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a b s t r a c t

In the present work, ceramic coatings are deposited on the surface of 2024-T3 aluminum (Al) alloy by
micro-arc oxidation (MAO). The Surface roughness of the Al alloy substrate is different in the range from
0.2 mm to 1.6 mm. This paper investigates the effect of surface roughness of the Al alloy substrate and
surface treatment on the fatigue properties of 2024-T3 Al alloy. The morphology, microstructure, and
phase composition of the oxide layers are examined using X-ray diffraction (XRD) and scanning electron
microscopy (SEM). Surface roughness of the coatings was measured using a 3D measuring laser mi-
croscope. The fatigue life of the Al alloy is evaluated under high and low cyclic stress. The results of the
investigation have shown that the fatigue life of the coated samples with Ra¼ 0.2 mm is higher than
others. The fatigue life of coated samples with Ra¼ 0.8 mm is very close to that with Ra¼ 1.6 mm under
high cycle fatigue conditions. The reason is that the roughness of the interface between substrate and
coating affects the fatigue life of coated samples. In contrast, the fatigue property changes when the
coated samples were applied to high alternating stress. The fatigue performance of the coated Al alloy
with Ra¼ 0.8 mm is the worst, followed with Ra¼ 1.6 mm. The rougher surface and the concentrating
distribution of hills and valleys lead to this result.

© 2018 Elsevier B.V. All rights reserved.
1. Introduction

Aluminum (Al) alloy, with high strength and low specific gravity,
is the preferred material in automotive and aerospace industries
[1,2]. However, the wear resistance and corrosion resistance of Al
alloy are poor. The two disadvantages restrict its extensive appli-
cations [3e5]. Micro-arc oxidation (MAO) technique is a cleaning
process and a new surface modification technology of ceramic
oxide film on the surface of nonferrous metal [6]. And the coatings
are combined well with the substrate [5,7,8]. The coated samples,
with hard, thick, and dense ceramic coatings, showed ideal per-
formance of excellent wear and high corrosion resistance [9e11].
While the coatings improve the surface properties of the Al alloy,
the oxidation treatment has an adverse effect on the fatigue life of
the substrate [12e16]. Yerokhin et al. [12] showed thicker coatings
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reduce the fatigue properties of theMg alloy treated byMAO. Strain
distortion of Mg subsurface layers introduced by coatings is the
main reason. Furthermore, Kong et al. [14] concluded that the
overgrowth region of MAO coating into substrate is an important
reason for the decline in fatigue limit. The locations of the over-
growth easily produce stress concentration and induce the for-
mation of fatigue crack. In addition, residual tensile stress
introduced by the coating on the substrate surface promotes crack
initiation. At high cycle fatigue conditions, Lonyuk et al. [15] and his
co-workers studied the cause of the decline in fatigue life of 7475-
T6 with MAO coating. The conclusions are similar to the results by
Kong. And this paper also clearly pointed out the fatigue crack
initiation was in the substrate adjacent to the coating. The residual
compressive stress within the coating has some benefits on fatigue
life compared to hard oxidation. Wang et al. [16] calculated in
theory the value of the reduction factor for the fatigue strength of
the overgrowth zone near the interface. The decline of fatigue life
was caused by the notch sites. However, Leoni et al. [13] believed
that the micro-cracks, micro-pores, and surface roughness of the
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Fig. 2. Test piece and the anode connection.
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coating surface affect the fatigue life of coated material in addition
to notch sites. These results will provide support for further study
of the fatigue life of micro-arc oxidation. Moreover, by studying the
reason of the decrease of the fatigue life of micro-arc oxidation,
pretreatment of the substrate before micro-arc oxidation can
reduce the adverse effect [17,18]. Thus the MAO technology will
have a very wide range of applications in the aviation industry [6].
Asquith et al. [17] employed shot peening tomake the surface of the
substrate introduce residual compressive stress. Wen et al. [18]
adopted nanocrystalline layer to make the surface of the substrate
residual compressive stress. Residual compressive stress improved
the fatigue properties of the coated material by MAO. Wang et al.
[19] applied sealing pore technology to improve the fatigue prop-
erty of the coated samples by MAO. The reason is that the epoxy
resin welded the thermal cracks and filled micro-pores of the
coatings. In sum, it is significant to carry out the research of MAO in
practical application.

