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The tribological behaviour of anodic oxide layer formed on Al5754, used in automotive applications, was investigated against test
parameters. The friction coefficient under different normal loads, sliding speeds, and oxide thicknesses was studied using a pin
on disc tribometer. Results show that the increase of load and sliding speed increase the friction coefficient. The rise of contact
pressure and temperature seems to cause changes in wear mechanism. Glow-discharge optical emission spectroscopy (GDOES)
was used to investigate the chemical composition of the oxide layer. Morphology and composition of the wear tracks were analyzed
by scanning electron microscopy (SEM) and energy dispersive X-ray spectroscopy (EDS). On the basis of these characterization
techniques, a wear mechanism was proposed. The observed mechanical properties can be related to the morphology and the
chemical composition of the layer.

1. Introduction

Anodic oxide layers are of increasing interest for many
engineering applications (automotive, shipbuilding, and con-
struction industries) due to their high hardness and high
resistance to thermal and corrosive loadings combined with
relatively low densities [1–5].

The anodic oxide layer has porous structure and mainly
consists of amorphous Al

2
O
3
[6–8].

Owing to this porosity, anodic oxide layer is very ben-
eficial for tribological application as they can be used as a
reservoir for lubricants to form self-lubricating structures [9–
11]. Many researchers have demonstrated the enhancement of
friction and wear performance of the anodized aluminum by
using plasma electrolytic oxidation and/or by modifying the
anodic structure [12, 13].

However, we think that the tribological behavior of
anodic oxide layer itself needs to be more investigated to be
well utilized as self-lubricating structures.

Mezlini et al. [14] have investigated the effect of sulfuric
anodizing (SA) on the scratch damage of the 5xxx aluminum
alloy used in transport application. For scratch test, they have

found that SA treatment decreases abrasive wear resistance
despite the increase of the anodized layer hardness.

Kim et al. [7] have studied the tribological behavior of
nanoporous structure films with various pore sizes in sliding
contact with steel ball, varying the normal load from 1mN to
1N. They have shown the decrease of the friction coefficient
with the increase of load. They attributed this fact to the
formation of smooth and thick tribolayer at high loads.

Lee et al. [15] have used ball-on-disk wear tests to study
the tribological behavior of porous anodic alumina. They
have concluded that water stored inside the pore has great
effect when it is released during sliding by elastic-plastic
deformation.

The main focus of this paper is to study the effect
of normal load, sliding speed, and oxide thickness on the
tribological behaviour of anodic oxide layer formed on
Al5754 in sulphuric acid bath. Moreover, worn surfaces were
analyzed using scanning electronmicroscopy (SEM) coupled
with energy-dispersive spectroscopy (EDS). Glow-discharge
optical emission spectroscopy (GDOES) was used to find out
the chemical composition of anodic layers.
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Table 1: Chemical composition of Al5754 aluminium substrate.

Element Si Fe Cu Mn Mg Cr Zn Ti Al
Weight (%) <0.40 <0.40 <0.10 <0.50 2.6–3.6 <0.30 <0.20 <0.15 Rest

2. Experimental

2.1. Materials and Methods. In this study, the 5754H111 alu-
minium alloy was used. Samples with dimensions of 100 ×
25 × 3mm3 weremechanically polished to P1000 grade paper
to obtain smooth surfaces followed by (i) chemical polishing
in a 15/85% (v/v)mixture of concentrated phosphonitric acids
(HNO

3
+ H
3
PO
4
) at 85∘C for 2min, (ii) etching in 1M

sodium hydroxide NaOH solution at room temperature for
1min, and (iii) chemical pickling in 30% (v/v)HNO

3
solution

at room temperature for 30 s. Water rinsing was used after
each step. Afterwards, samples were anodized in vigorously
stirred 160 g L−1 sulphuric acid bath maintained at 15 ± 0.1∘C
under 2A⋅dm−2. The anodizing duration was chosen so that
to obtain oxide layer with 30 𝜇mof thickness measured using
ELCOMETER 355 TopThickness Gauge equipped with eddy
current probe. It is to mention that the used cathodes were
also aluminium sheets.

2.2. Testing Methods

2.2.1. Friction Test. Friction tests were carried out in dry
condition using a pin-on-disc tribometer. Anodized samples
with dimensions of 20 × 20 × 3mm3 were brought into
contact with 100C6 steel ball with a diameter of 6mm. All
tests were performed at the same sliding speed of 100 tr/min
(0.052m/s). Friction tests were performed in ambient air (25–
27∘C) at relative humidity (RH) of 35–45%. During tests, the
variation of the friction coefficient versus time was recorded.

