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Introduction and other fields. It is known that 6xxx aluminum
alloys exhibit significant mechanical properties,
formability, better weldability and lower production

The advantages of aluminum alloys include low  costs relative to 2xxx and 7xxx series aluminum

density, gOOd weldablhty, gOOd moldablhty and auoys [1] However, low hardness and poor wear

excellent overall mechanical properties, making them resistance limit its application range [2, 3]. Surface
widely used in automobiles, rail transit, aerospace  modification technology was widely used to improve
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the friction resistance of materials to meet the use
requirements of various materials under friction
conditions [4]. Anodizing technology is one of the
most commonly used surface modification technolo-
gies for aluminum alloys [5-8]. Some studies have
shown that when the hard anodizing process is used
to strengthen the surface of the aluminum alloys, a
thick oxide film will be formed, which has high
hardness, excellent corrosion resistance and good
wear resistance. [9, 10].

Although the friction property of aluminum alloys
has been improved to a certain extent after anodizing,
it still cannot meet the practical application require-
ments due to the large friction coefficient [11].
Numerous studies have been conducted in order to
achieve this goal. Benefiting from the uniform and
ordered nanoscale pores formed during the
anodization process [12, 13], these nanoporous
structures can serve as reservoirs for lubricants and
abrasive particles. Wang et al. [14] found that adding
perfluoropolyether (PFPE) and octadecyltrichlorosi-
lane (OTS) into the anodic oxide film can effectively
reduce the friction coefficient of the oxide film and
improve the wear life. In addition, the friction coef-
ficient of the oxide film can also be effectively
reduced by adding some abrasive particles into the
oxide film, such as MoS, carbon nanofibers and
iodide, etc. [15-17]. Skeldon et al. [16] reanodized the
sample in 107> M ammonium tetrathiomolybdate
electrolyte and found that the oxide film contained
MoS,. Compared with no self-lubricating film, the
wear coefficient decreased from 3.5 x 107" m* to
4 x 107"? m® Takayav et al. [18] found that the fric-
tion coefficient of the oxide film could be reduced
from 0.8 to 0.4 by forming 0.1% iodide in the pores of
the oxide film. Therefore, adding lubricating particles
into the nano-pores of the oxide film is a fast and
effective method to reduce the friction coefficient of
the oxide film. Kim et al. [19] found that the friction
coefficient of oxide film was related to its pore size
and loading load, when the oxide film on the friction
coefficient was dominant at relatively high loads
(0.1 N and 1 N): the larger the pore size, the higher
the friction coefficient. In addition, studies have
shown that the oxide film porosity, as well as the
pore depth and pore diameter ratio, also affects the
friction resistance of the oxide film. These can be
obtained by changing the anodizing process to obtain
the optimal porosity as well as the ratio of pore depth
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and pore diameter, thereby improving the friction
resistance of the oxide film [19, 20].

The above studies provide an important basis for
anodizing in improving the wear resistance of alu-
minum alloys, but these studies are all through
changing the surface state of the oxide film to
improve the wear resistance. Since the film/alu-
minum alloy interface needs to withstand the cyclic
contact stress during the friction process, and the
elastic modulus and hardness of the oxide film are
quite different from those of the aluminum matrix.
Once the strength and toughness of the film/alu-
minum alloy interface cannot resist the effect of cyclic
contact stress, the aluminum matrix would deform,
which causes fatigue and adhesive wear, reducing
the wear resistance. The film/aluminum alloy inter-
face structure on the friction resistance is very
important. Because the anodization process is an
electrochemical reaction, aluminum is converted into
APt during the oxidation process [21-23]. For Al-
Mg-Si alloy, Mg will preferentially ionize and par-
ticipate in the oxidation reaction during the
anodization process since Mg has higher chemical
activity than Al [24]. In general, the precipitation
sequence of Al-Mg-Si alloys is assumed to be as
follows: Supersaturated solid solution — Atomic
clusters - GP zones —» f” - U1, U2, B, B - B
[25-30]. The consumption of Mg during the anodiz-
ing process is different due to the state of Mg in Al-
Mg-Si alloys in different heat treatment states,
thereby affecting the oxide film/aluminum alloy
interface. However, the influence of different states of
Mg on the structure of the film/aluminum alloy
interface is still unclear.

