b) 50 µm, and (c) 20 µm.

peated five times for all samples. MAO-epoxy samples
were dried at ambient temperature for 10 days.
Microstructural properties were analyzed by the

scanning electron microscope (SEM), with phase dis-
tribution within the scanning range of 20–90◦, at a
0.1-degree scanning step and 2.5 degree min−1 scan-
ning speed, with λ = 1.5404 Å Cu-Kα-induced X-ray
diffraction (XRD). Surface roughness (Ra) values of
the coatings were determined using a surface pro-
filometer. Tensile tests were carried out at room tem-

perature using a Shimadzu AGS-X universal test ma-
chine with a tensile speed of 0.5 mmmin−1. Three
tensile test samples were prepared from each of the
AZ91 base material, MAO and MAO-epoxy samples
(Fig. 1b). High-cycle fatigue tests were conducted in
an R. R. Moore-type rotary bending fatigue tester
with a rotational speed of 3000 rpm. Three fatigue
tests were executed at one stress level to obtain more
accurate values in each of the base material, MAO and
MAO-epoxy samples (Fig. 1a).



84 F. Karabudak / Kovove Mater. 61 2023 81–90

A type B curved fatigue test sample was selected
according to the ASTM [17] standard. The specimen
dimensions are given in the figure. Tensile test samples
were prepared according to the ASTM E8 standard
[18, 19].

3. Results and discussion

Figure 2 shows the SEM images related to the
surface morphology of the MAO coating. As seen in
the figure, the surface morphology of the MAO film
has circular [20] pores in micrometric sizes. Typical
molten oxide nodules [21] are observed on the surface
as in electrochemically coated samples. Micropores re-
sult from gas bubbles and micro discharges [22]. The
pore diameter in the oxide layer was measured to be
about 1 µm. The average of three surface profiles at
a measurement distance of 17.5 mm from the coating
surface was taken, the average Ra value was obtained
as 8.27 µm, and the maximum Rz value was obtained
as 41.0 µm. The measured roughness value was evalu-
ated, considering 5 % margin of error.
Upon examining the SEM images of the MAO-

epoxy duplex coating in Fig. 3, no apparent defects are
observed on the transparent, smooth, homogeneous,
and compact coating surface. The average of three
surface profiles at a measurement distance of 17.5 mm
from the coating surface was taken, the average Ra
value was obtained as 0.138 µm, and the maximum
Rz value was obtained as 0.703µm. The epoxy resin
was seen to fill the thermal cracks and micropores
andminimize the surface roughness with a homoge-
neous, compact, thin film layer that did not contain
apparent defects and adhered to the oxide surface very
well.
Figure 4 presents the sectional images of MAO

and MAO-epoxy duplex coating. In Fig. 4a, coatings
grown with the MAO technique consist of three lay-
ers. The first layer is outer porous layer, called MAO
technological layer. The second is the MAO main
functional layer, and the third is the MAO barrier
layer. The region between the coating and the sub-
strate is the barrier (transition) layer and is strongly
bonded to the substrate. The main functional layer
has a more perfect structure and fewer pores than the
outermost technological layer. The technological outer
layer, which has a very porous and fragile structure,
was removed by fine polishing with diamond paste af-
ter coating. Here, MAO pre-treatment ensured higher
coating adhesion by improving the contact area be-
tween the epoxy coating and the base material [23, 24].
The thickness of the MAO coating was measured in
the range of 14–15µm, and the thickness of the epoxy
coating was measured in the range of 12–13µm. The
porous and rough MAO layer was evenly filled with
epoxy coating, as shown in Fig. 4b. The epoxy coat-

Fig. 4. Cross-sectional view of (a) MAO coating thickness
and layers, (b) MAO-epoxy duplex coating.

Fig. 5. XRD patterns of MAO and MAO-epoxy coatings.

ing on the crater-like porous structure of the MAO
layer with sealing technology enabled good mechani-
cal interlocking with the magnesium substrate. With
the combination of oxide and epoxy coating, the weak-
ness of the MAO coating caused by the porosity on its
surface was observed to be eliminated.
Figure 5 shows the XRD patterns of MAO and

MAO-epoxy coatings. In the curve shown in blue, the
dominant peak in the MAO coating grown on the
AZ91 Mg alloy is caused by the MgO phase, in par-
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Fig. 6. High cycle S-N curves of samples.

allel with the literature [25–27]. Mg atoms originating
from the base material also peak [25, 28]. MgO and Mg
peaks originate from the MAO coating and base mate-
rial [29, 30]. Diffraction peaks in MAO-epoxy coat-
ing are absent due to the amorphous structure of the
epoxy resin.

