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Abstract: Reciprocating sliding friction tests were conducted on pure magnesium using a UMT-II
tester. The tribo-chemical behavior was characterized using X-ray photoelectron spectroscopy (XPS)
and electron probe micro-analyzer (EPMA), which showed that the tribo-chemical behavior of
pure magnesium was due to a tribo-oxidation reaction. At room temperature, the debris layer on
the worn surface contained Mg(OH)2, MgO, and MgCO3. According to the reciprocating sliding
friction mechanism, the decomposition of MgCO3 into MgO should occur. XPS results revealed
that the surface oxide layer, containing Mg(OH)2, and MgO, acted as a third layer to protect the
surface. Apparently, Mg(OH)2·nH2O was the main tribo-chemical product of pure magnesium under
sliding friction.
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1. Introduction

In 1966, Jost defined the term “tribology” to demonstrate how friction and wear have a significant
impact on the British economy [1]. Although, the tribological properties of steels has been investigated
by many researchers, tribological characterization of nonferrous metals, especially for magnesium
and its alloy, is not wildly studied [2]. Owing to unique properties such as low density and high
specific strength, magnesium and its alloys have attracted much attention in automotive and aerospace
industries [3]. However, their poor corrosion and wear resistance imposes certain limitations for their
widespread application. Many studies have focused on the corrosion properties of magnesium [4,5],
however, the tribological behavior of pure magnesium is not well understood. Improving the wear
resistance of magnesium can achieve low friction and long life of friction parts [6]. Magnesium usually
forms a protective oxide film under ambient condition. Yingwei et al. [7,8] investigated the formation
of oxide films on Mg-Li alloys, which showed a multilayer structure, consisting of Li, Mg, and O.
Mg also reacts with H2O, which may result in Mg(OH)2 formation and hydrogen evolution according
to Mg + 2H2O→Mg(OH)2 + H2 [9].
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The corrosion of magnesium has been shown to depend on the oxygen concentration [10], however,
it has been suggested that magnesium corrosion is relatively insensitive to oxygen concentration
differences. Ghali [11] proposed that the corrosion of Mg and its alloys could be initiated by the
hydrolysis reaction, in which case, the oxygen concentration does not play a major role in the corrosion
mechanism. Therefore, there is still controversy regarding the effects of oxygen on magnesium
corrosion, which is related to the surface chemical states [12]. The tribochemical behavior during
sliding friction is similar to the process of corrosion. The rubbing surface is the key to understanding
the tribo-chemical behavior and how wear of magnesium is induced. Nguyen et al. [13] performed
dry sliding wear tests on AZ31B Mg alloy.

The aim of this study was to elucidate the interaction between the air atmosphere and magnesium
surface during reciprocating sliding friction tests. In order to understand the oxidative wear behavior
before and after reciprocating sliding friction, the chemical composition of the oxide layer and
morphologies of worn scars were characterized. Different normal loads were used to remove the
surface oxide layer of pure magnesium formed in the air. The oxide layers on the magnesium alloy
were investigated, in detail, in order to study the effect of the third body on the friction process.
The findings of this study are expected to contribute to the development of Mg-based components for
high-perfomance application with improved wear resistance.