To sum up, the wear resistance of 6xxx series alu-
minum alloy after anodic oxidation is improved
mainly by regulating the anodic oxidation process, or
by adding grinding particles, but the substrate/film
interface structure on the influence of the wear
resistance is still unclear. The purpose of this study is
to further improve the wear resistance of the overall
material by adjusting the stability of the sub-
strate/film interface structure without changing the
high wear resistance of the anodized film and the
properties of the base material. In this study, the
AA6082 alloy will be subjected to different heat
treatments to change the state of Mg before
anodization. The effects of Mg in three different states
(precipitates, supersaturated solid solutions, atomic
clusters or GP zones) on the interfacial structure of
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the film/substrate after anodic oxidation were sys-
tematically studied. The SEM and HRTEM were used
to characterize the cross-sectional morphology of the
oxide film and the structure of the film/aluminum
alloy interface. The effects of different film/alu-
minum alloy interface structures on the wear resis-
tance of the oxide film were compared and analyzed
by the reciprocating friction test. All the samples in
this study were prepared under industrial conditions,
and the test results are of great significance for
improving the protective properties of aluminum
alloys used in rail transit and automobiles.

Experimental
Materials and anodizing

AA6082 alloy commercial plate with 6 mm thickness
was used for this research, and the alloy composition
is shown in Table 1.

In order to ensure that this study meets the
industrial demand, we selected the most common
heat treatment process of the AA6082 alloys (T6, heat
preservation at 530 °C for 1 h and aging at 170 °C for
6 h). Before anodizing, the hot-rolled AA6082 sam-
ples were solution treated at 530 °C for 1 h, followed
by water quenching. These samples were divided
into three categories: In the first type, the solid solu-
tion samples were directly anodized, followed by
artificial aging at 170 °C for 6 h (marked as S-AO). In
the second type, the samples in the solid solution
state were artificially aged at 170 °C for 1 h, followed
by anodization, and finally artificially aged at 170 °C
for 5 h (marked as U-AOQ). In the third type, the solid
solution samples were artificially aged at 170 °C for
6 h, followed by anodization (marked as P-AO). The
specific process flow is shown in Fig. 1. The same
anodizing process was used for the samples in dif-
ferent heat treatment states in this study, which was
consistent with our previous research [31, 32].
Anodizing was performed in a 10% sulfuric acid
solution at — 3 °C. The segmented constant voltage

Table 1 Composition of AA6082 alloy, wt%

Element Si Fe Zn Mg Cr Mn Ti Al

Content 0.58 0.31 0.10 1.09 0.17 0.61 0.09 Bal
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method was adopted, the voltage ranged from 14 to
28 V, and the time was 65 min. Finally, seal the hole
with boiling water for 10 min.

Test and characterization

The friction test was carried out on the HSR-2M
reciprocating friction tester under a load of 3 N and a
frequency of 30 Hz for 20 min. The grinding material
is the SizNy ball with a diameter of 3 mm. The sche-
matic diagram of reciprocating friction test is shown
in Fig. 2. In order to ensure the accuracy of friction
test results, three parallel samples were used for each
group of tests under the same conditions.

Scanning electron microscopy (SEM, Zeiss Evo
Ma10, 20 kV accelerating voltage) was used to char-
acterize the cross-sectional morphologies of the three
films and the Transmission electron microscopy
(TEM) observations of wear morphology. The TEM
observations were performed using a Tecnai-G2-F20
operated at 200 kV. TEM foils of film/substrate
interface were prepared by focused ion beam (FIB,
FEI Helios NanoLab 600i).

