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Two different organic compounds with a same terminal group octadecyl were used to prepare two kinds
of hydrophobic organic ultrathin films on the surface of Mg-Mn-Ce alloy. The OTS film was prepared by
self-assembling of the n-octadecyltrichlorosilane (OTS), and STN film was prepared by polymer-plating of
another octadecyl compound 6-stearylamino-1,3,5-triazine-2,4-dithiol monosodium (STN). The surfaces
were characterized by X-ray photoelectron spectroscopy (XPS), Fourier transform infrared spectroscopy
(FT-IR), scanning probe microscopy, and contact angle meter. The results showed that the adhesion force
at nano scale was reduced from 12.35nN for substrate to 5.76 nN for STN film and 4.12 nN for OTS film.
Besides, the nano friction force and coefficient also effectively reduced by modification of STN and OTS
film on Mg-Mn-Ce alloy. Thus, hydrophobic organic films provide an effective approach to solve nano-
tribological issues. Furthermore, it was also found that the differences of the friction properties between
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the two films were attributed to the structure of the head groups bonded to the substrate.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

There is a fundamental trend towards integration, miniaturiza-
tion and intelligence of the instruments with the development of
engineering industry [1-3]. As the lightest engineering metal mate-
rial, magnesium and its alloys have attracted considerable interests
due to its excellent properties, such as low density, high specific
strength, good damping, electromagnetic compatibility and high
dimensional stability [4]. These excellent properties of the mag-
nesium and its alloys are very suitable for precision instruments
in micro scales, such as micro electromechanical systems (MEMS)
[4,5].

However, when the size of devices decreases to micro or even
nano scale, because of the large surface area to volume ratio, tri-
bological issues such as adhesion and friction would be the major
reasons leading to the reduction of the performances [6,7]. Mean-
while, magnesium alloys exhibit poor wear resistance that also
limits their application in the micro-scale instruments [8,9]. Herein,
it will be of great significance to improve the micro tribological per-
formances of magnesium alloys for expanding the application of
magnesium alloys in micro scales.
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Surface coatings have become one of the most effective methods
to solve the tribological problems of magnesium alloys. Yamauchi
[8] prepared diamond-like carbon (DLC) coatings on magnesium
alloy surface, which were effective in decreasing the friction coef-
ficient and improving wear resistance in both under dry conditions
and in corrosive solutions. Correa [9] prepared Ni-B coatings on
surface of AZ91D magnesium alloy, which also improved the tribo-
logical properties of magnesium alloy. However, many researches
have found that soft lubricating coatings (polymers) are supe-
rior to the hard films in micro-tribological filed due to their
self-lubricating properties, low production cost, easy to coat onto
complex shapes and low shear strength [10]. Therefore, preparing
organic ultrathin films as lubrication layers to improve the friction
performance of the materials used in micro scales have attracted
great attention [11-13]. Besides, hydrophobic surfaces are used to
reduce the adhesion force and friction coefficient for their lower
surface free energy compared with hydrophilic surfaces [14-16].

In this paper, two different organic compounds with a same
terminal group octadecyl were used to prepare two kinds of
hydrophobic organic ultrathin film on the surface of Mg-Mn-Ce
alloy by self-assembling and polymer plating technology [17],
respectively. The formation mechanism of the two films is studied
via characterization of the surface properties. The results demon-
strated that the hydrophobic organic films had a lubrication effect
on friction behaviors. The distinctions of the tribological behav-
iors between the self-assembled film and polymer-plated film are


dx.doi.org/10.1016/j.porgcoat.2015.02.015
http://www.sciencedirect.com/science/journal/03009440
http://www.elsevier.com/locate/porgcoat
http://crossmark.crossref.org/dialog/?doi=10.1016/j.porgcoat.2015.02.015&domain=pdf
mailto:zxkang@scut.edu.cn
dx.doi.org/10.1016/j.porgcoat.2015.02.015

Q. Liu, Z. Kang / Progress in Organic Coatings 84 (2015) 42-49 43

(a) (I:H3 (b)
(CHz) 17
| CH;,
NH ]
(<|:H2)17
=
N |N Cl—Si—cClI
)\ )\ |
Na$S N SH Ci

Fig. 1. Chemical structure of the two octadecyl compounds, (a) STN and (b) OTS.

compared to research the effect of film structure on tribological
properties.