2.2.2. SurfaceMorphology. Themorphology of the oxide layer
was studied from the top side of the layer using a scanning
electron microscope SEM-FEG (Jeol JSM-6400F). Atomic
force microscopy (AFM) characterization, using model dig-
ital instrument-nanoscope probe II (contact mode), was
realized to examine the roughness of the anodized surfaces.
Surface topography was recorded over scanned areas of
5 𝜇m × 5 𝜇m.

Surface profiles, using Surtronic 25 profiler from Taylor
Hobson, was used to examine the surface topography of the
different oxide layers.

The wear tracks were studied using a LEICA optical
microscope and a TESCAN VEGA II scanning electron
microscope (SEM) coupled with an energy-dispersive X-ray
spectroscopy (EDS) for chemical analysis.

2.2.3. Glow-Discharge Optical Emission Spectroscopy (GDOES).
The distribution of chemical species in the anodic oxide layer
was determined by depth profiling using a Jobin Yvon GD
Profiler instrument equipped with a 4 mm diameter anode
and operating at a pressure of 800 Pa and a power of 600W
in an argon atmosphere.The relevant wave lengths (nm) were
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Figure 1: Friction coefficient of Al5754 as a function of sliding time.

as follows: Al, 396.15; O, 130.22; S, 181.73; and C, 156.14. The
sputtering layer was 6 𝜇m thick.

3. Results and Discussion

3.1. Friction Coefficient of the Al5754 Substrate. Before study-
ing different anodic oxide layers, the friction behaviour of the
aluminium substrate was investigated (Table 1).The variation
of the friction coefficient versus time is shown in Figure 1.
As can be seen, this plot reveals three zones connected to
three regimes: friction first increases, then increases, and
finally achieves a steady state value for the remainder of the
sliding distance.The changes of the friction coefficient values
can be associated with changes in the wear morphology
and the extent of oxidation. These results are in accordance
with those of Kim et al. [16]. In fact, they demonstrated the
role of oxygen on the wear morphology evolution. Besides,
Yerokhin et al. [17] relate this finding to the transition from
the wear mechanism of the couple steel/aluminium (ductile)
to that of steel/oxide film (brittle) formed by oxidation which
decreases the friction coefficient.

Figure 2(a) shows the wear track after the friction test.
The surface roughness has increased. The worn surface was
smooth, distinct parallel and continuous grooves with plastic
deformation can be observed. This figure shows that severe
adhesion took place. Figure 2(b) shows the profilometric
measurement undertaken on the wear track. The obtained
track depth and width were 20 𝜇m and 0.75mm, respectively.

3.2. Effect of the Oxide Layer Thickness on the Friction
Coefficient Response. Figure 3 depicts the friction coeffi-
cient evolution versus time for anodic oxide layer with
two thicknesses 20 and 60𝜇m. During the 10 first minutes
of the test, the friction coefficient shows an increase for
thickness of 60 𝜇m, and then it reaches, for both layers,
similar value. In fact, thick coatings have long and deep pores
withmore open structures because of the long residence time
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Figure 2: (a) Optical microscopy of worn surface of the aluminium substrate. 𝐹 = 1N, 𝑉 = 100 tr/min; (b) wear track profile.
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Figure 3: Effect of the oxide layer thickness on the friction
coefficient response. 𝐹 = 1N, 𝑉 = 100 tr/min.

in the anodizing bath. These coatings are more subjected
to major collapse under the contact pressure. This finding
was equally observed by Fratila-Apachitei et al. [18] when
they measured Vickers microhardness of anodic oxide layer
with different thicknesses. In fact, they have found that
the hardness decreases when going from oxide/substrate to
oxide/electrolyte interface due to the chemical dissolution
reactions at the outer interface. Yerokhin et al. [17] have
studied the effect of the anodic oxide layer thickness on the
friction response. They demonstrated that coatings with low
thicknesses are more effective in terms of friction, scratch,
and impact resistance.

3.3. Effect of the Normal Load on the Friction Coefficient
Response. The anodization layer is porous and brittle; apply-
ing significant normal load during a friction test can lead to its
failure. In fact, some authors like Kim et al. [7] have used very
low loads (1mN–1N) when working on the friction behavior
of anodic oxide films on aluminum. These authors showed
that a load of 1 N is considered high and can lead to severe
plastic deformation of compacted debris and the formation of
smooth and thick tribolayer. In this context, we have chosen
to run friction tests with loads between 1 and 3N in order
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Figure 4: Effect of the normal load on the friction coefficient
response: 𝑉 = 100 tr/min.

to avoid over contact stress and losing information on the
contact between the mating materials.