Results
SEM images of the film/matrix

The cross-sectional morphologies of the three films
were observed by SEM as shown in Fig. 3. The
thickness of the three films is about 20 pm, indicating
that there is no impact on film thickness after the
same anodizing process for the aluminum alloy
samples in different treatment heat states. Besides,
there are some microscale pores that can be seen in all
films, which are caused by the coarse phases. As an
inert phase, Al-Fe-Mn-5i is the most common coarse
phases in Al-Mg-Si alloys. During anodization, the
aluminum matrix around the coarse phase is prefer-
entially dissolved and oxidized, resulting in the
exfoliation of the particles, and some exfoliated par-
ticles would remain in the oxide film, leading to the
formation of pores [33, 34]. The coarse phases cannot
be eliminated by heat treatment processes since they
are the primary phases of the alloys.
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Figure 1 Flowchart of heat
treatment and anodizing
process of AA6082 alloy.
Solid

AA6082 solution at
alloys 530 °C for

|
| Marked as
S-AO

: Marked as
1 U-AO

Marked as
P-AO

Figure 2 Schematic diagram of reciprocating friction test.
TEM images of the film/matrix interface

To furtherly explore the influence of the different
heat treatment states of aluminum alloy before
anodization on the film/aluminum alloy interface, a
transmission electron microscope (TEM) was per-
formed. Figure 4a—c are the TEM bright-field images
of the film/aluminum alloy interface of the P-AO,
U-AO and S-AO samples acquired from the [100];
zone axis, respectively. Needle-like precipitates could
be found in the three diagrams, but the quantity,
density and size of the precipitates at the U-AO film/
aluminum alloy interface (Fig. 4a) are higher than
those of the P-AO film and S-AO film (as shown in
Fig. 4a, ¢). In addition, needle-shaped particles are

FilmI

—

-~ Matrix

——

densely distributed outside the 50 nm range of the
S5-AO film boundary, while the P-AO and U-AO
film/matrix has needle-shaped particles in the entire
field of view. In order to further explain the above
situation, HRTEM images were taken out.

Figure 5a—c shows the HRTEM images of the film/
aluminum alloy interface of the P-AO, U-AO and
S5-AO samples acquired from the [110]4; zone axis,
respectively. Some needle-like precipitates can be
found at the interface of the P-AO and U-AO sam-
ples, which are preliminarily determined to be Mg,.
Si,. To further confirm the type of this precipitated
phase, we prepared high-resolution samples by
electrolysis-double jet on the same sample, and took
HRTEM imaging under the [100]n; zone axis
(Fig. 6a). Figure 6b depicts the fast Fourier transfor-
mation (FFT) image acquired from Fig. 6a. It is con-
cluded that the type of the precipitates is " phase
(MgsSig) through lattice calibration. Interestingly,
compared with the P-AO and U-AO samples, no p’
phase was found at the interface of the S-AO sample.
Research shows that Mg would preferentially ionize
and participate in the oxidation reaction during the
anodization process due to its higher chemical
activity [24]. For the S-AO sample, because Mg was
dispersed in the aluminum matrix before anodiza-
tion, which would easily cause the Mg distributed on
the surface of the aluminum alloy to be exhausted
during the anodization process, resulting in the

Figure 3 SEM images of the cross-sectional morphology of the oxide film. a P-AO film, b U-AO film and ¢ S-AO film.
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Figure 4 a—c as the interface TEM Bright-field images of P-AO, U-AO and S-AO films, respectively.

Figure 5 a—c HRTEM images of film/aluminum alloy interface of P-AO, U-AO and S-AO samples, respectively; d—f HRTEM images of

aluminum matrix of P-AO, U-AO and S-AO samples, respectively.

formation of an Mg-poor region at the film/alu-
minum alloy interface. As a result, during the sub-
sequent artificial aging process, the B” phase cannot
be formed at the film/aluminum alloy interface.
Different from the S-AO sample, the U-AO sample
was artificially aged at 170 °C for 1 h before the
anodization treatment, the Mg at this time did not
exist in the state of precipitation. The study shows
that for Al-Mg-Si alloy, Mg mainly forms the GP
zones after artificial aging at 170 °C for 2 h [35, 36].
According to the precipitation sequence of the Al-

Mg-Si alloy [25-30], the Mg at this state mainly forms
atomic clusters or GP zones. Although Mg con-
sumption also occurs during anodization, a certain
amount of Mg still exists in these zones after
anodization, this is because a large amount of Mg is
enriched in atomic clusters or GP zones. Therefore,
throughout the aging process, some regions that meet
the conditions would be transformed to the B” phase.