2. Experimental details
2.1. Materials

The Mg-Mn-Ce magnesium alloy (composition (wt.%): Mg-1.5%
Mn-0.3% Ce) samples were cut into 20 mm x 20 mm x 4 mm and
polished to mirror with a series of emery papers, followed by
thorough ultrasonic degreasing in acetone, and then dried in cold
air. The two octadecyl compounds are n-octadecyltrichlorosilane
(OTS, purity 95%, Alfa Aesar) and 6-stearylamino-1,3,5-triazine-
2,4-dithiol monosodium (STN, analytical reagent, Sulfur Chemical
Institute Inc. of Japan). The structure of the OTS and STN are shown
in Fig. 1. Deionized water (18.2 M2 cm) was used to preparation
of all aqueous solutions and for rinsing as well. Distilled water and
diiodomethane (purity 99%, Alfa Aesar) were utilized to measure
the contact angles. All other reagents were analytical grade and
used without any further treatment.

2.2. Preparation of self-assembled monolayer

The self-assembled monolayer (SAM) solution was prepared by
dissolving OTS in toluene, and the concentration was 3 mmol/L.
In toluene solutions, the —-Si-Cl contained in OTS monomer was
hydrolyzed to -Si-OH. The pretreated Mg-Mn-Ce samples were
immersed in an alkaline aqueous solution (the concentration of
NaOH, Na3PO4 and Na,SiO3 was 20g/L, 20¢g/L and 25 g/L respec-
tively) at 50 °C for 10 min to fabricate hydroxyl groups (-OH) on the
surface, and immediately rinsed with distilled water, ethanol and
dried in cold air. Then, the samples were soaked in OTS SAM solu-
tion for a period. The -OH on the surface would react with -Si-OH in
the solution and the OTS monomers were bonded onto the surface.
Afterwards, the samples were washed sequentially with distilled
water and ethanol, finally dried in cold air. The prepared film was
named as OTS film.

2.3. Preparation of electrochemical polymer film

The electrochemical polymer film was prepared by poly-
mer plating [18], which was an innocuous, economic and
environmental-friendly surface modification technique based on
electrochemical principle [4]. The polymer-plated solution was
prepared by dissolving STN monomer and sodium hydroxide
(NaOH) in deionized water, and the concentration of STN and NaOH
was 3 mmol/L and 0.15 mol/L respectively. A three-electrode sys-
tem was used in the electrolytic cell, where Mg-Mn-Ce plate,
saturated calomel electrode (SCE) and two stainless steel (SUS304)
plates were used as the working electrode, the reference electrode
and the counter electrode, respectively. NaOH was used as the sup-
porting electrolyte. Galvanostatic method was utilized in process of
polymer plating and the value of current density was 300 pA/cm?.

The process time was varied from 1 min to 10 min and the tem-
perature was controlled at 20+ 2 °C. During polymer plating, the
ATP monomer would bonded to the substrate surface via electro-
chemical reaction. Afterwards, the sample was removed from the
electrolyte and immediately rinsed with distilled water, ethanol
and then dried in cold air. The prepared film was named as STN
film.

2.4. Measurement

The static contact angles of distilled water and diiodomethane
on the surfaces were measured by an optical contact angle meter
(OCA35, Dataphysics) at ambient temperature, and a liquid droplet
of 1 pl was used for contact angles measurement. The contact angle
of distilled water and diiodomethane were short for WCA and
DCA respectively. The average value was determined by measur-
ing the same sample at three different positions. Fourier transform
infrared (FT-IR) spectroscopy (IR Prestige-21, Shimadzu) was used
to determine the chemical functional groups. X-ray photoelectron
spectroscopy (XPS, AXIS Ultra, Kratos) was carried out by using a
monochromatic Al Ka X-ray source, and the binding energy was cal-
ibrated by the C 1s peak energy (284.6 eV). The surface topography
and nano tribological properties were studied by scanning probe
microscope system (CSPM 4000, Being Nano-instrument); the tests
were performed at ambient temperature and relative humidity
about 45-55%.

