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Ceramic coatings were produced on AA7075-T6 alloy by micro-arc oxidation (MAO). The MAO treatment was
performed at different duty cycles (8, 10, 15, and 20%). Effects of duty cycle on microstructure and fatigue
behavior of the coated samples were investigated. Surface features and cross-section morphology, and fatigue
fracture were observed by SEM and laser microscope. Phase structure and residual stress in the coatings were
analyzed by X-ray diffraction. The nature and relaxation mechanism of the residual stress were revealed. Finally,

the influence of the residual stress relaxation on the fatigue life at high and low cyclic stresses was explored.

1. Introduction

Micro-arc oxidation (MAO) is a relatively new surface treatment
technology with broad range of application prospects. Light materials
treated by MAO coating technology exhibit excellent wear resistance
and high corrosion resistance [1,2]. Moreover, MAO had potential ap-
plication value in medicine and can serve as a surface treatment process
for human implants [3]. In addition to the excellent abrasion resistance
and anti-corrosive property, the microscale gouges, sub-microscale
pores, and beneficial phase components of the coatings are also the
reasons for the extensive utilization of MAO technology in human im-
plants. Aluminum (Al) alloy is increasingly used in automotive and
aerospace industries [4]. Importantly, the materials used in these fields
should exhibit excellent fatigue performance and extraordinary corro-
sion resistance property [5]. Moreover, fatigue behavior is the key
parameters of aviation material testing. Although hardness, wear re-
sistance, and corrosion resistance of the coated Al alloy surface can be
improved after MAO treatment [6], the fatigue performance still re-
mained inferior [7-10]. Residual tensile stress induced into the sub-
strate covered with thick coating results in the decrease of fatigue life of
MAO coated Al alloy. Before the advent of MAO treatment, shot pe-
ening technology produced residual compressive stress in the Al alloy
substrate and improved the fatigue performance of the coated samples
compared to that of the samples treated only by MAO [9,11-14].
However, some researchers indicated that the residual stress was not
the main factor decreasing the fatigue life of the substrate after MAO
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treatment [10,15,16]. Thus, the mechanism of residual stress on coated
samples needs to be further investigated. On the other hand, the MAO
coatings consisted of the defects (pores, micro-cracks, and the scalloped
oxide/titanium interface) that were prone to crack initiation, which
impaired fatigue property of the substrate [10,14,16-18]. More im-
portantly, studies showed that the crack originated from the MAO
coating [10,15]. Therefore, Wang et al. [19] sealed the MAO coating
surface. The result of fatigue test indicated that fatigue life of the sealed
samples was improved by 50% compared to that of bare Al alloy. These
changes suggest that the micro-pores and thermal cracks on the coating
surface significantly influenced the fatigue life. Moreover, the fatigue
behavior of sealed Al alloy specimens covered with MAO coating under
corrosive environment were also improved [20]. Additionally, the
polishing treatment of the interface made the fatigue behavior of the
coated samples excellent [14,21]. The decrease in overgrowth of the
coating into the substrate led to the result. It should be noted that the
decrease in the fatigue life of the substrate with thin ceramic layers
insignificant compared to the thick coating. Wasekar et al. [10] in-
dicated the propagation of cracks may stagnate at the coating-substrate
interface, which was attributed to the insignificant damage of fatigue
behavior with the thin coating. Unfortunately, the impaired mechanism
of the MAO thin film on the fatigue performance was not further ex-
plored.

Pulse power is an energy supply device commonly used in the MAO
process. During the MAO process, duty cycle affected the surface
quality and fatigue performance of coated samples. Most recent MAO
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experiments on the duty cycle focused on growth and surface quality of
ceramic coatings [22,23]. Weng et al. [22] reported that oxide film
produced on Al by MAO treatment, with constant current density and a
series of positive-pulse duty cycles ranging from 2 to 18%, had a
maximum thickness and best section morphology at the 10% duty
cycle. Moreover, the growth rate of the coatings increased gradually
with decreasing duty cycle (10-80%) at frequency f = 1000 Hz [24].
Arunnellaiappan et al. [23] asserted that the ceramic coatings, with fine
pore morphology, deposited on AA7075 were obtained by MAO at
1000 Hz frequency and 20% duty cycle. The coated samples exhibited
high corrosion resistance. However, the above studies were carried out
under the condition that thicker coatings were deposited on surface of
light alloys. Effects of duty cycle on microstructure of thin MAO coat-
ings and fatigue behavior of coated samples were rarely reported. At the
initial stage of MAO treatment, studying the effect of duty cycles on the
microstructure of the coatings can provide a reference for the study of
MAO growth mechanism. Since reducing the impairment of coatings
could increase fatigue life of coated samples, selection of an appropriate
duty cycle is an important research topic. Moreover, the investigation of
residual stress in MAO coating was significant for fatigue behavior of
coated samples. In this study, 7075-T6 Al alloy was selected as the
experimental material. In order to fabricate thinner ceramic layers, the
MAO time was controlled within 24 min. The effect of duty cycles in the
range from 8 to 20% on the microstructure of coatings was studied.
Moreover, residual stress relaxation and its effect on fatigue behavior
were further discussed. Meanwhile, the mechanism of the MAO coating
on the fatigue performance of the coated 7075 Al alloy was revealed.
The purpose of this study is to obtain a duty cycle with less damage to
the fatigue property and reveal the mechanism of residual stress in the
MAO coating affecting the high cycle fatigue life of the substrate.