HRTEM was also used to determine the influence
of the heat treatment state before anodization on the
B” precipitates of the aluminum matrix at the non-

@ Springer
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Figure 6 a HRTEM image of
aluminum matrix of P-AO
sample under [100]5; zone
axis; b FFT image acquired
from figure (a).

interface. Figure 5d—f are the HRTEM images of
aluminum matrix at non-interface of the P-AO, U-AO
and S-AO samples acquired from the [110]5; zone
axis, respectively. It can be seen that within the same
field of view, there are the same number of p” pre-
cipitates in the aluminum matrix at non-interface of
the three samples, and the size and dispersion degree
of the precipitates are similar. This also shows that
the strength of the aluminum matrix at non-interface
is similar. To sum up, the heat treatment state of the
aluminum alloy before anodization only affects the
precipitation phase of the aluminum matrix at the
interface, and does not affect the overall aluminum
alloy.

Friction properties

It can be known that the film/aluminum alloy inter-
face structure of aluminum alloy materials in differ-
ent heat treatment states is different after anodizing
treatment from analysis of “TEM images of the
film/matrix interface” section. To explore the effects
of these different film/aluminum alloy interface
structures on the friction properties, the reciprocating
friction test was carried out. Figure 7 shows the
friction coefficient curves of the P-AO, U-AO and
5-AO and only anodized without aging samples. The
friction coefficient of the four films shows different
trends. For the P-AO sample, in the initial stage of
friction, the friction coefficient rises rapidly, and
when the friction time reaches 2.5 min, the friction
coefficient shows a relatively stable trend, and the
average friction coefficient at this time is about 0.08.
However, it is worth noting that compared with the
P-AO sample, the time for the friction coefficient
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Figure 7 Friction coefficient curve.

curve of the S-AO sample to enter the flat stage is
more delayed. After about 6 min, the friction coeffi-
cient increases rapidly from 0.04. Different from the
P-AO and S-AO samples, the friction coefficient of
the U-AO sample shows a relatively stable trend in
the whole friction process, and does not increase
rapidly, and the friction coefficient remains around
0.04. In order to further investigate the influence of
heat treatment state on the tribological properties of
anodized samples, the only anodized without aging
samples were tested under the same conditions. For
the only anodized without aging sample, the varia-
tion trend of the friction coefficient curve is similar to
that of P-AO, but the friction coefficient is slightly
higher.

To explore the mechanisms for the difference in
friction coefficient of the four films, the friction
morphologies of the four films were observed and
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analyzed by SEM as shown in Fig. 8. Lots of cracks
appear on the surface of the four films after the
reciprocating friction test. This is because the anodic
oxide film belongs to the alumina ceramic film, which
is relatively brittle, so the film will break rapidly
under the action of contact compressive stress. It can
be seen that after a 20 min reciprocating friction test
of the P-AO sample, a large number of cracks, large
debris accumulation areas and some small holes
appear on the surface (as shown in Fig. 8a). This
indicates that the specimen is subjected to serious
fatigue wear and adhesive wear. However, unlike the
P-AO sample, only some cracks are observed in the
film after the U-AO sample is rubbed back and forth
(as shown in Fig. 8b). This indicates that the oxide
film is well combined with the aluminum alloy sub-
strate, and the film/aluminum alloy interface has
sufficient toughness to resist cyclic contact stress.
According to the friction coefficients of the four
films in Fig. 7, the friction coefficient of the S-AO
sample is low in the first 5 min, and then rises
rapidly. To explore the reasons for this phenomenon,
we carried out SEM friction morphology characteri-
zation of S-AO sample after 5 min and 20 min
reciprocating friction, respectively (as shown in
Fig. 8c, d). When the S-AO sample is subjected to a
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5 min reciprocating friction test, only some cracks are
observed on the surface of the oxide film, and the
results are similar to those of the U-AO sample.
When the S-AO sample is subjected to a 20 min
reciprocating friction test, in addition to cracks, a
small amount of wear debris accumulation and large
pores are observed, and the results are similar to
those of the P-AO sample. This indicates that the
5-AO sample is mainly dominated by fatigue wear
and adhesive wear. It can be seen from Fig. 8e, after a
20 min reciprocating friction test of the only anodized
without aging sample, a large number of cracks, large
debris accumulation areas and some small holes
appear on the surface (as shown in Fig. 8e), which is
similar to that of P-AO sample. This is because the
sample has not been aged treatment, the strength of
the matrix is low, and the matrix cannot play a good
support in the friction process, resulting in rapid
adhesive wear. Although the strength at the interface
of 5-AO sample is also very low, the softening zone is
only within the range of 50 nm of the membrane base
interface, and the whole matrix material can play a
good supporting role. The specific matrix hardness
values are shown in Table 2.