3.1. Fatigue test

Figure 6 shows the stress amplitude (σa) and the
number of cycles to failure (S-N) curves of AZ91 base
material, MAO, and MAO-epoxy coatings. Fatigue
strength and fatigue life were higher in MAO-epoxy
coatings, as expected. The S-N curve of the MAO-
epoxy duplex coating exhibits a typical sharp knee,
and the σa of 92MPa against 107 cycles can be con-
sidered the endurance limit. Likewise, the S-N curve
of the AZ91 base material exhibits a typical sharp
knee. The σa of 80 MPa against 107 cycles can be
considered the endurance limit. The S-N curve of the
MAO coating drops continuously with the increasing
number of cycles within the broad range of 103–107

cycles, and the σa of 69MPa against 107 cycles can be
considered the endurance limit. The endurance limit
life was increased by approximately 15% compared
to the AZ91 base material MAO-epoxy duplex coat-
ing and decreased by approximately 13% compared to
the MAO coating. The fatigue strength of the MAO
coatings decreases compared to the base material since
the crack progresses rapidly and results in damage due
to the porosity of the MAO structure. In other words,
at the endurance limit, the transition of oxide-coated
samples to the infinite life zone starts significantly ear-
lier than the uncoated base material due to the inhi-
bition of the cracking onset by the porous oxide layer
[6, 31]. When the S-N curves of the MAO-epoxy du-
plex process in Fig. 6 are examined, the fatigue life

and strength of the base material are observed to in-
crease. Here, the endurance limit life increased be-
cause MAO pre-treatment improved the contact area
between the transparent, smooth, homogeneous, and
compact epoxy and the base material and ensured
good mechanical interlocking of the epoxy with the
magnesium substrate [23, 24].
Experimental results clearly show that MAO coat-

ing does not provide any advantages in terms of high-
cycle fatigue strength. However, MAO-epoxy duplex
coating increases high-cycle fatigue limit and life.
Upon examining Fig. 8 later in the article, it is

seen that the yield strength (YS), tensile strength
(UTS), and the elongation of the AZ91 base material,
MAO oxide coating, and MAO-epoxy duplex coating
increase linearly with the fatigue behavior in Fig. 6.

3.1.1. Fatigue fracture surfaces

As is known, the crack propagation process consists
of three stages: (I) crack initiation, (II) crack prop-
agation, and (III) destructive deterioration. As seen
in Fig. 7, fatigue cracks in MAO-treated samples are
assumed to result from stress concentrations at struc-
tural defects in the porous oxide layer, supported by
a study in the literature [34]. After crack initiation,
it tends to a brittle fracture with a ”stage III” region
over a large area. It is thought that the material tends
to harden and brittle as a result of the irreversible
plastic deformation caused by repeated stresses and
fractures on the contact surface of the AZ91 substrate,
which has a ductile tendency, with the MAO coating,
supported by studies in the literature [32, 33]. How-
ever, since the crack initiation time was faster, the fa-
tigue life was lower than the base material. The broad
”stage III” region in Fig. 7c is also supported by the
MAO-epoxy curve in Fig. 6, which tends to break with
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Fig. 7. Fatigue fracture views of (a) AZ91 base material,
(b) MAO, and (c) MAO-epoxy samples.

a steep S/N slope. Here, as the bending stress ap-
proaches the endurance limit, the strengthening effect
of the oxide/epoxy coating becomes quite evident, and
it is concluded that it provides a more effective bar-
rier against the development of fatigue cracks. This
epoxy barrier layer increased the life of the AZ91 base
material.

