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Abstract: In automotive and aerospace fields, the use of lightweight materials is required. Magnesium
and its alloys combine a low density with high mechanical properties and excellent thermal conduc-
tivity. However, those materials suffer from low corrosion and wear resistances. The combined action
of corrosion and wear is also critical for these materials. Tribocorrosion of magnesium alloy AZ31 has
been investigated with reciprocal sliding wear as a function of the applied load in dry and wet (NaCl)
conditions. The study shows that the main wear mechanisms were adhesion, abrasion, and oxidation
in dry sliding wear while no adhesion was found in wet sliding wear. Corrosion of the worn surface
occurs also in wet sliding wear. It is interesting to notice that wear is less pronounced in wet sliding
wear than in dry sliding wear due to the natural lubrication of the NaCl electrolyte. Only severe
conditions, high normal load, and wet conditions bring magnesium AZ31 alloy in filiform corrosion.
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1. Introduction

The automotive, electronics, and aerospace sectors, which call for the use of lightweight
materials, are drawn to magnesium and its alloys because of their combination of lightness
and high mechanical properties [1,2]. Magnesium has a density of 1740 kg/m? and a
Young’s modulus of 44 GPa. The characteristics of these alloys are their excellent thermal
conductivity, electromagnetic damping resistance, biocompatibility, machinability, and
recyclable nature [3]. Applications with severe weight restrictions, such as aircraft and
automotive components, have given magnesium (Mg) alloys a lot of attention [4,5]. The
primary issues with these metals are their extremely poor corrosion and wear resistances.
The literature attributes the behaviour to the strong chemical activity of magnesium as well
as to the unstable, imperfect natural oxide layer that coats its surface [6,7]. Understanding
not just the wear and corrosion properties but also the tribocorrosion properties of mag-
nesium is essential given the potential of the magnesium alloys. As a result of interaction
between wear and corrosion synergy, materials degrade more quickly than if wear or
corrosion occurred individually [8]. One of the distinctive electrochemical test methods is
the tribo-electrochemical approach, which uses a tribometer combined with a potentiostat
to detect electrochemical reactions of the surface that is being mechanically abraded [9]. The
scratched electrode method, which creates a bare surface by removing the passive coating
from the tested materials, is comparable to this method in that it analyses the associated
electrochemical response, such as transient current and transient potential [10]. The electro-
chemical reactions help to better understand the dissolution of metal on film free areas, the
reconstruction of oxide/hydroxide layers, and the recovery of surface films by providing
information on the healing process taking place on the scratched surface. Thus, the mechan-
ical investigation of the corrosion behaviour of various passive metallic materials is carried
out using the scratched electrode technique and the tribo-electrochemical approach [11].
Recently, the scratched electrode method has been used to study the corrosion of pure
Mg and Mg-Li alloys [12,13]. However, published works on the wear behaviour of AZ31
alloy are limited in reciprocating sliding mode despite the technological importance of the
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alloy [14]. Most of the published works use the pin-on-disc method or characterize other
magnesium alloys. The comparison between dry and wet sliding wear under the same
conditions for that alloy is also missing in the literature.

Unfortunately, the low corrosion and wear resistances of magnesium alloys prevent
them from being used for a wide range of applications and increase the expenses for their
maintenance [3,15,16]. Studying the simultaneous influence of wear and corrosion is thus
of great importance for a development of magnesium in the industry. Thus, in this work,
tribological and tribocorrosion measurements were performed on the AZ31 alloy in a
0.05 M NaCl solution. The intrinsic surface film of AZ31 was intentionally damaged using
a tribometer. The influence of the load was studied by tribology and tribocorrosion. The
morphology of the wear tracks and the wear mechanisms were studied and the abraded
volumes were calculated. The electrolyte was analysed to quantify the amount of Mg in
the solution. The corrosion and repassivation behaviour of the Mg scratched surface in the
dilute NaCl solution was discussed.

