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h i g h l i g h t s
� Ion implantation/AlN/CrAlN/MoS2-phenolic resin duplex coatings were presented.
� Ion implantation/AlN/CrAlN interlayer greatly enhanced the load bearing capacity.
� Ion implantation/AlN interlayer greatly depressed the effect of galvanic corrosion.
� The AlN/MoS2-phenolic resin duplex coating showed excellent corrosion resistance.
� The AlN/CrAlN/MoS2-phenolic resin duplex coating showed super wear resistance.
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a b s t r a c t

The novel nitrogen ion implantation/AlN/CrAlN/MoS2-phenolic resin duplex coatings are fabricated on
the AM60 magnesium alloys. The microstructure, tribological and electrochemical properties of the
duplex coatings are characterized by X-ray diffraction, X-ray photoelectron spectroscopy, scanning
electron microscopy, Fourier transform infrared spectroscopy, Raman spectroscopy, nano-indenter,
electrochemical corrosion and wear tester. These studies reveal that the MoS2-phenolic resin coating
has a two-phase microstructure crystalline MoS2 particles embedded in the amorphous phenolic resin
matrix. The single-layer MoS2-phenolic resin enhances the corrosion resistance of magnesium alloys, but
shows poor wear resistance due to the low substrate's load bearing capacity. The addition of nitrogen ion
implantation/AlN/CrAlN interlayer in the MoS2-phenolic resin/substrate system greatly enhances the
substrate's load bearing capacity. The AlN/CrAlN/MoS2-phenolic resin duplex coating with a high load
bearing capacity demonstrates super wear resistance (i.e., long wear life and low friction coefficient). In
addition, the nitrogen ion implantation/AlN interlayer greatly depresses the effect of galvanic corrosion
because its potential is close to that of the magnesium alloys, but the nitrogen ion implantation/AlN/
CrAlN interlayer is inefficient in reducing the galvanic corrosion due to the large potential difference
between the CrN phase and the substrate. As a result, the nitrogen ion implantation/AlN/MoS2-phenolic
resin duplex coating shows a better corrosion resistance compared to the nitrogen ion implantation/AlN/
CrAlN/MoS2-phenolic resin.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Magnesium alloys have attracted extensive attention in aero-
space and automotive industries due to their outstanding
qing 400039, China.
).
properties, including high strength-to-weight ratio, good damping
capacity, and large potential recycling capability [1e5]. Unfortu-
nately, the poor chemical corrosion and wear resistance of mag-
nesium alloys greatly constraints their real applications in
engineering fields [6,7]. To overcome these drawbacks, fabricating a
protective coating with super anti-wear and anti-corrosion prop-
erties has been accepted as one of the most effective methods.

Various coatings have been explored to push magnesium alloys
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to be used in practical engineering applications. Microarc oxidation
coatings fabricated on magnesium alloys exhibit a high hardness
and an excellent corrosion resistance [8e10]. However, these
coatings also have a high friction coefficient and suffer from the
pitting corrosion in the through thickness micropores [11,12]. Ion
implantation improves the corrosion resistance of magnesium al-
loys [13e15], but the modified layers are very thin with limited
protective effect compared to the thicker ceramic coatings. Hard
coatings, such as TiN or CrN, exhibit superior mechanical properties
(i.e., high hardness and high adhesion strength) [16e19], whereas
galvanic corrosion takes place inevitably in the region of through
thickness defects due to the large electrode potential difference
between them [18,19]. Diamond-like carbon (DLC) with high
hardness, low friction coefficient, and excellent chemical inertness
has been studied as anti-wear and anti-corrosion coating of mag-
nesium alloys [20,21], However, the DLC coating has a short wear
life and poor adhesion strength to the substrate arising from their
different physical properties. Soft phenolic resin-based self-lubri-
cating coatings seem to be a good candidate to act as the protective
coating due to their super wear and corrosion resistance [22e24].
However, it is generally believed that soft coatings fabricated on
magnesium alloys usually exhibits a poor wear resistance due to
the low substrate's load bearing capacity.