3.2.Tensile test

Figures 8a,b,c show tensile ‘Stress (MPa)/Elong-
ation (%) curves for the AZ91 base material, MAO
coating, and MAO-epoxy duplex coating. In Fig. 8d,
the tensile stresses in Figs. 8a,b,c are combined in
‘Force (N)/Elongation (mm) units. In Fig. 8e, the
yield strength (YS), ultimate tensile strength (UTS),
and per cent elongation values obtained from these
curves as a result of the tensile test are plotted.
The MAO porous coating reduced the ultimate ten-
sile strength (UTS) of the base material from 166.824
to 157MPa, by approximately 6 %. This can be ex-
plained by the fact that the possible interaction be-
tween the porous MAO coating on the surface causes
earlier crack initiation, thus greatly reducing fatigue
strength and tensile strength values in parallel to each
other (Figs. 7, 9).
MAO-epoxy duplex coating increased the ultimate

tensile strength of the base material to 198.966MPa
by approximately 19 %. MAO coating reduced the
base material’s yield strength (YS) from 161.953MPa
to 154.319MPa by approximately 5 %. MAO-epoxy
duplex coating increased the yield strength of the
base material from 161.953MPa to 189.694MPa by
approximately 17%. Considering the percentage elon-
gation values, AZ91, MAO, and MAO-epoxy values
are 9.4174, 9.04587, and 10.8989%, respectively.

3.2.1. Tensile fracture surfaces

Figure 9 shows the tensile fracture views of the
AZ91 base material, MAO, and MAO-epoxy samples
under static load. These samples have ductile frac-
tures on roughly 45◦ tensile planes. The MAO coating
sample had a lower strain rate than the base material
due to its porous surface. However, the sample with
MAO-epoxy duplex coating significantly increased the
strain rate by storing higher energy with mechanical
interlocking. Upon examining macroscopic fractures in
the base material and MAO-coated samples, it can be
seen that high strain rates are characteristic of zigzag
fractures on the edge surfaces, supported by a study
in the literature [35]. On the other hand, the sam-
ple with MAO-epoxy duplex coating tends to have a
shear fracture on the surface. The ductile fracture was
also observed toward the center of the sample. Here,
the MAO-epoxy duplex coating, which enabled seal-
ing and surface smoothness with the oxide coating,
led to an increase in brittleness on the surface, and
the strain rate in fracture increased with the increase
in toughness.

4. Conclusions

In this study, the epoxy coating was produced on
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Fig. 8. (a)–(c) Tensile curves (Stress (MPa)/Elongation (%)), (d) combined tensile curves (Force (N)/Elongation (mm)),
and (e) YS, UTS and elongation values of AZ91, MAO and MAO-Epoxy samples.
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Fig. 9. Tensile fracture views of AZ91, MAO and MAO-epoxy samples.

MAO pre-treated AZ91 Mg alloy samples. Strength
values were compared by applying fatigue and tensile
tests to AZ91, MAO, and MAO-epoxy samples.
– The oxide layer in the MAO (average Ra,

8.27 µm) coating has a high porosity by nature,
whereas the epoxy coating in the MAO-epoxy (average
Ra, 0.138 µm) duplex coating functions as a barrier by
transparently filling the crater-like porous structures
in the oxide layer, and ensures good mechanical inter-
locking.
– The results of the fatigue tests revealed that

MAO coatings could cause a 13% reduction in the
endurance limit of the base material. Upon compar-
ing the MAO-epoxy coating and base material, a 15 %
significant increase in the fatigue limit life is observed.
– When the AZ91 base material is coated with

MAO, UTS decreases by 6% and YS by 5%; when
MAO-epoxy is coated, UTS increases by 19% and YS
by 17%.
– When the per cent elongation values of ”MAO-

epoxy (10.8989) > AZ91 (9.4174) > MAO (9.04587)”
are considered, it is seen that MAO-epoxy has the
highest per cent elongation value.
– The fatigue strengths of the AZ91 base material,

MAO, and MAO-epoxy coatings are linearly propor-
tional to yield strength (YS), ultimate tensile strength

(UTS), and percentage elongation.
– As a result, since the porous MAO coating, which

reduces the fatigue and tensile strength of the AZ91
base material, is mechanically locked with epoxy,
which is compact and has low surface roughness with-
out obvious defects on the surface, the fatigue crack
initiation time and crack propagation rate decrease,
fatigue strength increases, and tensile properties im-
prove.
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