2. Materials and methods
2.1. Coating preparation

The investigation in this study was conducted on the 7075-T6 Al
alloy. The nominal chemical composition of the Al alloy is listed in
Table 1. Mechanical properties were obtained by static tensile test,
involving force loading (0.2kNsec™!) and displacement loading
(0.07 mm sec™1). The AA7075 was treated to the T6 condition that
involved solution heat treatment, cold working, and artificial aging [7].
The parent plate was 1.6 mm thick AA7075 alloy (Ra = 0.8) supplied
by Shenyang Aircraft Corporation, Liaoning Province, China. First,
substrates were obtained by cutting the samples from parent plate using
a wire cutting machine and these substrates were used for axial tensi-
le-tensile fatigue testing. The specimen geometry is shown in Fig. 1.
The side of the specimen was polished to Ra = 0.8. No further con-
ventional machining was performed during the preparation of the
specimen.

The surface of the substrate was cleaned with absolute ethanol and
rinsed with deionized water. Mechanical properties of the AA7075-T6
alloy are as follows: o, = 579 MPa, 0p» = 504 MPa, and § = 15.9%.

To ensure that samples with identical duty cycle were immersed at
the same environmental condition, a circular hole (®8) was drilled on
one side of each sample. Prior to MAO, all samples were cleaned with
ethanol. Then fifteen samples were bolted to a copper plate mounted on
the anode of the electrolytic bath, with stainless steel as a counter
electrode, as shown in Fig. 2. The electrolyte consisted of alkaline si-
licate solution containing Na,SiOz (6.0g L™!), NaOH (1.2g L™ 1),
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(NaPOs3)s (35.0g L™ 1), and Na,WO, (6.0g L™!) in distilled water. A
120 kW MAO device was utilized for the coating deposition. During the
experiments, voltage waveforms and main pulse parameters, such as
voltage amplitude, frequency, and duty cycle could be adjusted in-
dependently.

All oxide coatings were fabricated at a constant voltage of 550 V and
frequency of 600 Hz with different duty cycles of 8, 10, 15, and 20% for
24 min. Consequently, the current density varied with the duration of
anodizing time. Sample codes and different process parameters used for
each experiment are listed in Table 2.

The duty cycle is defined as:

Dy = [ton/(ton + tog)] X 100% b

where t,,, is the ‘on’ duration and t,g is the ‘off’ duration during a single
cycle [24].

During the MAO process, the electrolyte temperature was controlled
to remain below 50 °C using a cooling system. After MAO treatment, the
coated samples were washed using water and dried using a blower.

2.2. Coating characterization

Coating thickness was measured using a scale in cross-section
scanning electron microscopy (SEM) images of coated samples. Ten
measurements were taken on the surface of each coated sample, and
thickness was calculated by taking the average of the measurements.
The measuring points were randomly selected within the range of CD in
Fig. 1. Microstructure of the coatings and the cross-section morphology
of the coated samples were examined by field emission SEM (FESEM,
Ultra Plus, Carl Zeiss AG). Use carbon sputtering on the coating cross-
section and its morphology was examined in the backscattered mode.
Surface porosity of the coatings and distribution of the pores were
analyzed by using ImageJ which was developed by the National In-
stitutes of Health. The results were the average of the measurements.
Surface porosity n was calculated by using Eq. (2) as follows.

So
n =3 x 100% @
where Sy is the area of all micro-pores and S is the area of the SEM test
area (area of SEM image).

Surface roughness of coatings was observed using a 3D measuring
laser microscope (LEXT OLS4100). Phase composition of oxide films
was investigated using a Philips X’Pert X-ray diffractometer (Cu-Ka
radiation) operated at 40 kV and 40 mA and the scans were acquired at
20 range from 20° to 80° with the scan speed of 1.5°/min and a step size
in 6 of 0.02°. However, the residual stress in MAO coating was analyzed
by X-ray diffractometer (u-x360s, Cr-Ka radiation, operated at 30 kV)
and the Debye-Scherrer ring was acquired at incidence angle of 35.3°,
diffraction angle of 138.75°, and in the (31 1) diffraction direction.
Comparing the state of the Debye-Scherrer ring without and with re-
sidual stress can reflect the change in interplanar spacing. Thus, re-
sidual stress can be acquired. Five points on the coating surface of one
sample was measured and the average was the residual stress. However,
the measuring points of the residual stress should be away from the
fracture for the samples after fatigue test.

2.3. Fatigue studies

The static tension and fatigue tests of the bare and MAO coated
7075-T6 Al alloy were carried out using a PC controlled EHF-EV200K2-

Table 1

Composition of 7075-T6 Al alloy.
Element Cu Si Fe Mn Mg Zn Cr Ti Other Al
Concentration 1.2-2.0 0.4 0.5 0.3 2.1-2.9 5.1-6.1 0.18-0.28 0.2 0.15 Balance
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Fig. 1. The dimension (mm) of 7075-T6 Al alloy used in fatigue testing.
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Fig. 2. Scheme experimental setup for the MAO treatment.