At present, the research of MAO process mostly grinds the
substrate to a lower surface roughness [15,20,21], but increases the
pretreatment work and the cost. In the manufacturing process, the
material grinding does not conform to the actual production con-
ditions. Thus it is of great significance to study the influence of
surface roughness of the substrate on the coated samples. To date,
there is no report on the fatigue behavior of 2024-T3 aluminum
alloy subjected to MAO process with different surface roughness of
the substrate. The paper investigates the effect of surface roughness
on the fatigue performance of an Al2024 alloy.
2. Experimental details

2.1. Coating preparation

12. A heat-treated plate of Al 2024 alloy (Cu 3.8e4.9%, Si 0.5%, Fe
0.5%, Mn 0.3e0.9%, Mg 1.2e1.8%, Zn 0.25%, Cr 0.1%, Ti 0.15%, Al the
rest) with 1.6mm in thickness was used as substrate for MAO
coating. The T3 heat treating condition consists of a solution heat
treatment, cold working, and natural aging [22]. The samples used
for axial tensileetensile fatigue testing were cut from parent plate
using wire cutting machine. The specimen geometry is given in
Fig. 1. The results of static tension carried on 2024-T3 aluminum
alloy are sb¼ 466MPa (ultimate tensile strength), s0.2¼ 333MPa
(yield strength), and d¼ 22.8%. Then test specimens having an
initial roughness of Ra¼ 0.8 mm were polished to the roughness of
Ra¼ 0.2 mm and Ra¼ 1.6 mm, respectively.

Prior to MAO treatment, the substrates of Al alloy were
degreased with alcohol and rinsed with water. The number of
specimens for each surface roughness is set to 15. All Al alloy
specimens were bolted to a copper plate mounted on the anode of
the electrolytic bath (Fig. 2). The MAO equipment used stainless
steel as a counter electrode. The samples were immersed in an
alkaline silicate solution containing Na2SiO3 (6.0 g/L), NaOH (1.2 g/
L), (NaPO3)6 (35.0 g/L), and Na2WO4 (6.0 g/L) in distilled water. This
can reduce the error caused by changes in the experimental
Fig. 1. Dimension of 2024-T3 alloy used in fatigue testing.
environment. It should be noted that the material of the bolt and
nut used for the connection is aluminum alloy. The MAO treatment
was carried out under constant voltage of 500 V, with a duty cycle
of 10%, and frequency of 600 Hz for 12min. A 65 kW MAO device is
adopted to offer energy [16]. Sample codes are given in Table 1. In
Fig. 2, it can be seen that cold water was injected to the electrolyte
bath. So the electrolyte temperature could be controlled to remain
lower than 50 �C. After the MAO treatment, the specimens were
removed from the electrolyte, washed with water, and dried with a
blower.

2.2. Coating characterization

The thickness of coatings was determined using the eddy cur-
rent thickness gauge (GTS810NF, GUOOU) at ten randomly selected
locations, and thickness was calculated by the average of the
measurements. The field emission scanning electron microscopy
(SEM, Ultra Plus, Carl Zeiss AG) was employed to examine the
microstructure and the cross-section morphology of the oxide
layers. The crystallographic characteristics of the oxides were
investigated using X-ray diffraction (XRD, Cu-Ka, 40 KV-40mA,
Philips, Netherlands) over 2q range from 20� to 80� at a scan rate of
1.5�/min. The surface roughness (Ra) of coatings was measured
using a 3D measuring laser microscope (LEXT OLS4100). Average
values were calculated as the surface roughness.