Adhesive WeAK i zoess=

e = \"67 ~
\ I
-

Figure 8 SEM images of friction morphologies. a, b and e the
friction morphologies of the P-AO, U-AO and anodized without
aging samples after rubbing for 20 min, respectively; ¢ and d the

friction morphologies of the S-AO samples after rubbing 5 and
20 min, respectively.
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Table 2 Matrix hardness of anodized samples (Hv)

Sample 1# 2# 3# Average value
P-AO 115.6 117.2 115.3 116.0
U-AO 116.3 115.5 116.7 116.2
S-AO 115.8 115.6 116.1 115.8

Only anodized 71.3 72.7 70.5 71.5

Discussion

We found that the anodized AA6082 alloy has the
best friction resistance when the Mg exists in atomic
clusters or GP zones before anodization, follow by
the supersaturated solid solution, and in the last is
the B” phase. According to the above analysis and
characterization, the thicknesses of the three oxide
films are similar (as shown in Fig. 3). Studies have
shown that the anodic oxide film exhibits an amor-
phous structure [38], and the elastic modulus of the
anodic oxide film is not directly related to the oxi-
dation conditions [39], in the range of 122-140 GPa
[40, 41]. In addition, the state of Mg before anodiza-
tion does not affect the overall structure of the alu-
minum matrix, but only affects the structure at the
interface. Therefore, it can be determined that the
difference in the film/aluminum alloy interface
structure is the main reason for the difference in the
friction properties of the three oxide films.

J Mater Sci (2023) 58:1293-1304

It can be seen from the “TEM images of the
film/matrix interface” section, especially the interface
HRTEM image of the S-AO sample, anodizing would
cause the consumption of Mg on the surface of the
aluminum alloy. Research shows that Mg in the f”
phase is oxidized to Mg”" species during anodizing
due to its relatively high activity [24, 37], which leads
to the consumption of the B’ phase. To explore the
effect of the consumption of the precipitates on the
structure of the film/aluminum alloy interface dur-
ing the anodization process, the regions with and
without the precipitates at the film/aluminum alloy
interface of P-AO sample were observed and ana-
lyzed as shown in Fig. 9a and b, respectively. As seen
in Fig. 9f and g, these areas underwent IFFT pro-
cessing using the <110>,; diffraction spots. It is
possible to find some line defects around the ” phase
at the film/aluminum alloy interface, but some line
defects are also present in areas without the " phase.
Different from the P-AO sample, the Mg in the U-AO
and S-AO samples does not exist in the state of pre-
cipitates before anodization. For the U-AO sample,
the regions with and without the precipitated phase
(as shown in Fig. 9¢c, d, respectively) were analyzed.
Figure 9h and i shows the IFFT images acquired from
Fig. 9c and d, respectively. It can be seen that when
there is a B’ phase at the film/aluminum alloy
interface, there are line defects around the precipi-
tates, and the result is consistent with the P-AO
sample. However, when there is no p” phase at the

i

e
\“m" I

11521

I

B' phase

T
!
) ‘

“ N"“ WU

Figure 9 a, ¢ and e HRTEM images of P-AO, U-AO and S-AO
samples without precipitation at the film/matrix interface,
respectively; f, h and j processed by <110>,, IFFT
corresponding to (a), (c) and (e), respectively; b and d HRTEM
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images of P-AO and U-AO samples with precipitation at the
film/matrix interface, respectively; g and i processed by <110>4,
IFFT corresponding to (b) and (d), respectively.
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Figure 10 Schematic diagram of anodic oxidation growth process.

film/aluminum alloy interface of the U-AO sample,
the atoms in the aluminum alloy matrix show a
highly ordered arrangement. For the S-AO sample,
since no B” phase is found at the film/aluminum
alloy interface, there are no line defects and the atoms
at the film/base interface presented a highly ordered
arrangement (as shown in Fig. 9j).