3. Results and discussion

3.1. Effect of the processing time on wettability of STN and OTS
films

Fig. 2 shows WCA of STN film and OTS film at the different
processing time. It is clearly found in Fig. 2a that the WCA of STN
film increases first and then remains stable with increasing plating
time. At the first 4 min of plating, electrochemical polymerization
was not sufficient and the film grew with the time prolonged, which
results in the WCA become larger and larger. After about 4 min of
plating time, the film was completely covered on the surface and
the WCA was stabled at about 132¢. Similarly, the WCA of OTS film
also increases firstly and then remain stable with respect to time
presented in Fig. 2b. After about 2 h of self-assembling, the WCA
increases to about 130°, and then the WCA remains stable at about
130-136° with the self-assembling time prolonged. Based on the
influence of processing time on WCA of the two prepared films,
it can be concluded that the two films were completely deposited
on to the surface of Mg-Mn-Ce alloy after a period of processing
time. Besides, the similar result of WCA on the surface for the two
prepared films indicated that these two films with same termi-
nal groups have a similar wettability. It is worth to mention that
the processing of polymer plating was under the effect of electric-
ity while self-assembling was a spontaneous processes, therefore,
the processing time of polymer plating was shorter than self-
assembling. In the following paragraphs, to ensure that the surface
were covered completely by these two films, the STN film samples
with a plating time 5 min and OTS film with a self-assembling time
6 h were chosen as the researched samples, respectively.

3.2. Formation mechanism of STN and OTS films

In order to confirm the chemical structure and film forma-
tion mechanism, FT-IR spectroscopy and XPS were used to analyze
surface conditions. FT-IR spectra of STN film and OTS film pre-
sented in Fig. 3 displays absorption peaks about the functional
groups. Compared with these two film, the absorption peaks of
methyl (-CH3) and methylene (-CH,-) contained in octadecyl are
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Fig. 2. Effect of the processing time on wettability of: (a) STN film and (b) OTS film.

existed in both spectra of STN and OTS films [4,19]. Peaks located
at about 1440-1500 cm~! are attributed to deformation vibrations
of —-CH,—; and symmetric and asymmetric stretching vibrations of
—CH,- are located at 2853 cm~! and 2924 cm~! respectively; peaks
located at 2957 cm~! arerelated to symmetric stretching vibrations
of —-CHs. Besides, the peak at 1054.5cm™! is ascribed to asym-
metric stretching vibrations of Si-O-Si bond that only contained
in OTS film [20,21]. Similarly, peaks only presented in STN film,
which located at 1547.1 and 1512.9 cm~! are due to the C=N bonds
related to the triazine ring contained in STN monomer [18,20]. The
FT-IR spectra results suggested that the STN film and OTS film were
successfully formed on Mg-Mn-Ce substrate surface.

The chemical process for the formation of the two films was
researched by XPS spectra. Fig. 4 shows the wide spectra of XPS
for Mg-Mn-Ce substrate and the two films. Compared to the sub-
strate, the spectra of STN film contained N and S elements and OTS
film contained Si element were detected, and the presence of lesser
intensity C 1s peak on the substrate might be adsorbed from the
atmosphere during handling before XPS test. The atomic concen-
trations of the relevant elements for XPS spectra are summarized
in Table 1. It is clearly seen that the concentrations of all the orig-
inal elements change a lot for the existence of the new elements
contained in the two organic compounds after the processing.

The high-resolution XPS spectra for the feature elements were
investigated for further confirmation of chemical structure and film
formation mechanism. Fig. 5a shows the XPS spectrum of Si 2p
for OTS film, and it is clearly found that Si 2p spectrum of OTS
film shows three main peaks. According to the principle of elec-
tronegativity [22], the peaks located at 100.30, 100.99, 101.63 eV
are assigned to Si-O-Mg, Si—0O-Si, Si-O-H respectively. Si-O-Mg
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Fig. 3. FT-IR spectra of STN and OTS films on Mg-Mn-Ce surface.

