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Abstract: Micro-arc oxidation (MAO) coating was prepared on Ti6Al4V alloy surface and its characterizations were detected by 
Vickers hardness tester, profilometer, scanning electric microscope (SEM), energy dispersive X-ray spectrometer (EDX) and X-ray 
diffractometer (XRD). Fretting wear behaviors of the coating and its substrate were comparatively tested without lubrication under 
varied displacement amplitudes (D) in a range of 3−40 μm, constant normal load (Fn) of 300 N and frequency of 5 Hz. The results 
showed that the MAO coating, presenting rough and porous surface and high hardness, mainly consisted of rutile and anatase TiO2 
phases. Compared with the substrate, the MAO coating could shift the mixed fretting regime (MFR) and slip regime (SR) to a 
direction of smaller displacement amplitude. In the partial slip regime (PSR), lower friction coefficients and slight damage appeared 
due to the coordination of elastic deformation of contact zones. In the MFR, the friction coefficient of the coating was lower than that 
of the substrate as a result of the prevention of plastic deformation by the hard ceramic surface. With the increase of the displacement 
amplitude, the degradation of the MAO coating and the substrate increased extremely. The fretting wear mechanisms of the coating 
were abrasive wear and delamination with some material transfer of specimen. In addition, the coating presented a better property for 
alleviating fretting wear. 
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1 Introduction 
 

Titanium alloys have been widely applied in 
aviation industry, exploitation of ocean, artificial 
implants of human body and so on, for their excellent 
properties, such as high melting point, high corrosion 
resistance, high specific strength rate and bioactivity 
[1−2]. However, they are seriously limited in some 
applications for low rigidity and wear resistance. 
Therefore, various surface modifying techniques such as 
salt cyaniding[3], laser treatment[4], PVD TiN coating[4], 
nitriding[5] and plasma immersion ion implantation  
(PIII) treatment[6], were introduced in order to improve 
their performances in the practical applications. Recently, 
a new surface modifying technique conventionally called 
micro-arc oxidation (MAO) which is characterized by 
high productivity, economic efficiency, ecological 

friendliness, high hardness, good wear resistance and 
excellent bonding strength with the substrate, is 
attracting increasing interest[7−9]. Micro-arc oxidation is 
an electrochemical surface modifying technique that 
would form ceramic-like coating on the surface of some 
non-ferrous metals (such as aluminum, magnesium, 
titanium and their alloys) by spark/arc 
micro-discharges[10−12]. 

In recent years, the tribological properties of the 
MAO coatings prepared on the surface of titanium alloys 
have been studied by some scholars under dry and solid 
lubrication sliding condition[13−15]. However, almost 
all researches focused on the conditions of reciprocating 
and pin-on-disk sliding and discussions of the friction 
coefficients and wear loss. 

It is well known that fretting is caused by the 
relatively oscillatory movement of small amplitude, 
which may lead to service failure due to rapid crack  
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formation and surface wear[16−17]. In fact, many 
industrial applications of titanium alloys are operated 
under fretting conditions; however, few reports on the 
fretting behaviors of the MAO coating can be indexed up 
to the present[18]. In the pervious work[19], the 
characterization and wear mechanism of the MAO 
coating prepared on LD11 aluminium alloy under the 
condition of fretting wear have been studied in detail. It 
was shown that the MAO coating shifted the mixed 
fretting regime and slip regime to the direction of smaller 
displacement and presented better property of anti- 
fretting wear. Therefore, the fretting behaviors of the 
MAO coating prepared on Ti6Al4V titanium alloy were 
studied to understand its running behaviors and damage 
mechanisms under fretting wear conditions. 
 
2 Experimental 
 
2.1 Preparation and characterization of coating 

Ti6Al4V (6.020% Al, 4.100% V, 0.168% Fe, 
0.160% O, 0.043% C and balance Ti, mass fraction) was 
used as the substrate material, which was machined to a 
size of 8 mm×8 mm×20 mm and then polished to a 
surface roughness Ra of approximately 0.050 μm. Prior 
to coating deposition, the specimens were ultrasonically 
cleaned in the acetone and thoroughly dried in air. 

The MAO coating was deposited by a 
self-manufactured micro-arc oxidation device with the 
maximum power of 60 kW (Fig.1). The electrolyte 
mainly consisted of sodium phosphate, sodium silicate 
and some additives. During the coating deposition, the 
electrolyte temperature was controlled below 40 ℃ by 
using magnetic stirrer and circle-cooling water system. 
The MAO coating with well surface quality and 
thickness of 10 μm could be deposited through adjusting 
the amount of additives, electric current intensity and 
voltage. 