2.3. Fatigue studies

The mechanical behavior of bare 2024-T3 Al and MAO coated
fatigue samples were evaluated using a PC controlled EHF-
EV200K2-040-1A machine. The experimentations including static
tension and fatigue tests were done. The influence of the MAO
coating on the mechanical properties of the substrate is studied in
this paper. All samples were subjected to axial tensileetensile fa-
tigue test at 20 Hz frequency with a sinusoidal cycle of a stress ratio
(minimum load to maximum load) of 0.1. The fatigue property is
evaluated under low (390MPa and 350MPa) and high cycle
(240MPa and 220MPa) fatigue conditions. Thus the fatigue life of
the coatings formed on substrate with Ra¼ 0.2 mm and Ra¼ 1.6 mm
is discussed compared to Ra¼ 0.8 mm. For the sake of more accurate



Table 1
Different process parameters used during the experiment for each sample.

Sample codes Applied voltage (V) Surface roughness of substrate Ra (mm) Duration time (minutes)

a 500 0.2 12
b 500 0.8 12
c 500 1.6 12
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values, three coated specimens were tested at one stress level, and
the average fatigue life was obtained.
3. Results and discussion

3.1. Microstructure of coating

The surface roughness and coating thickness of coatings formed
on the 2024-T3 Al with different roughness of substrate are pre-
sented in Table 2. The calculation result of coating thickness is
5.1 mm, 4.6 mm, and 4.7 mm for coatings a, b and c, respectively. It
shows that the roughness of the substrate has less effect on the
coating thickness in 12min of surface treatment. The roughness
values are 0.40 mm, 0.69 mm and 0.74 mm for coatings a, b and c,
respectively. The surface roughness of the coatings is lower than
that of substrate except for the roughness of Ra¼ 0.2 mm. The oxide
layers, with pores and pancake projections, made the surface of
smooth substrate rough [21]. However, the defect of a rough surface
was covered by the coatings. Consequently, the surface roughness
of coated samples was improved. Fig. 3 shows that the three
dimensional surface profiles of the coated samples. It can be seen
that the distribution of hills and valleys is relatively concentrated
on its surface as shown in Fig. 3b compared to other coatings. This
will promote crack propagation. In addition, the surface profile
shows that the roughness of the sample a and b is lower compared
to that of sample c. The surface of the specimen c has shallow
grooves, which are caused by grinding the specimen before MAO
treatment. In fact, the direction of these grooves is not perpendic-
ular to the tensile stress applying to the specimen. Therefore, MAO
treatment has less effect on the mechanical properties of the
material.

The surface morphologies of coatings were examined using SEM
and SEM micrographs are shown in Fig. 4. Images of d, e, and f are
the enlarged that of a, b, and c, respectively.

The SEM micrograph shows that a larger number of smaller
pores distributed all over the surfaces as shown in Fig. 4, but the
surface of the coating for sample a has some pores with 2e3 mm in
diameter. However, for sample b, the size in diameter ofmany pores
is less 2 mm (Fig. 4e) and very few are 3e4 mm (Fig. 4b). The
diameter of most micro-pores on the surface of specimen c is 1 mm.
The relatively large size of the pores can accelerate the growth of
the coating [23]. Thus the coating of the specimen a is thicker.
Moreover, research has shown that the molten metals extruded
from the discharge channel and they are rapidly cooled to form
oxides that adhere to the substrate when encountering the elec-
trolyte [24]. Therefore, the surface of the coating has a volcanic
spray-like surface topography. Under the high voltage, the position
of the thinner coating is easy to be punctured to form the discharge
Table 2
Coating thicknesses and surface roughness of coated samples.

Sample Average coating thickness (mm) Surface roughness, Ra (mm)

a 5.1 0.40
b 4.6 0.69
c 4.7 0.74
channel [24e26]. Due to the same pulse duty cycle, the large energy
input leads to larger pores on the coating with less discharge
channel [26,27]. So the coating surface of sample a has large size
pores. The coating surface of sample b and c has many small pores
and the coating is also not evenly distributed. This can also be seen
in Fig. 3. However, pores are likely to become crack initiation sites.