Table 2

Different process parameters used during the experiment for each sample.
Sample Duty Surface Coating Surface Elastic
codes cycle roughness Ra  thickness porosity modulus

(%) (um) (um) (%) (GPa)

a 8 0.544 5.0 6.08 76.1
b 10 0.592 5.3 5.83 75.6
c 15 0.717 7.4 7.08 75.2
d 20 0.68 7.3 4.49 74.2
Bare - - - - 71.9

040-1A machine. Fatigue tests were conducted at room temperature
with a sinusoidal cycle of frequency (f = 20Hz) and a stress ratio
R = 0.1. Two cyclic maximum stress levels, based on the bare Al fatigue
test data, were set as low cyclic stress (200 and 220 MPa) and high
cyclic stress (350 and 410 MPa) at HCF regime, respectively. The fa-
tigue life of these coated samples by MAO with different duty cycles
were evaluated over a range of the cyclic maximum stress levels and
compared with the fatigue life of each other and uncoated 7075-T6 Al
alloy. Besides, considering the dispersion of the test data, three or four
fatigue samples at each stress level were tested.

3. Results and discussion
3.1. Microstructure of coating

The surface morphologies of the oxide films formed on the 7075-T6
Al alloy substrate were observed by SEM. The SEM micrographs are
shown in Fig. 3. The ceramic layers were formed at duty cycles of 8, 10,
15, and 20% for 24 min. Coating thickness was found to be in the range
from 5.0 to 7.3 um (Table 2). Table 2 summarizes that the thickness of
the ceramic coatings increases with increasing duty cycle. However, the
coating thickness of 20% duty cycle is close to that of 15% duty cycle.
This is attributable to the fact that at the duty cycle of 20%, a huge
energy input caused partially melted oxide films to splash into the
electrolyte [22]. It should be noted that this results are not consistent
with the conclusion by Zhang and his worker [25]. Zhang and his

worker employed pulsed bipolar power supply to treat the high-phos-
phorus cast iron under constant voltage. With the increase of the duty
cycles in ranged from 20 to 45%, the MAO coating thickness increased.
However, the MAO treatment was conducted using DC pulsed unipolar
power supply in this study. The difference in coating growth under
different duty cycles is due to the cathode discharge. After a certain
coating thickness had been reached, cathode discharge allowed the
coating to grow [26]. In contrast, the coating depended on the low
electrical resistance of the defects (mainly cracks) to form the discharge
channel and grew without the cathode discharge. This can be seen from
the presence of discharge pores in the cracks, as shown in Fig. 3. In
addition, the surface porosity of the coatings hardly changes at the low
duty cycles (8 and 10%), as listed in Table 2. As the duty cycle increases
in the range from 10 to 20%, the coating porosity first increases and
then decreases. In general, the surface porosity depends on the number
and diameter of pores. To evaluate the effect of the duty cycle on MAO
coating, the number distribution of micro-pores with various sizes
should be considered comprehensively. Fig. 4 shows that a large
number of pores are distributed all over the surfaces.

For the high duty cycles (15 and 20%), the number of fine pores
(< 2pum) is less than 8% and 10% duty cycles. Moreover, the coating
with 15% duty cycle has more pores with the size of > 5um, which
resulted in the high surface porosity. However, the surface porosity of
the coating with 20% duty cycle is low due to the small number of
micro-pores with fine and large size. Erfanifar et al. [27] indicated that
increasing discharge energy could decrease the surface porosity. The
high discharge energy made molten alumina flow out through the
discharge channels. The alumina flowed out of the channel and rapidly
solidified by the electrolyte, forming the pancake kind of structure
(Fig. 3(d)) [28,29]. Sundararajan et al. [28] revealed the product of
term N.V, was nearly a constant (C) independent of the MAO time. N,
was the number of the discharge channels; V,, was the volume of the
pancake, which was defined as follows:

V, = (n/8)d;d. 3)

where d;, is the pancake diameter; dc is the channel diameter.
Thus,

Ned2d. = C @

The product of the term N.d. reflected the magnitude of the coating
surface porosity.

The Eq. (4) indicated the presence of the pancakes can decrease the
porosity of the MAO film with the 20% duty cycle. Besides, the pores
with lager size dc increases, which led to the decrease in the number
Nc. Consequently, the coatings with the 15% duty cycle had less
number of discharge channels. On the other hand, the enlarged images
of Fig. 3(c) and (d) show that intersecting slits are formed on the
coating surface (marked by ellipse). These slits can play the role of
stress concentrators on cyclic stress load [7]. Moreover, all coatings
exhibit the existence of cracks (marked by arrow). The presence of these
cracks and slits may be associated with thermal stress production and
relaxation or release of high-pressure oxygen gas during coating
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Fig. 3. SEM images of the oxides for (a) 8%, (b) 10%, (c) 15%, and (d) 20%.
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Fig. 5. SEM images of the cross-sections of the oxide layers for (a), (al) 8%; (b), (b1) 10%; (c), (c1) 15%; (d), (d1) 20%.

formation [30]. With the duty cycles of 15 and 20%, the coatings had
cracks with larger size due to the larger discharge energy and the rapid
cooling of molten alumina. Moreover, the pancakes are displayed in the
MAO coating with the 20% duty cycle. Therefore, the surface roughness
of the ceramic layers with high duty cycles is higher than that with low
duty cycles (Table 2). In addition, the elastic modulus of coated samples
increased compared to that of bare Al alloy (Table 2) due to the high
strength of the interface bonding and the coating lacking ductility.