The surface roughness and micro-hardness of the 
coating and substrate were measured by using Ambios 
XP-2 profilometer and Akashi MVK-H21 Vickers 
 

 
Fig.1 Scheme of micro-arc oxidation device: 1—DC power 
supply; 2—Current meter; 3—Voltage meter; 4—Container;  
5—Specimens; 6—Electrolyte; 7—Cathode; 8—Magnetic 
muddler; 9—Electrolytic tank; 10—Cooling water 

hardness tester, respectively. The chemical compositions 
and phase structures of the coating were analyzed by 
energy dispersive X-ray spectrometer (EDX, 
EDAX-7760/68 ME) and X-ray diffractometer (XRD, 
Phlips X’Pert PRO). The morphologies of the coating 
surface were evaluated by scanning electron microscopy 
(SEM, Qunta2000). 
 
2.2 Fretting wear tests 

A hydraulic fretting wear test rig, as shown in Fig.2, 
was used to test the fretting wear behaviors of the MAO 
coating and the substrate under a ball-on-flat contact 
configuration. The ball specimen was fixed at the holder 
and reciprocatingly moved with the piston of the 
hydraulic system. The flat specimen was fixed on the 
holder, which was connected with a lord sensor to 
measure friction force. The relative displacement of the 
contact pairs was measured by the displacement sensor. 
The normal load (Fn) between the pairs was applied by a 
loading system, which mainly consists of spring and 
screw. During the fretting test, the whole fretting process 
was computerized and the variations of displacement and 
normal load can be realtimely and automaticly recorded 
as a function of cycles. 
 

 
Fig.2 Schematic diagram of fretting wear test rig: 1— Load 
sensor (measuring friction force); 2—Holder of flat specimen; 
3 — Applied displacement sensor; 4 — Loading system of 
normal load; 5—Flat specimen; 6—Ball specimen; 7—Holder 
of ball specimen; 8— Piston of hydraulic system 
 

A GCr15 steel ball with a diameter of 40 mm, 
surface roughness Ra of 0.030 μm and hardness of HRC 
61−65, was used as the spheric specimen. All fretting 
wear tests were performed in ambient atmospheric 
condition ((23±1) ℃ and (40±5)% relative humidity) 
without lubrication; the displacement amplitudes (D) 
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varied in the range of 3−40 μm; the normal load (Fn) was 
imposed at 300 N; the frequency was set at 5 Hz; and the 
number of cycles varied from 1 to 104. After fretting 
wear tests, the morphologies of the fretting scars were 
examined by scanning electron microscope (SEM, 
QUANTA2000) and optical microscope (OM, 
OLYMPUS BX60MF5); the chemical compositions of 
the worn surface and debris were analyzed by energy 
dispersive X-ray spectrometer (EDX, EDAX-7760/68 
ME) and the wear volume of fretting scars was measured 
by laser confocal scanning microscope (LCSM, 
OLYMPUS OLS1100). 
 
3 Results and discussion 
 
3.1 Coating characterizations 

After micro-arc oxidation process, the surface 
Vickers hardness and surface roughness (Ra) of the 
specimens increased from HV0.05 (323±16) and (0.037± 
0.008) μm to HV0.05 (712±58) and (0.466±0.045) μm, 
respectively. The surface of MAO coating presented a 
typical porous ceramic structure with many crater-like 
cavities (see Fig.3). As indicated by the EDX spectra 
shown in Fig.4, compared with Ti6Al4V substrate, some 
additional elements (such as O, Si and P) were detected 
on the surface of the MAO coating, in which Si and P 
elements came from the solution, and O probably 
presented in TiO2 and some in Al2O3 which generated 
during the micro-arc oxidation process. It was further 
verified by XRD analysis (as seen in Fig.5) that the 
MAO coating mainly consisted of anatase TiO2 and rutile 
TiO2, which were the primary contributions for the high 
hardness of coating, besides, a few phase of Ti and Al2O3 
were found. 
 