The cross-section of the sample formed under the conditions
described in Table 1 shows two regions distinguished by color and
density (Fig. 5). In particular, the oval markings in Fig. 5b are the
result of polishing during specimen preparation and the films are
not separated from the substrates [27]. It should be pointed that the
interface between substrate and oxidation film is inclined to be
rather zigzag as shown in Fig. 5b and c, which is not the overgrowth
sites, but rather caused by the rough surface of the substrate. And
the interface for the roughness of Ra¼ 0.2 mm shown in Fig. 5a is
smooth. The investigation has shown that the notch of the interface
is prone to be areas of stress concentration and crack initiation [16].

Fig. 6 shows XRD patterns of MAO coated samples a, b, and c,
which were prepared using different process parameters listed in
Table 1. It can be seen that the diffraction peaks of Al 2024 alloy are
strongly detected. Because the coatings are thin and have lots of
micro-pores on the surface and the X-rays can easily penetrate
through it [14]. In order to observe other diffraction peaks, the
diffraction peaks of Al alloy are taken as a part. Thus as shown in
Fig. 6, the coatings for different roughness of substrate mainly
consist of g-Al2O3 phase and a small amount of a-Al2O3. In the
initial stage of MAO, there are many discharge channels on the
surface of the coating, which promote the electrolyte entering the
substrate. Thus the electrolyte encounters with the molten alumina
that ejected out from the channel and encourages the formation of
g-Al2O3 phase during solidification of alumina droplets [23,24].

It has been reported that g-Al2O3 phase in the coatings can
generate residual compressive stress on the surface of substrate
and inhibit the initiation and propagation of cracks [15,17].
3.2. Fatigue studies of coated samples

Fig. 7 shows the fatigue life date for the substrate (Ra¼ 0.2 mm)
and the coated specimens at smax¼ 220MPa, smax¼ 240MPa,
smax¼ 350MPa, and smax¼ 390MPa. The surface roughness of
2024-T3 plate applied to the aircraft structure is Ra¼ 0.8 mm. It can
be seen that the fatigue life of the sample a is increasing compared
to corresponding that of the substrate at four stress levels. On the
one hand, the substrate near the interface between substrate and
coating is subjected to compressive stress. The compressive stress is
caused by the different coefficients of thermal expansion of the
substrate and the coating (aAl (~24� 10�6/ºC)>ag-Al2O3(~6.2� 10�6/
ºC)) [28]. Wasekar et al. [29] tested the residual stress of the 15 mm
thick coating (mainly g-Al2O3 phase) and found that the g-Al2O3

produced a compressive stress of 126MPa on the substrate. And the
compressive stress can inhibit the initiation and propagation of
cracks [15,25,30]. On the other hand, the surface roughness of the
sample becomes lower after micro-arc oxidation (Table 2), which
helps to improve the fatigue performance. However, the effect of
the coating on the fatigue life of the substrate is not significant for
sample b. Under the low cycle fatigue conditions, the crack



Fig. 3. 3D surface profiles of the oxides obtained by MAO carried out under the conditions described in Table 1 for (a) Process a, (b) Process b, (c) Process c.

Fig. 4. Surface morphologies of the oxides obtained by MAO carried out under the conditions described in Table 1 for (a) (d) Process a, (b) (e) Process b, (c) (f) Process c.
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propagation life is the main part of the fatigue failure [31]. Ac-
cording to the 3D surface profiles of sample b, the concentrating
distribution of hills and valleys promotes crack propagation and
weakened the fatigue properties of the coated specimen. When the
low alternating stress is applied, the crack propagation period is
relatively small, and the crack initiation period is the major part.
Therefore, under the high cycle fatigue conditions, the fatigue life of
the sample b is clearly better than that of the substrate.