2. Material and Methods

A 99.9% pure Mg sample was used in this study and was machined to a size of 30 mm × 30 mm
× 2 mm. As shown in Figure 1, the grain size of the pure magnesium was less than 100 µm and
the strength stress of the pure magnesium was 180 MPa. The friction tests were carried out at room
temperature in ambient air using a UMT II tester (CETR, USA) at various loads with a reciprocating
sliding friction frequency of 1 Hz, displacement of 4 mm, and test duration of 1 h. Normal loads
of 0.1, 1, 10, and 100 N were applied to achieve initial Hertzian contact stresses of 130, 300, 640,
and 1400 MPa. No additional lubricant was added during testing. Each test was repeated at least
three times. The friction pair for the test consists of a WC-ball of diameter 10 mm with 17 GPa
hardness, and flat specimens of the 99.9% pure Mg. Before testing, the flat samples were ground
and then polished by using 0.25 µm Al2O3 with a surface roughness of 0.064 µm. The worn surface
morphologies of the flat samples were inspected using the optical microscopy (BX41, Olympus, Tokyo,
Japan) and imaged using a scanning electron microscope (SEM; XL-30ESEM FEG, FEI, Hillsboro, OR,
USA). The elemental compositions of the composite surfaces and tribo-films generated on the steel
surfaces were analyzed using electron probe micro-analysis (EPMA; JAX-8230, JEOL, Tokyo, Japan)
with an operating voltage of 20 kV. After the reciprocating sliding friction tests, the wear volume of the
samples was evaluated using three-dimensional optical surface profilometry (3D Nano-map, Bruker,
Karlsruhe, Germany). Fourier transform infra-red spectroscopy (FT-IR) was carried out using a Thermo
Nicolet 380 spectrometer (Thermo Fisher Scientific, Waltham, MA, USA). The interaction between
Mg2+ and C=O was characterized using a resolution of 4 cm−1, frequency range of 4000–400 cm−1,
and operating temperature of 23–25 ◦C. X-ray photoelectron spectroscopy (250Xi, Thermo Fisher,
Waltham, MA, USA) was carried out using Al Kα X-ray radiation (1486.6 eV). The spectra were
obtained using a pass energy of 20 eV, and the pressure in the chamber was maintained at ≤10−7 Pa
during data collection. The C 1s neutral carbon peak at 284.8 eV was used as the reference for analyzing
all binding energies. The Mg 2p spectrum was further resolved into its component peaks using XPS
Peak software (version 5.59, Thermo Fisher Scientific, Waltham, MA, USA).
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Figure 1. (a) OM image showing the microstructure of the initial pure Mg material (b) engineering 
stress of the pure magnesium. 
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To scratch the surface oxide layer using the sliding friction method, the friction coefficient 
obtained at different loads is shown in Figure 2. The different trends in the friction curves indicate 
that the state of friction contact interface changed. The friction coefficient showed initial values of 
0.1, 0.2, and 0.1, corresponding to loads of 0.1, 1, and 10 N, respectively, hence, a maximum initial 
friction coefficient was observed for a load of 1 N. The friction curve showed a low stable value of 0.1 
over the whole cycles. At a load of 1 N, the friction curve showed two distinct stages. In the first 
stage, the friction curve increased rapidly from 0.2 to 0.4 over the first 10 cycles. In the second stage, 
the curve showed oscillating behavior after the 100 cycles. For a higher load of 10 N, the two stages 
were different: for the first 100 cycles, the friction curve was similar to that at 0.1 N, while after the 
100 cycles, the friction curve was similar to that at 1 N with a smaller amplitude of oscillation. 
Therefore, the run-in period varied under different normal loads, and was about 100 cycles at loads 
of 0.1 and 10 N, and about 10 cycles for load of 1 N. For load conditions of 1 and 10 N, the surface 
oxide layer was scratched and fractured, with a new fresh Mg metal surface exposed to the air 
environment after about 100 cycles, which was also demonstrated by the EPMA mapping images 
discussed in the following section. 
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Figure 1. (a) OM image showing the microstructure of the initial pure Mg material (b) engineering
stress of the pure magnesium.