 

Fig.3 SEM micrograph of MAO coating 
 
3.2 Fretting regimes 

For comparison, fretting wear tests of the MAO 
coating and Ti6Al4V substrate against GCr15 steel balls 
were carried out under the same test parameters. 
According to the theory of fretting maps[20], three 
fretting regimes, i.e. partial slip regime (PSR), mixed 

 

 
Fig.4 EDX spectra of Ti6Al4V substrate and MAO coating 
 

 
Fig.5 XRD patterns of MAO coating 
 
fretting regime (MFR) and slip regime (SR), could be 
determined for both the coating and substrate by their 
fretting logs (Ft (tangential friction force) — D 
(displacement amplitude)—N (number of cycles) curves, 
see Fig.6). 

Under a normal load of 300 N, at lower 
displacement amplitudes (less than 5 μm for the substrate 
alloy and less than 3 μm for the coating), Ft—D curves 
were all presented in shape of a line in all cycles. Thus, 
fretting ran in the regime of PSR. While for higher 
displacement amplitudes (more than 15 μm for the 
substrate alloy and more than 10 μm for the coating), all 
the Ft—D curves were open as parallelogram, indicating 
that the relative motions of gross slip took place during 
the entire fretting cycles[17, 20], i.e. the fretting ran in 
the SR. For Ti6Al4V alloy, the Ft—D curves appeared in 
shape of parallelogram at initial cycles (Fig.7(a)) when 
D=10 μm, corresponding to the fretting running in 
condition of gross slip, then the Ft — D curves 
transformed from parallelogram to elliptic shape at about 
100 cycles (Fig.7(a)) while the relative motion 
transformed to partial slip. At last, the Ft—D curves 
gradually changed from elliptic to parallelogram loops 
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after 103 cycles (Fig.7(a)). It was indicated that the 
fretting run in MFR was due to the vibration of relative 
motions between partial slip and gross slip[19]. For the 
MAO coating, the relative motions of gross slip at initial 
cycles transformed to partial slip after 100 cycles when 
D=5 μm (Fig.7(b)). Thus, the fretting running regime of 
the coating was also in MFR. Table 1 lists the fretting 
regime distributions of the MAO coating and its 
substrate. It can be observed that MFR and SR of the 
coating shifted to the direction of lower displacement 
amplitude as compared with those of the substrate. In 
other words, the relative slip easily occurred in the 
contact interfaces of MAO coating, which maybe 
attributed to a higher hardness of the MAO coating. The 
higher hardness of the coating caused the contact area to 
decrease corresponding to the increase of tangential 
stiffness, and thus induced a fretting regime transition at 
relatively low displacement amplitude. 

A special phenomenon appeared in Fig.7 that the 

variation of the Ft—D curves as function of the number 
of fretting cycles were visibly different for the MAO 
coating and its substrate in the MFR. Both for the 
substrate and the MAO coating, the Ft—D curves 
presented initially in the shape of parallelogram and then 
changed to elliptical loops. Obviously, the area of the 

 
Table 1 Distribution of fretting regimes under different 
displacement amplitudes 

Displacement amplitude, D/μm Ti6Al4V MAO coating

3 PSR PSR 

5 PSR MFR 

10 MFR SR 

15 SR SR 

20 SR SR 

30 SR SR 

40 SR SR  
 

 
Fig.6 Fretting logs of MAO coating and Ti6Al4V alloy under different displacement amplitudes: (a) Ti6Al4V, D=5 μm; (b) MAO, 
D=3 μm; (c) Ti6Al4V, D=10 μm; (d) MAO, D=5 μm; (e) Ti6Al4V, D=20 μm; (f) MAO, D=20 μm  
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Fig.7 Ft—D curves of Ti6Al4V alloy and MAO coating at different numbers of cycle in mixed regime: (a) Ti6Al4V, D=10 μm; (b) 
MAO coating, D=5 μm 
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elliptic Ft—D curves for the substrate varied with the 
variation of the number of cycles, and the minimum area 
of the elliptic loop appeared at about 100 cycles 
(Fig.7(a)). However, for the coating, the area of the loops 
reduced gradually and monotonically with the increase of 
the number of cycles (Fig.7(b)). This implied that 
different interface behaviors occurred between the two 
kinds of contact counter-pairs. The “U” type variation of 
the area of Ft—D curves for the titanium alloy may be 
induced by the plastic deformation, work-hardening and 
detachment of particles. In other words, with the increase 
of the fretting cycles, the plastic deformation and 
work-hardening occurred successively, then the area of 
the Ft—D curve reached the minimal value when the 
accumulation of the work-hardening reached a very high 
level. Following this, the particles detached from the 
contact zone due to the high level work-hardening and 
induced the new undeformed titanium alloy exposed and 
taken part in the succeeding fretting cycles, which was 
corresponding to the wider elliptic loops. Differently, for 
the MAO coating, the hard ceramic layer on the surface 
inhibited the cyclic work-hardening occurred between 
the contact interfaces. 
 