In order to explain the effect of the change of surface roughness
on the fatigue life of coated specimen treated by MAO, the variable



Fig. 5. Cross-sectional view of the oxide layers obtained by MAO carried out under the conditions described in Table 2 for (a) Process a, (b) Process b, (c) Process c.

Fig. 6. XRD pattern of the oxide layers under the conditions described in Table 1 for (a)
Process a, (b) Process b, (c) Process c, with the respective phases identified.

Fig. 7. Fatigue life of bare specimens (Ra¼ 0.8 mm) and coated specimens oxidized
under the conditions described in Table 1 for (a) Process a, (b) Process b, (c) Process c.
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h is defined as:

h ¼ Nf
0
.
Nf (1)

where Nf
0 is fatigue life of the sample a and c, Nf is fatigue life of the

sample b. The values are listed in Table 3. According to the data h in
Table 3, it is easy to find that the fatigue life of the specimen a is
higher than that of the others in both high and low cycle fatigue
conditions. For the simple c, its fatigue life is higher than that of
sample b at smax¼ 350MPa and smax¼ 390MPa. However,
compared with the sample b at smax¼ 220MPa and
smax¼ 240MPa, the fatigue performance of the sample c is rela-
tively poor. Li et al. [32] studied the effect of different surface
roughness on the fatigue life of medium carbon steels. It is
concluded that the influence of surface roughness (Ra¼ 0.4 mm,
Ra¼ 0.8 mm and Ra¼ 1.6 mm) is not significant under the high cycle
fatigue conditions. When low alternating stress is applied, as the
surface roughness increases, the fatigue life decreases gradually
and the mean of the fatigue life with Ra¼ 0.8 mm is very close to
that with Ra¼ 1.6 mm. From the cross-sectional view of the oxide
layers in Fig. 5, thinner coatings do not introduce defects into the
substrate surface, which is similar to [33].

And the interface between substrate and coating plays an
important impact on fatigue life [14,16]. The roughness of interface
for sample a, b and c is Ra¼ 0.2 mm, Ra¼ 0.8 mm and Ra¼ 1.6 mm.
When low alternating stress is applied, the result of the fatigue life
(Table 3) at smax¼ 220MPa and smax¼ 240MPa coincide well with
Table 3
The fatigue life of the sample a and c ( Nf

0 ) and the sample b ( Nf ) and the value of h

smax sample Nf
0 Nf h

220MPa a 578140 e 1.271
b e 454832 e

c 403415 e 0.887
240MPa a 396398 e 1.966

b e 201584 e

c 202800 e 1.006
350MPa a 56381 1.516

b e 37190 e

c 47433 1.275
390MPa a 31532 e 1.436

b e 21960 e

c 29663 e 1.351



Fig. 8. The S-N curves of samples a, b, c, and bare Al alloy (Ra¼ 0.8 mm).

Table 4
Material constant of coated samples by MAO with different roughness of substrate
and bare Al alloy.

Sample k CS

a 5.110 5.56� 1017

b 5.038 2.43� 1017

c 4.338 5.07� 1015

Bared 4.634 1.98� 1016
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results by Li and his coworker. Under the low cycle fatigue condi-
tions, the surface roughness of the coating affects the fatigue life of
the coated specimen [25]. The samples with smoother surface
roughness of coating have excellent fatigue property. So the fatigue
life of sample a is higher than that of the others. However, the
distribution of valleys for sample b distributes is relatively
Fig. 9. The fatigue fractural surface morphology o
concentrated. Thus the crack is spread very fast from the surface of
coating to the interface between the coating and the substrate. The
reasonwhy the fatigue life of the sample c is higher than that of the
sample b is that the existence of the groove hinders the propagation
speed of the crack.

Fig. 8 shows the S-N curves for sample a, b, c, and bare Al alloy.
The least squaresmethod is used to fit the fatigue test data to obtain
the material constants k and CS. The values are shown in Table 4.
The resulting material constants are brought into the Basquin
equation (Equation (2)) to obtain the S-N curve [34].