3. Results and Discussion

3.1. Wear Behavior

To scratch the surface oxide layer using the sliding friction method, the friction coefficient obtained
at different loads is shown in Figure 2. The different trends in the friction curves indicate that the state
of friction contact interface changed. The friction coefficient showed initial values of 0.1, 0.2, and 0.1,
corresponding to loads of 0.1, 1, and 10 N, respectively, hence, a maximum initial friction coefficient
was observed for a load of 1 N. The friction curve showed a low stable value of 0.1 over the whole
cycles. At a load of 1 N, the friction curve showed two distinct stages. In the first stage, the friction
curve increased rapidly from 0.2 to 0.4 over the first 10 cycles. In the second stage, the curve showed
oscillating behavior after the 100 cycles. For a higher load of 10 N, the two stages were different: for
the first 100 cycles, the friction curve was similar to that at 0.1 N, while after the 100 cycles, the friction
curve was similar to that at 1 N with a smaller amplitude of oscillation. Therefore, the run-in period
varied under different normal loads, and was about 100 cycles at loads of 0.1 and 10 N, and about
10 cycles for load of 1 N. For load conditions of 1 and 10 N, the surface oxide layer was scratched and
fractured, with a new fresh Mg metal surface exposed to the air environment after about 100 cycles,
which was also demonstrated by the EPMA mapping images discussed in the following section.
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Figure 3 shows the changes in the wear volume (mm3) with increasing load. The wear volume of
the wear scars on magnesium samples were inspected using a 3D nano-map after the reciprocating
sliding friction. Figure 3a shows that, for loads below 10 N, the wear volume ranged from 0 to 1.5 mm3

as the wear cycles increased from 0 to 104 cycles. The maximum wear volume of around 4 mm3

was observed at a load of 100 N after 104 cycles. The data indicated by the oval area in Figure 3
correspond to slight wear damage as the wear volumes were close to zero. Considering the effect of
load on the wear behavior of pure magnesium, the increasing trend of wear volume with increasing
load was not highly significant, showing a similar wear volume of 0.02 mm3 for all loads below 10 N.
This corresponds to the mild wear zone from wear mapping [14]. In addition, the wear volume curves
as function of increasing load for 102, 103, and 104 cycles, were similar. High loads had a larger effect
on the wear volume than long cycles. Hence, load had the main effect on the wear behavior and wear
mechanism during reciprocating sliding friction tests. Severe wear is usually accompanied by removal
of a large amount of material, where the surface state changes too fast to distinguish the tribochemical
and tribo-mechanical behavior. In order to investigate the tribochemical behavior, the severe wear
damage over long cycles to needs be avoided [15]. Therefore, friction tests at low load of 0.1 and 1 N
were used to characterize the tribochemical behavior.
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3.2. Tribochemical Behavior

3.2.1. Surface Chemical Composition

The surface chemical composition of the worn surface was observed using EPMA mapping,
as shown in Figure 4 for wear scars produced under different loads after 100 cycles. Obviously, the size
of the oxide particles formed during sliding friction increased as the normal load increased. It can be
clearly seen that an oxide layer is covered the wear scars at the load of 0.1 N. At a higher load of 10 N,
wear debris was observed surrounding the wear scars. This debris had high oxygen content covered
on the worn scars with the high content oxygen. The oxygen content of the worn surface increased
from 18.9% to 28.8% as the load increased from 0.1 to 10 N, respectively, while the magnesium content
decreased from 76.17% to 72.8%, respectively. At loads of 1 and 10 N, the Mg content in the contact zone
was higher than that in the zone without wear. The distribution of Mg over the wear scar produced at
a load of 0.1 N was almost uniform. The load of 0.1 N may have been insufficient to remove the oxide
film, or the tribochemical behavior could have been activated to form a tribofilm covering the friction
contact areas. In the case of a load of 1 N, sliding friction partially removed the film, exposing some
fresh metal surface. At a load of 10 N, the oxygen content of the wear scars decreased due to a higher
amount of fresh magnesium metal being exposed; the oxide film was completely removed by friction,
or the rate of oxide layer formation was much lower than that of the layer being removed. Therefore,
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during reciprocating sliding friction, exposure of fresh metal surface may require a normal load above
1 N. In addition, it is clear shown that the different structures at different depths from Mg mapping
images, after 100 friction cycles, the content of fresh Mg metal has increased gradually from the top
worn surface to the matrix.
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Therefore, to investigate the tribochemical and oxidation behavior, the reciprocating sliding
friction condition at a load of 0.1 N was considered. Figure 5 shows wear debris for a range of cycles at
a load of 0.1 N. Debris flakes were formed at 100 cycles, and then continuously formed fine particles
at contact interfaces as cycles increased. With further wear cycles, the contact width of wear zone
increased, corresponding to an increasing amount of wear particles.