These previous studies suggest that a single protective coating is
almost impossible to satisfy the requirements of magnesium alloys
in anti-wear and anti-corrosion aspects. Multiple-layer coatings are
considered to be able to depress the galvanic corrosion and
simultaneously provide high load-bearing capacity for soft mag-
nesium alloys. For example, duplex coatings, such as Al/AlN/DLC,
display superior properties compared with their single layer
counterparts [25e27]. Here, a functional duplex architecture con-
sisting of nitrogen ion implantation, AlN, CrAlN and MoS2-phenolic
resin is designed to improve the wear and corrosion resistance of
magnesium alloys. Nitrogen ion implantation is used to induce
surface densification and effectively improve the interfacial
bonding strength. The AlN or AlN/CrAlN interlayers provide load
support for the soft MoS2-phenolic resin and depress the pitting
corrosion process. The outmost MoS2-phenolic resin layer acts as
the protective layer with excellent anti-corrosion and self-
lubricating properties. The microstructure, wear and corrosion
resistance of the duplex coatings with different interlayers are
investigated in details.

2. Materials and methods

Si wafer and AM60 magnesium alloys were used as the sub-
strate. The samples were mechanically polished by diamond paste
and ultrasonically washed using pure ethanol. Pure Al (99.9%) and
CrAl alloys (50:50 at. %) was used as the targets. High purity argon
and nitrogen were used as the working atmosphere. Prior to the
coating deposition, all samples were cleaned by argon ion sput-
tering to remove contaminants and the native oxide layer. After-
wards, the samples were treated by nitrogen ion implantation. The
AlN and CrAlN interlayer were synthesized by plasma immersion
ion implantation and deposition [28]. The experimental parameter
of the sputtering cleaning, nitrogen ion implantation and interlayer
fabrication were summarized in Table 1. The top MoS2-phenolic
resin layers were prepared by mechanical spraying. High purity
micron-scale MoS2 powders and phenolic resin were added to the
organic solvent in a certain weight ratio. The mixed solutions were
dispersed under supersonic agitation for 1 h followed by me-
chanical spraying. The coated samples were solidified in a sintering
furnace. The curing temperature was set at 180 �C for 90 min. The
experimental details of the as-fabricated duplex coatings were
shown in Table 2.
The crystalline structure of the coatings was determined by an
X-ray diffraction (XRD, Philips-X'pert) apparatus using Cu Ka ra-
diation source. The diffraction angle was ranged from 20� to 80�.
The chemical bonding of the coatings was investigated by X-ray
photoelectron spectroscopy (XPS, Thermo, K-Alpha) using Al Ka
radiation (hn ¼ 1486.6 eV) as the excitation source. Argon ion
etching was performed to remove contaminants with an acceler-
ating voltage of 1000 eV. Scanning electron microscopy (SEM, JSM-
6701F) was employed to observe the surface and cross-section
morphologies of the coatings. Raman spectrometer (Renishaw
inVia, l ¼ 532 nm) was used to identify the structure of the MoS2-
phenolic resin coating. Fourier transform infrared spectroscopy
(FTIR, Nicolet) was used to indentify the chemical bonding status in
the MoS2-phenolic resin coating. A ball-on-disc wear tester (MFT-
R4000) was used to characterize wear resistance performance of
the samples. A 5 N load was applied onto the sample through a
6 mm Si3N4 ball. The sliding distance and the frequency was 5 mm
and 2 Hz, respectively. The wear test was evaluated in the ambient
atmosphere with a relatively humidity of 35% and a temperature of
25 �C. The friction test was performed three times under the same
conditions to evaluate the reliability of the measurements. The
mechanical properties of the samples were determined by using a
nano-indentation system. The hardness and elastic modulus were
calculated according to the Oliver-Pharr method. The electro-
chemical properties of the samples were evaluated by electro-
chemical tests (PGSTAT302N). The three-electrode electrochemical
system included a high purity platinum needle as the counter
cathode, being measured sample as the working electrode (1 cm2

exposed areas), and a saturated calomel electrode (SCE) as the
reference electrode. The test was carried out in a 1 M NaCl solution.
All electrochemical tests were conducted for three times to ensure
the reproducibility. The elemental composition of the wear tracks
and the corrosion morphologies were examined by scanning elec-
tron microscope (SEM) equipped with energy dispersive spec-
trometer (EDS).