2. Materials and Methods

The AZ31 magnesium alloy has been studied. AZ31 magnesium alloy sheets were sup-
plied by KG Fridman AB (Karlstadt, Sweden) with the following composition: 2.5-3.5 wt.%
Al, 0.7-1.3 wt.% Zn, 0.2 wt.% Mn, 0.05 wt.% Si, 0.05 wt.% Cu, 0.04 wt.% Ca, 0.005 wt.% Fe,
0.1 wt.% Ni, and Mg rest (Re = 160 MPa, Rm = 240 MPa, Vickers microhardness 60 hvygy).
The samples have been chemically pickled in nitric acid and rinsed in deionized water and
air before testing. [7]

The substrates have been characterized in terms of roughness, structure, and mi-
crostructure. Their roughness has been determined by a Zeiss 119 Surfcom 1400D-3DF
apparatus (Oberkochen, Germany). The different roughness values have been measured
(average roughness Ra, peak roughness Rp, and valley roughness Rv). The average of
five measurements has been taken. X-ray diffraction has been used to assess the phase
constitution of the substrate (Bruker D5000 X-ray diffractometer, Billerica, MA, USA). The
diffractometer is in 620 configuration with a cobalt anti-cathode (A = 1.79 A).

The tribology measurements have been achieved with a Bruker TriboLab reciprocal
tribometer in reciprocal wear configuration [17] equipped with an alumina counter body.
The alumina ball is 4.8 mm in diameter. The test conditions have been defined to be the same
in dry and wet sliding wear tests. 1 cm? of the sample has been immersed in NaCl 0.05 M.
The normal load of analysis has been set to 2, 5, and 8 N for a test time of 30 min at room
temperature. The sliding distance is determined by the frequency of the test (2 Hz) and the
stroke length (2 mm). Friction coefficients of friction (COF), calculated by the ratio F;/Fy,
have been recorded at 0.1 s time intervals (F is the friction force and Fj, is the normal force).
During wet sliding wear tests, the open-circuit potential has been recorded with a Bio-Logic
SP50 Potentiostat (Seyssinet-Pariset, France) in order to evaluate the tribocorrosion of
the samples. A classical three-electrodes cell has been used, with the sample as working
electrode, a Platinum wire as counter electrode, and an Ag/AgCl/KCl(sat) as reference
electrode. The solutions have been analyzed after the tribotest by ICP-AES (Inductively
Coupled Plasma-Atomic Emission Spectrometry) to evaluate their Mg content. The worn
volumes have been calculated by the equation defined by Sharma et al. [18], making the
assumption that the alumina ball does not wear. The morphology of the worn surfaces
has been characterized with an Hirox 3D-digital microscope (Limonest, France) and a
Hitachi SU8020 scanning electron microscope (Tokyo, Japan) and energy-dispersive X-ray
spectroscopy (Thermo Fisher Scientific, Waltham, MA, USA).

3. Results
3.1. Substrate Characterizations
Figure 1 shows the XRD pattern of the AZ31 magnesium alloy substrate. The main

phase constituting the substrate is «-Mg (hexagonal phase). Intermetallic phases containing
Al, Zn, and Mn cannot be observed in the XRD pattern due to the low amount in alloying
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elements. The XRD characterization suggests a strong orientation of the x-Mg phase in
the (00c) and (10c) planes coming from the manufacturing process of magnesium sheets.
Table 1 shows the roughness of the substrate: the average roughness is close to 1 pm. The
peak roughness is more important than the valley roughness, probably due to the presence
of the intermetallic phases.
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Figure 1. X-ray diffraction pattern of AZ31 magnesium alloy substrate.
Table 1. Roughness characterization of AZ31 magnesium alloy substrate.
Average roughness R, 0.96 + 0.09 pm
Peak roughness R, 5.58 £ 1.43 um
Valley roughness Ry 2.52 £ 0.68 um

3.2. Dry Sliding Wear (Tribology)

Worn surfaces, wear debris, and eventual wear of pin have been examined with the
SEM-EDS. The wear mechanisms of AZ31 magnesium alloy have been characterized and
compared with the usual wear mechanisms found in the literature: adhesion, abrasion,
oxidation, delamination, plastic deformation, thermal softening, and melting [19-24].