3.3 Coefficients of friction 

As shown in Fig.8, the coefficients of friction (COF) 
for the MAO coating and the substrate presented three 
stages approximately: initial stage, ascent stage and 
stable stage. In initial stage, the coating presented lower 
COF and longer duration than that of the substrate since 
the hard surface of the coating could enhance the relative 
slip between the two contact surfaces and thus reduced 
the surface shear resistances. Also in Fig.8, it can be 
found that the COFs were quite different in the different 
fretting running regimes. In PSR, similar stable stage 
values of the COF at lower level exhibited both for the 
coating and the substrate due to the relative motion of the 
partial slip coordinated caused by elastic deformation. In 
MFR, main difference occurred in the ascent stage. High 
plastic deformation of titanium alloy resulted in a great 
rise of the COF; however, the coating retarded the plastic 
deformation of the substrate alloy and consequently 
reduced the COF greatly. In SR, with the increase of the 
displacement amplitude, the tangential forces of contact 
surfaces increased and the damage of the coating 
increased accordingly. Therefore, the stable value of 
COF approached that of the substrate after about 103 
cycles. 
 
3.4 Damage analyses 

As mentioned above, the fretting running behaviors 
varied in different regimes. The damage morphologies 
and wear mechanisms are discussed according to the 
three regimes, respectively. 

 

 
Fig.8 Friction coefficients of MAO coating and Ti-6Al-4V 
alloy in different fretting regimes: (a) Partial slip regime; (b) 
Mixed fretting regime; (c) Slip regime 

 
3.4.1 In partial slip regime (PSR) 

Fig.9 shows the morphologies of the fretting scars 
of the MAO coating and Ti6Al4V alloy in the PSR, 
which corresponded to the displacement amplitude of   
3 μm. Relative motions in this regime were essentially 
accommodated by elastic deformation during the entire 
fretting processes, while the Ft—D curves were almost 
all closed. In this regime, according to the Mindlin’s 
theory, no relative sliding takes place at the contact 
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interfaces. In other words, the micro-slip occurred at the 
edge of contact zone and the contact center maintained 
the state of sticking from beginning to end. This is the 
reason why the morphology of the wear scar for the 
titanium alloy in Fig.9(a) was in a typical shape of 
annularity. However, for the fretting scars of the MAO 
coating, this typical morphology of annularity 
disappeared in the PSR (Fig.9(b)), and the porous 

structure of the coating maintained (Fig.9(c)). This is 
probably because that the characteristic of easy-sliding 
was presented by the MAO coating. Obviously, the 
damage of the coating was slighter than that of the 
substrate from Fig.9. 
3.4.2 In mixed fretting regime (MFR) 

As shown in Fig.10(a), clear trace of the plastic 
deformation flow and severe detachment could be 

 

 
Fig.9 Morphologies of wear scar of MAO coating and Ti6Al4V alloy in partial slip regime: (a) Ti6Al4V (D=3 μm, OM); (b) MAO 
coating (D=3 μm, OM); (c) MAO coating (D=3 μm, SEM) 
 

 
Fig.10 Morphologies of wear scar of MAO coating and Ti6Al4V alloy in mixed fretting regime: (a) and (c) Ti6Al4V (D=10 μm); (b) 
and (d) MAO coating (D=5 μm) 
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observed on the scar of the Ti6Al4V alloy, which 
induced the highest peak of the COF in the ascent stage 
in the MFR (Fig.8(b)). In addition, a third body contact 
formed due to some detached particles covering the 
contact zone. Ploughing traces for the typical 
morphology of abrasive wear were observed on the 
fretting scars of the substrate specimens (Fig.10(c)). 