3. Results and discussion

3.1. Microstructure characterization of the as-fabricated coatings

Fig. 1a shows the XRD patterns of the substrate, nitrogen
implanted substrate, nitrogen ion implantation/AlN interlayer and
nitrogen ion implantation/AlN/CrAlN interlayer. After removing the
substrate signals from XRD patterns, the AlN (002) peak identified
in the nitrogen implanted substrate and nitrogen ion implantation/
AlN interlayer, which is in agreement with the previous studies that
the AlN films present the (002) preferred texture [25,29]. In addi-
tion, a weak AlN (002) peak and a strong CrN (200) peak are
identified in the nitrogen ion implantation/AlN/CrAlN interlayer. It
has been reported that the solubility of Al in cubic CrN can reach
70% [30], which implies that Cr atoms tends to be replaced by Al
atoms to form cubic CrAlN solid solution in the as-deposited CrAlN
layer. Fig. 1b shows the XRD pattern of the MoS2-phenolic resin
coating. The diffraction peaks located at 14.32�, 29.02�, 32.68�,
35.89�, 39.49�, 44.15�, 49.79�, 60.17�, 70.14� and 88.71� are associ-
ated with diffraction form (002), (004), (100), (102), (103), (006),
(105), (008), (108) and (118) crystal planes of the MoS2, respec-
tively, proving the formation of MoS2 crystals in the MoS2-phenolic
resin layer.

The high resolution XPS spectra of the AlN interlayer are shown
in Fig. 2. The binding energy of Al2p peak presented in Fig. 2a lo-
cates at 74.3 eV, which can be assigned to the Al signal from AlN
[25,31]. As shown in Fig. 2b, the binding energy of N1s peak centers
at 396.9 eV, which is associated with the AleN bond [25,32].

Fig. 3a shows the SEM surface image of the sample A1, from



Table 1
Experimental parameters of the duplex coatings.

Sputtering cleaning Ion implantation AlN layer CrAlN layer

N2 flow rate (sccm) e 50 50 50
Ar flow rate (sccm) 50 e e e

RF power (W) 600 600 e e

Partial Pressure (Pa) 0.6 0.6 0.3 0.3
Cathode duration time (ms) e e 3000 3000
Bias voltage (kV) �6 �30 �20 �20
Bias voltage duration time (ms) 60 20 60 60
Frequency (Hz) 100 200 50 50
Time (h) 0.5 2 2 2

Table 2
Experimental details of the duplex coatings.

Sample Coating

A0 AM60 substrate
A1 Single-layer MoS2-phenolic resin
A2 Nitrogen ion implantation/AlN/MoS2-phenolic resin
A3 Nitrogen ion implantation/AlN/CrAlN/MoS2-phenolic resin
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which we can see a uniform surface coating dispersed with
numerous micrometer-sized particles. The average thickness of the
sample A1 is about 11.771 mm (Fig. 3b). In addition, some visible
micro-pores are also observed on the surface and in the cross-
Fig. 1. (a) XRD patterns of the substrate, nitrogen implanted substrate, nitrogen ion implanta
of the MoS2-phenolic resin coating.

Fig. 2. High resolution XPS spectra of th
section images of the sample A1. Sample A2 has a two-layer
structure and the thickness of the AlN interlayer is 350 nm
(Fig. 3c). Three-layer structure is observed for sample A3 and the
thickness of the AlN/CrAlN interlayer is 800 nm (Fig. 3d).

Fig. 4 shows the FTIR spectrum of the MoS2-phenolic resin
coating. The vibration peak located at 1121.77 cm�1 originates from
the OeH groups. The band centered at 1384.45 cm�1 corresponds
to CeC groups. The peaks located at 2923.10 cm�1 and
2853.33 cm�1 are assigned for the CeH2 and CeH groups, respec-
tively. The bands located at 1638.11 cm�1, 720.44 cm�1,
578.36 cm�1 and 462.07 cm�1 are contributed by the different vi-
bration modes of the benzene rings. These above results confirm
that the nitrogen ion implantation/AlN/CrAlN/MoS2-phenolic resin
tion/AlN interlayer and nitrogen ion implantation/AlN/CrAlN interlayer, (b) XRD pattern

e AlN interlayer: (a) Al2p, (b) N1s.