bonds were formed by the reaction of silanol groups (-Si-OH) con-
tained in hydrolyzed OTS monomer and the hydroxyl (-OH) on the
Mg-Mn-Ce alloy surface. The Si-O-Si bonds were formed by the
mutual reaction of-Si—-OH contained in OTS after hydrolysis. The
Si—O-H bonds were the residues of -Si—OH after the hydrolysis of
OTS monomer and were not reacted with other functional groups.
Fig. 5b shows the high-resolution XPS spectrum of N 1s for STN
film. Base on the research of some scholars, the binding energy of
N=C and N-C would increase when they contained in a structure
of ring [23,24]. Hence, the N=C and N-C contained in triazine ring
of STN monomer would be located at a higher binding energy state.
As a result, the binding energy at 396.68, 397.53 and 398.30eV are
related to N-H, N-C and N=C, respectively. The XPS spectrum of
S 2p for STN film is displayed in Fig. 5c. It has been found that
when the element sulfur is contained in the thiolate groups, two
different atom specials (S 2p3/2 and S 2p1/2) are demonstrated in
high-resolution XPS spectra [25,26]. The area ratio of S 2p3/2 and S
2p1/2are2:1,and the binding energy of S2p3/2is 1.2 eV lower than
that of S2p1/2.In present work, the S 2p curve is fitted as three dou-
blets structure with the bound thiolate groups at the lowest binding
energy. The binding energy of S 2p3/2 peak at 160.01 eV (S 2p1/2 at
161.21eV) is consistent with the sulfur atoms bonded to the sub-
strate surface as a thiolate species (S—-Metal bonds, mainly refers to
Mg), and the result is in agreement with previous works researched
by several scholars [27,28]. The peaks at 162.02 and 163.22 eV are
the S 2p3/2 peak and S 2p1/2 peak of S-S bonds which was formed
by the mutual reaction of thiol groups. The peaks located at 166.57
and167.77 eV are ascribed to the oxidation of thiol groups that were
not react with other groups, and the products of the oxidation were
-SOx [29].
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Fig. 4. XPS spectra of Mg-Mn-Ce substrate, OTS film and STN film.
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Table 1
XPS atomic concentrations of the substrate, OTS and STN film (at.%).
Sample Mg 2p Zn 2p Cls O1s Mn 2p Si2p S2p N 1s
Substrate 19.82 1.40 36.86 41.92 - - - -
OTS film 13.20 0.57 38.50 39.33 - 8.40
STN film 14.54 1.25 43.60 26.87 4.98 - 3.52 5.25
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Fig. 5. High-resolution XPS spectra of (a) Si 2p for OTS film, (b) N 1s and (c) S 2p for STN film.

Based on the results of FT-IR and XPS spectra, it can be concluded
that the groups contained in STN and OTS monomers were reacted
with the substrate and deposited onto the substrate surface. The
formation mechanism of OTS and STN films are exhibited in Fig. 6a
and b respectively. The film formation of SAM (here refers to OTS
film) has been reported alot [30,31], and the process can be divided
into three main steps. Firstly, silanol groups (-Si-OH) are formed
by the hydrolysis of chlorosilane (-Si-Cl). Secondly, silanol groups
(-Si-OH) are combined with hydroxyl (-OH) on the Mg-Mn-Ce
surface or other silanol groups through hydrogen bonds. Finally,
Si-0-Si bonds and Si-O-Mg are formed by dehydration conden-
sation of hydroxyls, and the film is polymerized and covered on
the surface. Similarly, the film formation of STN film is proposed
as follows. DON monomer is ionized as dithiolate anions in NaOH
alkaline aqueous solution, next the dithiolate anions release two
electrons during electrolysis to become disulfide radicals, and then
the disulfide radicals cause coupling reactions with consequent for-
mation of the disulfide polymer, finally the disulfide polymer is
coated to the conductive substrate via the effect of electrochemistry
[20,32].

3.3. Characterization of OTS and STN films

Wettability and surface free energy (SFE) are important features
for characterizing the variation of solid surfaces. SFE was calculated
by OWRK algorithm shown in Eq. (1) with the WCA and DCA [33].

(14 cosO)y

2\/> \/Z

+ VP

(1)

where ys and y) are the surface free energy (or surface tension)
of the solid and liquid, P and y" are the dispersion component
and polar component of surface free energy (or surface tension).
The results are displayed in Table 2. It can be found that after the
modification of OTS film or STN film, the film has realized the trans-
formation from a hydrophilic surface to a hydrophobic one. The SFE
also changed from a higher status to a lower one. The results indi-
cate that after modification of these two films, the hydrophobic
and lower SFE functional groups -CH; and -CHj3 contained in octa-
decyl groups, are coated onto the surface. It is worth mention that
the contact angles, SFE for OTS film and STN film are similar to each
other, which indicates that the terminal octadecyl group has a great
effect on wettability.