Figure 2 gives the coefficient of friction of AZ31 samples as the function of the total
sliding length. For all normal loads, COFs exhibit a similar behaviour [25,26]. With the
increase of the sliding distance, COFs are increasing. When normal load is 2 N, the increase
in COF is less pronounced than when the normal load is higher. Wear mechanisms are
displayed in Figure 3. The main wear mechanism is abrasion, easily recognisable with the
numbers of scratches that are present inside the wear track (areas noted #2 in the SEM-EDS
of Figure 3). Those scratches or grooves, parallel to the sliding direction, are typical of the
abrasion of harder particles (trapped between the alumina counter-body and the substrate).
Those can come from intermetallic that are harder than Mg. EDS measurements shows
that magnesium is the main element and that those areas contain a small oxygen content
compared to the areas that noted #1. In these areas, oxidation is observed in the form
of powder encrusted in the wear track. EDS analyses confirm the important presence of
oxygen in the worn surface of AZ31 submitted to a higher normal load. The oxidation
compound could be Mg(OH), or MgO. Wear volumes are in the range of 0.08 mm?3 for a
load of 2 N to 0.16 mm? for a load of 8 N for a total sliding distance of 15 m.
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Figure 2. Coefficient of friction of AZ31 magnesium alloys as function of the applied normal load
after dry sliding wear.

(a) SEM—2 N (b) EDS—2 N

wt.% O | Mg | Al | Zn
#1 (oxidation) | 32.7 | 63.0 | 1.7 | 0.8
#2 (abrasion) | 1.7 923 |28 | 14

SU8020 5.0kV 12.7mm x100 LM(L)

(c) SEM—5N (d) EDS—5N

wt.% O | Mg | Al | Zn
#1 (oxidation) | 41.5 | 54.7 | 1.5 | 0.6

#2 (abrasion) | 2.0 | 91.8 | 2.5 | 2.2

12.7mm x100 LM(L)

Figure 3. Cont.
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(e) SEM—8 N

(f) EDS—8 N

wt.% O | Mg | Al |Zn
#1 (oxidation) | 40.8 | 54.5 | 1.7 | 1.4

#2 (abrasion) | 7.2 | 86.4 | 1.8 | 1.9

SU8020 5.0kV 12.7mm x100 LM(L)

Figure 3. SEM and EDS analysis of AZ31 magnesium alloy in tribology: (a) SEM—2 N, (b) EDS—2 N,
(c) SEM—5 N, (d) EDS—5 N, (e) SEM—8 N, (f) EDS—8 N.

The alumina counter body has also been analyzed by SEM-EDS and magnesium has
been found on the Al,Oj3 balls, meaning that adhesive wear is also present as a wear
mechanism (Figure 4). The amount of Mg found on the ball is extremely low at 2 N and
increases with the applied load. However, as alumina balls are much harder than AZ31
substrate, their wear can be neglected and the equation used to evaluate wear volumes can
be validated.

SU8020 5.0kV 12.1mm x100 LM(L)

Figure 4. SEM picture of the alumina counter-body ball.

The debris have been analyzed and they contained between 70 and 90 wt.% in Mg,
meaning than they are probably metallic magnesium particles eliminated from the worn
track without extra oxidation. Plastic deformation, thermal softening, and melting have
not been found since the applied normal loads are not sufficient to bring those wear
mechanisms. Delamination, usually characterized by the formation of cracks perpendicular
to the sliding direction and the detachment of sheet-like fragments, has not been observed
in the chosen test conditions.