Fig. 3. (a) SEM surface and (b) cross-section images of the sample A1, (c) SEM cross-section image of the sample A2, (d) SEM cross-section image of the sample A3.
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duplex coatings are successfully fabricated on the nitrogen
implanted magnesium alloys.
3.2. Tribological performance of the as-fabricated coatings

Fig. 5 shows the friction curves of the samples. The friction co-
efficient of sample A0 is as high as 0.45. A strong fluctuation of the
friction coefficient can be observed during the friction test (Fig. 5a).
Sample A1 has a low friction coefficient of 0.15 at the initial stage,
and then increases from 0.15 to 0.28 as the sliding time reach
22 min, indicating that this coating has been worn out gradually
(Fig. 5b). Sample A2 also remains a stable friction coefficient of 0.13
Fig. 4. FTIR spectrum of the MoS2-phenolic resin coating.
at the initial stage, and subsequently fluctuates strongly when the
sliding time is greater than 58 min (Fig. 5c). In comparison to
sample A2, sample A3 exhibits a low and stable friction coefficient
of 0.09 during the whole friction test, indicating its superior wear
resistance performance (Fig. 5d).

Fig. 6a shows the wear track Raman spectrum of the sample A2
at the wear track locations. The peaks located at 380.61 cm�1 and
408.16 cm�1 are assigned to the MoS2 [33]. The peak located at
610.68 cm�1 corresponds to the A (TO) mode of the AlN film [34].
The corresponding wear track image in the inset of Fig. 6a shows
that a small amount of MoS2-phenolic resin debris exists on the
wear track surface, evidencing that the outmost MoS2-phenolic
resin layer tends to be worn out. Additionally, some visible cracks
are observed at the wear track edges, resulting from the low load
carrying capacity of the AlN interlayer. The wear track Raman
spectrum of the sample A3 at the wear track sites presented in
Fig. 6b shows that only MoS2 peaks are identified in the wear track.
SEM image of the wear track shown in the inset in Fig. 6b reveals
that sample A3 has a smooth surface at the wear track area, indi-
cating the excellent wear resistance of this coating.

Fig. 7 shows the wear track morphologies with the corre-
sponding EDS spectra of all samples. As shown in Fig. 7a, the wear
track of the sample A0 is featured by a great number of ploughs.
Sample A1 has very similar wear track morphology to that of the
sample A0 (Fig. 7b). The corresponding EDS spectrum reveals that
no S and Mo are identified in the wear track, indicating that this
coating has been worn out. However, sample A2 displays a smooth
surface in the wear track with some visible cracks (Fig. 7c). The Al
content in thewear track of sample A2 is higher than that of sample
A0 as proved by the EDS spectrum, underlying that the AlN inter-
layer has not been wear out. Although a small amount of S and Mo
elements also appears in the wear track, the outmost MoS2-
phenolic resin layer tends to be peeled off reflected by the strong
fluctuation in the friction coefficient (Fig. 5c) and the morphology
of the wear track shown in the inset in Fig. 6a. Sample A3 bears a



Fig. 5. Friction curves of all samples: (a) A0, (b) A1, (c) A2, (d) A3.

Fig. 6. Wear track Raman spectra of (a) the sample A2 and (b) sample A3.
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smooth surface in the wear track region (Fig. 7d). Only Mo and S
elements are observed in the wear track proved by the corre-
sponding EDS spectrum, suggesting that the outmost MoS2-
phenolic resin layer is intact after the wear resistance test.