SEM micrographs of the cross-section of the coated samples are
shown in Fig. 5. These results indicate that interface between coating
and substrate is not smooth as shown in Fig. 5(a) and (b). This parti-
cular morphology of the interface was not caused by excessive growth
of the coating into the substrate during the MAO process, rather the
surface of the substrate itself was rougher (Ra = 0.8). The interface is
inclined to be rather zigzag. Maximum height difference from the lower
surface of the coating to the upper surface of the substrate is expressed
by h. The value of h is 2.86, 2.86, 5.14, and 4.86 um, respectively.
Compared to duty cycles of 8 and 10%, the coating with the duty cycles
of 15 and 20% exhibits a slight growth into the substrate. This phe-
nomenon can be explained by the mechanism of the coating growth.
The amorphous alumina layer (AAL, marked by arrow) covering the
substrate is the active zone for the formation of molten alumina
[31,32]. The AAL was is mainly porous continuous alumina. Many re-
searchers had investigated the morphologies by TEM and detached
technology [32,33]. The substrate had valleys and peaks in its surface
due to roughness. The coating was prone to forming at the valleys due
to the sharp-angled effect [34,35]. The enormous energy input melted
the substrate significantly. Subsequently, a lot of the molten alumina
flowed out of the discharge channel and attached to the substrate.

Therefore, the oxide film grows inwards to the AA7075-T6 alloy
substrate and outwards to the MAO coating surface simultaneously,
which is consistent with the literature report [36].

Moreover, no penetrating cracks and pores are found in the cross-
section of the coatings. The pores may be caused by the molten alumina
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Fig. 6. XRD patterns of MAO coatings for (a) 8%, (b) 10%, (c) 15%, and (d)
20%.

into other discharge channels and not through entire the coatings [37].
Troughton et al. [38] also found this phenomenon.

The XRD patterns of the coatings deposited on AA7075-T6 alloy are
shown in Fig. 6. Based on the peak analysis, the relative intensity of
peaks corresponding to y-Al,O5 increases slightly with increasing duty
cycle, indicating a slight increase in the content of y-Al,03 and a-Al,O3
phases [39]. y-Al,O3 phase was easily produced at faster cooling rates
[40]. The low temperature electrolyte medium cooled the molten alu-
mina rapidly and the coating was formed around the discharge chan-
nels. The coating thickness with 15 and 20% duty cycles was thick.
Thus, the content of y-Al,0O3 was high. Owing to thinner coating and
better heat dissipation conditions, less a-Al,O3 is formed in the internal
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layer [41].

In previous work, the coating growth was considered to be an
ejecting process of molten alumina, which may be induced high content
of a-Al,03. Zhu and his worker proposed a new mechanism of coating
growth [32]. The growth mechanism can reasonably reveal the pre-
sence of less content of a-Al,03 and the AAL. On the other hand, a large
amount of heat was generated around the discharge channels with large
size (Fig. 4), which converted a small amount of y-Al,05 into a-Al,03.
In addition, since thermal expansion coefficient of the coating oxide is
different from that of Al alloy substrate, the content of oxide layers
significantly affects the fatigue behavior of the substrate [30,42].
However, the signs of the residual stress are not affected by the coating
content completely because MAO treatment involves complex chemical
reactions and heat exchange [1,43]. In general, pores are the pre-
requisite of the MAO treatment [32], which made the distribution of the
residual stress more complicated.

3.2. Mechanism of the residual stress relaxation in the coating

Fig. 7 shows the magnitude of residual stress existing in the coatings
with different duty cycles. The residual stress is tensile stress. Moreover,
the mean magnitude of the tensile stress decreased at 15% duty cycle.
Since the slits and many pores with large size were found on the
coatings with the 15 duty cycle, the tensile stress was released. In ad-
dition, pores were essential to reducing the magnitude of the residual
stress [44]. Therefore, the interface between the coating and substrate
was not impaired by the high magnitude of residual stress due to mis-
match strain [45]. However, the nature of residual stress in MAO
coating was rarely discussed. Lonyuk et al. [7] determined the residual
compressive stress in the MAO coatings which mainly consisted y-Al,03
deposited on 7475-T6 Al alloy. However, Kong et al. [46] acquired 8,
15, and 20 um MAO coating on 7475 Al alloy surface and the residual
tensile stress were 127 MPa, 209 MPa, and 318 MPa, respectively. Ac-
cording to this experimental result, the residual stress does not depend
on the oxide composition of the coating. Fattough et al. [47] also in-
dicated that the residual stress was caused by the synergistic influence
of many factors. For the residual stress caused by the mismatch strain,
Freund and his worker give the calculation formula, as shown in Eq. (5)
[48].

Om = EmMc ()

where M¢ and €, are biaxial elastic modulus, the mismatch strain.
Corresponding calculation formula are Egs. (6) and (7), respectively.
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_E
T1-v (6)

where E is the Young’s modulus of the MAO coating; v is the Poisson’s
ratio of the ceramic layer.

€m = ac(Te — Th) — as(Ts — To) @

where ag (107%/°C) and T¢ (20 < Tc < 1627) are the thermal expan-
sion coefficient and the temperature of the coating, respectively; ag
(107%/°C) and Ts (27 < Ts < 627) are the thermal expansion coeffi-
cient and the temperature of the Al alloy substrate, respectively; T, is
related to the temperature of the electrolyte.