Figure 6 shows EPMA mapping images of wear scars formed at 0.1 N over a range of wear cycles.
The wear scars become larger and the oxygen content increased from 20% to 28.98% as the cycles
increased from 10 to 1000 cycles. The distribution of oxide particles on the contact surface extended
from a localized region to the entire wear scar area as the cycle number increased. Oxidative wear is
the main wear mechanism at the low load, and distribution of oxygen element on the worn scar surface
is uniform due to the fine powder debris. The wear scars were covered by a layer of the oxidative
debris, which accumulated continuously with further cycles.
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Coefficient friction was effect by the state of contact interface during sliding friction tests.
Generally, two main factors were considered; firstly, according to classical theory of contact
mechanics [16], the mechanical model for the sliding contact friction pair is a contact mechanical
problem. Distributions of the max stresses for a load of 0.1, 1 and 10 N, are different. The max contact
stress is 130, 300, and 640 MPa, and the depth of the max stress is 0.006, 0.014, and 0.03 mm. Secondly,
from EPMA results at 100 cycles, the load of 0.1 N can only remove the oxide layer, as the load
increased to 1 N, the oxide layer and partial fresh metal Mg can be observed. However, the load at
10 N, Metal Mg matrix was directly removed without the oxide tribofilm on sliding zone.

For the load of 0.1 N, the tribo-oxidation is main reaction at contact interface, and contact stress has
not been changed, hence, the friction coefficient is low and stable. For the load of 1 N, the abrasive wear
occurred. A large amount of debris mixed with fresh metal particles and oxide particles, was formed
at contact interface. Hence, the state of contact interface always changed due to wear particles behavior.
After 100 cycles, contact interface condition can kept at a balance state. Hence, friction coefficient curve,
which is gradually increasing to the constant level, can be divided into two stages. For the load of 10 N,
at the first 100 cycles, the Mg material went through a deformation process from elastic to plastic without
the debris behavior, and then resulted in the fatigue with micro-cracks in matrix with the fresh metal surface
exposed. Hence, friction coefficient curve separated into two different stages. As the friction occurred
under the different loads, the wear mechanism transfers oxide to abrasive wear, it shows in Figure 7.Metals 2019, 9, x FOR PEER REVIEW 7 of 13 

 

 
Figure 7. Max stresses at different depth for 100 cycles at different loads. (a) 0.1 N, (b) 1 N, and (c) 10 
N. 

3.2.2. FT-IR spectra  
In this study, we observed that the tribochemical reaction during reciprocating sliding friction 

process was oxidative wear behavior, which occurred at low loads of 0.1 and 1 N. A cyclic wear 
process occurred involving the formation of an oxide layer via a tribochemical reaction, which was 
then broken and removed during sliding; this exposes a fresh metal surface, which was again 
oxidized by the tribochemical reaction. Oxide debris was collected to investigate the tribo-oxidation 
behavior during sliding friction and the composition of the tribochemical layer was analyzed using 
FT-IR. Figure 8 shows the FT-IR spectrum of wear oxide debris collected after 1000 cycles at a load of 
1 N, which shows strong peaks at 3442, 1634, 558 cm−1. Specifically, the OH− showed the strongest 
absorption bands at 3442 cm−1, 1634 cm−1 in Mg(OH)2 [17], bands of CO32− in MgCO3 were observed at 
1559 cm−1,1541 cm−1 [18], while the absorption bands of O2- in MgO was at 558 cm−1 [19]. Therefore, 
the oxide layer or the tribochemical product was expected to be MgCO3, Mg(OH)2, MgO. 

 
Figure 8. FT-IR spectrum of wear debris produced under conditions of 1 N load after the 1000 cycles. 