Fig. 7 shows the atomic force microscope (AFM) topography
images of OTS film and STN film. Many polymerized clusters can
be observed in both of the picture. We can clearly find that the
clusters distributed on the surface of OTS film are smaller than that
of STN film. Besides, the clusters in OTS film are distributed more
tightly than that of STN film. The differences of the topography
between these two films maybe attributed to the film formation
process. OTS molecules were directly polymerized onto the sub-
strate while STN monomers were firstly formed disulfide polymer,
which formed larger clusters and then deposited onto the substrate
surface, therefore, the result leads to the clusters of STN film much
larger than that of OTS film.

3.4. Nano tribological properties of OTS and STN films

Tribological issues have become significant technological barri-
ers to the successful application of durable devices at micro or even

Fig. 6. Model illustration of the formation mechanism for (a) OTS film and (b) STN film.
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Table 2
Contact angles and surface free energy for the substrate, STN and OTS film.
Contact angle (°) Surface free energy (m]/m?2) Dispersion Polar
Distilled water Diiodomethane
Substrate 55.0+0.8 29.8+23 51.83 37.60 14.24
STN film 1324419 715+1.3 30.81 26.09 4.72
OTS film 135.7+1.5 739421 30.14 24.84 530

Fig. 7. AFM topography images of (a) OTS film and (b) STN film.

nano scales. Therefore, it is important to study the nano tribological
properties at these small scales. In this paper, the nano tribological
properties of the two films and Mg-Mn-Ce substrate were inves-
tigated by the comparison of the adhesion, friction coefficient and
friction force.

3.4.1. Adhesion measurements

The adhesive force between the FFM tip and the surfaces was
performed at the room temperature about 30°C and the relative
humidity about 50%. A typical force-distance curve is shown in
Fig. 8 [34-36]. A— B is the probe approaching the sample surface
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Fig. 8. Atypical force-distance plot and schematic illustration for the adhesive force
calculation.

gradually, and the cantilever of the probe does not bend. B— C is
probe contacting with the sample surface suddenly due to the sur-
face tension, and then the micro-cantilever is curved downward
slightly. C — Disloading process where the degree of bending grad-
ually increases. The probe retraces to unload when achieving the
Point D, and D — F is the unloading process, where the bending
degree of cantilever decreases to zero (Point E), then the cantilever
bends downward gradually due to the adhesive force between the
probe and the sample surface. The probe will pull off the sample
surface suddenly when the adhesive force equals to the bending
force of the cantilever (Point F). Finally, the probe returns to point
A where no bending occurs after the probe pulling off the sample
surface. The adhesive force (pull-off force) was calculated by multi-
plying the cantilever constant by the potential difference between
points E and A shown in Egs. (2) and (3) [37].

Fad = NSz AV (2)
Ewt?

== 3

N= B (3)

where S7 is the sensitivity of the photo detector and the value is
400.93 nm/V; cy is the normal spring constant of the cantilever. In
the test, the typical rectangular silicon cantilevers are used; E is the
Young’s modulus of silicon and the value is 1.69 x 1011 N/m2. The
schematic diagram of the cantilevers is shown in Fig. 9. The w, t and
lare the width, thickness and length for the cantilever, respectively.
It is worth mention that the [ used in Eq. (3) should be the value of
cantilever length minus the value of tip set back. cy was calculated
and the value is 0.2503 N/m, and Eq. (2) could be changed to Eq. (4)
as follows.

F,q=82.31AV (4)
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Fig. 9. Schematic diagram of a rectangular cantilever. The relevant dimensions: [=435 wm, w=50 wm, t=2 um, h=17 wm. Note that [ is given by the difference value of the

cantilever length and tip set back.

Fig. 10. Model illustration of the adhesive behavior for OTS film and STN film.

The adhesion force of the substrate, STN and OTS film calcu-
lated by Eq. (4) are displayed in Table 3. It is clearly seen that the
adhesion force apparently decreased when the surface was mod-
ified by STN film or OTS film. Many researchers have found that
capillary condensation may occur between hydrophilic surfaces,
leading to even stronger adhesive interactions [38]. The result sug-
gests that the chemical composition of the surface have the key
effect on adhesion force. The distinction of the adhesion force
between STN film and OTS film surface indicates that the struc-
ture of the surface also have influence on the adhesion. According
to the 3D AFM morphology, we can draw a model illustration of the
adhesion behavior about the STN and OTS films shown in Fig. 10.
When the tip of the probe contacted with the STN film and OTS
film at a same apparent contact area, because of the smaller poly-
mer cluster, the real contact area for OTS film is smaller than that
of STN film. The attractive force between the tip and the surface are
related to the real contact area, therefore, when the tip pulled off
from the surface, the larger the contact area, the larger the adhesive
force.