Thus, the Eq. (5) can be written as follows:

Mc

Om = lfv(“cTc—“sTs+as7B—Ofc76) ®)

As the thermal expansion coefficient of the substrate (ag) is four
times that of alumina (ac) [49], the nature of the residual stress (o,,)
was determined by the signs of ac Tt — asTs. The Eq. (8) indicated that
the nature of the residual stress in MAO coating was affected by the
thermal expansion coefficient and temperature gradient between the
substrate and the ceramic coating.

It is interesting to note that the magnitude of the residual stress in
MAO coating decrease as the cyclic maximum stress increases. The
results show that the residual stress relaxation not only exists in plastic
materials, but also presents in MAO coatings. Moreover, the effect of
the external stress on the residual stress relaxation in ceramic layer was
consistent with that in the shot-peened medium-carbon steel [50]. At
the low cyclic stress (200 MPa), the maximum amplitude of the residual
stress reduction is 9.7%. In contrast, the amplitude of the residual stress
reduction is 40.13%, even 81.18% under high cyclic loading condition
(410 MPa). Curran et al. [43] revealed a moderate temperature change
of 200K expecting to generate a misfit strain of about 3 millistrain
could produce in-plane stress of 1 GPa in the MAO coating.

Without the pores and cracks in MAO coating, spallation occurred
when the coating was subjected to thermal shock [43]. Moreover,
studies revealed that the coated sample had excellent thermal shock
resistance [51,52]. The morphologies of the MAO coating with the 20%
duty cycle was measured using a 3D measuring laser microscope (LEXT
OLS4100) before and after fatigue test, as shown in Fig. 8. As the re-
sidual tensile stress was produced in MAO coating, the thermal de-
formation of the coating was larger than that of the substrate (Eq. (8)).
The decrease of the residual stress should be attributed to the decrease
of the mismatch strain between the substrate and the coating. In Fig. 8,
numerous cracks in the coating surface are closed after fatigue test
(marked by arrow). Moreover, a few micro-pores disappear. Thus, the
thermal deformation of the coating decreased, which is the crucial
reason of the residual stress relaxation. However, new crack appeared
in the layer after fatigue test (marked by elliptic). This may be caused
by the loss of the pore, which redistributed the stress around the dis-
charge channel and achieved local equilibrium. In addition, the mag-
nitude of the decrease in mismatch strain due to the tensile cyclic
loading can be obtained by Eq. (5).

For the 20% duty cycle, the residual tensile stress in the coating
decreased by 138 MPa at S;.x = 410 MPa compared to the sample
without fatigue test. The corresponding amplitude of €, was
4.145 x 10™*, where E and v of the MAO coating was 253 GPa and
0.24, respectively. The presence of pores and cracks on the MAO treated
surface is likely to cause the reduction in mismatch strain. On the other
hand, the strain of the bare substrate and coated samples treated with
the 20% duty cycle was measured using an extensometer. Compared
with bare AA7075-T6 alloy, the strain change amplitude of the coated
specimen is 0.003% and 0.093% at Sy,ax = 200 and 410 MPa for 2000
cycles, respectively. Under the high cyclic stress (410 MPa), the coat-
ings affected the strain of the substrate significantly. The MAO coating
exhibited excellent adhesive strength to the substrate [49]. Thus, large
elastic deformation of the substrate at S;,.x = 410 MPa led to the crack
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Fig. 8. The morphologies of the MAO coating with the 20% duty cycle (a) without fatigue test, (b) after fatigue test.

closure, mismatch strain reduction, and residual stress relaxation. In
addition, the residual stress relaxation of 310 MPa may be produced by
the 0.093% strain change caused by the coating (Eq. (5)). However, the
0.003% strain change only can produce 10 MPa residual stress relaxa-
tion. In sum, from the theoretical calculation of mismatch strain and
stress as well as the observation of the coating surface, the formation
mechanism and relaxation of the residual stress in the MAO layers is
reasonable. However, the study only discusses the formation me-
chanism of the residual stress, and its prediction model needs to be
further explored since the coating pores and cracks cause a large dif-
ference in elastic modulus and thermal expansion coefficient [43].
Moreover, the pores and cracks resulted in the theoretical magnitude of
the residual stress relaxation (310 MPa) greater than the measured
value (138 MPa).

3.3. Fatigue studies of coated samples

Fatigue life of the bare Al alloy and the coated specimens processed
for different duty cycles are presented in Fig. 9. At each stress level,
parallel tests were performed on three or four samples. As shown in
Fig. 9, the S-N curves were obtained by the least squares method. The
detail of fatigue data treatment was introduced in our previous work
[53]. In general, the fatigue life of the coated samples is lower than that

460
® (a) duty cycle 8%
A ® (b) duty cycle 10%
400 4 A (c) duty cycle 15%
= v (d) duty cycle 20%
% ¢ bare Al alloy
<
H
e}
2 300
=
1 7]
g
=
£
g
g
2
°
& 200 : N\ =oe
160 T T
5x10° 1x10* 1x10° 4x10°

Fatigue life N (cycle)

Fig. 9. Fatigue lives of bare specimens and coated specimens for (a) 8%, (b)
10%, (c) 15%, and (d) 20%.

of bare Al alloy at the four stress levels. Moreover, the fatigue life of the
bare AA7075-T6 alloy is more dispersive than that of coated Al alloy at
the low cyclic stress. Schijve also indicated the same issue about the
dispersion of fatigue life [54]. On the one hand, lattice rotation oc-
curred in AA7075-T6 alloy during crack propagation, which constantly
altered fatigue parameters [55]. Previous study showed that two types
of second phase particle presented in AA7075 alloy substrate [56].