The influence of the normal load is not easily visible since COFs are comparable and
the wear mechanisms are the same. Wear volume is however twice higher at 8 N than
at 2 N, visible on the shape of the worn area. At low normal load, the worn area is long
and thin while at high normal load, the worn area becomes shorter in length but wider.
Oxidation is also more pronounced at a higher normal load in the wear track.

3.3. Wet Sliding Wear (Tribocorrosion)

The wear mechanisms are different in wet sliding wear compared to dry sliding wear.
Indeed, the liquid medium participates in the removal of the debris from the wear track.
Oxidation is also replaced by corrosion since the experiments are in an NaCl medium.
Figure 5 shows the coefficient of friction during wet sliding wear of AZ31 magnesium alloy.
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The COFs do not increase with the sliding distance, meaning that the liquid medium acts
as a lubricant between the substrate and the alumina ball. The debris are also more easily
evacuated and thus participate only a little in the wear mechanisms.

0.6

—— 2N
—— 5N
05 8N

04 -

03

COF

0.2

0 2 4 6 8 10 12 14 16
Sliding distance (m)

Figure 5. Coefficient of friction of AZ31 magnesium alloys as function of the applied normal load
during wet sliding wear in 0.05 M NaClL

Figure 6 displays the different SEM-EDS images of the wet sliding test (tribocorrosion)
in an NaCl medium as a function of the applied normal load. Two different behaviours
are found: at a low normal load, the traditional wear mechanisms are found while at a
high normal load, filiform corrosion is observed on and around the wear track [27,28].
First, at 2 and 5 N, two main wear mechanisms are found: abrasion, recognizable by the
parallel grooves to the sliding direction (areas #2) and corrosion (in the middle of the wear
track, areas #1). The EDS characterizations clearly show that the amount of oxygen is less
important in areas #2 than in areas #1. Chloride is found on the corroded parts. Some
delamination of the oxide layer is also observed in the middle of the track, probably caused
by harder asperities or harder intermetallic present on the substrate [8]. In these areas
(#3), the oxygen content is lower than in the abrasion areas, meaning that they have been
protected from high oxidation. Secondly, the substrates that have undergone the applied
load of 8 N show filiform corrosion on their surface (area #1 of Figure 6e): these areas
admit high oxygen and chloride contents of 45.1 wt.% and 2.7 wt.%, respectively. Inside the
corrosion filaments, abrasion grooves are observed. A hypothesis for the formation of this
corrosion is that as the applied load is high, local elastic deformations of the substrate lead
to cracks in the passive layer of magnesium. With the chloride ions present in the liquid
medium, filiform corrosion can be initiated, probably outside the wear track, and is able to
diffuse inside the latter due to the removal of the protective layer.
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(a) SEM—2N (b) EDS—2 N
wt.% O Mg Al Zn
#1 (corrosion) 171 733 28 13 0.5
#2 (abrasion) 79 849 24 0.7 -
#3 (delamination) 44 902 23 16 -
SuU8020 5 Ok\/‘ 12.7mm x100 LM(L)
(¢ SEM—5N (d) EDS—5N
wt.% O Mg Al Zn d
#1 (corrosion) 334 574 18 11 04
#2 (abrasion) 10.8 794 26 13 -
#3 (delamination) 53 870 3.0 08 -
SU8020 5.0kV 12.7mm x100 LM(L)
(e) SEM—8 N (f) EDS—8 N
wt.% O Mg Al Zn
A(fliform gy 347 32 16 27
corrosion)
#2 (abrasion) 20.7 689 29 15 -

Figure 6. SEM and EDS analysis of AZ31 magnesium alloy in tribocorrosion: (a) SEM—2 N, (b) EDS—
2N, (¢) SEM—5 N, (d) EDS—5 N, (e) SEM—S8 N, (f) EDS—S8 N.