3.4.2. Nano friction properties

Nano friction force and friction coefficient also have important
effect on the performance of micro scale devices. Fig. 11 shows
the friction force signal of the substrate, OTS and STN film under

Table 3
Adhesion force of Mg-Mn-Ce substrate, STN film and OTS film.
AV (V) F,q (nN)
Substrate 0.15+0.04 12.35+3.28
STN 0.07 +£0.02 5.76+1.64
OTS 0.05+0.02 4.12+1.64

a constant normal load signal 2V (the normal load calculated
was 16.46 nN). Similar to the adhesion results, the substrate sam-
ple showed the largest friction signal and OTS film showed the
lowest friction signal. Eqs. (5) and (6) show the relationship
between friction force and the friction signal [37].

3 h
F]_ = ECLTSZVL (5)
Gwt3
= 6
CL 3021 (6)

where F is the friction force; c is the lateral spring constant of
the cantilever; h is the tip height; G is shear modulus of silicon
cantilever and the value is 0.5 x 10! N/m?2. It can be calculated that
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Fig. 11. Nano friction force signal of the substrate, OTS film and STN film.
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Table 4
Nano friction force and coefficient of Mg-Mn-Ce substrate, STN and OTS film.
F]_ (I]N) "
Substrate 19.82 0.454
STN film 7.30 0.094
OTS film 6.23 0.128

cL=53.03N/m. Eq. (7) shows the directly proportional relationship
between the friction force and friction signal.

FL=1246.35x V;, (7)

Table 4 shows the friction force of the substrate and these two
films. The results are in consistent with the found of many scholars
that the low SFE surfaces could reduce the friction force on the
surface [39,40]. After the modification of STN and OTS film, the
chemical composition on the surface are -CH, and -CH3, which are
all lower SFE groups compared with the metal substrate, therefore,
the friction force of STN and OTS film is much lower. Besides, the
real contact area also affect the friction force, hence, the same as the
result of adhesion test, the friction force of OTS film is also slightly
lower than that of STN film.

At the small scale, the friction behavior obeys to the modified
Amonton’s law shown in Eq. (8) [41].

FL = Faq + iFy (8)

where F; refers to friction force, Fy to applied load, F,4 to adhesion
force, and u to friction coefficient. Here Fy is the constant applied
load 16.46 nN. The result of the friction coefficient is calculated and
displayed in Table 4. The result also suggests that STN and OTS
films have an effect on reducing the friction coefficient. It is worth
mention that the friction coefficient of STN film is lower than that of
OTS film, which is different from the results of adhesion and friction
force tests. The friction coefficient is affected by both the chemical
composition and the roughness, therefore, the coefficient of these
two films is lower than the substrate. While for these two films,
they have similar surface properties, but the roughness of STN film
is lower than OTS film, therefore, the friction coefficient of STN film
is lower than OTS film.

4. Conclusions

Two different organic compounds with a same terminal group
octadecyl are used for the preparation of two kinds of hydrophobic
organic films on the surface of Mg-Mn-Ce alloy by self-assembling
and polymer plating technology, respectively. The self-assembled
film was short as OTS film and polymer plated film was short as STN
film. After the modification of these two films, the wettability of the
Mg-Mn-Ce surface transformed from hydrophilicity to hydropho-
bicity. The surface free energy of OTS and STN film decreased from
51.83 mJ/m? for the substrate to 30.14 and 30.81 mJ/m?, respec-
tively.

The nano tribological properties are evaluated by friction force
microscope. The adhesion and friction force, friction coefficients
were all reduced by both OTS and STN films in comparison with
the Mg-Mn-Ce substrate. It is demonstrated that the surface prop-
erties like wettability and surface free energy have a great effect on
reducing adhesion force and improving friction properties. Besides,
based on the comparison of the tribological properties between
STN film and OTS film, it can be concluded that surface structure
(topography)like roughness also has an important effect on the fric-
tion properties. Therefore, designing a special surface structure on
a lower SFE surface is an effective approach to solving tribological
issues for magnesium alloys.
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