Moreover, crack initiated in the second phase particles [57]. These
factors lead to a large dispersion of the fatigue life. For the coated
samples, defects (Fig. 3) easily produced stress concentration and crack
initiated at the coating surface. Since the ceramic coating lacked duc-
tility, the coatings can restrain the deformation of the substrate [18].
This was also the reason why the coating was prone to producing cracks
in the film formation. Furthermore, residual tensile stress was produced
in the ceramic coating. The above factors are attributed to the decrease
of the substrate after MAO treatment with different duty cycles. How-
ever, the coatings with the duty cycles of 8 and 10% did not seriously
impair the fatigue performance of the AA7075-T6 alloy. In general,
cracks initiated in the ceramic coatings and propagated to the interface
between the coating and the substrate quickly [58]. Meanwhile, the
adhesive property between the substrate and coating was excellent,
which caused the crack not to grow along the interface. Besides, the
path of the crack propagation would insignificantly deflect because the
coating was not prone to local yield. This can be seen from the SEM
images of the crack propagation in previous studies [13,59]. According
to above analysis, the fatigue behavior of the coated samples with
cracks on its surface became inferior seriously. However, the results of
the fatigue test indicated the crack was inhibited when it reached the
interface and did not propagate directly to the substrate. Furthermore,
the porous continuous AAL was observed in the SEM images of the
cross-section morphology (Fig. (5)). The presence of the pores made the
crack tip blunt, as shown in Fig. 10. Unlike the discharge channels on
the coating surface, the size of the pores in the AAL is in the nanometer
scale, which has little effect on the local strength. Although the micro-
pores presented within AAL, the adhesive strength between the coating
and substrate was not deteriorated. In contrast, the pores and cracks in
Fig. 3 weakened the local strength of the coating [60]. Deng et al. [61]
found that crack tip blunting increased the fracture toughness of the
porous ceramics.

KIC,blunt =(1 + &)1/2
i 2K

©)

where Kic, piunt is the fracture toughness in porous ceramics; Kic is the
fracture toughness in dense ceramics; pg is the root radius of the blunt



W. Dai, et al.

roT o= ==y

| Coating =

dislocation

Grain
boundary

. Substrate
~.

| Coating

|\ 2,0/)\\ / |
LAAL WE{%—/

International Journal of Fatigue 130 (2020) 105283

r T —— -

————— -

Grain
boundary

Substrate

Fig. 10. Schematic diagram of crack tip in MAO coating.

crack; ry is the characteristic zone, which can be referred to the lit-
erature [61,62]. The increase of the fracture toughness Kic, prunc delayed
the rate of the crack propagation from the AAL to the AA7075-T6 alloy
substrate. Besides, the crack tip blunting reduced the normal stress at
the crack tip [63].

The fracture toughness of Al alloy is nearly 14 times that of alumina
[64]. Thus, the crack did not pass through the interface directly from
the coating to the substrate. However, the fatigue life of the coated
samples decreases compared to that of uncoated samples. This was
caused by the large opening stress applied to the substrate. The effect of
the external loading on the crack tip was shielded within the ceramic
coating, while the substrate adjacent to the crack tip was subjected to
greater opening stress [65], as shown in Fig. 10. Meanwhile, the dis-
locations within the substrate were produced and moved along slip
plane under the cyclic stress loading [66]. Tanaka et al. [67] proposed
an equilibrium condition of dislocations, as shown in Eq. (10).

w+n-k=0 (10)

where 7 is the dislocation stress (back stress); T is the external shear
stress; k is the frictional stress.

However, the dislocation reached the region of the residual stress
and the residual stress should be treated as principal stress [68]. Thus,
Eq. (11) is expressed as

wH+5+R—k=0 an

where t® is the resistance to dislocation movement caused by the re-
sidual stress.

Studies showed that the substrate adjacent to the coating was sub-
jected to the identical amplitude of the residual stress which was pro-
duced in the coating; however, the sign was adverse [10,69]. Therefore,
the residual stress in the substrate adjacent to the coating is compres-
sive stress in this study, which resulted in stagnation of the dislocations.
Notably, the size of the residual stress region (marked h) produced by
MAO treatment is much smaller than that by shot peening since the
formation of coating was mainly caused by the melting of Al on the
surface of the substrate and other areas were not affected due to the
rapid cooling of electrolyte [14,70]. Consequently, the dislocation pile-
ups presented near the interface. For the prior shot peened MAO
(SP + MAO) coated samples, the depth of the residual compressive
stress in the substrate can reach 175um [14]. Unlike the MAO treat-
ment, the dislocations of the SP + MAO coated specimens did not ac-
cumulate adjacent to the interface. The dislocation pile-ups was prone
to causing crack initiation and impairing the interface [71]. The effect
of residual compressive stress on fatigue performance was quite dif-
ferent for MAO and SP + MAO treatment [11,12]. The impairment of

the interface was the crucial issue of the decrease in fatigue life of the
MAO coated samples compared to that SP + MAO treatment. Thus, the
coating defects and the dislocation pile-ups near the interface were
detrimental to fatigue behavior of the substrate.