Figure 4 shows the variation of the friction coefficient of
the anodic oxide layer versus time, depending on the normal
load. As can be seen, the friction curves show a transition
period during the first cycles in which the coefficient is high.
Then, the friction coefficient decreases to a stable value: the
steady state. This figure shows that under the same sliding
speed, the friction coefficient increased with the load and the
greater the load was, the longer the time would be from the
beginning of stabilization.

Figure 5 shows an overview of wear tracks of worn oxide
layers under different loads. The analysis of this figure shows
that, beyond a load of 2N (Figures 5(b) and 5(c)), the rapid
formation of black layer at the wear contact was observed.
This phenomenon was usually accompanied by the increase
in the friction coefficient at the beginning of the test. For a
load of 1 N (Figure 5(a)), this fact occurs in a delayed way.
This findingwas observed also byWang et al. [19] andRapheal
et al. [20]. Indeed, they showed that the increase of the load
(5N) allows the rapid establishment of transfer phenomena.
For loads less than 2N, the stationary state is delayed.

Figures 5(a)–5(c) show the presence of smooth and
thick layers formed by a combined action of tribochemical
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Figure 5: Optical microscopy images of the wear tracks as a function of normal load: (a) 𝐹 = 1N; (b) 𝐹 = 2N; (c) 𝐹 = 3N; and (d) surface
of the stainless steel ball.

reactions of oxidation and transfer in the contact by severe
plastic deformation of crushed debris.

This phenomenon was observed by Kim et al. [7].
These authors have shown, by chemical analysis using EDS
technique, that the studied layer is composed of iron and
chromium, the elements of the 440C stainless steel ball and
of Al, S, O, and C components of the anodizing layer. Indeed,
the observation by optical microscopy of the contact area at
the steel ball shows a remarkable degradation (Figure 5(d)).

In the beginning of the friction test, owing to the strong
adhesion between the steel ball and the oxide layer, the
metal of the ball was transferred to the coating surface.
After some time had elapsed, the oxide surface was entirely
covered by a layer of transferring metal that could have
formed chemical compounds with the oxide layer. It can
be seen from the friction coefficient curves that the friction
coefficient increases initially with increasing sliding distance,
this being called the running-in period, and then reached an
equilibrium with a more stable value, which may be caused
by the transfer film formed on the sliding surface [21].

It remains to note that the increase of the load causes
an increase in temperature at the frictional contact. The heat
generated accelerates the oxidation phenomena and transfer.
This phenomenon was also observed by Kim et al. [7].

The increase in temperature at the contact may be the
result of the transferred film (mostly FeO, judging by the rust
color) which would be more easily adhered to the anodic
oxide layer under higher loads than that under lower loads.
Also, the wear condition would become steel-to-steel wear
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Figure 6: Effect of the sliding speed on the friction coefficient.
Normal load 𝐹 = 1N.

and the transferred film would act to reduce the friction
coefficient between the sliding surfaces.

More heat generated at the wear interface causes higher
oxidation of the iron surface and thus an oxide film might
form to provide a degree of lubricant and protect the steel ball
from excessive wear [21].

3.4. Effect of the Sliding Speed on the Friction Coefficient
Response. Figure 6 shows the variation of the friction coef-
ficient of anodic oxide layer as a function of the sliding speed
under normal load of 1 N. The examination of this figure
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Figure 7: Optical microscopy images of the wear tracks as a function of sliding speed: (a) 𝑉 = 100 tr/min; (b) 𝑉 = 200 tr/min; and (c)
𝑉 = 300 tr/min. Normal load 𝐹 = 1N.

shows that the friction coefficient seems to increase with
sliding speed.

An overview of wear tracks generated on tested samples
is shown in Figure 7. The formation of the oxidation layer
is even more pronounced when the speed increases. These
findings were also highlighted by Kim et al. [7]. These
authors attributed the change in friction behaviour to the
contact temperature. Indeed they showed that high speeds
generate more heat at contact, thus facilitating the oxidation
and transfer phenomena and the formation of tribolayers
(Figure 7).

3.5. Wear Mechanism. Figure 8 demonstrates the formation
of smooth layers at the contact surface. These layers are
created by the combined influence of tribochemical reaction
and material transfer. The observed smoothness suggested
the generation of severe plastic deformation of compressed
debris (Figure 8(c)).

Figure 8 shows the existence of surface polishing, micro-
cracking, and detachment of wear particle. Microcracks were
propagated outside the contact zone on both sides of the
sliding direction following the frontward movement of the
steel ball. All cracks have identical angles with regards to the
sliding direction (Figure 8(a)). It means that, during sliding,
the cracks are together formed on both sliding sides along the
wear scars.