SkmaxNf
0 ¼ CS (2)

Smax is maximum stress.
The curves of specimen a at the stress level of

150MPae450MPa are all above the curves of others, and the fa-
tigue performance is the best. The curve of bare aluminum is the
f (a) bare Al (Ra¼ 0.8 mm) alloy, (b) sample b.



Fig. 10. The fatigue fractural surface morphology of (a) sample a, (b) sample c.
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opposite, and the fatigue life is the worst. However, the curves of
specimens b and c have intersections at Smax¼ 240MPa. As dis-
cussed earlier, the fatigue performance of sample b and c is
different in the stress range of 150MPae240MPa and
240MPae450MPa.

Before and after the micro-arc oxidation, the fatigue fracture
morphologies of Al alloy are shown in Fig. 9. Fatigue lines exist in
fatigue fractures. It can be seen that the zones of crack initiation
marked as A and A1 are on the surface of the sample. Stress con-
centration and surface defects may be the causes of crack initiation.
Crack propagation zone of coated and uncoated sample is different
as shown B and B1. Although they all have fatigue stripes, there are
brittle fatigue stripes in zone B, as indicated by the arrows. The
number of fatigue stripes represents the number of cyclic loads
applied. Thus the crack propagation life of bare Al alloy becomes
shorter because of the presence of brittle fatigue stripes. And dif-
ferences in the internal microstructure of the Al alloy cause the
fatigue stripes not in one plane and direction. The zones marked C
and C1 are the morphologies of the surface of samples. The coated
sample has a rougher fracture surface than the bare Al alloy. This is
caused by the microscopic defects of the coating.

Fig. 10 shows that the fracture morphologies of sample a and
sample c. It can be seen that the zones of crack initiation marked A2
and A3 are same as the bare Al and sample b. Moreover, all the
samples in Figs. 9 and 10 marked B, B1, B2, and B3 have second
cracks, but sample a has less second cracks. Therefore, the
morphology of fatigue stripes marked B2 for sample a are smoother
than that of fatigue strips for other samples. The pit may be caused
by the presence of inclusions inside the Al alloy for crack propa-
gation zone pointed by the arrow in Fig. 10. However, the circular
marking area is the brittle part of the sample c. Under high-cycle
fatigue conditions, this is a factor that affects the fatigue life. It is
worth noting that the fracture surface of the specimens a and c is
flatter than that of the specimen b. This is due to multiple cracks on
the coating surface of sample b.

4. Conclusions

All of coatings formed on the substrate with different surface
roughness mainly consist of g-Al2O3 and small amounts of a-Al2O3.
And the substrate near the interface between substrate and coating
is subjected to residual compressive stress due to the existence of
g-Al2O3. The residual compressive stress can improve the fatigue
performance of the specimen. Moreover, thinner coatings do not
introduce defects into the substrate surface. After MAO treatment,
the surface of the coatings for the substrate with Ra¼ 0.2 mm
become rougher, while that for the substrate with Ra¼ 0.8 mm and
Ra¼ 1.6 mm become smoother. Especially, the distribution of hills
and valleys is relatively concentrated on its surface for the sample
with Ra¼ 0.8 mm.
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Under the high cyclic stress of 350MPa and 390MPa, the effect
of surface roughness of the coating on the fatigue life of the coated
specimens is significant. The rougher the surface of coating is, the
lower the fatigue life is. However, the concentrating distribution of
hills and valleys is harmful to the fatigue life. For the high cycle
fatigue life, roughness of the interface between substrate and
coating plays an important impact on fatigue life. As the surface
roughness of the interface decreases, the fatigue life increases.

This paper offers new insights into the effect of the surface
roughness of the substrate on the fatigue life of coated samples. It is
expected that the results of the paper could be utilized to promote
the application of the MAO technology in production practice and
reduce production cost.
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