3.2.3. XPS  

To understand the tribochemical reaction at the contact interface during sliding friction, the 
surface chemical state of the top 2–3 layers atoms on the worn surface were analyzed using XPS. 
Table 1 and Figure 9 show XPS data from the worn surface of the same sample before and after 
removing wear debris. The matrix surfaces were contaminated by free carbon from the air, hence, C 
1s peak at 284.8 eV was used as a reference for all binding energies. 

Figure 9 shows a lower XPS peak intensity for the worn surface covered with wear debris than 
that of surface, without wear debris, attributed to surface electron effects. However, regardless of the 
presence of wear debris, the XPS peaks of all main elements maintained their binding energy 

Figure 7. Max stresses at different depth for 100 cycles at different loads. (a) 0.1 N, (b) 1 N, and (c) 10 N.



Metals 2019, 9, 311 7 of 13

3.2.2. FT-IR spectra

In this study, we observed that the tribochemical reaction during reciprocating sliding friction
process was oxidative wear behavior, which occurred at low loads of 0.1 and 1 N. A cyclic wear process
occurred involving the formation of an oxide layer via a tribochemical reaction, which was then broken
and removed during sliding; this exposes a fresh metal surface, which was again oxidized by the
tribochemical reaction. Oxide debris was collected to investigate the tribo-oxidation behavior during
sliding friction and the composition of the tribochemical layer was analyzed using FT-IR. Figure 8
shows the FT-IR spectrum of wear oxide debris collected after 1000 cycles at a load of 1 N, which shows
strong peaks at 3442, 1634, 558 cm−1. Specifically, the OH− showed the strongest absorption bands
at 3442 cm−1, 1634 cm−1 in Mg(OH)2 [17], bands of CO3

2− in MgCO3 were observed at 1559 cm−1,
1541 cm−1 [18], while the absorption bands of O2− in MgO was at 558 cm−1 [19]. Therefore, the oxide
layer or the tribochemical product was expected to be MgCO3, Mg(OH)2, MgO.
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3.2.3. XPS

To understand the tribochemical reaction at the contact interface during sliding friction, the surface
chemical state of the top 2–3 layers atoms on the worn surface were analyzed using XPS. Table 1 and
Figure 9 show XPS data from the worn surface of the same sample before and after removing wear
debris. The matrix surfaces were contaminated by free carbon from the air, hence, C 1s peak at 284.8 eV
was used as a reference for all binding energies.

Figure 9 shows a lower XPS peak intensity for the worn surface covered with wear debris than
that of surface, without wear debris, attributed to surface electron effects. However, regardless of the
presence of wear debris, the XPS peaks of all main elements maintained their binding energy positions.
For example, the Mg 1s peak at 1303.5 ± 0.5 eV, and the O 1s peak at 531.5 ± 0.5 eV [20]. Table 1 shows
that, the full-width-at-half-maximum (FWHM) of the O 1s peak in the worn zone covered with wear
debris was 3.88 eV, while it is 3.4 for the matrix without wear. This indicates that the wear products
induced by friction were different oxide products formed naturally in air without friction. Generally,
a broad FWHM indicates that the chemical states of the elements are complex.

Table 1. Binding energies and full-width-at-half-maximum (FWHM) of C 1s, Mg 1s, and O 1s peaks
before and after sliding friction (eV).

XPS Zone
C 1s Mg 1s O 1s

Peak FWHM Peak FWHM Peak FWHM

Matrix-clear 284.85 3.72 1303.7 3.28 531.67 3.4
0.1N-with debris 284.82 3.95 1303.1 3.31 532.05 3.88

0.1N-without debris 284.85 3.30 1303.9 3.09 531.61 3.4
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Figure 10 shows the Mg KLL Auger spectrum which obtained from the matrix surface before
and after sliding friction. The Mg 1s peak often shows Auger peaks at 300–390 eV [20,21], where the
principal Mg KLL Auger peak (binding energy 300–306 eV) has a chemical shift [22]. Figure 10b
shows data for, the initial Mg surface, where the main Auger peak of the native Mg oxide was around
306.9 eV [23] and the Auger KLL peak of the Mg metal was at 302.28 eV [23]; this deference between
these two peaks is 4.7 eV. After 1000 cycles of sliding friction at 0.1 N normal load, the Auger KLL
peak of Mg oxide shifted to 305.9 eV, while that of Mg metal changed to 300.05 eV; this deference
between these two peaks increased to 5.9 eV after sliding. This indicated that the chemical states of the
Mg oxides changed due to the friction. Therefore, the tribochemical behavior induced by the sliding
friction made the number of different states increased the worn surface of pure magnesium.