The alumina counter-bodies have been analyzed with SEM-EDS but no trace of Mg

adhesion has been found. The liquid used during the tribology test acts as lubricant and
thus adhesion between alumina and Mg is not possible whatever the applied load.

Figure 7 gives the amount of magnesium found in the solution after the wet sliding

wear test as a function of the applied normal load. The Mg content increases with the
applied load, meaning that the worn volume is bigger. With low normal loads (2 and 5 N),
the worn volumes are relatively low, respectively, 0.008 mm? and 0.012 mm?. With 8 N as
the normal load, the worn volume is much higher and reaches 0.055 mm?, probably due to
the formation of filiform corrosion.
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Figure 7. ICP-AES characterization of the solutions after wet sliding wear tests.

During wet sliding tests, the open-circuit potential has been recorded and is presented
in Figure 8. For each normal load, OCP has been measured during 2 h: 30 min before the
tribotest, 30 min during the tribotest and 1 h after the tribotest to evaluate the recovery
of the OCP curve. Here again, the lowest normal loads show a homologous trend: OCP
stabilizes after some minutes, then decreases when the tribotest starts (due to removal of
the passivation layer of magnesium [1,5,29,30]). During the tribocorrosion test (30-60 min),
OCP slightly increases (due to doping the system in energy). When the tribocorrosion
test is finished and the ball is removed, OCP increases sharply (novel passivation of
the substrate [1,5,29,30]) and could exceed the initial stabilized OCP before going to its
stabilization value. At the highest normal load, the behaviour is totally different: the
filiform corrosion created during the tribocorrosion test does not allow a sharp decrease of
OCP; it decreased a little and fluctuated during the whole test. After the test, OCP increased
before its stabilization.

In opposition to dry sliding behaviour, the highest normal load of wet sliding condi-
tions differentiates from the two other loads: COFs are slightly higher and filiform corrosion
has been found. Worn volumes are four to seven times higher than other normal load
conditions. Wear mechanisms look the same for 2 and 5 N (corrosion and abrasion).

3.4. Comparison

Coefficients of friction do not show the same behaviour in dry or wet conditions.
While in dry sliding wear, COFs increase continuously from 0.3 to 0.5 (the slope increases
with the normal load) in wet sliding wear; COFs start around 0.2-0.3 and then decrease
around 0.1 to 0.15. The wear volumes are thus higher in the case of dry sliding wear, from
three to ten times higher than in wet sliding conditions. The use of a liquid acts as lubricant
and permits the decrease in the coefficients of friction between the alumina counter-body
and magnesium substrate. The debris are also more easily eliminated.

Results from the SEM show different wear mechanisms in dry and wet sliding wear.
Although abrasion is observed in both cases, adhesion of magnesium on the counter
alumina ball has been detected only in dry conditions. Oxidation and corrosion mechanisms
appear, respectively, for dry and wet conditions. At high normal load (8 N), filiform
corrosion is observed only in wet sliding wear.
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Figure 8. OCP recording during the wet sliding tests.

4. Conclusions

A comparison between dry (tribology) and wet (tribocorrosion) sliding wear has been
undertaken on a magnesium AZ31 alloy. An increase in the normal load has a low effect on
dry sliding wear since the wear mechanisms remain the same (oxidation, abrasion, and
adhesion). Only the wear volume shows an increase at higher normal loads, probably
coming from higher oxidation in the wear track. Oppositely, the effect of normal load on wet
sliding wear tests shows interesting features: although wear volumes are small (3-10 times
lower than in tribology), the tendency to form filiform corrosion seems to be increased
by higher normal loads. The reason could be a more difficult repassivation because more
matter is abraded during the wear test. Wear mechanisms are different: adhesion and
oxidation have not been observed but the latter has been replaced by corrosion. Abrasion
is always observed and seems to be the major wear mechanism for the tested normal loads.
Coefficients of friction are lower in the case of tribocorrosion due to the lubrication induced
by the corrosion medium.
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