In addition to dislocation pile-ups, the rate of the crack growth
within the coatings [72,73] and the morphology of the interface
[14,21] affected the fatigue behavior of the substrate significantly.
Fig. 9 shows that the effect of the coating with the 8 and 10% duty
cycles at the high and low cyclic stresses was not identical. Under the
high cyclic stress loading condition, the fatigue life of the AA7075-T6
alloy was higher than that of the coated samples significantly. In con-
trast, the impairment of the coating to the fatigue performance of the
substrate was alleviated at the low cyclic stress, especially at
Smax = 200 MPa. Additionally, the fatigue performance of the coated
samples treated with 15 and 20% duty cycles was inferior compared to
that treated with other duty cycles. Moreover, the fatigue life decreased
dramatically at S, = 200 MPa. However, the difference in fatigue life
of the coated samples treated with different duty cycles was reduced at
the high cyclic stress. Residual tensile stress relaxation and the over-
growth of the coatings (Fig. 5) into the substrate are the crucial issues to
the difference in the fatigue performance. At the high cyclic stress, the
residual tensile stress in MAO coating decreased significantly at the
initial cyclic stress [50], which decreased the residual compressive
stress in the substrate. The total number of dislocations N; within half
size of grain boundary and plastic displacement vy; in grain boundary
size are determined by Egs. (12) and (13), respectively [67].

N = (g + ™ — k)a/mA (12)
%= (g + ® — k)ba?/24 13)

where a is the half size of grain boundary; b is the Burgers vector; A is a
constant related to the dislocation stress field and determined by Eq.
(14).

A=Gb2r(1 —v) a4

where G is the shear modulus, and v is the Poisson’s.

Egs. (12) and (13) indicated that the number of dislocations N; and
plastic displacement y; increased under the high loading condition. The
decrease of the residual compressive stress within the substrate and the
higher applied stress was attributed to the dislocations rapidly moving
toward the interface. Subsequently, the dislocations were prone to ex-
trusion. The porous AAL can alleviate the impairment of the stored
strain energy of the accumulated dislocations on the interface [67].
Meanwhile, the plastic deformation of the substrate adjacent to the
coating was produced accompanied with dislocation motion. This
phenomenon can be seen in the fatigue fracture of the coated samples.
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Guo et al. [72] systematically studied the relationship between the
crack velocity and the depth of the crack in the substrate resulting from
the coating cracking. The residual tensile stress and the thick ceramic
layers, and the high applied stress would cause the crack growth rate to
be faster in the MAO coating, which weakened the fatigue behavior of
the substrate significantly [56,72]. Therefore, the fatigue performance
of the substrate covered with the ceramic layers was inferior.

As the cyclic stress decreased, both N; and vy; declined which af-
fected the property of the interface and reduced the number of dis-
locations transmitted by the dislocation source. The effect of the back
stress produced by the dislocation pile-ups on the property of the in-
terface was alleviated due to the decrease in dislocations at the lower
cyclic stress. However, the larger residual compressive stress made the
dislocations stagnate near the interface. With the increase of the cycles
in fatigue test, the number of dislocations accumulating within the re-
gion of the residual compressive stress increased, resulting in higher
magnitude of the back stress. For the coated samples treated with the 15
and 20% duty cycles, the combined effects of the overgrowths and
dislocation pile-ups near the interface were prone to originating cracks
[73]. Consequently, the interface was impaired significantly and the
fatigue crack initiating from the MAO layer can propagate through the
interface into the AA7075-T6 alloy, causing a remarkable decrease in its
fatigue life. However, the coating with 8 and 10% duty cycles did not
show significant overgrowth near the interface and premature cracks
were not produced. Moreover, the size of the cracks on the coating was
small and the coating thickness was thin. Under the lower cyclic stress
loading condition, the crack depth of the AA7075-T6 alloy substrate
was small. Increasing the back stress was likely to make the dislocation
move toward the interface as fatigue tests proceed (Eq. (11)). Finally,
the dislocations were extruded. The surface of the plastic zone should
rough because of the start and stop of dislocation in the morphology of
the fatigue fracture. Thus, the fatigue performance with the 8 and 10%
duty cycles was impaired insignificant. In addition, the coatings with 15
and 20% duty cycles were thicker than that with 8 and 10% duty cycles.
Moreover, high surface porosity and lots of pores with large size were
exhibited in the coating with the 15% duty cycle. These defects caused
premature cracking of the coatings. The fatigue property was worse
than that of the coated samples treated with the 8 and 10% duty cycles
at all cyclic stresses.