It has been reported that MoS2 has a layered sandwich structure
and tends to form a lubrication transfer film on the counter face
under a shearing forces [35]. The typical morphology of the mating
ball with the corresponding EDS spectrum of the sample A3 is
shown in Fig. 8. A large amount of debris is observed on the wear
scar surface of the mating ball. Strong S and Mo signals are iden-
tified in the wear scar surface in the corresponding EDS spectrum.
These above results conform that the self-lubricating property of
the as-fabricated duplex coatings arises from the formation of a
MoS2 lubrication transfer film by the outmost MoS2 during the
friction period.

Fig. 9 shows the cross-section wear track profiles of all samples.
As shown in Fig. 9a, the width and depth of the wear track in
sample A0 are 1.59 mm and 120.51 mm, respectively, which are
wider and deeper in comparison to that in sample A1 (723.25 mm
and 28.23 mm, respectively, Fig. 9b). The width and depth of the
wear track in sample A2 is 493.37 mm and 11.57 mm, respectively
(Fig. 9c). In comparison, sample A3 exhibits the smallest wear track
width (412.21 mm) and wear track depth (7.13 mm), exhibiting the
best performance in wear resistance (Fig. 9d).

It has been reported that the wear life of soft coatings largely
depends on the substrate's load bearing capacity [36,37], and a
higher substrate's hardness generally corresponds to a better wear
resistance. Fig. 10 shows the nanoindentation results of all samples.
Sample A0 has a hardness of 0.93 GPa and a modulus of 34.52 GPa
(Fig. 10a). The hardness and modulus are 1.95 GPa, 51.23 GPa for
MoS2-phenolic resin coating (Fig. 10b) and 4.72 GPa, 69.25 GPa for
the nitrogen ion implantation/AlN interlayer (Fig. 10c), respectively.
The nitrogen ion implantation/AlN/CrAlN interlayer exhibits a high
hardness of 16.95 GPa and a high modulus of 175.12 GPa (Fig. 10d),
showing a strong load-bearing capacity.

According to the tribological and mechanical results, a single



Fig. 7. Wear track morphologies with the corresponding EDS spectra of all samples: (a) A0 (b) A1, (c) A2, (d) A3.

Fig. 8. The typical morphology of the mating ball with the corresponding EDS spec-
trum of the sample A3.
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layer of the MoS2-phenolic resin coating shows a poor wear resis-
tance, which can be attributed to the low load-bearing capacity of
magnesium alloys. In contrast, the as-fabricated duplex coatings
exhibit improved wear resistance with prolonged wear life as the
thickness of the interlayer increases. The improved performance
benefits from the enhancement of the substrate's load-bearing
capacity. As shown in Fig. 10c, the nitrogen ion implantation/AlN
interlayer has a low hardness and can not supply sufficient support
during the friction period. The limited bearing capacity of the AlN
interlayer generates numerous cracks distributed along the wear
track boundaries (Figs. 6a and 7c), which leads to unsatisfactory
wear life of sample A2 (Fig. 5c). In comparison, the nitrogen ion
implantation/AlN/CrAlN interlayer possesses a high hardness and
provides adequate load support for the soft magnesium alloys. The
high load bearing capacity of the interlayer contributes the superior
wear resistance of sample A3 (Fig. 5d).
3.3. Electrochemical corrosion behaviors of the as-fabricated
coatings

Fig. 11 shows the anode polarization curves of all samples.
Sample A0 has a corrosion potential of �1.39 V and a corrosion
current density of 8.89 � 10�5 A/cm2. Sample A1 shows improved
corrosion resistance compared with sample A0 with a corrosion
potential of �1.15 V and a corrosion current density of
6.05 � 10�7 A/cm2. The corrosion potential and corrosion current
density of sample A2 are �1.23 V and 2.31 � 10�9 A/cm2, respec-
tively. As to sample A3, the corrosion takes place at �1.01 V with
the current density of 5.12 � 10�7 A/cm2, respectively. Electro-
chemical test results demonstrate that the corrosion resistance of
magnesium alloys is improved significantly by the nitrogen ion
implantation/AlN/MoS2-phenolic resin duplex coating.