For the coating, the wear was aggravated slightly 
from the PSR to the MFR with the increase of 
displacement amplitude. However, by comparing 
Fig.10(a) with Fig.10(b), it is found that the damage of 
the coating was slighter than that of the substrate. Two 
portions could be observed in Fig.10(b), which was 
probably induced by the different fretting running steps. 
The inner wear zone (i.e. the contact center) presented 
apparent sliding vestige due to gross slip occurred at 
early 100 cycles (Fig.7(b)). And the lateral portion of the 
scar was formed mainly owing to the partial slip, which 
was corresponding to the elliptic Ft—D curves. The 
pore-rich structure of the coating could still be observed 
on the contact zone in the MFR (Fig.10(d)). Iron element 
was detected by the EDX (Fig.11). It is the result that the 
material transferred from the ball specimen, which 
implys the MAO coating exposed a better wear 
resistance due to its high hardness. The MFR was proved 

 

 
Fig.11 EDX spectrum of center area of wear scar of MAO 
coating in mixed fretting regime 
 
to be the most dangerous regime for crack nucleation and 
service failure[20]. However, the protection effect for 
this coating maintained after 104 cycles, which helped to 
alleviate fretting damage. 
3.4.3 In slip regime(SR) 

When the displacement amplitudes were higher, the 
fretting regime entered into the SR and the degradation 
of Ti6Al4V alloy increased greatly (see Fig.12(a)). As 

 

 

Fig.12 Morphologies of wear scar of MAO coating and Ti6Al4V alloy in slip regime: (a) and (c) Ti6Al4V (D=40 μm); (b) and (d) 
MAO coating (D=40 μm) 
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shown in Figs.12(a) and (c), particles detached by 
delamination, ploughing traces and debris accumulation 
appeared obviously on the wear scar. A thicker wear 
debris layers covered the contact centre and the 
detachment marks distributed at the edge area of the 
scars with a dissimilar morphology in different sections. 
High oxygen peaks were detected by the EDX on the 
scars of the titanium alloy specimens in the SR. 
Therefore, for the substrate alloy, the fretting wear 
mechanisms were mainly abrasive wear, oxidative wear 
and delamination. 

For the coating, in the SR, with the increase of the 
displacement amplitudes, the degradation increased also 
but was evidently slighter than that of the substrate 
specimens under the same test conditions. As shown in 
Figs.12(b) and (d), to compare with the substrate, similar 
damage morphologies were obtained for the coating. The 
abrasive wear and delamination were still the wear 
mechanisms for the coating. In addition, also similar to 
the MFR, it was found that the material transferred from 
the ball specimen. More materials of the ball specimen 
were removed than those of the titanium alloy against 
steel ball, which indicated that the coating presented a 
better resistance of fretting wear. As seen in Figs.12(b) 
and (d), some dark zones on the scars were the coating 
which was undetached. Therefore, even after 104 cycles, 
the protection effect of the coating still existed partially 
although the COF has reached the value of the substrate 
material. 

Fig.13 shows the results of wear volumes for the 
MAO coating and the substrate specimen by using the 
LCSM. It is indicated that the wear volume of the 
coating was extremely lower than that of the substrate 
under the same test condition. In addition, the effect of 
alleviating fretting wear for the coating was increased 
greatly with the increase of the displacement amplitude. 
In sum, the fretting wear resistance of Ti6Al4V alloy was 
enhanced greatly by the micro-arc oxidation technology. 
 

 
Fig.13 Wear volumes of MAO coating and Ti6Al4V alloy 
under varied displacement amplitudes 

 
4 Conclusions 
 

1) The MAO coating with rough surface, typical 
crater-like pore-rich ceramic structure and high hardness 
was obtained, which mainly consisted of phases of rutile, 
anatase TiO2 and a little Al2O3. 

2) Three fretting running regimes (PSR, MFR and 
SR) were determined by the evolutions of the Ft—D 
curves for both the MAO coating and Ti6Al4V alloy 
substrate. The MAO coating could shift the MFR and SR 
to the direction of smaller displacement amplitude, and 
presents characteristics of easy sliding. 

3) Both for the Ti6Al4V substrate and the MAO 
coating, three stages of friction coefficients were found. 
Lower COF exhibited in the initial stage; and the 
duration of initial and ascent stages reduced with the 
increase of the displacement amplitude. In the PSR, 
lower friction coefficients appeared due to the 
coordination of elastic deformation of the contact zones. 
In the MFR, the friction coefficients of the coating were 
lower than those of the substrate since the hard ceramic 
layer avoided the plastic deformation of the substrate 
alloy. Similar stable values of COF in the SR appeared 
for the coating and the titanium alloy. 

4) The fretting wear mechanisms for the coating 
were abrasive wear and delamination with some material 
transfer of ball specimen. However, for the substrate 
alloy, oxidative wear was also one of wear mechanisms. 
The measurement of wear volumes showed that the 
coating presented a better property for alleviating fretting 
wear. 
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