Fig. 11 shows the fatigue fracture of bare and coated samples at
Smax = 220 MPa. Enlarged view of the crack initiation for the 20% duty
cycle was inspected at S,.x = 220 and 410 MPa, respectively. Fig. 11(a-
e) clearly show crack initiation, propagation, and fatigue rupture re-
gions. The fatigue fracture presents a radial surface topography, which
is typical characteristic of fatigue fracture morphology of specimen
with rectangular section [54]. Since the constraints on cyclic plasticity
were minimal, fatigue cracks were produced at the corners of the rec-
tangular section. Before MAO treatment, surface roughness of bare Al
alloy was Ra = 0.8 and two types of second phase particles presented in
substrate. Cracks were easily formed in defects. Therefore, the crack
initiation did not occur at the corners. However, the bonding strength
of coating and substrate was higher and oxide film had poor ductility.
Wang et al. [74] indicated the thickness was thick at the edges than that
at the center due to the sharp-angled effect. The corners of the rec-
tangular section easily caused crack initiation. Moreover, micro-
structure of the coating and the substrate after the fracture of the failed
specimen is shown in Fig. 11(f) and (h). Larger pores on the coating and
penetrating crack are observed in the crack initiation, as shown in
Fig. 11(f). Furthermore, a micro-pore presents in the front of the crack.
These characteristics coincide with the model of the impaired substrate
induced by coating cracking. In addition, the size of local plastic de-
formation zone (marked by arrows with the dotted line) of the substrate
adjacent to the coating at Sy.x = 220 MPa is lower than that at
Smax = 410 MPa. Moreover, Fig. 11(f) shows that slip lines presented
within the plastic deformation zone. The direction of the plastic de-
formation zone is inclined to the surface of the samples, which is
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consistent with the characteristics of plastic deformation caused by
shear force. Besides, the surface of fatigue fracture adjacent to the
coating (marked by the ellipse with the dotted line) is rough. At the
lower cyclic stress loading condition, the dislocations may stagnate near
the interface and moved again under the larger back stress. Moreover,
the second phase particles existed in AA7075-T6 alloy. Thus, the plastic
zone exhibits the appearance of the steps and the coarse surface
(marked by the ellipse). In contrast, the dislocations can propagate
smoothly from the substrate to the interface and did not stop near the
interface at Sp,.x = 410 MPa. Thus, the plastic deformation region is
long and presents a smooth surface morphology adjacent to the inter-
face. In previous studies, the apparent plastic deformation due to slip
was not observed in the SEM images of the fracture surface near the
coating of SP + MAO coated specimen [14]. Moreover, the crack de-
flected significantly when the crack grew out of the residual compres-
sive stress zone [11,12]. This resulted from the residual compressive
stress with high depth in the substrate inhibiting the local plastic de-
formation. The above results are consistent with the analysis of the
residual stress relaxation on the fatigue property. Notably, Fig. 11(h)
shows intergranular fracture of the coating which was produced by the
high cyclic stress and the extrusion of dislocations [72,73]. In
Fig. 11(g), a crack with large size caused by coating cracking is found.
The direction of the crack propagating is close to the glide plane and the
crack deflected significantly. SEM images of the fatigue crack progres-
sion in plain MAO coated Al alloys exhibited similar phenomenon in
literature [13]. In addition, crack growth region of the coated specimen
is different from that of the uncoated specimen. The crack propagation
length in the Y-axis direction was unchanged. However, the propaga-
tion length in the X-axis direction of coated samples was significantly
greater than that of bare Al alloy. This was attributed to the residual
stress, which changed crack propagation path. However, fatigue cracks
propagated adjacent to coatings. Residual compressive stress was re-
lated to the distance between the substrate and the interface [17,53].
Defects and residual tensile stress existed in MAO coatings. The change
in fatigue crack propagation path was disadvantageous to the fatigue
performances of coated samples.

4. Conclusions

(1) Duty cycles affected the size of pores and cracks in MAO coating.
Larger intersecting slits and less fine pores were presented in the
ceramic layers with the 15 and 20% duty cycles compared to that
with the duty cycles of 8 and 10%. Moreover, surface porosity of the
coating with 15% duty cycle was relatively high and more pores
with the size of > 5pm was produced in the coating surface.

Besides, the formation of pancakes in the MAO film with the 20%

duty cycle results in low surface porosity.

The overgrowth of the coating into the substrate was found in the

thin films. The coating was prone to forming in valleys due to the

substrates’ roughness. High discharge energy using the 15 and 20%

duty cycles caused the production of the overgrowth.

(3) Residual tensile stress relaxation in MAO coating was attributed to
the pores and cracks. At high cyclic stress, the relaxation of residual
tensile stress was dramatic and dislocation pile-ups adjacent to the
interface were eliminated. Meanwhile, crack closure appeared and
a small number of discharge channels on the coating surface dis-
appeared. In contrast, the residual tensile stress decreased insig-
nificantly at low cyclic stress, which resulted in the dislocation
accumulation near the interface.

(4) Crack tip blunt and residual stress relaxation affected the fatigue
behavior of the coated samples. The crack tip blunting prevented
the crack passing through the interface directly from the amorphous
alumina layer to the substrate. Thus, the MAO coating did not
seriously impair the fatigue performance of the substrate. However,
the fatigue behavior of the samples treated with the 15 and 20%
duty cycles was inferior compared to 8 and 10% duty cycles under

(2

—
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the low cyclic stress. The lower fatigue life was attributed to the
combined effects of the stress concentration caused by the over-
growth and the dislocation pile-ups. At the high cyclic stress, the
residual tensile stress relaxation alleviated the impairment of the
interface. Thus, the fatigue life with different duty cycles changed
insignificantly. In addition, the defects on coating surface including
pores and cracks decreased the fatigue life of the substrate.
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