With increasing test cycles or load, the decomposition of MgCO3 into MgO occurs. In the case of
the magnesium compounds observed here, the theoretical ratio of O/Mg is 2.0 in Mg(OH)2, while that
of O/Mg is 3.0 in MgCO3, and that of O/Mg is 1.0 in MgO. Table 2 shows the atomic percentage
determined from the C 1s, Mg 1s, O 1s peaks before and after sliding friction tests. The surface
compounds were thought to mainly consist of MgCO3, MgO, and Mg. The O/Mg ratio was 3.05,
corresponding to an O/C ratio of 1.50 and Mg/C ratio of 0.49 in the matrix. This suggests that most
compounds of the area without wear zone should be MgCO3, while the ratio of O/Mg was 2.23 in the
worn surface with debris; the surface layer mainly consisted of Mg(OH)2, which was considered to be
the main wear product induced by sliding friction. The ratio of O/Mg changed to 2.76 after the debris
was removed, suggesting that the main component of the worn surface without debris was Mg(OH)2

with MgCO3. Assuming that the carbon contamination is constant, the ratio of O/C was the highest
when the debris covered the worn surface, hence, the oxygen content decreased due to removal of the
oxide debris. In addition, the Mg content simultaneously decreased, resulting in a decreased in Mg/C
ratio from 1.61 to 0.59.
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Table 2. Atomic percentage of the C 1s, Mg 1s, O 1s before and after sliding friction.

Atomic % C 1s Mg 1s O 1s Ratio O/C Ratio Mg/C Ratio O/Mg

Matrix-clear 33.43 16.44 50.13 1.50 0.49 3.05
0.1N-with debris 16.11 25.96 57.93 3.59 1.61 2.23

0.1N-without debris 30.85 18.40 50.75 1.65 0.59 2.76

The high resolution XPS spectra are shown in Figure 11. In the case of the Mg 1s spectrum,
the FWHM of the peak for elemental Mg at 1302.53 ± 0.5 eV [24] was 1.8 eV. We observed an oxide
peak at 1303.5 ± 0.2 eV, metal carbonate peak at 1304.8 ± 0.1 eV [25], and Mg(OH)2·nH2O is 1306.5 eV.
Details of this data are shown in Table 3. In addition, the high-resolution scan of the C 1s spectra
showed, FHWM of the elemental C peak of 2.0 eV in the matrix, with a C–C peak at 284.8 eV, C–O peak
at 285.5 ± 0.2 eV, carbonate peak at 286.8 ± 0.1 eV, hydrocarbonate peak at 291.6 eV. For sliding friction
tests at a load of 0.1 N, the wear debris consisted of the Mg(OH)2·nH2O, MgCO3, MgO, and Mg.
The tribo-chemical behavior is related to absorption of H2O on the worn surface in the air ambient
which can result in the formation of Mg(OH)2·nH2O.

Table 3. Binding energies (eV) of C 1s, Mg 1s, and O 1s peaks and their atomic percentages before and
after sliding friction.

Mg 1s peak O 1s Peak

Mg(OH)2·nH2O Mg2+(CO3
2−) Mg2+(O2−) Mg Hydrocarbonate Carbonate C–O C–C

Matrix - 1304.78 1303.74 1302.53 - 286.8 285.5 284.8
Worn-surface 1306.5 1304.98 1303.41 1302.27 291.6 286.9 285.7 284.8
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Figure 11. Comparison the binding energies of the (a) Mg 1s and (b) C 1s peaks before and after
sliding friction.