It seems that microcracks are produced due to the pres-
ence of shear stresses during the friction test.Hence, the pores

of anodic oxide layer were deformed by extrusion pressure
and covered with abrasive particles. These coatings do not
exhibit any deeper scratches, but microcracking assisted
flaking is found to be the predominant wear mechanism
[22, 23].

Figure 9 shows typical EDS spectrum carried out on
the tribolayers and wear particles formed after friction test.
This figure reveals that these tribolayers were composed of
Fe and Mo, transferred from the ball, and Al and O, the
main chemical elements of the oxide layer. It explains that
active tribochemical reaction and material transfer occurred
between the steel ball and the oxide layer.

Here it is to mention that the tribological behavior
goes with the evolution of anodic layer porosity [6]. The
anodized layer presents open porosities, cavities, and some
local perturbation attributed to the elaboration conditions.
Figure 10 shows typical SEMandAFM images of the anodized
layer. As can be seen, pores were distributed macroscopically
in a random fashion. They had a uniform size and were
arranged in a honeycomb hexagonal structure.

The topography obtained by AFM shows the presence
of cavities and open porosities. From a geometrical point of
view, the porosity of the layer can affect its friction behaviour.
In fact, the movement of the steel ball will not be the same
on large and small pore diameters and/or on flat or disturbed
morphology.

The alloying element seems to affect the friction
behaviour of the anodic layers formed on Al5754. In fact,
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Figure 8: SEM images of wear tracks on tested anodic oxide layers (a): 𝑉 = 100 tr/min, normal load 𝐹 = 1N; (b) 𝑉 = 100 tr/min, normal
load 𝐹 = 3N; and (c) 𝑉 = 300 tr/min, normal load 𝐹 = 1N.
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Figure 9: Typical EDS analysis of wear debris and worn surfaces of anodic oxide layers.

the formed layer on Al5754 contains, with Al
2
O
3
, the

magnesium oxide (MgO) [24]. It is well referred in the
literature [4] that, during the anodizing of the Al-Mg alloys,
direct oxidation of Mg takes place and the MgO will be
formed with the alumina film. Moreover, the Mg+2 ions have
outward mobility about 1.5 times greater than that of Al3+
ions and associated with single metal-oxygen bond strength.
These facts will result in a uniform distribution of MgO
oxide through the alumina layer. In the same context, Zhou
et al. [4] established that Mg2+ ions are ejected more rapidly

to the oxide/electrolyte interface which permits a uniform
distribution of MgO through the oxide layer.

Chemical analysis of the anodic oxide layer was con-
ducted using GDOES (Figure 11). Figure 11 shows the pres-
ence of magnesium, aluminium, oxygen, and sulphur. The
presence of Mg, Al, and O can be attributed to the MgO and
Al
2
O
3
formation [24]. These results are in accordance with

those of Theohari and Kontogeorgou [25]. In fact they have
conducted EDS analysis on thick anodized layers on AA5052
formed in 175 g/L H

2
SO
4
at 15 V. The obtained results reveal
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Figure 10: Typical (a) SEM and (b) AFM images of anodized layer.
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that the mean amount of the magnesium element inside the
film is about 50–70% less than that in the bulk alloy.

The existence of sulphur can be explained by the inward
migration of sulphate anions through the pores of the coating
[26]. However, it is possible that sulphur species incorporated
from the sulphuric acid bath into the oxide during anodizing
grants more compactness and/or lubricity to the anodized
layer. Accordingly, it is possible to relate, to some level,
the friction behaviour of anodic oxide layer to the anion-
contamination.

4. Conclusions

In this work, friction tests of anodic oxide layer elaborated
on Al5754 substrate against 100C6 ball were conducted. The
influence of test parameters on the friction coefficient was
highlighted. The results of the present investigation can be
summarized as follows:

(1) Anodic oxide layers with low thicknesses seem to be
more effective in terms of friction.
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(2) The friction coefficient increases with load and sliding
speed. The increase of these two parameters allows
the rapid establishment of transfer phenomena.Their
increase causes an increase in temperature at the
frictional contact. The heat generated accelerates the
oxidation phenomena and transfer.

(3) Microcracking assisted flaking is found to be the
predominant wear mechanism of the anodic oxide
layer.

(4) GDOES shows the presence of Mg and Al elements
suggesting the oxidation of the substrate and the
formation of Mg2+ and Al3+ ions. The presence
of oxygen at the substrate/electrolyte interface will
conduct to the MgO and Al

2
O
3
formation.

(5) SEM and EDS analysis of tribolayers and wear debris
reveal the existence of Fe and Mo, transferred from
the ball, and Al and O, the main chemical elements of
the oxide layer. This suggests the formation of tribo-
chemical reactions and material transfer between the
mating materials.
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