The morphologies of the samples after corrosion are shown in
Fig. 12. A large amount of corrosion defects (e.g., cracks and pores)
is observed on the surface of sample A0 because of the severe
corrosion degradation. Compared with sample A0, very few
corrosion products and defects are observed on the surface of
sample A1 and A2, indicating that these coatings have excellent



Fig. 9. Cross-section wear track profiles of all samples: (a) A0, (b) A1, (c) A2, (d) A3.
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corrosion resistance (Fig. 12b and c). Loose surface morphology is
the main feature of sample A3 with some visible cracks, implying
the deteriorative corrosion resistance (Fig. 12d).

Previous studies have proved that pitting corrosion can destroy
the protective coating starting from those through thickness de-
fects [11,12]. The local galvanic corrosion is also inclined to occur in
the region of these defects because of the large potential difference
between the coating and the underneath substrate. For instance,
Fig. 10. Nanoindentation results of all samples: (a) magnesium alloy, (b) MoS2-
phenolic resin coating, (c) nitrogen ion implantation/AlN interlayer, (d) nitrogen ion
implantation/AlN/CrAlN interlayer.
Wu [18] reported that the Cr/CrN interlayer did not improve the
corrosion resistance of the DLC/AZ31 system due to the formation
of galvanic cell between the interlayer and the substrate. The
galvanic corrosion can be greatly depressed when the potential of
the interlayer is close to that of the magnesium alloys [38,39]. Ac-
cording to these previous studies, MoS2-phenolic resin coating can
improve the corrosion resistance of magnesium alloys, but these
micro-pores in the coating are most likely as diffusion channels of
the corrosive media. The introduction of nitrogen ion implantation/
AlN interlayer between the MoS2-phenolic resin and the substrate
greatly depresses the galvanic corrosion. As studied in the reference
Fig. 11. Potential dynamic polarization curves of all samples.



Fig. 12. Corrosion morphologies of all samples: (a) A0, (b) A1, (c) A2, (d) A3.
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[40], ion implantation induces surface densification and the for-
mation of a thin AlN near the surface, both of which benefit the
corrosion resistance improvement of magnesium alloys. The AlN
interlayer reduces the effect of galvanic corrosion because its po-
tential is close to that of the substrate [25]. As a result, the nitrogen
ion implantation/AlN/MoS2-phenolic resin duplex coating shows a
better corrosion resistance compared to the single-layer MoS2-
phenolic resin coating. However, the nitrogen ion implantation/
AlN/CAlN interlayer can not enhance the corrosion resistance of the
coating/substrate system due to the large potential difference be-
tween the CrN phase and the substrate [18]. As shown in the ref-
erences [6,19], it is nearly impossible to prohibit the formation of
pinholes in PVD coatings. These defects in the AlN/CrAlN layer can
behave as diffusion channels of the corrosive media, inducing the
galvanic corrosion between the substrate and the CrN phase.
Therefore, the corrosion resistance of the nitrogen ion implanta-
tion/AlN/CrAlN/MoS2-phenolic resin duplex coating is weakened.

4. Conclusions

(1) The MoS2-phenolic resin coating has a two-phase composite
structure which is the MoS2 crystalline embedded in the
phenolic resin matrix.

(2) Fabrication of MoS2-phenolic resin coating on magnesium
alloys can improve their corrosion resistance performance,
but it does not benefit their wear resistance improvement
due to the low load bearing capacity of magnesium alloys.

(3) Introduction of nitrogen ion implantation/AlN/CrAlN inter-
layer between MoS2-phenolic resin layer and substrate
remarkably enhance the load bearing capacity of magnesium
alloys. The nitrogen ion implantation/AlN/CrAlN/MoS2-
phenolic resin duplex coating with enhanced load bearing
capacity exhibits good performance in wear resistance.

(4) The nitrogen ion implantation/AlN interlayer effectively de-
presses the galvanic corrosion. However, the nitrogen ion
implantation/AlN/CrAlN interlayer is inefficient in enhancing
the corrosion resistance of the coating/substrate system due
to the large potential difference between the CrN phase and
the substrate. The nitrogen ion implantation/AlN/MoS2-
phenolic resin duplex coating exhibits a better corrosion
resistance in comparison to the nitrogen ion implantation/
AlN/MoS2-phenolic resin duplex coating.
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