In an air environment without sliding friction, pure Mg naturally formed the MgO, MgCO3, and a
small amount of metal Mg remaining at the surface. Under a sliding friction of 0.1 N, the tribochemical
reaction resulted in the formation of a new product, Mg(OH)2·H2O with a content of 17%. As the
sliding friction progressed and exposed fresh Mg metal, the Mg content increased from 14% to 25%,
while the content of MgCO3 decreased from 22% to 17%. In addition, the surface was contaminated
with carbon that allowed formation of MgCO3. When the fresh metal surface is exposed by friction,
the metal oxide is formed simultaneously [15], resulting in subsequent formation of MgO formed
during sliding friction. The oxide layer, consisting of Mg(OH)2·H2O, MgCO3 and MgO, had a solid
lubricating effect and protected the worn surface. When the worn surface was covered by a tribolayer
or third body bed, lubrication occurred at the contact interface, resulting in a very smooth friction
curve in Figure 2.

At temperature of 800–900 ◦C [19], MgCO3 is generally decomposed to form MgO. Friction can
reduce the decomposition temperature of MgCO3. When less organic carbon is attached to the surface,
more MgO appears in the wear debris, which can react with the large amount of H2O atoms on the
contact interfaces.

Before the tribology tests, the Mg surface was covered by an oxide film, where the MgO and
MgCO3 content were 64% and 22%, respectively, the details were shown in Table 4. After wear due
to sliding friction at 0.1 N, tribochemical reactions occurred and the surface composition changed,
with some of Mg(OH)2·H2O forming, as shown in Figure 12. In this case, H2O atoms can be easily
attached to the tribofilm on the worn surface [15]; some of the Mg(OH)2 was hydrated to form the
Mg(OH)2·H2O. When Mg contacts with H2O, MgO formed firstly, and then changed to Mg(OH)2

spontaneously depositing on the metal surface.
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Table 4. Ratio of surface compositions before and after sliding friction (%).

Zone MgCO3 MgO Mg Mg(OH)2·nH2O

0.1 N 17.39 40.52 25.32 16.76
Matrix 21.90 64.29. 13.81 -
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Figure 12. Tribo-chemical behavior during sliding friction.

In previous studies, when stable MgO coating is exposed to a corrosive solution, with increasing
MgO content in the oxide coating layer, better corrosion protection performance is observed for the
coated Mg alloy. The Mg(OH)2 content in the corrosion zone was higher than that in the passivation
zone, while the corrosion zone had less MgO than that of the passivation zone [26]. Therefore, an oxide
layer containing a high content of Mg(OH)2·H2O is highly advantageous for the tribochemical reaction
during sliding friction.

4. Conclusions

We investigated the tribochemical behavior of pure magnesium using the ball on plate tribological
model with a low contact stress during dry reciprocating sliding friction tests. The elemental
distribution and chemical state of the worn surfaces were characterized using FT-IR, EPMA and
XPS, and the results were compared to those of the original metal.

(1) Under an air atmosphere, the typical tribochemical behavior was tribo-oxidation,
which frequently observed in the region of mild wear corresponding to the oxidative wear
mechanism. As the load increased, the wear mechanism transformed from oxidative to
abrasive wear.

(2) During tribo-oxidation, the tribofilm on the worn zone of the pure Mg acted as a third body layer
and fine particle debris was observed. The tribofilm had shown a stable low friction coefficient.
As the tribo-film was damaged with increasing load or number of cycles, the friction coefficient
became unstable and increased steeply due to wear mechanism transition to abrasive wear.

(3) The third body layer formed at the load of 0.1 N consisted of Mg(OH)2·nH2O, Mg(OH)2, MgO,
MgCO3, and metallic Mg. The reciprocating sliding friction exposed fresh magnesium metal,
resulting in the formation of Mg(OH)2·nH2O, while MgCO3 decomposed.
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