To sum up, the state of Mg before anodization
mainly affects the consumption form of Mg during
anodization and the formation of B’ phase during
subsequent heat treatment. According to the above
results, a schematic diagram (as shown in Fig. 10) is
used to express the evolution of the interface struc-
ture during anodization. When Mg exists in " phase
before anodization, some B’ phases would be dis-
solved with the consumption of Mg during
anodization, and the surrounding line defects would
be retained. So the strength of the aluminum matrix
at the interface is reduced due to the consumption of
the p” phase during anodization, and the residual
line defects around the consumed precipitates are
more prone to stress concentration under the action
of cyclic shear stress, which accelerates the occur-
rence of adhesive wear. The wear debris dropped by
adhesive wear continues to participate in the counter-
grinding. During the counter-grinding process, the
large pieces of wear debris are partially ground
under the action of the extrusion force (normal

stress), and some are directly embedded in the matrix
[42, 43]. However, the hardness of the large abrasive
chips embedded in the matrix is much higher than
that of the matrix, which leads to the deformation of
the matrix and the generation of holes during the
crushing process, which leads to a rapid increase in
the friction coefficient of the P-AO sample.

When Mg exists in atomic clusters or GP zones
before anodization, although the consumption of Mg
also occurs during the anodization process, some
atomic clusters or GP zones that meet the conditions
would be transformed to the f” phase in the subse-
quent aging process, so line defects would also be
introduced around the B” phase. The part without the
precipitates would not undergo lattice distortion so
the atoms in this part would be highly ordered.
Therefore, under the action of cyclic contact stress,
the existence of the B’ phase hinders the slip of line
defects, and the ability of the film/aluminum alloy
interface to resist shear strain increases, thereby
improving the friction and wear resistance of the
U-AO speciments.

When Mg exists as a supersaturated solid solution
before anodization, no lattice distortion occurs at the
film/aluminum alloy interface. It is worth noting that
the Mg at this time does not form atomic clusters and
is dispersed in the aluminum matrix, which makes
the Mg on the surface of the aluminum matrix
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exhausted after anodization, so that the B’ phase
cannot be formed, which results in increased tough-
ness and decreased strength of the aluminum matrix
at the film/aluminum alloy interface. In addition,
because the B” phase cannot be formed at the film/
aluminum alloy interface, line defects are avoided (as
shown in Fig. 9j) and the stability of the film/alu-
minum alloy interface is improved. For this reason,
the high toughness and high stability of the film/
aluminum alloy interface make the S-AO sample free
from fatigue and adhesive wear during the recipro-
cating friction process within 5 min. But the ability to
resist shear strain is related to the strength and
toughness of the material [44-47]. Although the high
toughness and high stability of the film/aluminum
alloy interface of the S-AO sample increase the ability
to resist fatigue and adhesive wear to a certain extent,
the strength of the aluminum matrix at the film/
aluminum alloy interface is too low. Therefore, after a
certain period of reciprocating friction, the film/alu-
minum alloy interface still cannot resist the action of
cyclic contact stress, resulting in fatigue and adhesive
wear, as well as the rapid increase in the friction
coefficient, thereby reducing the friction and wear
resistance of the S-AO sample.

Conclusion

This work studied the improvement of interface sta-
bility and anti-friction performance by adjusting the
state of Mg before anodization. The effects of Mg in
different states on the film/aluminum alloy interface
structure of AA6082 alloy and the corresponding
tribological behavior after anodization were system-
atically investigated. The main conclusions are as
follows:

1. The heat treatment state of the aluminum sub-
strate before anodization would not affect the
thickness of oxide film, but will change the film/
aluminum alloy interface structure.

2. Through the results and analysis, we confirmed
that avoiding the precipitation of " phase before
anodization is beneficial to improve the stability
of the film/aluminum alloy interface. At the same
time, although the excessive dispersion of Mg
could improve the stability of the interface after
anodization, it would reduce the strength of the
matrix.
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3. The existence state of Mg before anodizing has an

important influence on the wear performance.
The friction resistance of the anodized AA6082
alloy is the best when the Mg in the state of
atomic clusters or GP zones, followed by in the
state of supersaturated solid solution, and the
worst is in the state of B” phase.
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